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We sampled the respiratory mucus from voluntary blowhole exhalations ("blow”")
of three healthy beluga whales (Delphinapterus leucas) under professional
human care. Blow samples were collected from three resident belugas, one
adult male (M1) and two adult females (F1, F2), with voluntary behaviors via non-
invasive methods over three days in July 2021 (four days for M1). Samples were
weighed and examined microscopically for the enumeration of eukaryotic and
prokaryotic microbes, and then were used to evaluate carbon substrate use and
taxonomic diversity of prokaryotic communities in the host respiratory sytem.
Microscopical observations and 18S rRNA gene sequencing indicated the
presence of eukaryotic microbiota, the ciliate genera Planilamina and
Kyaroikeus in all three individuals. Exposure of samples to different metabolic
carbon substrates indicated significant differences in the number of carbon
sources usable by the prokaryotic communities of different whales (range: 11-
25 sources), as well as a signficantly decreased diversity of carbon sources used
by the community in the habitat water (5 sources). Sequencing of the
hypervariable V4 region of the 16S rRNA gene revealed 19 amplicon sequence
variants (ASVs) that were present in all whale samples. The oldest female D.
leucas (F2) had the lowest overall diversity, and was significantly different from M1
and F1 in taxon composition, including an anomalously low ratio of Baccillota:
Bacteroidota (0.01) compared to the other whales. In comparisons of microbial
community composition, M1 had a significantly higher diversity than F1 and F2.
These results suggest that attention should be given to regular microbiome
sampling, and indicate a need for the pairing of microbiome and clinical data for
animals in aquaria. Overall, these data contribute to the growing database on the
core respiratory microbiota in cohabiting cetaceans under professional human
care, indicate the utility of non-invasive sampling, and help characterize a
baseline for healthy D. leucas.
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Introduction

The respiratory microbiome in humans and model organisms is
widely-recognized as a vital physiological component in the protection
against pathogens and the maintainence of a dynamic immune system
(Lombardo, 2008; Fraune and Bosch, 2010). Disruptions in the natural
microbiome community (dysbiosis) can indicate symptomatic
response to immune system dysregulation, disease manifestation,
nutritional deficiencies, medicinal interactions, as well as
psychological and physical stress from external or environmental
factors (O’'Dwyer et al, 2016; Shukla et al,, 2017). However, limited
analyses exist for marine mammals. In cetacea, respiratory illness is a
primary cause of mortality (Venn-Watson et al., 2012), and contributes
to the vulnerability of wild and endangered populations (Waltzek et al.,
2012). However, blowhole exhalate (blow) sampling can provide a
unique window into the health of the respiratory system, including
identification of pathogens, illness, and dysbiosis caused by external
stressors (Lombardo, 2008; Fraune and Bosch, 2010; Lima et al., 2012;
Nelson et al., 2015) using non-invasive methods. Regular monitoring of
the blow microbiome can serve as a warning sign in the detection of
early dysbiosis, indicating the presence of an active or ongoing health
issue (e.g. infection, external-stress). For cetaceans under professional
human care, the non-invasive sampling of blow microbiota also allows
for the continuous collection of biological data, which can inform and
supplement clinical health monitoring, including the identification of
dysbiosis, the effect of antibiotic treatments, and testing for infectious
pathogens. Further, as opposed to more canonical health assessments
accomplished via blood draw, the respiratory blow of cetaceans can be
collected using entirely non-invasive methods, which has application
for monitoring health in wild populations. The limited microbiome
data available for toothed whales has provided a foundational context,
including the identification of respiratory pathogens and the presence
of microbial taxa which suggests a core microbial community (Apprill,
2017). However, more data is needed to examine the host-microbe
relationship between cohabitating animals.

In this study, we used a non-invasive sampling procedure to
collect blow from the beluga whale, Delphinapterus leucas. Access to
three resident D. leucas individuals, in combination with specific
learned voluntary behaviors for blow sample collection, allowed the
opportunity to collect and analyze the metabolic and taxonomic
composition of the associated microbial community. To characterize
the microbiome, we used three methods. Clone libraries of 16S and
18S ribosomal gene sequences provide a comprehensive phylogenetic
assessment of which taxonomic groups are present, including relative
abundances. Traditional fluorescence microscopic observation and
enumeration of prokaryotic and eukaryotic microbes present in the
microbiome provided information on the magnitude of microbial
populations, but minimal information on diversity. Both genetic and
microscopic analyses are “culture independent” methods that avoid
post-sampling changes in the microbial assemblage. The third
method we used required incubation of blow samples with
single carbon source substrates (Garland and Mills, 1991). This
method allowed us to evaluate metabolic diversity of the
microbiome community.

These data serve as a valuable examination in the viability of
respiratory microbiome testing on D. leucas using non-invasive
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means. Use of these methods would be ideal to track changes in the
health of wild populations, including the detection of pathogens and
correlations with existing clinical health assessments (Acevedo-
Whitehouse et al., 2010; Thompson et al., 2022). Further, the
tested application of these non-invasive sampling methods is
particularly critical in the study of endangered populations of D.
leucas, which are in immediate need of health monitoring and less-
invasive sampling methods.

Materials and methods
Sampling

We collected the exhaled breath condensate (blow) from the
voluntary exhalations of three healthy beluga whales under
professional human care at the Mystic Aquarium in Mystic,
Connecticut. Individuals included M1, a 19 year old adult male, and
two adult females, F1 and F2, 38 and 39 years old, respectively. Samples
from three dates (7/1/21, 7/14/21, and 7/21/21) were collected from all
three whales, with an additional sample collected from M1 on 8/2/21,
and used to extract and sequence DNA from the blow microbiome.
The whales have been cohabiting in a circulating saltwater system that
is disinfected using ozone. Regular clinical health assessments by on-
site veterinarians (e.g. blood cell counts, ultrasound, daily visual
inspection, etc.) confirmed that all three whales remained stable and
healthy throughout the sampling period.

Blow was collected on an inverted, pre-weighed, sterile plastic
petri dish via established voluntary positive reinforcement
behaviors. Briefly, each animal responded to learned visual cues
developed over long-term training from an animal husbandry
specialist that signaled the whales to position their head above the
water surface, and then exhale on cue. After an initial exhalation to
clear seawater, three consecutive exhalations were collected on one
petri dish, and two dishes were used at each sampling event. Two
mL of filter-sterilized seawater was added to prevent desiccation.
The dish was then covered and sealed with parafilm, and
transported to the laboratory in an insulated cooler. The amount
of mucus per sample was estimated by reweighing the dishes. In
addition to the blow samples, 100 mL of water from the whale
habitat (“Habitat”) was filtered onto a 0.2 um glass fiber filter (GFF),
cut into pieces using sterilized forceps, and then preserved in a 2.0
mL tube containing lysis buffer (100 mM NaCl, 0.5% SDS,
Tris—EDTA at pH 8) and stored at —20°C until DNA extraction.

Bacterial counting

Samples for bacterial counts were preserved with formaldehyde
(0.5% final concentration v/v). One mL of preserved sample was
stained with the fluorochrome DAPI, collected on a black-stained
polycarbonate membrane filter (0.2 um pore-size), and counted
with a fluorescence microscope under ultraviolet illumination. A
minimum of 200 bacterial cells were counted per sample. Bacterial
abundance is reported as cells per mL of the diluted sample (blow
sample plus the added 2 mL filtered seawater).
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Prokaryotic carbon metabolism

To assess the carbon substrates used by prokaryotes living in the
blowhole and in the habitat water, we used EcoPlates from Biolog, Inc.
(Hayward, CA, USA; catalog number 1506). These 96-well plates
contain 31 different carbon sources plus a blank, in triplicate. After
sample incubation, the presence of species capable of using a given
substrate as sole carbon source is indicated by color development of a
redox-sensitive tetrazolium dye. Samples of blow or aquarium water
were added to each well (150 pl) and diluted with 300 pl of phosphate-
buffered saline to avoid calcium precipitation (Pierce et al., 2014). We
standardized experimental incubations to three days at 20°C and
measured color development at t=0 and t=3d using a BioTek ELx808
microplate reader, with absorbance at 590 nm. Each well was blanked
by its own t=0 value. Wells were considered positive for a given carbon
source if they had absorbance values greater than 0.25. The whales and
aquarium water were assayed in triplicate (i.e. one 96-well plate for
each sample). For the purpose of comparison, we focused on the
number of different carbon substrates that could be metabolized in
each sample.

DNA extraction, sequencing,
and bioinformatics

Frozen habitat water samples collected on GFF were thawed,
15uL of proteinase K was added, and then tubes were incubated in a
56°C water bath overnight. Filters were then processed using the
Quick-DNA™ Fecal/Soil Microbe Microprep Kit (Zymo Research;
model D6012) using the manufacturer’s protocol for fecal samples.
For blow samples, the Qiagen Dneasy Blood and Tissue Kit was
used for DNA extraction, following manufacturer’s instructions for
tissue samples, except for an additional overnight incubation period
in lysis buffer to improve the efficiency of DNA extraction. Briefly,
one mL of lysis buffer (for 40 mL: 2mL 10% SDS, 8mL EDTA 0.5 M
pH 8, 0.4 mL Tris HCL 1M pHS8 + 29.6 mL ddH20), ImL of AL
buffer, and 5 UL of proteinase K were added to 1 mL of blow sample
and digested overnight as above. Extracted DNA concentration was
quantified using Qubit high sensitivity DNA assays (ThermoFisher;
model Q32851) and through gel visualization. PCR amplification
with V4 16S rRNA primers for Bacteria and Archaea (Walters et al.,
2016) was completed using DreamTaq polymerase, with PCR
amplification conditions as follows: 95°C for 3 min; 35 cycles of
94°C for 45 s, 50°C for 60 s, and 72°C for 90 s; 72°C for 10 min, and
then a 10°C hold. For the examination of ciliate presence, PCR
amplification of the 18S rRNA gene was achieved using the “Anti-
metazoan” primer set (ie. biased against the amplification of
metazoan 18S rRNA; del Campo et al.,, 2019) 574F (forward: 5-
CGGTAAYTCCAGCTCYV-3’; Hugerth et al.,, 2014) and
UNonMet_DB (reverse: 5-CTTTAARTTTCASYCTTGCG-3’;
Bass and del Campo, 2020) and the following conditions: 95°C
for 3 min; 35 cycles of 98°C for 10 s, 51.1°C for 30 s, and 72°C for
1min; with a final 72°C for 10 min. Products were then sent for
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sequencing with the Illumina MiSeq instrument at the Microbial
Analysis, Resources and Services (MARS) facility at the University
of Connecticut. Sequences were demultiplexed and quality-filtered
in BaseSpace (Illumina).

Subsequent processing was done in QIIME 2 (Bolyen et al,
2019), including primer removal and additional quality filtering.
Denoising, dereplication and chimera removal were completed with
DADA2 (Callahan et al., 2016). For taxonomic classification, a
Naive Bayes classifier (Pedregosa et al., 2011) pre-trained on a V4-
trimmed version of the 16S SILVA database (v.132) (Quast et al.,
2012) was used for prokaryote sequences, and a Naive Bayes
classifier pre-trained on pr2 (v. 5.0.1) (Guillou et al., 2013) was
used in the classification of sequences from Anti-metazoan primer
sequencing. Statistical analyses regarding alpha-diversity indices,
multivariate analyses, ANOSIM, and taxonomic visualizations were
completed post rarefaction at 8,000 reads using QIIME 2.
Eukaryotic sequence analyses regarding taxa identity, query cover
and percent identity in regards to ciliates were compared to existing
sequences on GenBank using blastn.

Results
Blow observations and weight

After correcting for the 2 mL of filtered seawater added to
prevent the blow from drying, the amount of material collected per
plate (3 blows) ranged from 0.23 to 0.56 g, (Table 1), with Ml
consistently producing the greatest amount of mucus. We observed
dysteriid ciliates of the genera Kyaroikeus and Planilamina in the
blow (Figures 1A-C; Supplementary Video SV1) in M1 and F1, but
not in F2 or in a concentrated volume of habitat water.

Bacterial enumeration

Bacterial concentrations ranged between about 107 and 10° per
mL of diluted blow (includes sample plus 2 mL filtered seawater).
M1 had the highest levels of bacteria on four of the six sampling
dates, while F2 had the lowest.

Carbon substrates

The prokaryotic microbiome community showed growth on
various sole carbon source media in the EcoPlates, with the whale
assemblage consistently using a higher number of carbon substrates
than that of the habitat water (Table 1). Of all 31 carbon sources
tested, the total number used, summed across all 3 replicates, was 5
(aquarium water), 11 (M1), 20 (F1), and 25 (F2). Differences were
found among the whales (one-way ANOVA; P<0.001), with F2
having the highest carbon source richness (average 22 substrates;
n=3), and M1 having the lowest (8 substrates) (Table 1).
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TABLE 1 Carbon substrate use and blow weight.

Habitat M1 F1 F2

Mean number of substrates used 2.67 8 14 21.67

95% CI 1.43 4.3 8.61 3.79

Mean blow wt per sample (g) - 0.560 0.328 0.230

SD - 0303 0.158 0.063
Taxonomic diversity Supplementary Table S2). In addition, 8 ASVs were also found in
Habitat water samples (i.e. 19 ASVs found in all three whales, 8 of
Eukaryotic Microbiota. Although the intended targets for Anti- which were found in the habitat water and may be of environmental

metazoan 185 rRNA primers were non-metazoan eukaryotes, many origin). A total of 39 ASVs were found to be unique to M1 and
sequences were classified as unintended bacterial targets. For ~ Flsamples (Figure 3; Supplementary Table 52), while only 4 ASVs
remaining sequences, the majority of eukaryotes matched ciliates ~ Were unique between M1 and F2, and only a single ASV was reported
(family Dysteriidae), dinoflagellates (family Thoracosphaeraceae), ~ as unique between F1 and F2. For an ASV to be considered it had to be
diatoms (class Bacillariophyceae), and green algae (family  presentin all samples for each group, but samples were not pooled due
Chlorodendraceae) (Supplementary Table S1). No ciliate sequences ~ to the possibility for high individual variability within groups. In all
were identified in the Habitat, which was instead dominated mostly three whales, we found a core of three primary phyla at high relative
by dinoflagellates (59.85% relative frequency), diatoms (27.10%), and ~ frequency, Proteobacteria, (M1: avg. 37.1+ 3.6; F1: avg. 53.9 + 1.51; F2:
green algae (4.24%). While the primers were intended to amplify only ~ avg. 76.7 + 1.32) Bacteroidota (synonym Bacteroidetes) (M1: avg. 24.2
non-metazoan targets, some sequences in the Habitat were found to ~ * 5.29; F1:avg. 19.3 + 2.85; F2: avg. 21.3 + 1.6), and Campylobacterota
match the class Insecta (0.27%). For all whale samples, most ~ (Ml: avg. 1435 + 4.14; Fl: avg. 9.6 + 1.75; F2: avg. 123 + 0.82)
sequences were bacteria (avg. relative frequencies for M1: 78%, F21: (Figure 2). In addition, whales M1 and F1 shared a high relative
87%, F2:94%), while the remainder was dominated by ciliates (M1: frequency of the five phyla Actinobacteriota, Patescibacteria,
22%, F1: 12%, F2: 6%), although some individuals were found to also Spirochaetota, Fusobacteriota and Bacillota (Figure 2). Although
have dinoflagellates (F1: 1%), and green algae (M1: 0.2%, F1:0.6%). ~ Present in F2, the relative frequency of Bacillota was substantially
All Dysteriidae ciliate sequences matched Planilamina ovata under reduced (avg. 0.17%; range 0-0.4%) in comparison to all other samples

the accession MN830169 or Kyaroikeus paracetarius under the  from Ml and F1 (avg. 8.8%; range 5.6-12.4%) (Figure 2). Conversely,
accession number MNB830168, and were present in all blow Bacteroidota remained similar for all three whales, resulting in

samples from all whales. substantial differences in the Bacillota to Bacteroidota ratio (BLB).
Expressed via ratio of relative frequency for each phylum averaged for

each whale, the Bacillota to Bacteroidota ratio (Bl:B) was 0.52 (12.6:

Prokaryotic microbiota 24.2) in M1, 0.52 (12.6: 24.2) in F1, and 0.01 (0.17: 21.3) in F2. The
habitat water samples contained seven phyla that were not observed in

Among the prokaryotic 16S rRNA gene sequences found in M1,  the whale samples: WPS-2 (Eremiobacterota), Planctomycetota,

F1, and F2, 11 ASVs comprised what we consider to be the core  Cyanobacteria, Bdellovibrionota, Dependentiae, Crenarchaeota, and
prokaryotic microbiota for these three animals (i.e. ASVs shared by all ~ MBNT15 (candidate phylum) (Figure 2). Further, habitat water was
three individuals in 100% of samples for each group) (Figures 2, 3;  found to contain the only member of the Archaea identified in this

FIGURE 1

Ciliates observed in respiratory exhalate of Delphinapterus leucas. (A) Kyaroikeus post-silver impregnation using protargol stain; (B) Planilamina
under bright field illumination; (C) Kyaroikeus and Planilamina surrounding mucosal exudate collected via blow exhalate on petri dish from M1,
imaged in dark field.
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study, which were represented solely by the family Nitrosopumilaceae
(genus Candidatus Nitrosotenuis, 0.2% relative frequency). Habitat
samples also contained a relatively high frequency (36.5%) of the class
Alphaproteobacteria, compared to an average of 0.18% (0-0.5%) in the
whale samples (Supplementary Figure S1). There were no variations in
the presence/absence of phyla found within each whale microbiome
between sampling days; the same prokaryotic communities were
present for each whale at all time points.

Significant differences were found in alpha diversity, measured
by ASV richness, between F2 and M1 (Kruskal-Wallis; p-value
0.034), and F2 and F1 (p-value 0.049) (Figure 4; Supplementary
Tables 53-S5), with whale F2 maintaining the lowest diversity
among all samples (Figure 4). Nearly significant difterences were
found in alpha diversity among all four groups (i.e. M1, F1, F2,
Habitat) (Kruskal-Wallis for all groups; p-value 0.0579)
(Supplementary Table S6). Alpha rarefaction analyses indicated
appropriate sampling depth was achieved post-rarefaction via
Shannon index analysis (Supplementary Figures S2A, C), but
Faith’s PD (phylogenetic diversity) index suggested sampling
depth may not have been adequate for the full sequencing of the
habitat water microbiome (Supplementary Figure S2B).

Frontiers in Marine Science

Taxonomic diversity. Relative frequencies of the bacterial taxa present in the blow microbiome of all three animals and habitat water on all sampling
dates (M1=male 1; F1= female 1; F2= female 2). Phylum level: 17 total bacterial phyla were detected among all samples.

05

Principal Component Analyses (PCA) indicated a clustering
among samples for each whale, as well as compositional differences
between whales and habitat water (based on Bray-Curtis values)
(Figure 5). ANOSIM comparisons via pairwise Bray-Curtis
distances indicated significant differences between M1 and F1 (p-
value = 0.029) as well as M1 and F2 (p value 0.035) (Figures 4, 6;
Supplementary Table S3).

Taxa of Interest

There were 11 ASVs found in all whale samples (for all M1, F1,
and F2 samples) that were not present in the Habitat water. These
were represented by the genera Ganjinia, Suttonella, Porphyromonas,
Psychrobacter, Buytrivibrio, Shewanella, Marinifilum, Paracoccus, and
genera within the Weeksellaceae and Cardiobacteriaceae families.
There was a higher relative frequency of the genus Vibrio (order
Vibrionales, family Vibrionaceae) in F2, with an average of 16.1%
relative frequency (12.3- 20.5%), as compared to all other samples
(average 1.39%; 0.01-3.54%) (Supplementary Table S2). Also found in
F2 was a high relative frequency of ASVs affiliated to the species

frontiersin.org


https://doi.org/10.3389/fmars.2023.1168623
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Smith et al.

F1
(68)

10.3389/fmars.2023.1168623

F2
(38)

FIGURE 3

Core microbiota. Venn diagram depicting ASVs among M1, F1, F2, and Habitat that are present in 100% of the samples for each overlapping group.

For additional details on ASVs see Supplementary Table S2

Shewanella putrefaciens (avg. 30.8%; 22.3-40.7%), as compared to all
other samples (avg. 2.6%; 0.1-13.3%). Two species within the genus
Myroides, Myroides sp. (avg. 7.47%; 4.8-11.6%) and M. odoratimimus
(avg. 6.5%; 4-10%), were found exclusively in F2. In the two whales
frequently found to be harboring ciliate symbionts in their blow
microbiota (M1 and F1), there was a high relative frequency (avg.
9.5%; 3-16.7%) of the genus Oceanivirga, when compared to F2 and
Habitat, which had a relative frequency range of 0-0.7%. Whales M1
and F1 also had a high relative frequency of the family
Arcobacteraceae (avg. 14.4% and 6.8%, respectively), as opposed to
the rest of samples, which had an average of 0.52% (0.1-1.6%).

Discussion

Respiratory illness (e.g. pneumonia) is a primary cause of
mortality in marine mammals (Venn-Watson et al., 2012),
contributing to the vulnerability of wild populations (Waltzek
et al., 2012). In cetaceans, blowhole microbiome sampling can not
only identify the presence of infections, but also enables researchers
to track physiological changes, especially those reflected in the
respiratory system. However, the inherent difficulty in accessing
these animals has led to a dearth of baseline information on their
respiratory microbiota. Unique access to beluga whales,
Delphinapterus leucas, which were trained to carry out behaviors
that facilitate biological sampling, enabled us to use respiratory
exhalate (blow) to quantify the respiratory microbiome.

Although microbiome studies generally exclude eukaryotic taxa
(e.g. Apprill et al, 2017), the presence and sustained high
concentrations of the ciliate genera Kyaroikeus and Planilamina
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in blow samples reflect a need to expand protist microbiome
studies. Further, the limited research to date has led to
suggestions that these ciliates are pathogenic or parasitic (Sniezek
et al., 1995; Ma et al., 2006), whereas our continued observation of
these protists in healthy animals suggests that they may instead be
commensal or mutualistic members of a normal D. leucas
respiratory microbiome.

Among the ASVs unique to all whale samples (i.e. not present in
Habitat samples), the genera Ganjinia, Suttonella, Porphyromonas,
Weeksellaceae, Porphyromonas, and genera within the
Cardiobacteriaceae family had all previously been identified in the
oral, respiratory, or mucosal microbiomes of various wild cetaceans
while the genera Shewanella and Paracoccus had only been
associated with skin samples, and Buytrivibrio solely with the gut
biome of wild pygmy sperm whales (see Supplementary Table S7).
Interestingly, Paracoccus sp. had only been reported in the skin of
killer whales and dolphins under human care by Chiarello et al.,
2017, who suggested that the presence of these microbes in
cetaceans might indicate a zoonotic transfer from human
husbandry specialists to the animals, since Paracoccus sp. is a
primary member of the human skin microbiome (Cosseau et al.,
2016). While these data are only indicative of a small sample size,
and reflect animals under professional human care in a circulating
seawater system, our results are similar to published work on
cetaceans (Apprill et al., 2017; Apprill et al., 2020; Van Cise et al.,
2020), suggesting the existence of “core taxa,” or conserved
compositional taxonomy, as we observed in the respiratory
exhalate of all three whales, which shared 19 core ASVs in their
blow microbiome regardless of sampling date.
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Alpha Diversity Boxplot comparisons between three animals and habitat water. (A) Faith's Phylogenetic Diversity (PD) Test representing differences in
PD between M1, F1, F2, and Habitat microbiome samples. (B) Shannon Entropy for all sample groups. Number of samples for each group = n. Boxes
represent the interquartile range (IQR) between the first and third quartiles (25th and 75th percentiles, respectively), and the horizontal line inside the
box defines the median. Whiskers represent the lowest and highest values within 1.5 times the IQR from the first and third quartiles, respectively.

While a reduced sample size prevents these data from providing  animals, which can be used comparatively if dysbiosis occurs (e.g.
a representative microbiome community for D. leucas, microbiome  due to antibiotics, change in immune health, chronic external stress,
analyses among cohabiting individuals can be useful in the study of  viral infection, etc.). Individual microbiome communities were also
respiratory microbiota by establishing a baseline for healthy  apparent between whales, with significant differences among M1, F1
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FIGURE 5
Principal Component Analysis (PCA) based on Bray-Curtis distances among whale blow (M1, F1 and F2) and Habitat water samples.
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Pairwise Group Significance Comparisons (ANOSIM) between M1, F1, F2, and Habitat microbiome samples (n=number of pairwise comparisons).

and F2, including a substantial diversity reduction in F2. Veterinary
assessment of all three animals determined the whales to be
clinically healthy. F2 was being administered the
gastroprotectants sucralfate and omeprazole. Omeprazole is a
proton pump inhibitor (PPI), commonly used to decrease
stomach acid production (Mishiro et al, 2018). Human studies
have identified that PPIs can cause severe dysbiosis with only weeks
of administration, which can lead to a sustained disruption to the
microbial composition in esophageal microbiomes (Castellani et al.,
2017; Mishiro et al., 2018). Further, similar studies have shown that
regular doses can substantially alter the relative ratios of
microbiome taxa, including an alteration in the Bacillota to
Bacteroidota ratio (Naito et al., 2018). In human and non-human
terrestrial animals, this ratio is regularly used as a reliable marker in
which a high number (i.e. B:B) is correlated to the storage of fat
(implicated with obesity diagnoses in humans), while a low number
is generally linked to inflammatory bowel disease (DeGruttola et al.,
2016; Hufnagl et al., 2020). In F2, we saw a substantially reduced
Bacillota community in comparison to all other samples from M1
and F1 (Figure 2), while Bacteroidota remained similar for all three
whales (Figure 2). This reflected a BLB ratio of 0.01 for F2, in
comparison to 0.52 and 1.61, for M1 and FI, respectively. These
data indicate a need for regular microbiome monitoring, and may
warrant an investigation into probiotics or a change in diet for
animals requiring PPIs. On the other hand, F2 also had ASVs
unique to F2 including the genera Peptostreptococcaceae and
Alcaligenes, both of which had previously only been identified in
the gut microbiome of marine mammals (Rothenberg et al., 2021;
Bai et al., 2022). The presence of these gut-dominant genera in the
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blow exhalate of F2 may suggest stomach material or acid reflux in
this animal, possibly warranting the need for gastroprotectants.
Identifying and quantifying sustained presence of pathogen-
associated taxa is complicated; many animals regularly coexist with
pathogenic microbiota without showing clinical signs of an affected
health assessment (Nelson et al., 2015; Palmer et al., 2020). In some
marine mammals, the conserved presence of disease-associated
microbes like some Vibrio species and Helicobacter pylori among
different populations can exist as a background “pathogen core
community” (Apprill et al, 2017; Godoy-Vitorino et al., 2017;
Raverty et al,, 2017; Li et al,, 2019) that is found in the majority
of healthy populations (Nelson et al., 2015; Apprill et al,, 2017;
Ochoa et al., 2018). The frequency of Vibrio sequences identified in
F2 may warrant investigation, but may also be an indirect result of
the reduced diversity caused by other factors (e.g. medicine, dietary
change, etc.). Similarly, M1 and F1 had a higher frequency of the
genus Oceanivirga, within which the species O. salmonicida is
believed to be a pathogen of Atlantic salmon (Salmo salar) and
has been found in oral microbiomes of several marine mammals,
including dolphins, humpback whales, and seals (Eisenberg et al.,
2016; Palmer et al., 2020). However, both Vibrio and Oceanivirga
were identified in all samples, including Habitat water samples,
suggesting they may be part of an ambient environmental
background biome. This serves as an example where microbiome
studies can supplement and inform clinical health assessments,
including in decisions regarding quarantine procedures triggered by
pathogen presence/absence tests, which may be unnecesary if there
is a consistent background of a specific pathogenic taxon in
clinically-healthy animals or their environment. Further work
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including multiple samples taken from various microbiome regions
(e.g. oral, skin, fecal, etc.) over time would greatly enhance this
dataset and constrain implications regarding core taxa, within-
group variation, and pathogenic potential.

The microscopic observations showed prokaryotic cell
concentrations about an order of magnitude higher than typical
ocean values of c. 10° cells " and the presence of commensal ciliates
in two of the whales. Whale F2 had the lowest bacterial
concentrations and we did not observe ciliates in her blow during
this sampling period. This is surprising, since the ciliates would
presumably crop bacterial populations via grazing, so we might
expect higher numbers in F2. On the other hand, F2 had the highest
metabolic diversity in her microbiome, 1.5-2x higher than the other
two whales and about eight-fold higher than that of the habitat
water. We know of no other respiratory microbiome studies that
looked at metabolic diversity, but there have been observations on
changes, for example, in fish gut microbiome metabolic types
related to salinity gradients and diet (Mouchet et al., 2012).
Probably the most striking result of the metabolic diversity
observations is the large difference between the whale respiratory
tract and the habitat water. Given the well-known dominance of
unculturable bacteria in the ocean, it is perhaps not surprising that
the technique we used, which requires incubation over several days,
would yield lower diversity in the aquatic habitat. Apparently, the
whale respiratory tract is much more similar to a rich culture-
medium environment and hence allows for higher diversity of
culturable metabolic types to exist there.

The cetacean respiratory microbiome is an important yet
understudied system that allows for the identification of infection,
disease, and dysbiosis. Respiratory microbiota can maintain host
health, support immune system function, and serve as both an
indicator and source of illness. In cetaceans, blow microbiome
sampling can identify physiological changes in individuals under
professional human care, and serve as a non-invasive health index
for wild populations. The sampling methods explored in this study
represent the utility of non-invasive means to inform clinicians on
the health of cetaceans under professional human care, and serve as
an ideal method to monitor wild and endangered populations.
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