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Simple Summary: The composition of mammalian microbiota has been associated with the host health status
and research currently aims to identify biomarkers to quickly identify unhealthy individuals by assessing
microbiota abnormalities. Marine mammals are often considered ‘ecosystem sentinels’, however, data on the
microbiome of cetaceans is still scarce and a broader knowledge is needed, to potentiate the ability to use the
microbiome for health and pathogen monitoring. This is the first report of the microbial diversity within the
oral cavity of Kogia breviceps, the pigmy sperm whale, one of the least known cetaceans, to be further explored
as microbiota fingerprints. These pioneering findings in three specimens stranded in the Atlantic Iberian coast
highlighted the variation in the microbial community according to host phylogeny, and they could serve as the
basis for comparisons in non-invasive biomonitoring studies to assess health changes or deviations.

Abstract: The number of environmental surveillance reports of the ocean ecosystem through systematic studies
on marine mammal health and disease is increasing. Understanding host-microbe interactions in cetaceans
may contribute to the identification of compromised populations, microbial markers of disease, and ultimately
to scientifically base population management decisions. This study is the first assessment of the oral
microbiome of three pygmy sperm whales (Kogia breviceps), found stranded in Atlantic Iberian waters, by 165
rDNA-amplicon sequencing. A constrained canonical analysis approach showed that the oral microbiomes
were shaped by the host species when compared to the oral microbiomes of three Odontoceti species obtained
in a previous study (Delphinus delphis, Stenella coeruleoalba, and Phocoena phocoena). A total of 9 ASVs, belonging
to the genera Campylobacter (2 ASVs), Phocoenobacter (4 ASVs), Psychrobacter (1 ASV), Tenacibaculum (1 ASV), and
Terasakiispira (1ASV), contributed exclusively for the pigmy sperm whales clustering. Evaluating these potential
microbial signatures from the K. breviceps specimens, we were able to highlight features evidencing high
homology with known marine pathogens, such as Actinobacillus delphinicola, Pasteurella skyensis, Tenacibaculum
gallaicum, and Tenacibaculum soleae, thus suggesting a disease association. These should be further explored as
microbiota fingerprints towards cetacean population control and biomonitoring.

Keywords: oral cavity; oral microbiome; metabarcoding; pygmy sperm whale; cetaceans

1. Introduction

Fisheries and other human-driven activities, together with climate change and habitat
degradation, interfere with the sustainability of aquatic ecosystems and the conservation of marine
species [1,2]. Owing to their sensitivity to environmental stressors, marine mammals are often
considered ‘ecosystem sentinels’. Being primary or secondary consumers, cetaceans are of particular
interest as their condition and well-being reflect those of lower trophic levels in the food chain [3].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Several cetacean species inhabit the Atlantic Iberian waters, whose populations may represent a
potentially important tool to obtain information on the bioaccumulation of contaminants in the
Iberian marine ecosystem [4,5].

Cetacean strandings in the continental coast of Portugal are frequent. Between the year 2000 and
2016, the national marine animal strandings network reported an average of 236 stranded cetaceans
per year, where disease was the attributed cause of death in 3.3% of the analyzed individuals [6],
possibly caused by viral or bacterial infections [7-10].

Within the Kogiidae family, the genus Kogia is currently comprised of only two species, Kogia
sima (dwarf sperm whale), and Kogia breviceps (pygmy sperm whale) and represents one of the least
known groups of marine cetaceans [11]. Pygmy sperm whales have been observed as solitary animals
or in small groups (3-6 individuals). They are slow swimmers, preferring deep waters in tropical to
warm temperate zones [12]. Previous studies have identified the feeding habits of these cetaceans,
primarily comprising cephalopods, although fish and crustaceans are also part of their diet [13]. In
Portugal, the number of observations of live Kogia breviceps specimens is low and the population is
categorized as Data Deficient [14]. Between the year 2000 and 2016, four live stranded K. breviceps
were assisted by the rehabilitation team in the Portuguese coast [6].

Owing to sampling constraints, studying the microbiome by resorting to non-invasive sampling
is crucial to cetacean research. Research currently aims to identify biomarkers to quickly identify
unhealthy individuals by assessing disease-associated microbiota alterations [15]. Significantly,
pathogenic microbes are often implicated in large stranding events in cetaceans [16-20].

Given the limited data on the pygmy sperm whale and the possible implications of using the
microbiome profiles as a biomonitoring tool, a broader knowledge of its microbiome is needed. The
few microbiome studies of K. breviceps currently available focus on the gastrointestinal tract [21,22].
Due to its non-invasive nature and possibility of systematic use in either dead or live animals, we
assessed the oral cavity of three specimens of K. breviceps stranded in the Atlantic Iberian coast. These
specimens were found in a critical clinical state and died before reaching the rehabilitation center.
Therefore, our analyses also intend to contextualize the microbial diversity regarding the observation
of potentially pathogenic microorganisms, that may have impacted their health status.

2. Materials and Methods
2.1. Sample Collection

Three Kogia breviceps specimens were initially assisted along the western Atlantic Iberian coast,
by the Northern Regional Strandings Network. This Regional Strandings network is integrated in the
Portuguese Marine Animal Strandings Network, which is coordinated by the Instituto para a
Conservagao da Natureza e Florestas from Portugal (ICNF) (http://www.icnf.pt/portal/icnf). In the case
of the animals found initially alive, refloating was not a possibility due to their critical clinical state,
and despite the efforts of the rescuing teams, the animals eventually died before reaching the
rehabilitation center.

Following the procedure previously established in Godoy-Vitorino et al. [8], samples were
collected from the oral cavity by swabbing the gingival sulcus of the lower and upper jaws with sterile
nylon fiber swabs (FLOQSwab™, Copan). When possible, information regarding the cause of death
of the specimens was registered during necropsy procedures [23], and post-mortem analysis for the
occurrence of gross pathologies was performed according to standard procedures [24]. All samples
were archived in the Marine Animal Tissue Bank (13PT0124/S), recognised by the ICNF, with CITES
permit code PT009 to maintain samples. The analysis carried out in the present study focus on the
oral microbiome of three pygmy sperm whales (K. breviceps), further including the comparison to the
microbial composition of the oral cavity of a previous pool of other Odontoceti cetaceans [9],
particularly, 18 common dolphins (Delphinus delphis), 10 striped dolphins (Stenella coeruleoalba) and 10
harbour porpoises (Phocoena phocoena) (Supplementary Table S1).

2.2. Genomic DNA Extraction, PCR Amplifications and Sequencing

The genomic DNA acquired by the oral cavity swabs was extracted using the PureLink™
Genomic DNA Mini Kit. PCR amplification of the 16S rRNA gene targeting the hypervariable region
V4  (forward primer: 5  GTGCCAGCMGCCGCGGTAA 3; reverse primer: 5
GGACTACHVGGGTWTCTAATCC 3’). The generated amplicon covered a region of 251 bp, and the
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DNA was processed according to Illumina instructions to generate Nextera XT paired-end libraries
(2x250 bp).

2.3. Sequencing Raw Data Processing and Data Analysis

Read pairs were trimmed with Sickle [25], to remove adapter and primers sequences, as well as
nucleotides corresponding to low-quality base calls (minimum Phred score of 20 and a sliding
window of 10% of the read length). The BayesHammer module in SPAdes [26] was used for error
correction of the paired-end reads. Read pairs were merged with VSEARCH [27] and prepared with
strict quality and size filtering (minimum length of overlap between reads = 20 bp; minimum length
of the merged sequence = 200 bp; maximum expected error of 0.5; maximum number of different
bases in the overlap = 2) into uniform error-free sequences, standardized to a fixed length of 251
nucleotides. The Quantitative Insights Into Microbial Ecology (QIIME2) software package [28],
combined with its Deblur plugin [29], was used for sequence denoising (quality score threshold = 20)
and chimera removal, generating the final set of amplicon sequence variants (ASVs). Previous data
was reanalyzed to standardize the identifications. To format, manage and manipulate the SILVA
database (v138, non-redundant, 99%; [30]) into dereplicated reference sequences matching the locus
amplified with the 515f/806r primer pair, the RESCRIPt [31] and feature-classifier plugins of QIIME2
were used, for further usage of this dereplicated database for taxonomic classification of the ASVs,
clustered at 99% nucleotide identity. Before the analysis of the microbial profiles, the ASV table was
filtered out of unclassified sequences and low-frequency counts (singletons, considered as potential
artifacts).

The analysis of the community structure between samples was carried out after performing a
total sum scaling normalization, transforming abundances into relative frequency, and rarefaction of
the ASV tables to an even sampling depth of 24.030 sequences per sample for ordination analyses,
thus eliminating any bias due to differing sampling depth during the sequencing process [32].

To determine if there were characteristic microbial community profiles for each species, profiles
from all samples were compared by performing a cluster analysis based on the normalized
abundance of each ASV within the samples. Hierarchical cluster analysis was performed using the R
[33], via the cluster R package [34]. A Bray—Curtis dissimilarity matrix was created from the
proportioned data, and this matrix was used to perform the cluster analysis using the UPGMA
method.

The alpha-diversity metrics (richness — the number of ASVs and Shannon diversity index) were
estimated with the amp_alphadiv function available from the ampvis2 R package [35], and the
differences observed between groups of samples were tested with the Kruskal-Wallis chi-squared
test, followed by pairwise Wilcoxon test between groups (kruskal.test and pairwise.wilcox.test
functions).

The constrained canonical correspondence analysis (CCA) was performed according to each
variable of the metadata collected, by using the cca and anova.cca functions from the vegan R package
[36], with 999 permutation testing. The comparisons of the microbial communities by CCA were
performed using the ASV table with a square root transformation of the relative abundance
(Hellinger transformation performed with the decostand function), to reduce the range of the data and
to make it suitable for analysis by linear methods, as described before [9]. Representation of the CCA
plot was performed with the amp_ordinate function from the ampvis2 R package [35].

2.4. Identification of Discriminatory Bacterial Fingerprints According to Host Species

The potential signature bacterial genera and ASVs contributing to the CCA clustering profiles
were assessed by the linear discriminant analysis (LDA) effect size algorithm (LEfSe). The LEfSe from
the MicrobiomeAnalyst web-tool [37] was carried out with the original ASV table, transformed with
total sum scaling, to identify variations in the abundance of taxa showing a significant p-value after
correction by false discovery rate (FDR-corrected p-value herein, < 0.05). This approach involves the
non-parametric factorial Kruskal-Wallis sum-rank test to identify taxa with significant differential
abundances, according to the grouping variables of interest, followed by LDA to estimate the effect
size of each differentially abundant taxa [38]. The threshold of the LDA score to identify the major
bacterial taxa driving the clustering of the samples was set to 2, as previously described [9].
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Resorting to pathogen databases [39-41] and previous studies on marine mammals
[15,16,18,19,42-44], genera and ASVs associated with known or possible pathogens were highlighted,
aiming to associate specific hits with the confirmed disease status of the cetaceans. This custom
database included putative pathogens of any marine mammal body site identified from published
studies, while also including any human and animal bacterial pathogens, to account for bacteria not
yet identified as disease-causing in marine mammals. BLASTn analysis of the representative
sequences of the ASVs was performed against the NCBI 16S rRNA database, to identify the closest
homologs of relevant taxa [45].

3. Results
3.1. Structure of the Oral Community of Three Kogia Breviceps Specimens

This study is the first report of the microbial diversity observed in the oral cavity of Kogia
breviceps. Despite including only three K. breviceps specimens, whose intrinsic heterogeneity underlies
a considerable degree of variability of the assessed microbial profiles, our analysis provided valuable
and unprecedented insights on the oral microbiome of pygmy sperm whales. A total of 372,655 MiSeq
paired reads were filtered and merged into 283,390 high quality-filtered sequences comprising the V4
region of the 165 rRNA gene, resulting into a total of 433 ASVs (Table 1, Supplementary Figure S1A,
Supplementary Table S2).

Table 1. Metadata and number of classified sequences and ASVs estimated in the samples of the oral cavity of
the three specimens of Kogia breviceps. The number of unique ASVs per sample, considering all assayed Odontoceti
species is also presented.

Samples S1 S2 S3
Gender Male Male Male
o Sexual maturity Mature Mature Immature
é Location Praia de Mira Praia do Navio Praia da Rainha
"3 hi . Western Atlantic Western Atlantic Western Atlantic
p= Geographic region Iberian coast Iberian coast Iberian coast
Cause of death Disease Disease Disease
No. of raw reads 94.650 135.918 142.087
- No. of filtered reads 67.509 117.826 98.055
- No. of classified sequences 39.523 64.461 52.972
k] Total no. of ASVs 218 220 208
53 No. of unique ASVs 38 24 62
g No. of phyla 12 10 13
§ No. of classes 21 19 23
53 No. of orders 34 29 35
0 No. of families 57 55 56
No. of genera 67 51 55

Sequencing reads from the three sampled pigmy sperm whales were taxonomically classified as
15 phyla, 28 classes, 46 orders, 77 families and 88 genera. From these 433 ASVs, 60 were shared by all
pygmy sperm whale specimens, distributed by 8 phyla, 14 classes, 22 orders, 35 families and 34
genera.

The oral microbiome of K. breviceps was dominated by members belonging to the phyla
Proteobacteria, Firmicutes, and Bacteroidetes. The overall most abundant classes were those of
Clostridia, Gammaproteobacteria, Bacteroidia, Deltaproteobacteria, and Spirochaetia.

3.2. The Variable Composition of the Oral Microbiota Allows Discrimination of the Analyzed Cetacean
Species

In 2019, Soares-Castro and collaborators [9] published the microbiome composition from the oral
cavity of three other species of Odontoceti cetaceans. Therefore, aiming to highlight the singularities
of the microbial community of the sampled pygmy sperm whales, we integrated that data with the
oral microbiome of the stranded K. breviceps (Supplementary Table S1). The Bray-Curtis distances
between the sampled microbial communities of the cetacean species resulted in the clear clustering
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of the pigmy sperm whales (Supplementary Figure S1B), hinting at a possible host-specificity
exhibited by their oral microbiota.

The sampled bacterial communities were subjected to a Canonical Correspondence Analysis
(CCA) to discriminate the biological and ecological factors underlying their variability (CCA is
sensitive to the less abundant and unique species in the samples). When considering the samples
from K. breviceps, the ordination trend observed was according to the animal phylogeny (Figure 1A),
grouping the samples of the same species. From this clustering profile, microbial communities of the
oral cavity were different between K. breviceps samples vs. the P. phocoena and the D. delphis-S.
coeruleoalba group. The occurrence of mixed groups of cetaceans has been reported, such as the
association of specimens from D. delphis and S. coeruleoalba [46,47], which ultimately could lead to a
more similar microbiota between animals, as we observed. On the other hand, the pygmy sperm
whale does not typically form associations with other cetaceans, thus this microbiota divergence is
not surprising and is in agreement with the distant phylogenetic relationship of the family Kogiidae

[48].
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Figure 1. Comparison of the microbial communities of the oral cavity of cetaceans according to the species of the
sampled animal. A. The Canonical Correspondence Analysis (CCA, p-value = 0.001) was performed after
subsampling the ASV table to even sequencing depth and at the bacterial species level, with Hellinger
transformation of the abundances. Similar results were obtained when grouping the ASVs by bacterial genera.
The color frames group the samples according to the constrained variable. The major contributions of the host
species variable are shown as % in the first and second components of the CCA plot (CCA1 and CCA2,
respectively). B. Representation of the number of total ASVs in each cetacean group and the number of ASVs
shared between groups. Kogia breviceps (n=3), Delphinus delphis (n = 18), Phocoena phocoena (n = 10), and Stenella
coeruleoalba (n = 10).

Furthermore, the oral microbiome associated with K. breviceps was the smallest of the cetacean
species here compared, comprised of a total of 433 ASVs (Figure 1B). From a total of 1795 classified
ASVs, the four Odontoceti species only shared 117 (around 6.5%). Evidencing the divergence between
their communities, the other species shared 290 ASVs (around 16%), which could be influenced by
the phylogeny, habitat and food preferences of the pygmy sperm whales.

3.3. Potential Microbial Signatures within the Oral Cavity of Kogia breviceps

From the 433 ASVs detected within the oral cavities of K. breviceps, 60 ASVs were present in all
three samples (Figure 2, Supplementary Table 53). Some of these taxa have been previously identified


https://doi.org/10.20944/preprints202410.0297.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 October 2024 d0i:10.20944/preprints202410.0297.v1

as an abundant bacterial component of the microbiome of marine mammals [9,49-53]. The bacterial
genus Psychrobacter (ASV113, with a 95% nucleotide identity corresponding to the deep-sea species
Psychrobacter pacificensis) was shared with P. phocoena and S. coeruleoalba, the genus Porphyromonas
(ASV881, with a 93% nucleotide identity corresponding to the potential human pathogen
Porphyromonas pasteri; [54]) with P. phocoena, the genus Sphingomonas (ASV1644, with 100% nucleotide
identity corresponding to the type strain of Sphingomonas aquatica) with D. delphis and S. coeruleoalba,
and the family Muribaculaceae (ASV1646, with a lower nucleotide homology — 88%, corresponding
to Duncaniella freteri, a disease-associated bacteria found in mice; [55]) shared with D. delphis.

% Read ASV8I Anaerotignum propionicum, 1D92%
T ASV99 Arcobacter canalis, ID90%
Abundance  Agvi|3 || W 7schrobacter pacificensis, 1D95%
S1 S2 ASV141 Marinifilum fragile, 1D94%
TASVIS6 P clla skyensis, ID98%
0.050  ASVITI Fusibacter paucivorans, ID$8%
ASVI96 Muribaculum intestinale, 1D90%
*ASV205 Marinospiriltum alkaliphilm, 1D$9%
ASV210 Guggenheimella bovis, ID92%
Ralstonia svzygii, ID100%

g
Anaerostipes hadrus, 1D91%
Defluviitalea saccharophila, 1D92%

0.010
AS Fusibacter tunisiensis, 1D93%
. 0.001  TASV357 Suttonella ornithocold, 1D96%
Total S1: 218 SV4 Pseudomonas acruginosa, ID100%
. /52 Desulfotignum toluenicum, 1DI6%
Total S2: 220 Spirochacta halophila, IDSS?
Total S3: 208 ASV597 Fusibacter paucivorans, 1D9.

ASV603 Oceaniserpentilla halioti, 1D90%
S3 ASV609 Granulicella mallensis, ID82%
ASV624 Aminipila butyrica, 1D94%
ASV634 Fusibacter paucivorans, ID90%
ASV7S7 Penrocella atlantisensis, ID92%
60 ASVs shared by all *ASV765 Tenacibaculum gallaicum, 1D99%
Kosia b . (ASVTT0 Saccharicrinis fermentans, 1D92
. ASV796 [ W Fusobacterium periodonticum. ID98%
ogia breviceps ASVS15 Bacteroides caccimuris, ID100%
ASV841 Muribaculum intestinale, 1D94%
*ASVS49 iminispirochacta bajacaliforniensis. ID86%
ASVS61 Aminipila butyrica, 1DI6%
IASVSS1 W rorphyromonas pasteri, ID93%
TASVES3 Mucispirillum schaedleri, 1D100%
T ASV909 Porphyromonas pasteri, ID92%
1ASV948 Treponema medium, 1D92%
: 2 ASV1003 Serpentinicella alkaliphila, ID94%
K. breviceps “tASV1007 Pseudodesulfovibrio indicus. ID98%
: ASV1014 Desulforhopalus singaporensis. ID96%
exclusive “TASV1034 Tenacibaculum soleae, 1DI6%
5 ASV1094 Thubacter massiliensis, ID93%
ASV1098 Aureibacter tunicatorum, ID89%
ASVI107 Muribaculum intestinale, 1D100%
ASV1I28 Fusibacter fontis, D93%
. FASV1160 Arcobacter venerupis, ID98%
D. delphis P. phocoena ASVI212 Balneicella halophila, 1D97%
FASVI252 Mycoplasma mucosicanis, IDI7%
Asvi255 [ Desulfomicrobium hypogeium. 1D90%
A TASV1264 Streptobacillus moniliforms, ID96%
ASV1266 Rhabdanacrobium thermarum, 1D86%
ASVI283 Oceanispirochaeta sediminicola, 1D93%
ASV1289 Muribaculum intestinale, 1D92%
ASVI1388 Cellulosilyticum lentocellum, ID87%
ASVI564 Porphyromonas gingivicanis, ID91%
FASV1637 Suttonella ornithocola, ID90%
ASV1644 Sphingomonas aquatica, 1D100%
ASV1646 Duncaniella frereri, ID88%
ASV1665 Anoxynatronum buryatiense. 1D94%
S. coeruleoalba ASVI703 || Desulforhopalus singaporensis, IDI6%
ASV1764 Thioalkalibacter halophilus, ID73%
ASV1774 Anaerovorax odorimutans, 1D96%
ASVIT76 “Anacrotignum propionicum, 1D90%
A B Kbr Dde Pph Sco

Figure 2. Composition of the microbial communities within the oral cavities of K. breviceps. A. Representation of
the number of total ASVs in each sampled K. breviceps and the number of ASVs shared between the three sampled
specimens, highlighting the ones present in all K. breviceps samples and how they distribute in the other assayed
Odontoceti species. B. Relative abundance between the assayed Odontoceti species of the 60 ASVs shared by all
K. breviceps specimens. The significance of potential microbial signatures (highlighted with “*”, p-value <0.05 at
the genus and ASV level) was identified by the linear discriminant analysis (LDA) effect size algorithm (LEfSe),
detailed in Supplementary Table S4. Taxonomic validation of the representative ASVs was performed with
BLASTn analysis. Features possibly associated with disease, given the closest homolog identified, are
represented with a dagger (“t”). Kbr Kogia breviceps; Dde, Delphinus delphis; Pph, Phocoena phocoena; Sco, Stenella
coeruleoalba.

This LEfSe analysis identified a total of 28 ASVs as sole contributors for the host species clustering
(p-value < 0.05, detailed in Supplementary Table S4; Table 2). Out of these 28 ASVs, 5 were shared by
all pygmy sperm whales (Figure 2), belonging to the genera Phocoenobacter (ASV156), Defluviitaleaceae
UCG-011 (ASV251), and Tenacibaculum (ASV1034), and two features with no classification at the
genus level, from the Eubacteriales Family XIII. Incertae Sedis (ASV1094 and ASV1665). Additionally,
10 bacterial genera and 57 ASVs were identified as mainly contributing to this cluster, with statistical
significance (Supplementary Table S4). Highlighting the taxa that were also shared by all K. breviceps,
28 ASVs were found to be mainly contributing to the pigmy sperm whales cluster.
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Table 2. Best BLASTn hit for the bacterial ASVs contributing to the Kogia breviceps grouping observed in the CCA,
according to the host species variable (p-value<0.05), determined by LEfSe and detailed in Supplementary Table
S4. Presence (+) or absence (-) in the other three Odontoceti species is represented, to highlight core features in
this study. Bold represents the ASVs present in all sampled pigmy sperm whales. An “*” indicates the potential
microbial signatures (p-value <0.05 also at the genus level) and a “t” highlights features potentially associated
with disease, given the determined closest homolog. Dde, Delphinus delphis; Pph, Phocoena phocoena; Sco, Stenella

coeruleoalba.
asy Presence in other Odontoceti Best BLASTn hit %
species Identit
Dde Pph Sco y
ASVs contributing solely to K. breviceps cluster
ASV32 - - - Balneicella halophila 98
ASV77 - - - Thioalkalibacter halophilus 74
ASV156 - - - Pasteurella skyensis 98
ASV170 - - - Balneicella halophila 96
ASV189 - - - Marinospirillum alkaliphilum 88
ASV251 - - - Anaerostipes hadrus 91
ASV383t - - - Actinobacillus delphinicola 98
ASV519 - - - Arcobacter marinus 92
ASV545 ¢ - - - Suttonella indologenes 91
ASV570 - - - Defluviitalea saccharophila 93
ASV658 - - - Altericista lacusladogae 76
ASV725 - - - Pasteurella skyensis 98
ASV753 % - - - Arcobacter aquimarinus 89
ASV777 % - - - Streptobacillus moniliformis 96
ASV817 - - - Crocinitomix algicola 88
ASV888 " - - - Moraxella lincolnii 96
ASV915 - - - Anaerostipes hadrus 87
ASV1034
" - - - Tenacibaculum soleae 96
ASV1036 - - - Anoxynatronum buryatiense 94
ASV1084 - - - Fructobacillus pseudoficulneus 75
ASV1094 - - - Thubacter massiliensis 93
ASV1104
" - - - Pasteurella skyensis 99
ASV1148 - - - Labilibacter aurantiacus 91
ASV1155
" - - - Pasteurella skyensis 99
ASV1497 - - - Deinococcus petrolearius 74
ASV1603 - - - Lutibacter oceani 97
ASV1647 - - - Nodosilinea alaskaensis 78
ASV1665 - - - Anoxynatronum buryatiense 94

ASVs mainly contributing to K. breviceps cluster (not exclusively)
ASVS81 + - + Anaerotignum propionicum 92
ASV99 "t + - + Arcobacter canalis 90
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ASVI11t + - - Sneathia sanguinegens 98
ASVi41 + - - Marinifilum fragile 94
ASV148 "~ - - + Oceanispirochaeta sediminicola 92
ASV171 + - - Fusibacter paucivorans 88
ASV205 " + - - Marinospirillum alkaliphilum 89
ASV218 + - + Ruminiclostridium cellobioparum 86
ASV301 + - - Spongiimonas flava 86
ASV356 + + + Fusibacter tunisiensis 93
ASV357* + - - Suttonella ornithocola 96
ASV402 + - - Faecalicatena contorta 94
ASV426 + - - Salinivirga cyanobacteriivorans 92
ASV458 + - - Sneathia sanguinegens 95
ASV492 + - - Polymorphobacter multimanifer 82
ASV527 + - + Desulfotignum toluenicum 96
ASV544 + - - Spirochaeta halophila 85
ASV603 + - - Oceaniserpentilla haliotis 90
ASV635 + - - Helicobacter bilis 90
ASV676 + - - Acholeplasma modicum 90
ASV754 + + - Fusibacter paucivorans 91
ASV757 + - - Petrocella atlantisensis 92
ASV765 - + - Tenacibaculum gallaicum 99
ASV778 + - - Hydrogenophaga soli 98
ASV839 + - - Methylophaga thalassica 92
ASVa19" N . . Sediminispirochaeta 86
bajacaliforniensis
ASV861 + + + Aminipila butyrica 96
ASV885 + - + Treponema zuelzerae 90
ASV898 - + - Ignavibacterium album 88
ASV909 " + + + Porphyromonas pasteri 92
ASV948 * + + + Treponema medium 92
ASV1007
. + + + Pseudodesulfovibrio indicus 98
ASV1098 + - - Aureibacter tunicatorum 89
ASV1121 " + - - Oceanispirochaeta sediminicola 94
ASV1128 + - - Fusibacter fontis 93
ASV1160
\ + + + Arcobacter venerupis 98
ASV1252
. + + - Mycoplasma mucosicanis 97
ASV1255 + + + Desulfomicrobium hypogeium 90
ASV1264
+ - - Streptobacillus moniliformis 96

ASV1266 + + - Rhabdanaerobium thermarum 86
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ASV1283 + - + spirochaeta sediminicola 93
ASV1298 + - + Comamonas kerstersii 99
ASV1342 + - - Ruminiclostridium cellobioparum 90
ASV1388 + - + Cellulosilyticum lentocellum 87
ASV1404 + - - Fusobacterium russii 98
ASV1410t + - - Mycoplasma opalescens 98
ASV1486 + - - Labilibacter sediminis 88
ASV1519 + - - Paenalcaligenes hermetiae 97
ASV1535 - + - Edaphobacter acidisoli 75
ASV1546 + - - Defluviitalea raffinosedens 92
ASV1624

" + + - Pasteurella skyensis 96
ASV1641 + - + Acholeplasma morum 88
ASV1698 + - - Balneicella halophila 99
ASV1701 + - - Lachnotalea glycerini 90
ASV1774 + - - Anaerovorax odorimutans 96
ASV1776 + - - Anaerotignum propionicum 90
ASV1777 + - - Crocinitomix algicola 88

The taxa identified by the LEfSe analysis showing statistical significance at the genus and ASV
level (p-value < 0.05) could be considered as potential microbial signatures of the associated groups,
based on the host species variable. This study highlighted 9 ASVs (from which 2 were shared by all K.
breviceps specimens) solely contributing to the pigmy sperm whales clustering meeting these criteria
belonging to the genera Campylobacter (ASV519, ASV753), Phocoenobacter (ASV156, ASV725, ASV1104,
ASV1155), Psychrobacter (ASV888), Tenacibaculum (ASV1034) and Terasakiispira (ASV189).
Additionally, 14 ASVs (from which 9 were shared by all K. breviceps specimens) mainly contributing
to this cluster could also be considered potential bacterial fingerprints, belonging to the genera
Campylobacter (ASV99, ASV635), Desulfoplanes (ASV1255), Desulfovibrio (ASV1007), Oceanispirochaeta
(ASV1121), Phocoenobacter (ASV1624), Sediminispirochaeta (ASV849, ASV909), Spirochaeta (ASV148,
ASV544, ASV1283), Tenacibaculum (ASV765) and Terasakiispira (ASV205).

3.4. Hints of Disease-Association from Potential Pathogenic Features

The LEfSe analysis also identified potential discriminatory bacterial fingerprints according to
the cause of death, pinpointing 4 bacterial genera and 9 ASVs as significant contributors to the Disease
cluster, from which, 6 ASVs were not highlighted in the host species analysis (Supplementary Table
S4). The ASVs 558 and 946 from the Bacillus genus were identified as potential microbial signatures
of the diseased animals, evidencing a nucleotide identity of 100% with, respectively, the coral-
associated Bacillus algicola [57], and the virulent-able Bacillus subtilis [58]. Moreover, the genera
Bradyrhizobium (ASV239) and Porphyromonas (ASVs 881, 1444, and 1661), specifically P. pasteri,
previously associated with an increased decline in human lung function [54], were also considered
as potential indicators of disease.

BLASTn was used to assess the homology between the 9 ASV sequences associated with the
Disease cluster from the current study and the representative sequences of the OTUs available from
a previous study [9]. This comparison allowed us to identify seven common representative
sequences, with 100% nucleotide identity observed within the 251 bp comprising the V4 region of the
16S rRNA gene, targeted in the amplicon sequencing approach of the present study, from which four
were also previously associated with the health status of cetaceans, specifically contributing to the
Disease cluster (Supplementary Table S5).
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4. Discussion

There has been an effort to characterize the cetacean microbiota, however, most focus on the
most prominent species and readily sampled and/or the gut microbiome. Considering its non-
invasiveness and the possibility to apply in dead or live specimens, we assess the oral cavity of three
specimens of K. breviceps stranded in the Atlantic Iberian coast. This data was complemented with a
previous study in other Odontoceti cetaceans [9], and a clustering analysis of the microbial
communities evidenced clear discrimination according to animal phylogeny. The occurrence of
mixed groups of cetaceans has been reported, such as the association of specimens from D. delphis
and S. coeruleoalba [46,47], which ultimately could lead to a more similar microbiota between animals,
as we observed. On the other hand, the pygmy sperm whale is considered to be a solitary cetacean,
thus this microbiota divergence is not surprising and is in agreement with the distant phylogenetic
relationship of the family Kogiidae.

Focusing on the LEfSe analysis for the host species clustering, 5 ASVs were shared by all K.
breviceps specimens and were not detected in the other Odontoceti: the ASV1665, with 94% nucleotide
homology corresponding to proteolytic bacteria Anoxynatronum buryatiense, the bacteria Pasteurella
skyensis (ASV156; nucleotide identity of 98%), which can cause pasteurellosis, an extremely serious
disease in fish [59], and the ASV1034 showing 98% of homology with the fish pathogen Tenacibaculum
soleae [56]. Suggesting a possible association with fecal pollution, the ASV251 evidenced a 91%
nucleotide identity with Anaerostipes hadrus, a dominant species within the human colonic microbiota
[60], and ASV1094 with 93% nucleotide identity corresponding to Ihubacter massiliensis, also isolated
from the human gut [61].

Examining the homology results for features contributing, but not exclusively, to the clustering
of the pigmy sperm whales, the two species of Arcobacter correlate with high levels of fecal pollution
in waters [62], with ASV99 being associated with Arcobacter canalis (nucleotide identity of 90%),
previously isolated from a water canal contaminated with urban sewage [63], and with a potential
association with animal illness, as ASV1160 evidenced 98% nucleotide homology with Arcobacter
venerupis, from which virulence genes have been identified [44]. The ASV861 was associated with
Aminipila butyrica (96% of nucleotide identity), a bacterium previously isolated from waste samples.

The genus Fusibacter was also potentially represented, with ASV171 being associated with the
Fusibacter paucivorans (88% identity), isolated from, ASV356 with Fusibacter tunisiensis (93% identity),
and ASV1128 with Fusibacter fontis (93% identity). These species were, respectively, previously linked
to an oil-producing well, the treatment of olive-mill wastewater, and a mesothermal spring.
Interestingly, ASV527 could also be linked to crude oil, as it evidenced 96% identity with the sulfate-
reducing bacterium Desulfotignum toluenicum.

Other ASVs evidenced higher sequence identity to species previously isolated from marine
sediments, such as Anaerotignum propionicum (ASV81, 92%; ASV1776, 90%), Anaerovorax odorimutans
(ASV1774, 96%), Cellulosilyticum lentocellum (ASV1388, 87%), Marinifilum fragile (ASV141, 94%),
Marinospirillum alkaliphilum (ASV205, 89%), Oceanispirochaeta sediminicola (ASVs 148, 1121 and 1283,
92-94%), Petrocella atlantisensis (ASV757, 92%) and Pseudodesulfovibrio indicus (ASV1007, 98%).
Moreover, similarity to species isolated from coral reefs, as the ASV1098 showing 89% identity with
Aureibacter tunicatorum, or from marine mollusks, as the ASV603 with 90% similarity to
Oceaniserpentilla haliotis, was also observed.

Given the disease-association of all the assayed K. breviceps specimens (Table 1), our custom
database was surveyed and some of the features highlighted in the pigmy sperm whales specimens
are of potential pathogens in marine environments, as the aforementioned ASV156, and the ASVs
725, 1104, 1155 and 1624, evidencing a nucleotide identity from 96 to 99% with the fish pathogen
Pasteurella skyensis, and ASV909 with 92% homology with Porphyromonas pasteri. Another example
was ASV383, exclusively found in pigmy sperm whales in this study, thus a noteworthy feature
potentially associated with disease in these cetaceans, as its closest homolog was a reported pathogen
of marine mammals, with 98% nucleotide homology with Actinobacillus delphinicola [16].

Two ASVs, solely contributing to the pigmy sperm whale cluster, whose closest homologs belong
to the genera Arcobacter and Campylobacter (ASVs 519 and 753), belonging to the Campylobacteraceae
family, have been linked to human and animal disease [64,65] but have also been found in marine
sediments [66] and the dental plaque of healthy captive delphinids [67]. Previous research has
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suggested that Arcobacter may be better adapted than Campylobacter to survive in aquatic
environments, and, as previously discussed, is associated with fecal pollution [62].

Bacterial taxa, for which available characterization studies are mainly in a human infection
context, may predispose interpretations regarding the health status of cetaceans. For example,
Comamonas kerstersii, associated with severe diseases in humans, like abdominal infection and
bacteremia [68], evidenced a 99% identity with ASV1298. The feature ASV635 showed the highest
identity with Helicobacter bilis, an opportunistic pathogen in humans, triggering multiple diseases
[69]. The presence of the ASVs 777 and 1264, with 96% similarity with an animal [70] pathogen,
Streptobacillus moniliformis, is also noteworthy, along with ASVs 111 and 458, with 95-98% nucleotide
similarity with Sneathia sanguinegens, and ASV948, with 92% identity with Treponema medium, other
examples of human pathogens.

The ASV1252 evidenced an identity of 97% with Mycoplasma mucosicanis, and the ASV1410 had
an identity of 98% with Mycoplasma opalescens. Mycoplama spp. were associated with respiratory
disease in fish and marine mammals, particularly in pinnipeds [16,71]. The ASV883, classified as
Mucispirillum schaedleri (with a nucleotide identity of 100%), is a suggested pathobiont, a commensal
that plays a role in the disease of the several mammals described to inhabit [72]. Also in cetaceans,
the opportunistic pathogen Pseudomonas aeruginosa (ASV486; nucleotide identity of 100%) is
associated with pneumonia, one of the most common causes of morbidity [73].

Moreover, several members of the genus Tenacibaculum, including the closest homologs here
reported for ASVs 765 (nucleotide identity of 99% with Tenacibaculum gallaicum) and 1034 (nucleotide
identity of 96% with Tenacibaculum soleae), are linked to the presence of disease (tenacibaculosis) and
high mortality rate in multiple fish [41,56,74] and few bivalves [75,76]. As suggested in other studies,
shrimp and shellfish could be an important reservoir and source of infection of these bacteria [38,77],
and one could postulate that the feeding habits of K. breviceps played a role in their death. However,
care must be taken when associating these and other features with potential microbial signatures of
the compromised health status of the pigmy sperm whales, as no healthy counterpart was assayed
and the pathogenic character may be due to a compromised immune system of the assayed
specimens. As all K. breviceps described in this preliminary study correspond to disease strandings
and death before reaching the rehabilitation center, future comparison of the oral cavity microbiota
of pygmy sperm whale healthy individuals would provide valuable insights for the identification of
disease markers in this species. The potential role of the here emphasized ASVs in the disease of K.
breviceps should, nevertheless, be further explored as potential fingerprints to develop (i) specific
diagnostic assays for cetacean population conservation and (ii) bio-monitoring approaches to assess
the health of marine ecosystems from the Iberian Atlantic basin, using cetaceans as bioindicators
aiming to facilitate population control and monitoring towards conservation.

5. Conclusions

This is the first study of the oral microbiota of Kogia breviceps specimens. Despite possessing the
smallest oral microbiome of the studied cetacean species, samples from K. breviceps showed a less
variable average number of ASVs and a microbiome sharing more features. Even though this may be
biased by the low number of sampled specimens, it was possible to highlight the variation in the
microbial community according to host phylogeny, host biogeography, feeding, deep diving and
social habits, thereby complementing and agreeing with previous studies [9,68-70]. From the total
1795 ASVs detected in this study, the four Odontoceti species shared 117 (around 6.5%), whereas the
species D. delphis, S. coeruleoalba, and P. phocoena shared 517 ASVs (around 29%), evidencing the
divergence between their communities, which could be owed to the distant phylogenetic relationship
of the Kogia species [48], but also potentially related to the solitary social habits of the pygmy sperm
whale. As only the bacterial taxa showing significant differential abundance at the genus and ASV
levels were considered as potential microbial signatures for the respective grouping variable, this
preliminary study identified 22 ASVs belonging to the genera Campylobacter (4 ASVs), Desulfoplanes
(1 ASV), Desulfovibrio (1ASV), Oceanispirochaeta (1 ASV), Phocoenobacter (5 ASVs), Psychrobacter (1
ASV), Sediminispirochaeta (2 ASVs), Spirochaeta (3 ASVs), Tenacibaculum (2 ASVs) and Terasakiispira (2
ASVs) as potential fingerprints of the Kogia breviceps specimens. A comparison regarding the cause of
death of the cetaceans allowed us to identify 9 ASVs associated with the Disease cluster, belonging to
the genera Bacillus (2 ASVs), Bradyrhizobium (1 ASV), Porphyromonas (4 ASVs) and Oceanivirga (2
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ASVs). Furthermore, features highlighted from our analysis for the Kogia breviceps specimens were
surveyed for potential marine pathogens, aiming to associate them with the health status of these
cetaceans.

The knowledge regarding the role of the species detected in the oral cavity of cetaceans (and
other mammals) is scarce, highlighting our insufficient familiarity when it comes to marine mammal-
hosted microbial communities and the need for continued study of the relationships between these
animals and their microbiota. These are pioneering findings that could serve as the basis for
comparisons in non-invasive biomonitoring studies to assess health changes or deviations.
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