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There is growing recognition that microbiomes play substantial roles in animal eco-physiology and evolution. To date, microbiome
research has largely focused on terrestrial animals, with far fewer studies on aquatic organisms, especially pelagic marine species.
Pelagic animals are critical for nutrient cycling, yet are also subject to nutrient limitation and might thus rely strongly on
microbiome digestive functions to meet their nutritional requirements. To better understand the composition and metabolic
potential of midwater host-associated microbiomes, we applied amplicon and shotgun metagenomic sequencing to eleven
mesopelagic animal species. Our analyses reveal that mesopelagic animal microbiomes are typically composed of bacterial taxa
from the phyla Proteobacteria, Firmicutes, Bacteroidota and, in some cases, Campylobacterota. Overall, compositional and
functional microbiome variation appeared to be primarily governed by host taxon and depth and, to a lesser extent, trophic level
and diel vertical migratory behavior, though the impact of host specificity seemed to differ between migrating and non-migrating
species. Vertical migrators generally showed lower intra-specific microbiome diversity (i.e., higher host specificity) than their non-
migrating counterparts. These patterns were not linked to host phylogeny but may reflect differences in feeding behaviors,
microbial transmission mode, environmental adaptations and other ecological traits among groups. The results presented here
further our understanding of the factors shaping mesopelagic animal microbiomes and also provide some novel, genetically

informed insights into their diets.
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INTRODUCTION

An overwhelming majority of animals live in association with
microbial organisms (bacteria, archaea, fungi, protists) that range
from beneficial symbionts, essential for host nutrition, immunity,
and development, to pathogenic agents promoting disease [1-3].
Increasing insights from a variety of host-microbe relationships
suggest that the functions performed by these microbiomes are
not only important on an organismal level, but also on an
ecosystem scale, and are likely critical for facilitating ecological
resilience to environmental change [4, 5].

In the marine environment, studies of animal microbiomes have
primarily focused on benthic invertebrates such as corals and
sponges (e.g. [6, 7]). By contrast, less is known about the
composition, structure, and variability of microbes associated with
the vast majority of pelagic animals, despite the significance of
these organisms in global food webs and biogeochemical cycles
[8]. To date, analyses of microbiota associated with whales, fishes
and planktonic crustaceans have shown that microbiomes of
some species can be highly host-specific and distinct from
microbial consortia in surrounding seawater [9-12]. For example,
herbivorous reef fishes are known to harbor species-specific
resident symbionts that are critical for prey digestion [11], while
North Atlantic copepods affiliate with specialized bacterial

communities that are predicted to mediate key ecological
processes, such as iron and phosphorus regeneration [9].
However, host specificity is not universal and other factors such
as diet, habitat and seasonal changes typically also play a role in
shaping microbiome composition [10, 13-15].

The mesopelagic or midwater zone (200-1000 m) represents
one of the most understudied, though ecologically significant,
areas of the ocean [16] and provides a unique opportunity to
study how phylogenetic inertia, ecological pressures, behavioral
adaptations, and biogeochemical processes shape host-associated
microbiomes. For example, mesopelagic fishes are critical
components of the oceanic food web, comprising approximately
10 billion tons of biomass that feed on zooplankton, and in turn
provide a food source for marine mammals, birds and commer-
cially harvested fish species such as tuna and swordfish [17, 18].
Mesopelagic organisms also constitute important links between
surface and deep waters. It is estimated that about 90% of surface-
derived organic matter is respired within the mesopelagic zone
and consequently recycled into nutrients for photosynthetic
primary production in the upper ocean [19]. Furthermore,
mesopelagic animals frequently perform diel vertical migrations
(DVM) to search for food and avoid predators [20], thereby
promoting export of organic carbon to the deep sea [21-23]. This
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daily mass movement may have significant impacts on the
composition of host-associated microbiota by promoting turnover
of microbial communities as an adaptation to differential oxygen
exposure between the oxygen-limited mesopelagic zone [24] and
oxygen-rich surface waters, though this has not been formally
tested. Based on evidence from metagenomic and 16S rRNA
studies, DVM appears to be an insignificant driver of microbiome
composition in mesopelagic zooplankton [9], but it is likely
relevant for shaping the gut microbial communities of different
midwater fish species, in addition to other variables such as host
identity [25].

Diet can be expected to be another important factor influencing
the composition of mesopelagic host-associated microbiomes.
The food available at mesopelagic depths is derived principally
from the photic zone, and transits passively or actively 10s-100s of
meters through the water column and the gambit of hungry
animals found there. Consequently, the dietary material available
to mesopelagic organisms, particularly detritivores, is generally
low in quality and abundance. Mesopelagic animals might thus
host diverse gut microbiomes whose functional capacities could
assist them in extracting nutrition from their diets. Compared to
other oceanic zones, water in the mesopelagic also tends to
harbor a taxonomically and functionally more diverse environ-
mental microbial community [26], which could increase the
complexity and variation of host-associated microbiomes. How-
ever, the composition of microbiota harbored by mesopelagic
animals is currently largely unknown, as are the environmental
factors that influence their structure and diversity.

In light of the key role that pelagic organisms play in marine
ecology and biogeochemistry, we sought to better understand the
patterns and processes affecting microbiome diversity and
functional potential among mesopelagic animals. To that end,
we employed 16S rRNA amplicon and shotgun metagenomic
sequencing to samples from eleven midwater fish and inverte-
brate species from Monterey Canyon (Northeast Pacific Ocean).
We subsequently tested for effects of trophic level, DVM, depth
and host species on microbiome composition and assessed
microbiome functional potential by linking microbial taxonomy
and gene content to metabolic capacity.

MATERIALS AND METHODS

Sample collection and sequencing

Thirty-eight specimens of three mesopelagic fish and eight invertebrate
species were collected with trawls or remotely operated vehicles (ROVs)
from 239-1800 m depth during an R/V Western Flyer cruise (Monterey Bay
Aquarium Research Institute, Moss Landing, CA) to the Monterey Canyon
(36°41.94' N, 122°2.96" W) in June 2018 (Table 1). Sample numbers were
limited by the availability of individuals for each species that could be
captured through net- or ROV-based methods. On board the ship,
specimens were visually identified to genus level, and classified as diel
vertical migrators or non-migrators based on previous observations
(Table 1) [18, 27-36]. Specimens were stored whole in RNALater™ (Thermo
Fisher Scientific, Waltham, MA) except for Tomopteris, Stenobrachius, and
Vampyroteuthis. For these genera, gut tissues and stomach contents were
dissected on board ship and stored in RNALater™ as specimens were too
large to be preserved whole and the remaining tissues were committed to
other projects. Total DNA from Acanthamunnopsis, Poeobius, Eusergestes,
Tomopteris, Vampyroteuthis, and Vitreosalpa was extracted with the Qiagen
RNeasy PowerSoil DNA Elution Kit (Qiagen, Hilden, Germany), while total
DNA from Cyclothone, Euphausia, Munneurycope and Stenobrachius was
extracted with the Qiagen PowerSoil Kit (Qiagen, Hilden, Germany)
following the manufacturer's instructions. We made an effort to keep
extraction methods as consistent as possible, though the two different
protocols were necessary as different taxa, e.g., gelatinous zooplankton
versus fishes, required different methods to yield high-quality DNA.
Barcoded 150 bp single-end amplicon libraries of the 16S V4 rRNA region
were subsequently prepared with the 515F/806R primer pairs after
Caporaso et al. [37] and sequenced to an average of 72,358 reads per
sample on a HiSeq 2500 instrument at the Bauer Core Facility at Harvard
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University. In addition, shotgun 2x150bp paired-end, dual-indexed
metagenomic libraries were constructed with the Nextera XT DNA Library
Preparation kit in % reactions (lllumina, Inc, San Diego, CA), normalized,
and sequenced on a NextSeq 500/550 platform to an average of 8,223,690
total reads per sample. Metagenomic libraries were not prepared for
Vitreosalpa samples due to insufficient DNA quality. Finally, host species
identities for representative samples were verified through molecular
barcoding of the cytochrome-c-oxidase subunit | (COl) gene with
degenerate primers commonly applied for fish and invertebrate taxa
[38-40].

Profiling of microbiome composition

We used the 16S rRNA amplicon libraries to compare microbiome
composition within and among host species. Raw reads were adaptor-
clipped with TrmmomaTic [41] and then denoised into amplicon sequence
variants (ASVs) following the UsearcH-unoise3 pipeline [42], applying a
maximum error rate of 0.001, a minimum sequence length of 150 bp and a
minimum base quality of 20 for filtering. The resulting ASV abundance
table was imported into Qime2 (https://giime2.org) for taxonomic
classification and phylogenetic analysis. To taxonomically assign each
ASV, we used both comparisons against full length 16S rRNA sequences
and a Naive Bayes classifier trained against 150 bp fragments of the 16S V4
rRNA region that were extracted from the SILVA 138 99% reference
database [43-45]. Poorly annotated chloroplast and mitochondrial
sequences were further resolved through BiastN [46] searches against
the NCBI non-redundant database. Taxonomic information was then used
to group ASVs into microbiome components and to filter out potential
contaminants, diet items, and sequence artifacts. In addition, we removed
singletons and rare ASVs with less than 10 total reads to reduce bias in
downstream analyses. Altogether, microbiome-associated sequences
represented 39.77-97.53% (mean: 80.24%) of the total libraries. For
assessing phylogenetic relationships among ASVs, we used SATé-enabled
phylogenetic placement (SEPP) [47] to insert each ASV sequence into a
reference tree based on a preformatted SILVA 128 99% SEPP database.
Fractional abundance plots were created with the PHviosea package in R
[48, 49], excluding samples with less than 1000 reads.

As a complement to the 16S rRNA analyses, we used SHocun [50] with
the Utree method [51] on the adaptor-clipped, decontaminated shotgun
metagenomic data to determine the composition of microbial taxa for
each sample. However, since on average only 7.46% of metagenomic
sequences could be matched to microbial taxa through this approach and
ordination analyses indicated clustering of samples by number of
recovered prokaryotic/viral reads (Supplementary Fig. S1), we relied
primarily on the 16S rRNA amplicon data for further investigations of
microbiome taxonomic composition. For all functional analyses, we
nevertheless used the metagenomic data given that they better represent
metabolic potential via actual gene annotations (in contrast to 16S rRNA
amplicons) [52].

Identification of diet items

We performed targeted literature searches to determine the trophic level
of each host taxon and create broader diet categories for downstream
analyses [53-61]. In support of these investigations, we used 165/18S rRNA
sequence information from both amplicon and metagenomic sequencing
to identify potential diet items for each species. Small subunit rRNA
sequences in the metagenomic datasets were assembled and annotated
with PHviorLasH [62], while diet-related amplicons were analyzed as
described above.

Assessment of microbiome functional potential

We used shotgun metagenomic sequencing to assess metabolic potential
from gene-level functional predictions obtained through both read- and
assembly-based annotations. Raw lllumina reads were adaptor- and
quality-trimmed with TrimmomaTic and then mapped against the PhiX and
human genomes to remove common sequence contaminants. Filtered
reads were subsequently matched against the KEGG orthology database
via the SHocun-UTree pipeline and co-assembled into genus-level meta-
genomes with Metaspapes [63] using kmers from 21 to 121 in 10 step
increments. The prokaryotic, eukaryotic and organellar fractions of each
metagenome co-assembly were separated with Tiara [64] for contigs
>1000 bp. Eukaryotic and organellar genes were identified via MeTaeuk [65]
with the following settings: -s 7.5 --use-all-table-starts 1 --metaeuk-eval
0.0001 -e 100 --min-length 40. The UniRef90 collection was used as a
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reference database for functional annotation [66]. As the achieved
sequencing depth did not allow binning of metagenome assembled
genomes we analyzed the combined prokaryotic fraction for each co-
assembly. Genes were predicted with ProbiGaL [67] in anonymous mode
and functionally annotated by blasting protein sequences against the
UniRef90 and RefSeq databases with an e-value threshold of 1e7'°. The
taxonomic origin of each gene in the prokaryotic fraction was assessed
with the Taxize package [68] in R to filter out any remaining eukaryotic
contigs that could not be classified via TiArA.

To evaluate the functional potential of each animal microbiome based
on 16S rRNA abundance data, we used Faprotax [69] with an annotation
database updated to the SILVA 138 taxonomy and extended by
unrepresented microbial taxa via literature searches. Count data were
total sum scaled before collapsing of ASVs into functional categories.
Overlapping records for human-, mammal- and plant-associated categories
were excluded from the final output table, resulting in assignment of
52.78% of all ASVs to 51 (non-miscellaneous) metabolic categories.
Proportional abundance heatmaps for functional predictions from both
16S rRNA and metagenomic data were plotted with the CompLexHEATMAP
package in R [70] based on Euclidean distances.

Associations between microbiome composition, functional
potential and ecological factors

We applied principal coordinate analyses based on Bray-Curtis dissim-
ilarities and weighted UniFrac distances in R for exploratory investigations
of microbiome composition in relation to host taxon, DVM behavior,
median collection depth and diet category. Count data were converted to
proportions prior to distance transformation [71, 72]. To statistically
determine the influence of each factor on microbiome composition and
functional potential we performed unifactorial PERMANOVAs with the
VEeean package in R [73] using both the 16S rRNA amplicon and shotgun
metagenomic data. Differential abundance of ASVs between diel vertical
migrators and non-migrators was tested via zero-inflated log-normal
models implemented in MeTagenomesEQ [74] based on cumulative sum
scaled count data. P values were corrected using the false discovery rate
procedure at an alpha value of 0.1. Differences in aerobic and anaerobic
metabolism between both groups were determined through Wilcoxon
rank tests. Correspondence between microbiome composition inferred
through 16S rRNA and metagenomic sequencing was assessed through
Mantel tests based on Spearman rank correlations, while differences in
representation of select taxonomic groups between both methods were
evaluated with paired t-tests. All data were inspected for normal
distribution via Shapiro-Wilk tests before statistical analyses in R. In the
case of deviations from normality, a non-parametric equivalent was used.

RESULTS

Microbiome composition of mesopelagic animals

16S V4 rRNA amplicon sequencing resulted in 1222 filtered
microbiome-associated ASVs from 32 phyla that included at least
55 classes, 127 orders, and 226 families of microbial taxa
(Supplementary Table S1). About 53.68% of these ASVs could be
assigned to genus level. Despite notable variation in microbial
composition among host species and individuals, the most
represented bacterial classes across host-associated microbiomes
were Gammaproteobacteria (mean per species: 6.18-82.96%),
Bacteroidia (mean per species: 5.05-52.21%), Bacilli (mean per
species: 0.43-24.98%) and Clostridia (mean per species:
0.10-29.84%) (Fig. 1 and Table 2).

Microbial communities within both Cyclothone species and
Vampyroteuthis infernalis were typically dominated by the
bacteroidal family Muribaculaceae and the clostridial family
Lachnospiraceae, whereas microbiomes of Stenobrachius leucop-
sarus, Euphausia pacifica and Eusergestes similis were primarily
composed of gammaproteobacterial taxa from the families
Vibrionaceae, Thiotrichaceae/Colwelliaceae, and Spongiibactera-
ceae, respectively (Table 2). Most Cyclothone atraria individuals
further contained a high load of eimeriidan parasites (up to
36.81%) [75]. In contrast to the other host species, the microbial
communities of Munneurycope murrayi were often abundant in
campylobacterial taxa from the family Sulfurospirillaceae (Table 2).
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Fig. 1 Taxonomic composition of mesopelagic host-associated microbiomes. Fractional abundances of microbial classes in the
microbiomes of mesopelagic animals based on A 16S rRNA amplicon data and B metagenomic data. Gammaproteobacteria, Bacteroidia,
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proportion of Actinobacteria was revealed in each sample through this method (paired t-test: t =-8.2128, p < 2.548¢e™%7).
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Table 2. Most abundant family-level microbial taxa (>10% in at least one sample) in the microbiomes of mesopelagic invertebrate and fish hosts.

Host species Microbial family Min. [%] Max. [%] Mean [%]
Acanthamunnopsis milleri Bacteroidota; Bacteroidia; Bacteroidales; Muribaculaceae 3.63 48.77 23.76
Proteobacteria; Gammaproteobacteria; Burkholderiales; Comamonadaceae 0.00 57.87 19.30
Firmicutes; Bacilli; Entomoplasmatales; Entomoplasmatales Incertae Sedis 0.00 42.26 15.23
Firmicutes; Clostridia; Lachnospirales; Lachnospiraceae 1.41 23.96 9.11
Proteobacteria; Alphaproteobacteria; Rhodobacterales; Rhodobacteraceae 0.00 25.44 8.48
Proteobacteria; Gammaproteobacteria; Enterobacterales; 0.00 20.36 6.79
Enterobacteriaceae
Munneurycope murrayi Campylobacterota; Campylobacteria; Campylobacterales; Sulfurospirillaceae 0.00 48.56 28.65
Proteobacteria; Gammaproteobacteria; Enterobacterales; Vibrionaceae 0.49 33.97 13.05
Proteobacteria; Gammaproteobacteria; Pseudomonadales; 0.00 27.53 9.19
Pseudomonadales MBAE14
Proteobacteria; Gammaproteobacteria; Enterobacterales; 0.34 19.73 7.72
Pseudoalteromonadaceae
Proteobacteria; Gammaproteobacteria; Enterobacterales; Shewanellaceae 0.17 22.14 7.62
Proteobacteria; Gammaproteobacteria; Enterobacterales; Colwelliaceae 1.69 16.50 6.84
Proteobacteria; Gammaproteobacteria; Enterobacterales; Moritellaceae 0.15 11.58 3.97
Cyclothone atraria Bacteroidota; Bacteroidia; Bacteroidales; Muribaculaceae 0.15 35.28 18.71
Firmicutes; Clostridia; Lachnospirales; Lachnospiraceae 0.41 18.80 11.46
Myzozoa; Conoidasida; Eucoccidiorida; Eimeriidae 0.00 36.81 15.81
Proteobacteria; Gammaproteobacteria; Enterobacterales; Vibrionaceae 0.23 36.01 12.16
Proteobacteria; Gammaproteobacteria; Pseudomonadales; Moraxellaceae 0.21 18.85 6.51
Proteobacteria; Gammaproteobacteria; Enterobacterales; 0.00 12.14 4.05
Pseudoalteromonadaceae
Cyclothone signata Bacteroidota; Bacteroidia; Bacteroidales; Muribaculaceae n.a. n.a. 48.77
Firmicutes; Clostridia; Lachnospirales; Lachnospiraceae n.a. n.a. 24.98
Stenobrachius leucopsarus Proteobacteria; Gammaproteobacteria; Enterobacterales; Vibrionaceae 26.35 90.16 71.66
Bacteroidota; Bacteroidia; Flavobacteriales; Flavobacteriaceae 0.83 31.10 8.96
Proteobacteria; Gammaproteobacteria; Enterobacterales; Colwelliaceae 0.27 11.11 3.51
Euphausia pacifica Proteobacteria; Gammaproteobacteria; Thiotrichales; Thiotrichaceae 13.10 53.17 26.43
Proteobacteria; Gammaproteobacteria; Enterobacterales; Colwelliaceae 2.11 28.98 17.11
Proteobacteria; Gammaproteobacteria; Enterobacterales; Vibrionaceae 3.87 19.87 11.21
Proteobacteria; Gammaproteobacteria; Chromatiales; Sedimenticolaceae 0.87 18.18 8.36
Bacteroidota; Bacteroidia; Flavobacteriales; Flavobacteriaceae 2.92 15.20 8.06
Poeobius meseres Firmicutes; Bacilli; Mycoplasmatales; Mycoplasmataceae 0.00 81.71 2437
Proteobacteria; Gammaproteobacteria; Enterobacterales; Vibrionaceae 0.00 66.57 14.88
Proteobacteria; Gammaproteobacteria; Nitrosococcales; Methylophagaceae 0.00 74.24 13.56
Proteobacteria; Gammaproteobacteria; Burkholderiales; Comamonadaceae 0.00 44.05 9.65
Proteobacteria; Gammaproteobacteria; Pseudomonadales; Moraxellaceae 0.00 31.71 8.95
Proteobacteria; Gammaproteobacteria; Burkholderiales; Burkholderiaceae 0.00 32.06 5.34
Proteobacteria; Gammaproteobacteria; Pseudomonadales; Halieaceae 0.00 11.02 3.02
Bacteroidota; Bacteroidia; Bacteroidales; Muribaculaceae 0.00 14.96 2.63
Tomopteris sp. Bacteroidota; Bacteroidia; Bacteroidales; Muribaculaceae 15.91 46.86 31.38
Proteobacteria; Alphaproteobacteria; Rhizobiales; Beijerinckiaceae 0.00 23.77 11.89
Proteobacteria; Gammaproteobacteria; Burkholderiales; Comamonadaceae 2.36 19.36 10.86
Firmicutes; Clostridia; Lachnospirales; Lachnospiraceae 0.46 19.34 9.90
Bacteroidota; Bacteroidia; Chitinophagales; Chitinophagaceae 0.00 16.23 8.11
Proteobacteria; Gammaproteobacteria; Burkholderiales; Burkholderiaceae 0.10 13.33 6.72
Firmicutes; Clostridia; Oscillospirales; Oscillospiraceae 0.00 11.23 5.62
Eusergestes similis Proteobacteria; Gammaproteobacteria; Pseudomonadales; 40.22 61.87 50.05
Spongiibacteraceae
Proteobacteria; Gammaproteobacteria; Enterobacterales; Vibrionaceae 3.11 12.25 6.32
Proteobacteria; Gammaproteobacteria; Enterobacterales; Colwelliaceae 0.82 10.74 4.10
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Table 2. continued

Host species Microbial family Min. [%] Max. [%] Mean [%]

Vampyroteuthis infernalis Bacteroidota; Bacteroidia; Bacteroidales; Muribaculaceae 26.99 43.16 35.08
Firmicutes; Clostridia; Lachnospirales; Lachnospiraceae 20.70 27.75 24.23
Firmicutes; Bacilli; Mycoplasmatales; Mycoplasmataceae 8.94 14.44 11.69

Vitreosalpa sp. Proteobacteria; Gammaproteobacteria; Nitrosococcales; Methylophagaceae 0.00 37.88 14.27
Bacteroidota; Bacteroidia; Bacteroidales; Muribaculaceae 0.00 36.29 10.30
Firmicutes; Clostridia; Lachnospirales; Lachnospiraceae 0.92 24.93 9.94
Myzozoa; Conoidasida; Eucoccidiorida; Eimeriidae 0.00 45.86 9.18
Proteobacteria; Gammaproteobacteria; Nitrosococcales; Nitrosococcaceae 0.00 33.14 8.01
Proteobacteria; Gammaproteobacteria; Gammaproteobacteria JTB23; 0.00 22.96 7.98
Unassigned
Firmicutes; Bacilli; Entomoplasmatales; Entomoplasmatales Incertae Sedis 0.00 24.41 5.08
Proteobacteria; Gammaproteobacteria; Pseudomonadales; 0.00 17.74 3.81
Spongiibacteraceae
Proteobacteria; Gammaproteobacteria; Enterobacterales; Colwelliaceae 0.00 12.85 2.95
Verrucomicrobiota; Verrucomicrobiae; Verrucomicrobiales; Rubritaleaceae 0.00 11.67 2.91
Bacteroidota; Bacteroidia; Chitinophagales; Unassigned 0.00 12.22 2.44

Range and mean percentage abundances are shown.

The microbiomes of Acanthamunnopsis milleri, Poeobius meseres,
Tomopteris sp. and Vitreosalpa sp. showed the largest inter-
individual variability, with either Muribaculaceae, Comamonada-
ceae, Entomoplasmatales Incertae Sedis, Mycoplasmataceae,
Vibrionaceae, Beijerinckiaceae or Methylophagaceae being the
most frequent taxa (Table 2). In virtually all samples, a single or a
few ASVs dominated the microbial communities, with the most
common ASVs having an abundance of up to 82.99% (Supple-
mentary Table S2). This was particularly notable in individuals of
Acanthamunnopsis, Eusergestes, Munneurycope, Poeobius and
Stenobrachius, where usually 1-2 ASVs made up >50% of the
microbiome (Supplementary Table S2). The same few ASVs or a
single microbial family were typically most abundant within
species of vertical migrators, while composition was more variable
within species of non-migrators. Microbiome composition as
determined via shotgun metagenomics was correlated with that
obtained through amplicon sequencing for the unfiltered dataset
(Mantel test: p=0.001, r =0.2486), though a significant associa-
tion between both methods was not observed for the filtered
dataset (i.e, samples with >1000 microbial reads). These
differences could be due to data limitations resulting from the
necessary filtering of the metagenomic dataset and the accom-
panied reduction of samples that were available for comparison.
Overall, shotgun metagenomic analyses revealed a higher
proportion of Actinobacteria in the host-associated microbiomes
(Supplementary Fig. S2 and Supplementary Table S3; Paired t-test:
t=-82128, p < 2.548¢ ) and indicated the presence of viruses
and methanogenic archaea that were missed by 16S rRNA
amplicon sequencing (Supplementary Table S3).

Inferring putative diet through 16S/18S rRNA sequence
analysis

Host genera were classified into three broader categories based
on diet items that were identified through literature searches
(Supplementary Table S4): 1—primarily phytoplankton-based diet
(Euphausia, Vitreosalpa), 2—primarily detritivorous diet (Acantha-
munnopsis, Munneurycope, Poeobius, Vampyroteuthis), and 3—
primarily zooplanktivorous diet (Cyclothone, Eusergestes, Stenobra-
chius, Tomopteris). For all species, except Vampyroteuthis, for which
no diet-related sequences could be recovered, we complemented
the literature information by inferring diet components through
165/18S rRNA sequence analysis (Supplementary Table S4). Diet-
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related small subunit ribosomal sequences were mainly obtained
from metagenomic data, because 16S rRNA amplicon sequencing
resulted in a biased overrepresentation of diatom chloroplast
sequences across all samples.

Independent of major diet category, most species contained
diet components that were somewhat unexpected (Supplemen-
tary Table S4). These included genetic material from chordates,
annelids, flatworms, nematodes, mollusks, cnidarians, scalidophor-
ans, hemichordates, and copepods. The largest range of diet items
were recovered for the two fish genera, Cyclothone and
Stenobrachius, which seemed to feed predominantly on calanoid
copepods but also gelatinous zooplankton such as cnidarians and
ctenophores. Mostly crustacean sequences were detected in the
other zooplanktivorous species (Tomopteris and Eusergestes).

Influence of ecological factors on microbiome composition
Principal coordinate analyses based on 16S rRNA data suggested a
broad partitioning of microbiomes into (i) one shallow group
(Eusergestes) that comprised only diel vertical migrators, (ii) two
deep groups (Cyclothone, Stenobrachius, Euphausia, Vampyro-
teuthis) that contained half migrators and half non-migrators
and species of unknown status, and (iii) one relatively diverse
medium-depth group (Acanthamunnopsis, Munneurycope, Poeo-
bius, Tomopteris, Vitreosalpa) that consisted mostly of non-
migrators (Fig. 2). Clustering of microbiomes by host taxon was
evident for Munneurycope (weighted UniFrac), Eusergestes, Steno-
brachius, Euphausia and Vampyroteuthis (Bray-Curtis + weighted
UniFrac), while microbial communities appeared more variable
between individuals of the other species (Fig. 2 and Supplemen-
tary Fig. S3). Principal coordinate plots based on shotgun
metagenomic data confirmed the observed groupings by host
species for Eusergestes, Stenobrachius and Euphausia and by genus
for Cyclothone (Fig. 2).

The influence of all factors (host identity, diet, migration, and
depth) on microbiome composition was significant in PERMANO-
VAs based on Bray—Curtis dissimilarities (Table 3). Analyses based
on weighted UniFrac distances also generally supported these
results, except that the effect of diet was not significant
(Supplementary Table S5). For most variables in analyses based
on 16S rRNA amplicons, no differences in multivariate dispersion
were detected, suggesting that the observed patterns were
typically not biased by variance in spread among groups. The
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Fig.2 Principal coordinate analysis plots for microbiome data transformed into Bray-Curtis dissimilarities. Panels A and B show the same
data colored by host (A) and depth (B), respectively, with shapes showing diel vertical migration status (A) and diet category (B). Microbial
communities cluster broadly by depth and in some cases host taxon. Clustering was weaker for vertical migration status and not evident for
diet, though the influence of both factors was significant in PERMANOVA (Table 3).
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Table 3. Results for PERMANOVAs applied to Bray-Curtis transformed
microbiome data based on a 16S rRNA amplicons and b shotgun
metagenomics.

Source of df SS R? p Pbispersion
variation
a. 16S rRNA amplicons
Host 10 7.4976 0.49404 0.001 0.052
Residuals 26 7.6784 0.50596
Diet 2 1.3922 0.09174 0.007 0.243
Residuals 34 13.7838 0.90826
Migration 2 1.8344 0.12088 0.002 0.253
Residuals 34 13.3416 0.87912
Depth 4 3.2905 0.21683 0.001 0.001
Residuals 32 11.8855 0.78317
b. Metagenomics
Host 6 3.2255 0.90916 0.001 0.002
Residuals 11 0.3223 0.09084
Diet 2 1.3185 0.37164 0.001 0.101
Residuals 15 2.2292 0.62836
Migration 1 0.5324 0.15008 0.007 0.869
Residuals 16 3.0153 0.84992
Depth 3 1.6944 0.47760 0.001 0.001
Residuals 14 1.8533 0.52240

P values for permutational MANOVA and permutation tests for homo-
geneity of multivariate dispersions are shown. Significant tests (p < 0.05)
are indicated in bold.

df degrees of freedom, SS sum of squares, R?coefficient of determination
(proportional explained variation), p p value.

largest effect size was observed for host species and depth, which
accounted for ~50% or ~91% and ~20% or ~48% of the variation
in the corresponding PERMANOVAs, whereas diet and migratory
behavior accounted for ~9% and ~12% or ~37% and ~15% of the
variation, respectively (Table 3 and Supplementary Table S5).
Overall, diet appeared to have the weakest effect on microbiome
composition, as also evidenced by minimal clustering of samples
by this factor in the corresponding PCoAs (Fig. 2).

Differences in microbial abundance related to host vertical
migration

A total of 100 ASVs from 43 microbial families showed significant
differences in abundance between diel vertical migrators and non-
migrators based on a zero-inflated log-normal model (Supple-
mentary Table S6 and Fig. 3A). Vertical migrators were typically
enriched in certain ASVs from the families Francisellaceae,
Flavobacteriaceae, Morganellaceae and Vibrionaceae. ASVs from
these families were predicted to be associated with symbiosis or
pathogenicity (Francisellaceae), chemotrophic metabolism such as
chitinolysis (Vibrionaceae) and other miscellaneous functions
(Supplementary Table S6 and Fig. 3B). By contrast, non-
migrators contained larger abundances of ASVs belonging to
the families Lachnospiraceae, Muribaculaceae, Colwelliaceae and
Oscillospiraceae (Supplementary Table S6 and Fig. 3A), which are
thought to be characterized by chemoheterotrophic metabolism
including fermentation and a diversity of poorly constrained
functions (Fig. 3B). The strongest log-fold changes (< or > 3) were
observed for 15 ASVs from the families Francisellaceae (logFC:
3.11-4.99), Vibrionaceae (logFC: 3.23), Flavobacteriaceae (logFC:
3.27-5.92), Arcobacteraceae (logFC: 3.36), Morganellaceae (logFC:
3.99-536), Ruminococcaceae (logFC: 4.22), Spirochaetaceae
(logFC: 5.06) and Thiotrichaceae (logFC: 6.70), which were frequent
in diel vertical migrators (especially Euphausia and Stenobrachius).
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In addition, one Bacteroidaceae ASV (logFC: —4.55) was particularly
abundant in certain non-migrators  (Acanthamunnopsis,
Cyclothone).

Metabolic potential of mesopelagic host-associated
microbiomes

Gene-level metagenomic analyses using both read- and assembly-
based annotations indicated that all microbiomes were abundant
in a diversity of enzymes related to heterotrophic metabolism
(e.g., peptidases, lipases and/or glucosidases) and major biochem-
ical pathways, such as glycolysis, citric acid cycle, pentose
phosphate pathway and aerobic respiratory chain (Fig. 4 and
Supplementary Tables S7 and S8). In addition, genes that were
linked to more specialized metabolic functions were recovered in
all microbiomes, with aromatic compound and chlorinated
hydrocarbon degradation, methanogenesis, formaldehyde assim-
ilation and photosynthesis being among the most dominant
metabolisms (Fig. 4 and Supplementary Tables S7 and S8). Some
of the observed microbiome functions were directly related to the
trophic ecology of the host organism. For example, in line with the
seasonal phytoplankton-dominated diet of Euphausia, the micro-
biome of this species contained genes for endoglucanases,
cellobiosidases, polysaccharide lyases and MR_MLE domain-
containing proteins, which are involved in the degradation of
algal cell wall compounds (i.e., cellulose, pectin and lignin-derived
molecules [76]). All microbiomes showed potential for fermenta-
tive and other anaerobic metabolism. The microbial communities
of most detritus-feeders encoded multiple genes for dissimilatory
reduction of nitrogen and sulfur compounds, while the micro-
biomes of zooplanktivores and herbivores were abundant in
genes for anaerobic hydrogen oxidation and generation. The
proportion of anaerobic metabolism within host-associated
microbiomes did not significantly differ between vertical migra-
tors and non-migrators (Wilcoxon rank test: W= 150, p = 0.07879).
Other than digestive and respiratory functions, all microbiomes
showed biosynthetic potential relevant for host nutrition and
host-microbe interactions, such as synthesis of amino acids,
secondary metabolites, vitamins and other enzyme cofactors
(Fig. 4 and Supplementary Tables S7 and S8). The influence of all
tested explanatory factors (host species, depth, diet, and DVM) on
the representation of metabolic potential was significant in
unifactorial PERMANOVAs, with host species and depth being
the strongest explanatory variables (Table 4). Despite notable
inter-individual variability, clustering of microbiome functional
potential by host species was evident for Eusergestes, Stenobra-
chius, Euphausia, Cyclothone and—to a lower extent—Munneur-
ycope, in accordance with patterns observed in principal
coordinate analyses based on taxonomic composition (Fig. 4).
Functional predictions from 16S rRNA data supported the overall
inferences from metagenomic data, suggesting a predominance
of aerobic chemoheterotrophic and fermentative metabolism in
all microbiomes. However, compared to patterns obtained from
shotgun metagenomics, potential for chitinolysis was notably
more prevalent, whereas other categories such as methanogen-
esis were not represented (Supplementary Fig. S4 and Supple-
mentary Table S9).

DISCUSSION

Host-associated microbiomes are now appreciated as critical
mediators of animal functioning and fitness [1], yet their
composition, diversity and metabolic potential remains under-
studied in many marine environments, especially the pelagic
realm. Here, we used 16S rRNA amplicon and metagenomic
sequencing to gain some of the first insights into the taxonomic
and functional diversity of microbial communities associated with
a broad diversity of midwater fish and invertebrate species to
begin to assess the influence of host taxon and environment on
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microbiome structure. Though the modest sample size (a
consequence of logistical constraints) limited our ability to fully
resolve the differential influence of host phylogeny, dietary
preferences and migratory behavior, our analyses reveal key
similarities and differences in microbiome composition and
function among the diverse host taxa. The data provide a number
of plausible suggestions (discussed in the paragraphs below) that
we hope will provide the basis for future, more directed research
efforts.

In accordance with observations in other pelagic animals (e.g.,
[9, 15, 77]), our analyses indicate that most host taxa investigated
in this study harbor microbiomes dominated by Proteobacteria,
Firmicutes and/or Bacteroidota (Fig. 1 and Table 2). This pattern
contrasts with studies of free-living microbial oceanic commu-
nities, which are dominated by Proteobacteria but tend to have
limited Bacteroidota and little to no Firmicutes [26, 78]. When
looking at lower microbial taxonomic levels, we observed marked
variability in microbiome composition between host species and
individuals that did not necessarily agree with previous findings.
For example, previous targeted and shotgun metagenomic
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analyses have shown that the microbiomes of planktonic
crustaceans from the North Atlantic are usually abundant in
Alphaproteobacteria, Actinobacteria and/or lineages from the
bacteroidal order Flavobacteriales [9, 79], whereas our study
suggests enrichment in gammaproteobacterial or campylobacter-
ial taxa in Northeast Pacific shrimp, krill and isopod species
(Table 2). Likewise, recent 16S rRNA profiling analyses imply that
myctophid and gonostomatid fishes predominantly host Myco-
plasmatales and Pseudomonadales [25] in contrast to Enterobac-
terales and Bacteroidales as observed in our work (Table 2). These
discrepancies could be caused by species-specific variation in
microbiome composition and/or differences in location and time
of sample collection. In addition, methodological differences
stemming from the use of whole animal samples instead of
isolated guts might contribute to these patterns, revealing
differences in external versus internal microbial communities.
While microbiomes were, in some cases, relatively distinct for
particular host taxa, this specificity was unrelated to host
phylogenetic divergence and instead correlated with other host
traits. For example, all diel vertical migrators (Euphausia,

SPRINGER NATURE



C. Breusing et al.

Oligo- and Polysaccharide Biosynthesis
Various Oligo- and Polysaccharide Degradation
Cutin Degradation

Pectin Degradation

Lignin Degradation

Xylan Degradation

Cellulose Degradation

Sulfoquinovose Degradation

Furfural Degradation

Chitin Degradation

Monosaccharide Degradation

Sugar Alcohol and Sugar Acid Degradation
Amino and Nucleotide Sugar Metabolism
Fructoselysine Degradation

Glycolysis / Gluconeogenesis

Pyruvate Metabolism

Glyoxylate and Dicarboxylate Metabolism
Sugar Fermentation

Butanoate Metabolism

Propanoate Metabolism

Citrate Cycle

Pentose Phosphate Pathway

Inositol Phosphate Metabolism
Long~Chain Alkane Degradation
Chloroalkane and -alkene Degradation
Limonene and Pinene Degradation
Geraniol Degradation [

Ketone Degradation

Caprolactam Degradation

Plastic Degradation

Dioxin Degradation

Various Aromatic Compound Degradation
Aromatic Hydrocarbon Degradation
Banzpal and Dorlvativa Dogradsiion

S

d Gl
Other Aromallr: Compound Me(abol\sm

Methane Oxidation
Methanol and Methylamine Oxidation

Carboxydotrophy
Other Carbon Metabolism
Protein Degradation
Amino Acid Metabolism
C5-Branched Dibasic Acid Metabolism
Carnitine Metabolism

Allantoin Degradation

Ureolysis

Amine and Polyamine Metabolism [
Trimethylamine and ~N-oxide Degradation
Ammonia Oxidation

Nitrogen Fixation

Assimilatory Nitrate Reduction
Assimilatory Nitrite Reduction
Dissimilatory Nitrate Reduction
Dissimilatory Nitrite Reduction
Dissimilatory Nitric Oxide Reduction
Dissimilatory Nitrous Oxide Reduction
Oher Nitrogen Metabolism

Organosulfur Degradation

Sulfur Oxidation
Assimilatory Sulfate Reduction
Assimilatory Sulfite Reduction
Dissimilatory Sulfate Reduction
Dissimilatory Sulfite Reduction
Tetrathionate Reduction
Dimethylsulfoxide Respiration
Thiosulfate Respiration
Polysulfide Respiration

Aerobic Hydrogen Oxidation
Anaerobic Hydrogen Oxidation
Hydrogen Generation

Caffeate Respiration

Aerobic Respiration

Carbon Fixation
Photosynthesis

Other Energy Metabolism
Fatty Acid, Lipid and Steroid Metabolism

factor and Vitamin Metabolism

One Carbon Pool by Folate

Choline Metabolism

ondary Metabolite Biosynthesis

Glutathione and Other Response to Oxidative Stress
Selenocompound Metabolism

C T — e T

Methanogenesis [SEII e |

Formaldehyde Assimilation s —

Sulfur Relay Systern [ ——

LR

Migration
M Yes
B No
Unknown
Diet
Detritus
— Various Organic Compound Degradation M Phytoplankton
B Zooplankton
Depth
242
308
— Methane, Methanol and Other Carbon Metabolism W 817-862
M 1120-1150
Host

Acanthamunnopsis milleri
Cyclothone atraria
Cyclothone signata

B Euphausia pacifica

M Eusergestes similis
Munneurycope murrayi
Poeobius meseres

B Stenobrachius leucopsarus
Tomopteris sp.

W Vampyroteuthis infernalis

— Nitrogen Metabolism

Abundance

I0.01

0.005

— Sulfur Metabolism

0

— Hydrogen Metabolism

— Other Respiratory and Energy Metabolism

— Fatty Acid, Lipid and Steroid Metabolism

Sec
— Cofactor, Secondary and Other Metabolism
Iron Metabolism
Phosphonate and Phosphinate Metabolism
Unclassified Metabolism

Vampyroteuthis1
Vampyroteuthis2
Euphausia2
Eusergestes4
Euphausiad
Euphausiat
Euphausiad
Stenobrachius2

Fig. 4 Proportional abundance heatmap based on

tes3

Euserges

tes1

Euserges

tes2
usd
us1
us3

Euserges
Stenobrachil
Stenobrachl
Stenobrachil

Euclidean distance for metabolic functions predicted from gene-level shotgun

metagenomic data. Samples were clustered with the complete linkage method, where similarity between clusters is determined by the
distance between the most dissimilar members of the respective clusters. Functional potential shows only weak associations with diel vertical
migration status and diet, but is partly linked to host taxon and depth as indicated by hierarchical clustering between samples and
PERMANOVAs (Table 4). Note that genes might belong to multiple metabolic categories.

Eusergestes, Stenobrachius) contained microbiomes that appeared
to be host-specificc whereas many non-migrators showed
comparatively strong inter-individual variation in their microbial
assemblages (Fig. 2). Given the prevalence of horizontal transmis-
sion in aquatic systems [80], marine organisms typically acquire
their microbiomes from the environment. Vertical transmission,
when present, can increase consistency in composition between
individuals, but strong selection can also result in homogenous
communities acquired from the environment. It is plausible that
the vertically migrating species investigated here inherit part of
their microbiome and/or that only a limited suite of horizontally
acquired microbial taxa can tolerate the highly variable environ-
ments their hosts traverse. Mesopelagic vertical migrators
experience strong fluctuations in oxygen levels, which could
select for stable pools of facultative anaerobes and/or promote
shifts between predominantly aerobic and anaerobic microbial
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communities depending on the prevailing oxygen conditions. Our
data do not fully allow disentangling these alternatives given that
each sample was only obtained from a single timepoint and depth
range. In addition, differences in host immune or physiological
control might contribute to discrepancies in microbiome compo-
sition between individuals and taxa, making it difficult to
distinguish the origin or mechanism of microbial acquisition and
maintenance. However, depth appeared to have at least a partial
effect on microbial community composition (Table 3) as micro-
biomes were typically more similar among individuals collected
within comparable depth ranges (Fig. 2). Environmental microbial
communities in Monterey Bay have been found to be vertically
stratified [78], exposing host organisms to distinct microbial pools
as they traverse across depths. While these patterns might
contribute to some of the differences and similarities observed
among host-associated microbiomes, the microbial profiles
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Table 4. PERMANOVAs assessing abundance of metabolic categories
in relation to host species, depth, diet and diel vertical migration
based on a 16S rRNA amplicon data and b shotgun metagenomic
data.

Source of df ss R? p Poispersion
variation
16S rRNA data
Host 10 2.5220 0.4591 0.001 0.157
Residuals 26 2.9712 0.5409
Diet 2 0.5843 0.1064 0.027 0.114
Residuals 34 4.9089 0.8936
Migration 2 0.5892 0.1073 0.025 0.300
Residuals 34 4.9041 0.8928
Depth 4 1.0597 0.1929 0.012 0.007
Residuals 32 4.4335 0.8071
Metagenomic data
Host 9 0.1357 0.6726 0.001 0.008
Residuals 22 0.0661 0.3274
Diet 2 0.0497 0.2463 0.004 0.030
Residuals 29 0.1521 0.7537
Migration 2 0.0344 0.1706 0.024 0.001
Residuals 29 0.1674 0.8295
Depth 3 0.0620 0.3073 0.003 0.017
Residuals 28 0.1398 0.6927

Data were transformed into Bray—Curtis dissimilarities for analysis. P values
for permutational MANOVA and permutation tests for homogeneity of
multivariate dispersions are shown. Significant tests (p < 0.05) are indicated
in bold.

df degrees of freedom, SS sum of squares, R? coefficient of determination
(proportional explained variation), p p value.

obtained in this study do not mirror environmental ones [78], as
the dominant host-associated taxa were not abundant in sea-
water. This suggests that all host organisms (independent of the
degree of host-microbe specificity) discriminate among free-living
microbial groups and/or induce selective pressures on colonizing
microbes that result in different microbial assemblages between
hosts and their environment.

The larger intra-specific variability in non-migrators compared
to migrators might also be linked to contrasting feeding habits
among these groups, although the effect of diet could only be
partially assessed given that our study focused primarily on whole-
body microbiomes, rather than isolated digestive tracts (with the
exception of Tomopteris, Stenobrachius and Vampyroteuthis).
Nevertheless, most non-migratory species available here were
detritus feeders (Table 1 and Supplementary Table S4), which
likely encounter a relatively broad range of diet items and might
thus experience frequent shifts in microbial community composi-
tion. On the other hand, the migratory species available here were
zooplanktivores or omnivores characterized by more selective
feeding behaviors (Table 1 and Supplementary Table S4), which
might promote microbiome stability by limiting variation in diet
components. These interpretations are in line with previous
observations that differences in feeding habits and diet can
influence microbiome structure among and within aquatic fish
and invertebrate species [11, 15, 81-83].

Diets of many mesopelagic animals are undocumented and
must be inferred from morphology or existent information in
related taxa, which may or may not apply to the animal of interest.
Several diet components that we recovered in this study were
rather unexpected. For example, we found chordate sequences in
the isopods Acanthamunnopsis and Munneurycope, the polychaete
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worm Poeobius meseres, and the krill species Euphausia pacifica
despite that all these animals have primarily phytoplankton- or
detritus-based diets (Supplementary Table S4). Similarly, we found
evidence of phytoplankton in the zooplanktivorous taxa, Euser-
gestes, Cyclothone, Stenobrachius, and Tomopteris. Both of these
findings can be explained in several ways. First, marine snow,
consisting of microaggregates, organic exudate, sloughed cells,
fecal pellets, phyto- and zooplankton [84], is ubiquitous and
abundant and, in this form, likely contains remnants of all
inhabitants of the midwater. Even if they are not primarily
detritivores, all midwater animals are likely to ingest at least some
marine snow along with their primary food items. Second, many
of the dietary items returned (e.g., hemichordates, mollusks,
flatworms, annelids, nematodes, and scalidophorans) could have
been picked up from the midwater as larvae or parasites,
entangled in marine snow, or ingested secondarily. In particular,
Tomopteris has a proboscis ideally suited for attaching to and
sucking up portions of gelatinous prey [85] and has been reported
to feed on pelagic tunicates, chaetognaths, and sometimes,
diatoms [86], yet we found primarily crustacean and phytoplank-
ton sequences as their likely prey items. It may well be that
crustaceans were secondarily ingested after being concentrated in
the gut of a ctenophore or cnidarian. Finally, as with any
identification of animal traces based on genetic sequencing, there
are many issues with identification of the returned sequences,
most having to do with the inclusiveness and coverage of the
reference database [87]. The explanations for each of the returned
dietary items is likely some combination of each of these
scenarios, but despite these uncertainties, the returns suggest
that we have much to learn about individual midwater species’
diets and now have new leads to follow up on.

Not surprisingly, metabolic diversity of the host-associated
mesopelagic microbial assemblages mirrored their taxonomic
diversity. Although all microbiomes showed potential for hetero-
trophic metabolism that suggests a predominantly digestive
function, they appeared to vary in the utilization of predicted
organic carbon sources (Fig. 4, Supplementary Fig. S4, and
Supplementary Tables S7-59). For example, the microbiomes of
the omnivore Euphausia pacifica contained potential for the
degradation of algal cell wall compounds such as cellulose and
pectin, in line with the seasonally phytoplankton-dominated diet
of this host taxon. Similarly, in accordance with the crustacean-rich
diets of their hosts, the microbial communities associated with
Stenobrachius, Cyclothone and Eusergestes were abundant in taxa
from the family Vibrionaceae, which are principle chitin degraders
in marine environments [88]. Surprisingly, though, chitinolytic
potential appeared to be low compared to other metabolic
functions based on gene-level metagenomic analyses (Fig. 4). This
could indicate a limitation of the functional annotation database
or that only select Vibrionaceae in these taxa degrade chitin. Apart
from digestive potential directly linked to their preferred prey
items, the carnivores and seasonal herbivores investigated here
displayed a broad range of other microbiome functions, possibly
as a result of opportunistic feeding on detrital matter.

Marine snow and fecal pellets, the dominant food sources for
marine detritivores, can vary greatly in organic composition and
biochemical properties based on origin, microbial activity on
particles, as well as depth and the respective level of degradation
[84, 89]. Detritus-feeding mesopelagic animals can therefore be
expected to host metabolically diverse microbiomes that are able
to utilize a variety of energy sources. Consistent with this
hypothesis, the microbiomes of the exclusively detritus-feeding
species showed the highest inter-individual variability in both
taxonomic and metabolic diversity.

Independent of feeding mode, many individual animals
harbored bacterial microbes capable of photosynthetic primary
production despite the fact that light intensity in the mesopelagic
zone is too low for photosynthesis. It is most plausible that these
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bacteria do not represent viable members of the animals’
microbiomes but were instead ingested together with the hosts’
food items. Analytical techniques distinguishing between active
and inactive or dead cells would be necessary to confirm this
inference. Our analyses also highlight discrepancies between
methods in inferring microbiome composition and function. This
could be due to low read depth, preferential amplification, or
insufficient reference databases for the microbial organisms under
study, underlining the need for further investigations.

In summary, our data reveal that host-associated microbial
communities in the midwater animals studied here are most
prominently influenced by host taxon and depth, followed by
migratory behavior and diet. Given that depth equates to likely
differences in food quality and quantity, we posit that mesope-
lagic host-associated microbiomes may have functional attributes
that are effective in enabling the host to derive greater nutritional
benefits from the available food sources—as evidenced by the
diversity of digestive and biosynthetic functions recovered from
the microbiomes. Our data further reveal that vertical migrators
appear to harbor species-specific microbial taxa more commonly
than non-migrators. There are a myriad of reasons that could
explain this pattern, including differences in microbial transmis-
sion modes, adaptations to fluctuating oxygen concentrations,
and immuno-physiological host control. However, these results
also raise the possibility that the microbiomes of vertical migrators
may reflect the expected differences in diet or environmental
microbial communities that are encountered in the hosts’
shallower and deeper ranges. For example, the diversity of
microbial communities associated with vertically migrating fresh-
water crustaceans fluctuates with the host’s daily feeding and
resting cycle between shallow depths at night and deeper depths
during the day [83]. By contrast, day-night shifts in microbiome
composition were not observed in North Atlantic zooplankton
communities [9]. Additional variables such as seasonal changes
[10] that we could not account for in this study are likely relevant
for shaping microbiome composition and functions in the
mesopelagic. In species from Monterey Canyon, temporal varia-
tion of host-associated microbiomes can be particularly expected
to occur over the year, given the strong oscillations in environ-
mental conditions and planktonic community composition caused
by seasonal upwelling events [78, 90, 91]. Future studies
monitoring microbiome composition within and between meso-
pelagic species across seasonal and diurnal cycles will be helpful
to address the importance of these factors in addition to other
parameters such as host identity, diet, depth, and behavior.
Altogether our data provide insights into the ecology and
potential physiological capacities of mesopelagic host-associated
microbiomes and set the stage for further inquiries that can
elucidate the role of these microbiomes in shaping midwater
ecological and biogeochemical processes.

DATA AVAILABILITY

Raw 16S rRNA amplicon and shotgun metagenomic reads are available at the
National Center for Biotechnology Information under BioProject number
PRJNAB01405. Host mitochondrial COI sequences have been deposited in GenBank
under accession numbers OM753075-OM753095 and OM753097-OM753099.
Bioinformatic scripts for analysis can be found on GitHub (https://github.com/
cbreusing/Marine_animal_microbiomes).

REFERENCES

1. McFall-Ngai M, Hadfield MG, Bosch TCG, Carey HV, Domazet-Lo3o T, Douglas AE,
et al. Animals in a bacterial world, a new imperative for the life sciences. Proc Natl
Acad Sci USA. 2013;110:3229-36.

2. Hammer TJ, Sanders JG, Fierer N. Not all animals need a microbiome. FEMS
Microbiol Lett. 2019;366:fnz117.

3. Bagge LE, Osborn KJ, Johnsen S. Nanostructures and monolayers of spheres
reduce surface reflections in hyperiid amphipods. Curr Biol. 2016;26:3071-6.

SPRINGER NATURE

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

. Apprill A. Marine animal microbiomes: toward understanding host-microbiome

interactions in a changing ocean. Front Mar Sci. 2017;4:222.

. Wilkins LGE, Leray M, O'Dea A, Yuen B, Peixoto RS, Pereira TJ, et al. Host-

associated microbiomes drive structure and function of marine ecosystems. PLoS
Biol. 2019;17:€3000533.

. Moitinho-Silva L, Nielsen S, Amir A, Gonzalez A, Ackermann GL, Cerrano C, et al.

The sponge microbiome project. GigaScience. 2017;6:gix077.

. van Oppen MJH, Blackall LL. Coral microbiome dynamics, functions and design in

a changing world. Nat Rev Microbiol. 2019;17:557-67.

. Henehan MJ, Hull PM, Penman DE, Rae JWB, Schmidt DN. Biogeochemical sig-

nificance of pelagic ecosystem function: an end-Cretaceous case study. Phil Trans
R Soc B. 2016;371:20150510.

. De Corte D, Srivastava A, Koski M, Garcia JAL, Takaki Y, Yokokawa T, et al.

Metagenomic insights into zooplankton-associated bacterial communities.
Environ Microbiol. 2018;20:492-505.

. Egerton S, Culloty S, Whooley J, Stanton C, Ross RP. The gut microbiota of marine

fish. Front Microbiol. 2018;9:873.

. Scott JJ, Adam TC, Duran A, Burkepile DE, Rasher DB. Intestinal microbes: an axis

of functional diversity among large marine consumers. Proc R Soc B.
2020;287:20192367.

. Sanders JG, Beichman AC, Roman J, Scott JJ, Emerson D, McCarthy JJ, et al. Baleen

whales host a unique gut microbiome with similarities to both carnivores and
herbivores. Nat Commun. 2015;6:8285.

. Preheim SP, Boucher Y, Wildschutte H, David LA, Veneziano D, Alm EJ, et al.

Metapopulation structure of Vibrionaceae among coastal marine invertebrates.
Environ Microbiol. 2011;13:265-75.

. Sullam KE, Essinger SD, Lozupone CA, O'Connor MP, Rosen GL, Knight R, et al.

Environmental and ecological factors that shape the gut bacterial communities
of fish: a meta-analysis. Mol Ecol. 2012;21:3363-78.

. Huang Q, Sham RC, Deng Y, Mao Y, Wang C, Zhang T, et al. Diversity of gut

microbiomes in marine fishes is shaped by host-related factors. Mol Ecol.
2020;29:5019-34.

. Webb TJ, Vanden Berghe E, O'Dor R. Biodiversity's big wet secret: the global

distribution of marine biological records reveals chronic under-exploration of the
deep pelagic ocean. PLoS ONE. 2010;5:e10223.

. Irigoien X, Klevjer TA, Rgstad A, Martinez U, Boyra G, Acuia JL, et al. Large

mesopelagic fishes biomass and trophic efficiency in the open ocean. Nat
Commun. 2014;5:3271.

. Drazen JC, Sutton TT. Dining in the deep: the feeding ecology of deep-sea fishes.

Annu Rev Mar Sci. 2017;9:337-66.

. Boyd PW, Claustre H, Levy M, Siegel DA, Weber T. Multi-faceted particle pumps

drive carbon sequestration in the ocean. Nature. 2019;568:327-35.

Klevjer TA, Irigoien X, Restad A, Fraile-Nuez E, Benitez-Barrios VM, Kaartvedt S.
Large scale patterns in vertical distribution and behaviour of mesopelagic scat-
tering layers. Sci Rep. 2016;6:19873.

Davison PC, Checkley DM, Koslow JA, Barlow J. Carbon export mediated by
mesopelagic fishes in the northeast Pacific Ocean. Prog Oceanogr.
2013;116:14-30.

Steinberg DK, Landry MR. Zooplankton and the ocean carbon cycle. Annu Rev
Mar Sci. 2017;9:413-44.

Stenvers VI, Hauss H, Osborn KJ, Neitzel P, Merten V, Scheer S, et al. Distribution,
associations and role in the biological carbon pump of Pyrosoma atlanticum
(Tunicata, Thaliacea) off Cabo Verde, NE Atlantic. Sci Rep. 2021;11:9231.
Robinson C, Steinberg DK, Anderson TR, Aristegui J, Carlson CA, Frost JR, et al.
Mesopelagic zone ecology and biogeochemistry—a synthesis. Deep Sea Res Il
2010;57:1504-18.

lacuaniello CM. An examination of intestinal microbiota of mesopelagic fish
reveals microbial community diversity across fish families. Master’s Thesis, Uni-
versity of California San Diego. 2019.

Sunagawa S, Coelho LP, Chaffron S, Kultima JR, Labadie K, Salazar G, et al.
Structure and function of the global ocean microbiome. Science.
2015;348:1261359.

Bernal A, Olivar MP, Maynou F, Fernandez de Puelles ML. Diet and feeding
strategies of mesopelagic fishes in the western Mediterranean. Prog Oceanogr.
2015;135:1-17.

Bollens SM, Frost BW, Lin TS. Recruitment, growth, and diel vertical migration of
Euphausia pacifica in a temperate fjord. Mar Biol. 1992;114:219-28.

Hoving HJT, Neitzel P, Hauss H, Christiansen S, Kiko R, Robison BH, et al. In situ
observations show vertical community structure of pelagic fauna in the eastern
tropical North Atlantic off Cape Verde. Sci Rep. 2020;10:21798.

Judkins H, Vecchione M. Vertical distribution patterns of cephalopods in the
northern Gulf of Mexico. Front Mar Sci. 2020;7:47.

Miya M, Nemoto T. Reproduction, growth and vertical distribution of the meso-
and bathypelagic fish Cyclothone atraria (Pisces: Gonostomatidae) in Sagami Bay,
Central Japan. Deep Sea Res I. 1987,34:1565-77.

ISME Communications


https://github.com/cbreusing/Marine_animal_microbiomes
https://github.com/cbreusing/Marine_animal_microbiomes

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Osborn KJ. Phylogenetics and ecology of pelagic munnopsid isopods (Crustacea,
Asellota). Dissertation, University of California Berkeley. 2007.

Pearcy WG, Forss CA. Depth distribution of oceanic shrimps (Decapoda; Natantia)
off Oregon. J Fish Res Bd Can. 1966;23:1135-43.

Russell FS. The vertical distribution of marine macroplankton. An observation on
diurnal changes. J Mar Biol Ass. 1925;13:769-809.

Watanabe H, Moku M, Kawaguchi K, Ishimaru K, Ohno A. Diel vertical migration of
myctophid fishes (family Myctophidae) in the transitional waters of the western
North Pacific. Fish Oceanogr. 1999;8:115-27.

Madin LP. Gelatinous grazers: an underestimated force in ocean carbon cycles.
4th International Zooplankton Production Symposium, May 28-June 1. Hir-
oshima, Japan. 2007.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ,
et al. Global patterns of 16S rRNA diversity at a depth of millions of sequences
per sample. Proc Natl Acad Sci USA. 2011;108:4516-22.

Ivanova NV, Zemlak TS, Hanner RH, Hebert PDN. Universal primer cocktails for fish
DNA barcoding. Mol Ecol Notes. 2007;7:544-8.

Geller J, Meyer C, Parker M, Hawk H. Redesign of PCR primers for mitochondrial
cytochrome ¢ oxidase subunit | for marine invertebrates and application in all-
taxa biotic surveys. Mol Ecol Resour. 2013;13:851-61.

Leray M, Yang JY, Meyer CP, Mills SC, Agudelo N, Ranwez V, et al. A new versatile
primer set targeting a short fragment of the mitochondrial COI region for
metabarcoding metazoan diversity: application for characterizing coral reef fish
gut contents. Front Zool. 2013;10:34.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics. 2014;30:2114-20.

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioin-
formatics. 2010;26:2460-1.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and web-based
tools. Nucl Acids Res. 2013;41:D590-6.

Robeson MS Il, O’'Rourke DR, Kaehler BD, Ziemski M, Dillon MR, Foster JT, et al.
RESCRIPt: reproducible sequence taxonomy reference database management.
PLoS Comput Biol. 2021;17:€1009581.

Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, et al. Opti-
mizing taxonomic classification of marker-gene amplicon sequences with QIIME
2's g2-feature-classifier plugin. Microbiome. 2018;6:90.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. BLAST
+: architecture and applications. BMC Bioinformatics. 2009;10:421.

Janssen S, McDonald D, Gonzalez A, Navas-Molina JA, Jiang L, Xu ZZ, et al.
Phylogenetic placement of exact amplicon sequences improves associations with
clinical information. mSystems. 2018;3:¢00021-18.

McMurdie PJ, Holmes S. phyloseq: an R Package for reproducible interactive
analysis and graphics of microbiome census data. PLoS ONE. 2013;8:e61217.

R Core Team. R: a language and environment for statistical computing. R Foun-
dation for Statistical Computing: Vienna, Austria; 2021.

Hillmann B, Al-Ghalith GA, Shields-Cutler RR, Zhu Q, Knight R, Knights D. SHO-
GUN: a modular, accurate and scalable framework for microbiome quantification.
Bioinformatics. 2020;36:4088-90.

Al-Ghalith G, Knights D. Faster and lower-memory metagenomic profiling with
UTree. https://doi.org/10.5281/zen0d0.998252.

Jovel J, Patterson J, Wang W, Hotte N, O'Keefe S, Mitchel T, et al. Characterization
of the gut microbiome using 16S or shotgun metagenomics. Front Microbiol.
2016;7:459.

DeWitt FA, Cailliet GM. Feeding habits of two bristlemouth fishes, Cyclothone
acclinidens and C. signata (Gonostomatidae). Copeia. 1972;1972:868.

Fauchald K, Jumars PA. The diet of worms: a study of polychaete feeding guilds.
Oceanogr Mar Biol Annu Rev. 1979;17:193-284.

Flock ME, Hopkins TL. Species composition, vertical distribution, and food habits
of the sergestid shrimp assemblage in the eastern Gulf of Mexico. J Crustacean
Biol. 1992;12:210-23.

Uttal L, Buck KR. Dietary study of the midwater polychaete Poeobius meseres in
Monterey Bay, California. Mar Biol. 1996;125:333-43.

Tanimata N, Yamamura O, Sakurai Y, Azumaya T. Dietary shift and feeding
intensity of Stenobrachius leucopsarus in the Bering Sea. J Oceanogr.
2008;64:185-94.

Hoving HJT, Robison BH. Vampire squid: detritivores in the oxygen minimum
zone. Proc R Soc B. 2012;279:4559-67.

Berning M. The feeding ecology of two species of holopelagic munnopsid iso-
pods from the North Pacific (Acanthamunnopsis milleri and Munneurycope mur-
rayi) using SEM analysis. Honors Thesis, Florida State University. 2014.

Du X, Peterson W. Feeding rates and selectivity of adult Euphausia pacifica on
natural particle assemblages in the coastal upwelling zone off Oregon, USA, 2010.
J Plankton Res. 2014;36:1031-46.

ISME Communications

C. Breusing et al.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Henschke N, Everett JD, Richardson AJ, Suthers IM. Rethinking the role of salps in
the ocean. Trends Ecol Evol. 2016;31:720-33.

Gruber-Vodicka HR, Seah BKB, Pruesse E. phyloFlash: rapid small-subunit rRNA
profiling and targeted assembly from metagenomes. mSystems.
2020;5:€00920-20.

Nurk S, Meleshko D, Korobeynikov A, Pevzner PA. metaSPAdes: a new versatile
metagenomic assembler. Genome Res. 2017,27:824-34.

Karlicki M, Antonowicz S, Karnkowska A. Tiara: deep learning-based classification
system for eukaryotic sequences. Bioinformatics. 2022;38:344-50.

Levy Karin E, Mirdita M, Soding J. MetaEuk—sensitive, high-throughput gene
discovery, and annotation for large-scale eukaryotic metagenomics. Microbiome.
2020;8:48

Suzek BE, Wang Y, Huang H, McGarvey PB, Wu CH.UniProt Consortium UniRef
clusters: a comprehensive and scalable alternative for improving sequence
similarity searches. Bioinformatics. 2015;31:926-32.

Hyatt D, Chen G-L, LoCascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: pro-
karyotic gene recognition and translation initiation site identification. BMC
Bioinformatics. 2010;11:119.

Chamberlain SA, Szocs E. taxize: taxonomic search and retrieval in R. F1000Res.
2013;2:191.

Louca S, Parfrey LW, Doebeli M. Decoupling function and taxonomy in the global
ocean microbiome. Science. 2016;353:1272-7.

Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in
multidimensional genomic data. Bioinformatics. 2016;32:2847-9.

Weiss S, Xu ZZ, Peddada S, Amir A, Bittinger K, Gonzalez A, et al. Normalization
and microbial differential abundance strategies depend upon data character-
istics. Microbiome. 2017;5:27.

McKnight DT, Huerlimann R, Bower DS, Schwarzkopf L, Alford RA, Zenger KR.
Methods for normalizing microbiome data: an ecological perspective. Methods
Ecol Evol. 2019;10:389-400.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. vegan:
Community Ecology Package. 2020.

Paulson JN, Stine OC, Bravo HC, Pop M. Differential abundance analysis for
microbial marker-gene surveys. Nat Methods. 2013;10:1200-2.

Molnar K, Ostoros G, Dunams-Morel D, Rosenthal B. Eimeria that infect fish are
diverse and are related to, but distinct from, those that infect terrestrial verte-
brates. Infect Genet Evol. 2012;12:1810-5.

Domozych D. Algal cell walls. In: John Wiley & Sons, Ltd, editor. eLS. 1st ed. Wiley,
Hoboken, NJ; 2019. p. 1-11.

Gallet A, Koubbi P, Léger N, Scheifler M, Ruiz-Rodriguez M, Suzuki MT, et al. Low-
diversity bacterial microbiota in Southern Ocean representatives of lanternfish
genera Electrona, Protomyctophum and Gymnoscopelus (family Myctophidae).
PLoS ONE. 2019;14:€0226159.

Reji L, Tolar BB, Chavez FP, Francis CA. Depth-differentiation and seasonality of
planktonic microbial assemblages in the Monterey Bay upwelling system. Front
Microbiol. 2020;11:1075.

De Corte D, Lekunberri |, Sintes E, Garcia J, Gonzales S, Herndl G. Linkage
between copepods and bacteria in the North Atlantic Ocean. Aquat Microb Ecol.
2014;72:215-25.

Russell SL. Transmission mode is associated with environment type and taxa
across bacteria-eukaryote symbioses: a systematic review and meta-analysis.
FEMS Microbiol Lett. 2019;366:fnz013.

Akbar S, Li X, Ding Z, Liu Q, Huang J, Zhou Q, et al. Disentangling diet- and
medium-associated microbes in shaping Daphnia gut microbiome. Microb Ecol.
2022;84:911-21. https://doi.org/10.1007/500248-021-01900-x.

Eckert EM, Anicic N, Fontaneto D. Freshwater zooplankton microbiome compo-
sition is highly flexible and strongly influenced by the environment. Mol Ecol.
2021;30:1545-58.

Rakusa-Suszczewski S. Predation of chaetognatha by Tomopteris helgolandica
Greff. ICES J Mar Sci. 1968;32:226-31.

Aldredge AL, Silver MW. Characteristics, dynamics and significance of marine
snow. Prog Oceanogr. 1988;20:41-82.

Jumars PA, Dorgan KM, Lindsay SM. Diet of worms emended: an update of
polychaete feeding guilds. Ann Rev Mar Sci. 2015;7:497-520.
Pfenning-Butterworth A, Cooper RO, Cressler CE. Daily feeding rhythm linked to
microbiome composition in two zooplankton species. PLoS ONE.
2022;17:0263538.

Pappalardo P, Collins AG, Pagenkopp Lohan KM, Hanson KM, Truskey SB, et al.
The role of taxonomic expertise in interpretation of metabarcoding studies. ICES J
Mar Sci. 2021;78:3397-410.

Hunt DE, Gevers D, Vahora NM, Polz MF. Conservation of the chitin utilization
pathway in the Vibrionaceae. Appl Environ Microbiol. 2008;74:44-51.

Turner JT. Zooplankton fecal pellets, marine snow, phytodetritus and the ocean’s
biological pump. Prog Oceanogr. 2015;130:205-48.

SPRINGER NATURE

13


https://doi.org/10.5281/zenodo.998252
https://doi.org/10.1007/s00248-021-01900-x

C. Breusing et al.

14

90. Chavez FP. Forcing and biological impact of onset of the 1992 El Nifio in central
California. Geophys Res Lett. 1996;23:265-8.

91. Pennington TJ, Chavez FP. Seasonal fluctuations of temperature, salinity, nitrate,
chlorophyll and primary production at station H3/M1 over 1989-96 in Monterey
Bay, California. Deep Sea Res Il. 2000;47:947-73.

ACKNOWLEDGEMENTS

We thank the captain and crew of the R/V Western Flyer, the pilots of the ROV Doc
Ricketts, Kakani Katija and the MBARI Bioinspiration Group for making sample
collections possible. We also thank the technical staff of the Bauer Core Facility at
Harvard University for their help in preparing and sequencing the 16S rRNA amplicon
and shotgun metagenomic libraries. This work was funded by a grant from the
Harvard University Star-Friedman Family Challenge to PRG and ATR, a Symbiosis in
Aquatic Systems Investigator award to PRG from the Gordon and Betty Moore
Foundation (grant #9208), a Smithsonian National Museum of Natural History
Associate Director for Science grant to KJO and the Rathbun Endowment for
Crustacean Research.

AUTHOR CONTRIBUTIONS

ATR, PRG, and KJO conceived the study. KJO collected samples. ATR processed
samples and CB analyzed results. CB drafted the manuscript and all authors
contributed to editing.

COMPETING INTERESTS

The authors declare no competing interests.

SPRINGER NATURE

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/543705-022-00195-4.

Correspondence and requests for materials should be addressed to Aspen T. Reese.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

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

© The Author(s) 2022

ISME Communications


https://doi.org/10.1038/s43705-022-00195-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Composition and metabolic potential of microbiomes associated with mesopelagic animals from Monterey Canyon
	Introduction
	Materials and methods
	Sample collection and sequencing
	Profiling of microbiome composition
	Identification of diet items
	Assessment of microbiome functional potential
	Associations between microbiome composition, functional potential and ecological factors

	Results
	Microbiome composition of mesopelagic animals
	Inferring putative diet through 16S/18S rRNA sequence analysis
	Influence of ecological factors on microbiome composition
	Differences in microbial abundance related to host vertical migration
	Metabolic potential of mesopelagic host-associated microbiomes

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




