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Abstract

Copepods harbor diverse bacterial communities, which collectively carry out key biogeochemical transformations in the
ocean. However, bulk copepod sampling averages over the variability in their associated bacterial communities, thereby
limiting our understanding of the nature and specificity of copepod—bacteria associations. Here, we characterize the bacterial
communities associated with nearly 200 individual Calanus finmarchicus copepods transitioning from active growth to
diapause. We find that all individual copepods sampled share a small set of “core” operational taxonomic units (OTUs), a
subset of which have also been found associated with other marine copepod species in different geographic locations.
However, most OTUs are patchily distributed across individual copepods, thereby driving community differences across
individuals. Among patchily distributed OTUs, we identified groups of OTUs correlated with common ecological drivers.
For instance, a group of OTUs positively correlated with recent copepod feeding served to differentiate largely active
growing copepods from those entering diapause. Together, our results underscore the power of individual-level sampling for
understanding host-microbiome relationships.

Introduction

Calanoid copepods play important roles in marine ecosys-
tems, serving both as lynchpins of aquatic food webs [1]
and vehicles of vertical carbon transport [1, 2]. While
typically no more than a millimeter in length, copepods also
serve as nutrient-rich habitats for tens of thousands of
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bacteria [3—5], which are distinct from those “free-living” in
ambient seawater [3, 6]. These copepod-associated bacterial
communities initiate key chemical processes, including
carbon degradation and nitrogen fixation [7—11]. Thus, they
likely exert a fundamental control on biogeochemical
transformations in the marine environment. However, what
controls the composition of copepod-associated bacterial
communities, including associations with their host,
remains poorly understood.

Living copepods present a dynamic habitat whose
properties may depend strongly on host physiology [5].
When copepods feed, they amass food particles in their
guts, thus presenting a nutrient-rich (albeit often under-
saturated in oxygen) environment compared to the sur-
rounding seawater [8, 12]. Moreover, as copepods feed and
defecate, they release nutrients into their surroundings,
which bacteria can then exploit [5, 13]. Accordingly, bac-
teria are not uniformly distributed over the copepod surface,
but instead, are often concentrated at the gut, mouth, and
anus [3, 14]. The frequency with which copepods molt can
also affect their associated bacterial communities by mod-
ulating the rate of community turnover [5]. Additionally, as
copepods migrate vertically through the water column, their
associated bacteria travel with them, further shaping the
environment to which they are exposed [5, 15].
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Fig. 1 Sampling of individual copepods from the North Atlantic. a
Individual copepods were collected over two sampling dates at Trollet
Station within Trondheimsfjord, Norway (189 individuals in total; C.
Sfinmarchicus C5 copepodids). To capture individuals in a wide range
of physiological states, copepods were collected from surface (0-50 m
depths) and deep (250-350m depths) seawater. At the surface,
copepods were largely in an active state, while at depth, copepods

Altogether, copepod physiology is likely to have a pro-
found influence on their associated bacterial flora. However,
given that the physiological state of a copepod could vary
drastically from individual to individual, bulk sampling of
copepods could lead to physiological averaging that would
mask these effects. Individual sampling of copepods also
offers the opportunity to study co-occurrence patterns
among bacterial taxa within communities, thereby allowing
us to identify robust statistical associations between taxa
driven by shared niche preferences or interspecific depen-
dencies, for instance [16].

One of the most dramatic physiological transitions that
copepods in the family Calanidae undergo is the transition
from active growth to a diapausing (dormant) state. This
strategy is employed by several temperate and polar species
as a means of persisting during unfavorable periods, such as
when predators are abundant or food is limited (reviewed
by Baumgartner and Tarrant [17]). Each year, an enormous
number of C. finmarchicus juveniles—tens of thousands per
square meter in the North Atlantic—enter diapause [2, 18,
19]. This transition coincides with a number of physiolo-
gical changes, including cessation of feeding [20, 21],
delayed molting [22, 23], pH changes and accumulation of
ammonium in hemolymph [24, 25], differential gene
expression [26-28], and catabolism of lipids accumulated in
an enlarged oil sac during the late juvenile stages [20, 29].
Importantly, copepods entering diapause migrate vertically
from the surface to deep ocean basins, bringing with them
vast amounts of carbon in the form of lipid stores that is
eventually sequestered in the deep ocean via respiration [2,
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were often in diapause (dormant). Among copepod individuals, phy-
siological differences were manifested by changes in morphology,
including differences in b prosome (body) volume, ¢ oil sac fractional
fullness, d the presence of food in the gut, e and overall bacterial load.
Procedures for quantifying each of these characteristics are described
in Materials and methods. In all plots, black bars indicate mean value

20]. This process (the so-called “lipid pump”) may be a
vital determinant of global carbon fluxes in the ocean [2].
The bacterial communities associated with diapausing
copepods may contribute to this lipid pump, much like the
microbe-mediated “biological pump” [30]. Nonetheless, to
date, how copepod-associated bacterial communities
change during a copepod’s transition to diapause has not
been characterized.

The goals of this study were to (a) characterize variability
in copepod-associated bacterial communities across many
individual copepods, and (b) assess the potential drivers
underlying this variability, including host physiology (via
morphological proxies). To this end, we collected 189
individual copepods (Calanus finmarchicus stage CS5
copepodites from Trondheimsfjord, Norway) on two sepa-
rate dates during the early summer (6 June 2012 and 11
June 2012). At this time of year, C5 copepodites have
typically just begun their descent from the surface ocean,
and thus are in the early stages of the transition from active
growth to a diapausing (dormant) state (Materials and
methods; Supplementary Methods). On each of these dates,
we sampled copepods inhabiting two depth strata (shallow,
0-50m, and deep, 250-340 m below the surface), thereby
allowing us to sample a physiological gradient that included
actively growing and diapausing states (Fig. la). Accord-
ingly, for each individual, we quantified morphological
characteristics that mark the physiological transition
between active growth and diapause. We also characterized
the composition of the copepod-associated bacterial com-
munity via 16S rRNA amplicon sequencing.
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Results and discussion

Morphological differences within and between
deep- and shallow-dwelling copepod populations

Copepods collected from shallow and deep seawater dis-
played the morphological hallmarks of active growth and
diapause, respectively, although copepods from each col-
lection depth exhibited substantial inter-individual varia-
bility (Fig. 1b—e). Consistent with previous studies [27, 28],
deep-dwelling copepods had significantly larger body
volumes (Fig. 1b, p = 6x 107", two-sided Mann—Whitney
U test) and fuller oil sacs (Fig. 1c, p =5 x 10716, two-sided
Mann-Whitney U test) on average than their shallow-
dwelling counterparts. Deep-dwelling copepods were also
significantly less likely to have food in their guts (Fig. 1d, p
=4 x 10’8, Fisher’s exact test) and, on average, harbored
fewer bacterial cells (Fig. le, p=6x 107>, two-sided
Mann—Whitney U test) than those from shallow seawater.
However, even copepods sampled from the same depth
varied substantially in these morphological characteristics,
most likely due to temporal asynchronicity in their transi-
tion to diapause (Fig. 1b—e). Indeed, for each characteristic,
the variation (standard deviation) within a single depth
stratum was comparable to the difference in means between
depth strata (Table S1). Thus, we hypothesized that varia-
bility in bacterial communities might be associated with this
morphological variability between copepod individuals—
potentially indicative of underlying physiological
differences.

Significant compositional variability, but a common
core across copepod-associated bacterial
communities

Consistent with our hypothesis, individual copepods varied
substantially in the bacterial communities they harbored. To
characterize this variability, we focused on the 241 OTUs
whose mean abundance across all copepod individuals was
above a defined threshold (fi,i, =2 % 10~% (Materials and
methods; Fig. 2; Fig. S1). This OTU subset accounts for
90% of all sequenced reads from copepod-associated bac-
terial communities, thus representing a substantial portion
of the diversity.

Among this subset of OTUs, most were patchily dis-
tributed across individual copepods, with 207 out of 241
OTUs present on fewer than 90% of copepod individuals
(Materials and methods). These OTUs were taxonomically
diverse, with representatives from Gammaproteobacteria,
Alphaproteobacteria, and Flavobacteria. Interestingly, a
number of taxa that are consistently enriched in surveys of
copepod-associated communities were common among
these patchily distributed OTUs (e.g., Flavobacteriaceae,

Oceanospirillaceae, and Pseudoalteromonadaceae; Fig. 2)
[5, 31, 32]. Thus, these OTUs are not stably associated with
the C. finmarchicus individuals collected in this study;
indeed, there is significant copepod-to-copepod variability
in their abundances that would have been masked by bulk
copepod sampling.

Despite significant variability in the bacterial commu-
nities associated with individual copepods, we also identi-
fied a set of “core” OTUs, each of which was detected on
more than 90% of the copepods sampled (Fig. 2). This core
set comprised 34 OTUs (out of the 241 above our abun-
dance threshold, Fig. S1; note that seq68, seql11, seq303,
seq170, and seq10239 were recovered at low abundance in
three blank samples, and thus, should be interpreted with
caution, see Materials and methods). They represented a
range of diverse bacterial phyla, including Actinobacteria,
Bacteroidetes, and Proteobacteria. However, 25 of the 34
core OTUs were Proteobacteria, with 10 each being Gam-
maproteobacteria and Alphaproteobacteria. Of the gamma-
proteobacterial lineages, four were Moraxellaceae, a
bacterial family whose specific associations with C. fin-
marchicus have been documented previously [31]. The
other four gammaproteobacterial OTUs were Vibrionaceae
(Fig. 2, Table S2). By 16S rRNA V4 sequence, three of the
four sequences were most similar to Vibrio sp. AND4 (Fig.
S3), a strain closely related to the V. harveyi group [33],
although the length of the amplicon is insufficient for
confident species-level classification. The remainder were
representatives of Pseudomonadaceae and Halomonada-
ceae. Together, this core set of OTUs comprised a highly
variable fraction of the community across individual cope-
pods (range: 1.5-93%).

Generality of the core microbiome across geography
and copepod species

Given that these core OTUs were ubiquitous members of
the copepod microbiome in our samples (C. finmarchicus
from Trondheimsfjord, Norway), we next probed the gen-
erality of their associations across copepod species and
geographic locations. To do so, we performed a sequence-
level comparison of the 16S rRNA V4 region between core
OTUs observed in this study and those previously found
associated with three different species of copepods (Acartia
longiremis, Centropages hamatus, and Calanus finmarchi-
cus) collected from the Gulf of Maine [31]. We evaluated
location specificity by comparing OTUs associated with
copepods of the same species (C. finmarchicus) from dis-
tinct geographic locations (Trondheimsfjord, Norway vs.
Gulf of Maine). We evaluated species specificity by com-
paring our core OTUs to those found on two non-Calanus
copepod species. Note that different primers were used to
amplify 16S rRNA hypervariable regions in our study

SPRINGER NATURE
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Fig. 2 Physiologically diverse copepods share a common “core”, but
many OTUs are patchily distributed across copepod individuals.
Compositional heat map of a subset of OTUs (mean abundance >2 x
10~*) present over nearly 200 copepod individuals. The left heat map
shows the “core” microbiome (OTUs present in >90% of copepod-
associated communities). The right heat map shows OTUs that are
patchily distributed across copepods (present on <90% of copepods).
In both heat maps, OTUs are clustered by their correlation (distance
metric: log-transformed Pearson correlation as estimated with SparCC;
clustered with Ward’s minimum variance method). Copepods are
clustered by the overall similarity of their communities across core and

(515F, 806R; Materials and methods) compared to Moi-
sander et al. (Bact 341F, Bact 785F; [34]), which may cause
us to underestimate the number of shared OTUs. Addi-
tionally, the size of the amplicon (<300 base pairs) may lead
us to underestimate diversity in the sample [35].

We found that 23 out of 34 core OTUs were location-
specific, lacking close relatives on C. finmarchicus cope-
pods from the Gulf of Maine. However, a subset of core
OTUs was found at both geographic locations: six had an
exact sequence match, and five had one mismatch, to OTUs
observed on Gulf of Maine C. finmarchicus copepods
(Table S2). Interestingly, of the 11 core OTUs with close
sequence matches, four were from the family Moraxellaceae

SPRINGER NATURE
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patchily distributed components (distance metric: Euclidean distance
between log-transformed relative abundances; clustered with Ward’s
minimum variance method). The leftmost color-coded column indi-
cates the depth at which an individual copepod was collected (blue,
shallow; red, deep). The second from left color-coded column indi-
cates the date on which the sample was collected (light gray, 6/6/2012;
dark gray, 6/11/2012). The topmost lines indicate which OTUs fall
into one of the five most commonly observed taxonomic families.
OTU clusters from Fig. 4 (e.g., “Cluster 1”) are indicated. One par-
ticular bacterial taxon, seql, is also indicated

(genus Acinetobacter). Representatives of this family have
previously been found associated with C. finmarchicus
(among other copepod species), and are thought to exploit
nutrient-rich patches, like copepods, in the environment [6,
32, 36].

We also observed that a subset of our core OTUs were
not copepod species-specific, as their close relatives have
been found to colonize non-Calanus copepod species. In
particular, 8 out of 34 core OTUs had an exact sequence
match in bacterial communities associated with at least one
non-Calanus copepod species studied in [31] (Acartia
longiremis or Centropages hamatus), including repre-
sentatives from the genera Photobacterium, Halomonas,
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and Pelomonas (Table S2). Notably, overlapping geography
cannot explain the occurrence of shared core OTUs, since
non-Calanus copepod species from Moisander et al. were
collected from a different geographic location (the Gulf of
Maine) than those in our study. Furthermore, similar feed-
ing patterns are unlikely to account for the overlap, since
these copepod species span a wide range of feeding life-
styles, including herbivorous, omnivorous, and detritivor-
ous lifestyles. Instead, this result suggests that different
copepod species may exert some similar selective forces on
their associated bacterial communities.

Copepod host physiology shapes copepod-
associated bacterial communities

When individual copepods were clustered by the similarity
(Spearman correlation) of their associated bacterial com-
munities, they largely grouped by the vertical depth at
which they were collected (Fig. 2). This suggested that
differences in bacterial composition between shallow and
deep seawater could account for variability in community
composition between shallow- and deep-dwelling cope-
pods, as copepods can be colonized by bacteria from the
ambient seawater [15].

However, we found that the vertical depth at which a
copepod was sampled was most likely an indirect predictor
of the composition of its associated bacterial community. In
particular, when controlling for copepod physiology via the
morphological variables that we measured (body volume,
oil sac fullness, the presence of food in the gut), copepod
vertical collection depth only accounted for a small portion
of the dissimilarity between their bacterial communities
(Table S3, R>=0.026, p <1073, bivariate PERMANOVA
with 1,000,000 permutations; significance of dispersion
differences between depth groups: p <2.2 x 107'°). Indeed,
in a principal coordinates analysis, copepod-associated
bacterial communities clustered distinctly from assem-
blages in the ambient seawater (Fig. 3). Furthermore, the
bacterial communities from shallow-dwelling copepods
were no more similar to shallow seawater than to deep
seawater (and likewise for deep-dwelling copepods) (Fig.
S4). Thus, it is unlikely that ambient seawater composition
differentiates communities inhabiting deep- and shallow-
dwelling copepods.

Instead, we hypothesized that differences in individual-
specific morphological characteristics shape the bacterial
niche, and thus are important drivers of bacterial commu-
nity composition. In particular, the specific habitat provided
by an individual copepod, including its feeding history, may
shape local selective pressures [5, 12], thereby fostering
significant inter-individual variability in copepod-associated
bacterial community composition. Moreover, bacteria exist
at much higher cell densities on each copepod individual
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Fig. 3 Copepod-associated bacterial communities are distinct from
free-living bacterial communities in the ambient seawater. Biplot for a
principal coordinates analysis (PCoA) of bacterial assemblages from
individual copepods and the seawater from which they were collected

than in the ambient seawater [5], suggesting that local
interactions between bacterial taxa may also influence
bacterial community composition.

We took a two-step approach to quantify statistical
associations between individual copepod-level character-
istics (including copepod host physiology and co-occurring
bacterial taxa) and copepod-associated bacterial community
composition. First, we characterized the network of corre-
lations between individual OTUs, which allowed us to
identify clusters of OTUs whose distribution across indi-
vidual copepods was strongly positively correlated. Second,
using a multivariate linear regression approach (Materials
and methods; Supplementary Methods), we identified
putative associations linking these clusters to each other and
to the morphological characteristics that we quantified for
individual copepods. Importantly, this multivariate regres-
sion approach allowed us to quantify the effect of each
morphological characteristic independently, controlling for
the effects of the other morphological characteristics.

Identifying clusters of highly correlated OTUs within
the copepod microbiome

Overall, we identified seven clusters of OTUs, each of
which contained OTUs with strong correlations across
individual copepods. To identify this structure, we used
SparCC to estimate the Pearson correlation of log-
transformed OTU abundances across all individual cope-
pods, focusing on the 241 OTUs whose mean abundance
was above our pre-defined threshold (Fig. S1; Materials and
methods). Of these OTUs, most (177 out of 241) were
negligibly correlated with any of the other OTUs. However,

SPRINGER NATURE
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Fig. 4 Across hundreds of copepod-associated communities, bacteria
form a small number of highly positively correlated clusters. Nodes
represent individual OTUs and are colored by taxonomy at the class
level. Edges indicate positive (green) or negative (red) correlations
between OTUs as approximated by SparCC. The magnitude of the
correlation is proportional to the width of the edge. Nodes for which all
inter-OTU correlations are negligible (Ipl < 0.35) are not shown. Nodes
are arranged according to a Fruchterman—Reingold force-directed
graph drawing algorithm [47]. The positions of some nodes have been
adjusted for disambiguation of cluster designations. Clusters of highly
positively correlated OTUs are outlined in gray. One particular OTU,
seql, is indicated

the remaining OTUs (64 out of 241) grouped into seven
clusters (Fig. 4; Table S4). Within clusters, pairs of OTUs
were typically highly positively correlated, while OTUs
from different clusters were often negatively correlated. The
magnitudes of OTU-OTU correlations were consistent
across sampling dates (correlation =0.63; Fig. S5), sug-
gesting that these associations are biologically reproducible.
Notably, these clusters differed in their level of phyloge-
netic coherence: some clusters (e.g., Cluster 6; Fig. 4) only
contained OTUs from a single taxonomic class (Gamma-
proteobacteria), while others (e.g., Cluster 2, Fig. 4) con-
tained representatives from several disparate classes
(Actinobacteria, Alphaprotebacteria, and others).

Building on our identification of strongly correlated
clusters of copepod-associated OTUs, we next sought to
identify the ecological factors that may influence their dis-
tributions across individual copepods. The compositional
nature of the bacterial community data precludes the ana-
lysis of cluster relative abundances directly [37]. Therefore,
we applied a standard additive log-ratio transform, with
which we quantified the log-transformed ratio of the
abundance of each cluster relative to the abundance of the
core microbiome for each copepod individual [37]; Mate-
rials and Methods; Supplementary Methods). We then used
multivariate regression models to identify associations
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positively correlated OTUs (gray) or copepod morphological char-
acteristics (light blue). Directed edges indicate the association of a
given independent variable on the summed abundance of all OTUs in a
cluster, controlling for the effects of all other independent variables
(green: positive association; red: negative association). The width of
the edge is proportional to the probability that an independent variable
has a non-zero effect on the cluster abundance, as determined by
Bayesian model averaging. Edges for which the probability of a non-
zero effect is less than 90% are not shown (Table S5)

between each cluster’s log-ratio-transformed abundance and
copepod-specific morphological characteristics, as well as
the abundances of other clusters. Importantly, rather than
identifying associations conditioned on a particular regres-
sion model, we used Bayesian model averaging to calculate
the probability that an independent variable had a non-zero
effect over all models [38].

Using this approach, we identified several significant
associations, including those between bacterial clusters and
copepod morphology, as well as those between pairs of
bacterial clusters. These associations allowed us to identify
possible ecological factors underlying fine-scale differ-
entiation in copepod-associated bacterial communities at the
level of individual copepod hosts.

Factors influencing bacterial cluster abundances
within the copepod microbiome

We first identified a positive association between Cluster 2
—a cluster that was enriched among shallow-dwelling
copepods compared to their deep-dwelling counterparts
(Fig. 2)—and the presence of food in the copepod gut
(Fig. 5). In particular, when food was present in the gut, the
abundance of Cluster 2 was high relative to the core
microbiome, but was significantly lower among copepods
where food was absent. Given that 10 out of the 29 OTUs in
Cluster 2 were Flavobacteriacaeae, our findings support a
growing body of evidence that Flavobacteriaceae (and
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perhaps other clades) are associated with the food a cope-
pod ingests, rather than any intrinsic feature of a copepod
[5, 31].

Many mechanisms may account for the strong positive
association between Cluster 2 abundance and food in the
gut. However, one possible link is that Flavobacteriaceae
are often highly abundant on diatoms [39] and other phy-
toplankton [40], which are typical sources of food for C.
finmarchicus. Therefore, Flavobacteriaceae (and perhaps
other Cluster 2 OTUs) may reach high abundance within the
copepod microbiome by “hitchhiking” into the gut on an
ingested food particle. Alternatively, Cluster 2 OTUs may
typically reside at low levels in the copepod gut, but grow
rapidly on the nutrients provided when copepods feed.
Regardless of mechanism, the presence of food in the gut
(through its effect on Cluster 2) is a significant differentiator
of copepod microbiomes across vertical depths.

Among copepods collected at a single vertical depth, we
also identified differences in their associated bacterial
communities that could be linked to host-specific morpho-
logical variability. In particular, among deep-dwelling
copepods, we identified two distinct subgroups based
upon their associated bacterial communities (Fig. 2). One
subgroup corresponded to those that harbored OTUs from
Clusters 3 and 6 at high relative abundance, while the other
subgroup was comparatively depleted in OTUs from these
clusters. Interestingly, of the six OTUs classified as Ocea-
nospirillaceae across all clusters, four were found in Cluster
6 (comprising 80% of Cluster 6). This suggests that the
Oceanospirillaceae present in our study change in abun-
dance as a correlated unit defined by Cluster 6.

Using our regression approach, we found that the
abundance of Cluster 6 relative to the core microbiome was
positively associated with the fullness of a copepod’s oil
sac, a repository of nutrient-rich lipids amassed during the
transition to diapause (Fig. 5). To our knowledge, the effect
of oil sac fullness on the copepod microbiome has not been
explored previously, and thus, the mechanisms of this
association remain unclear. We hypothesize that oil sac
fullness does not directly influence the copepod micro-
biome, since it is a closed organ. Instead, it may reflect the
environmental conditions while the copepod was develop-
ing at the surface, including prey abundance and composi-
tion, temperature (which affects size and metabolic rate),
and seasonality.

Finally, we identified one cluster, Cluster 1, a hub in the
association network, which mediates differences in the
diversity of bacterial communities harbored by shallow- and
deep-dwelling copepods. Notably, this cluster was a defin-
ing feature of the communities associated with deep-
dwelling copepods: on average, the relative abundance of
Cluster 1 was significantly higher among deep-dwelling
copepods (mean: 48%) than among shallow-dwelling

copepods  (mean: 2%) (p=4x10"%  two-sided
Mann—Whitney U test). While this cluster contained a
diverse mixture of taxonomic classes (Fig. 4), it was
dominated by a single OTU (seql) that, alone, reached a
maximum relative abundance of nearly 90% on some
individual copepods (Fig. 2). Surprisingly, seql’s closest
taxonomic relatives are from the genus Marinimicrobium, a
common genus of Gammaproteobacteria whose association
with brine shrimp has been documented previously [41], but
whose associations with copepods have not been demon-
strated. Thus, the bacterial communities associated with
deep-dwelling copepods are dominated by OTUs whose
roles in the copepod microbiome have not, to our knowl-
edge, been previously described.

Despite the high abundance of Cluster 1, its underlying
drivers remain unclear. Using our multivariate regression
approach, we found that the abundance of Cluster 1 relative
to the core microbiome was positively associated with
copepod body volume and oil sac fullness and was nega-
tively associated with shallow sampling depth and the
presence of food in the gut, all of which suggest that Cluster
1 may become more abundant as copepods transition to
diapause. Cluster 1’s associations with Clusters 5 and 6 also
indicate the possible effects of inter-cluster interactions.

Conclusion

Previous studies have demonstrated that individual cope-
pods serve as discrete “patches” on which bacterial com-
munities form. Here, we leverage the statistical power
afforded by highly resolved analysis of individuals within
copepod populations to determine how bacterial commu-
nities are structured on individual copepod patches. We
demonstrate that copepod-associated OTUs can be cate-
gorized into three groups, based on their distribution across
individual copepods.

The first group is a core set of 34 OTUs shared across
nearly all individual copepods sampled. Among the core
OTUs were several taxonomic groups previously found
associated with marine copepods including representatives
from the genus Vibrionaceae and Moraxellaceae. Members
of this conserved core may respond to ecological selective
pressures that exist across copepod individuals.

The second group, a subset of 64 OTUs that were
patchily distributed across copepod individuals, form dis-
crete clusters, each of which is correlated with a unique set
of local ecological selective pressures, including copepod-
specific physiology (e.g., recent feeding) and co-colonizing
bacteria. Among these, we identified multiple clusters that
differentiate communities colonizing actively growing vs.
diapausing copepods. These include Cluster 2, a
Flavobacteriaceae-enriched cluster whose abundance is
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positively correlated with the presence of food in the
copepod gut.

The third group, the remaining 143 patchily distributed
OTUs, consists of OTUs whose ecological drivers remain
unknown, but whose abundances vary significantly across
individual copepods. We hypothesize that OTUs within this
group are transiently associated with copepods, and thus, may
not respond to ecological selective pressures on copepods.

Given the underlying organization of the copepod
microbiome, further work should be aimed at understanding
how these groups influence global ecosystem processes. For
instance, patchily distributed OTUs associated with the
presence of food in the gut may most directly influence
carbon remineralization. Ultimately, future work incorpor-
ating these factors will lead to a better understanding of
copepod-bacterial interactions, and how these interactions
affect the global marine ecosystem. More generally, given
the prevalence of microscale “patch” structures in other
ecosystems, we believe this work may inspire future studies
of microbial communities at local scales [16].

Materials and methods
Sampling of individual copepods and seawater

Copepods were sampled at Trollet Station in Trond-
heimsfjord, Norway (63°29'N, 10°18E; 430 m water depth)
at two different depth strata (shallow, 0-50m, and deep,
250-350m deep) on two separate dates during the early
summer (6 June 2012 and 11 June 2012), at which time,
some individuals within the population had already des-
cended from the surface ocean and entered into diapause.
The surrounding seawater was also sampled within each
depth stratum on each of the sampling dates. Detailed
sampling protocols are available in Supplementary
Methods.

Quantification of morphological characteristics

For all individual copepods, we quantified the prosome
(body) volume, oil sac volume measured as a faction of its
apparent size-specific maximum (fractional fullness), and
the presence or absence of food in the gut. The presence or
absence of food in the gut was assessed in live copepods—
individual copepods were examined with a stereomicro-
scope for the presence of colored material in the gut, which
indicates undigested algal matter or detritus. While C. fin-
marchicus is primarily herbivorous, they have been
observed to consume microzooplankton during periods of
low phytoplankton abundances [42], which may not be
visually apparent. The season during which we sampled
(late spring) is generally one of high phytoplankton
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abundance in Norwegian waters, so we expected that the
main diet of the sampled C. finmarchicus to be phyto-
plankton, which is visible in the gut. All other morpholo-
gical characteristics were quantified with digital images as
described in Supplementary Methods.

Quantifying bacterial abundance on copepods and
in seawater

The total number of bacteria present per copepod was
quantified via fluorescence microscopy as previously
described [48] with modifications described in Supplemen-
tary Methods.

DNA extraction from individual copepod and
seawater samples

Total genomic DNA was extracted using a modification of a
previously described protocol [49]. Briefly, samples were
bead-beaten in 2-mL tubes with a mixture of 0.1-mm dia-
meter silica, 1.4-mm diameter zirconium, and 4-mm dia-
meter silica beads (OPS Diagnostics PFMM 4000-100-28).
After treatments with lysozyme and proteinase K, genomic
DNA was extracted from samples in phenol:chloroform:
isoamyl alcohol (25:24:1 v/v) solution. Subsequently, DNA
was precipitated from samples overnight in isopropanol
with GlycoBlue (1 pL; Life Technologies #AM9516) as a
co-precipitant. Precipitated DNA was resuspended in water
(molecular biology grade) and stored at —20 °C. All cope-
pod and seawater samples were extracted in a random order
to avoid bias, and blanks were processed simultaneously.
Details of DNA extraction procedure are given in Supple-
mentary Methods.

16S rRNA amplicon sequencing of copepod- and
seawater-associated bacterial communities

Amplicon libraries (16S rRNA gene V4 hypervariable
region) were prepared with modifications to a previously
described protocol [52]. Details are described in Supple-
mentary Methods. To ensure that seawater and copepod
samples were comparable, seawater samples were diluted
100-fold in water (molecular biology grade) such that
identical amplification schemes could be used for all
samples.

After amplicon libraries were prepared, samples were
multiplexed for sequencing. Copepod 18S rRNA amplicons
were removed from this mixture via gel extraction
(NucleoSpin® Gel and PCR Clean-up kit, Macherey-Nagel
#740609) before sequencing. Multiplexed, gel extracted
samples were sequenced on an Illumina MiSeq (paired-end,
250 + 250) at the BioMicro Center (Massachusetts Institute
of Technology, Cambridge, MA). Reads were merged and
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quality filtered with custom scripts calling USEARCH [43],
mothur [50], and SmileTrain (https://github.com/almlab/
SmileTrain). Details of 16S rRNA sequencing analysis are
given in Supplementary Methods.

Identifying operational taxonomic units via
distribution-based clustering

Operational taxonomic units (OTUs) were identified using
distribution-based clustering (DBC), an algorithm that uses
both genetic distance and the distribution of sequences
across samples to group reads into OTUs. This approach
reduces the number of OTUs with redundant information
and improves the power of many downstream analyses to
describe biologically relevant trends [52].

A two-step process was used to identify OTUs. First, the
DBC algorithm was applied to quality-filtered reads with a
high abundance threshold (--k_fold 10) to remove reads that
likely arose through PCR/sequencing errors. This step
generated 15,060 OTUs across all seawater and copepod
samples. Second, the DBC algorithm was applied to this set
of OTUs (95% identity threshold, --k_fold 0). This step
merged OTUs with representative sequences that were
>95% identical and were similarly distributed over samples.
Altogether, this resulted in 9642 OTUs across all seawater
and copepod samples.

Taxonomic assignment of individual OTUs was per-
formed with the RDP Classifier [51]. OTUs that were
annotated as “Cryptomonadaceae”, “Chlorophyta”, “Bacil-
lariophyta”, “Streptophyta”, or “Chloroplast” were removed
prior to normalization, since these OTUs are likely non-
bacterial in origin. After removal of these OTUs, 9487
OTUs remained for subsequent analyses.

Identifying “abundant” OTU subset

From the 9487 non-“Chloroplast” OTUs, we identified a
subset of 241 OTUs that were used for subsequent analyses.
First, for each of the two sampling dates (6 June 2012 and
11 June 2012), we identified the list of OTUs whose mean
relative abundance across all copepods sampled on that date
was greater than 2x 10~*. These lists comprised roughly
300 OTUs for each date. Second, we found the intersection
of these two OTU lists, identifying a set of 241 OTUs
whose mean relative abundance across both sampling dates
was above the threshold (Fig. S1). Together, these 241
OTUs corresponded to 89.9% of sequenced reads from all
copepod samples.

Analysis of sequencing blank samples

Given that copepod-associated bacterial communities pro-
vide low DNA input, analysis of analogously processed

blank samples is important to ensure that reagent con-
tamination does not dominate sequencing signal. To this
end, we sequenced seven blank samples distributed across
three 96-well plates, one of which contained only samples
from ambient seawater, while the remainder contained only
copepod-associated community samples.

Overall, we find 1925 sequenced reads in total across
seven blank samples. Of those, 1507 reads came from two
blank samples, both of which were on the ambient seawater
96-well plate. Sequences in these blanks were consistent
with bacteria that are marine in origin, suggesting that
contamination of the blanks by seawater may have occur-
red. However, samples from seawater had high input DNA
concentrations, as well as high library concentrations
compared to the blanks, suggesting that this contamination
likely has only a minor effect on those samples. Further-
more, this contamination is unlikely to affect sequencing
results from copepod samples, since they were prepared
independently on separate 96-well plates.

In the remaining five blank samples (with 418 reads
total), we found rare and inconsistent representation of the
241 OTUs that we focused on in this study. Of the 241
OTUs, 190 OTUs did not have a sequence representative in
any blank sample. Among the remainder of OTUs, 32
OTUs were observed in one blank (20 by only 1 sequenced
read), 12 OTUs in two blanks, and 7 OTUs in three blanks.
No OTUs were observed in all blanks, suggesting that they
did not arise due to consistent reagent contamination. Since
OTUs were not observed consistently in the blanks, we
have chosen not to remove them from the analysis. Instead,
we have indicated in the text which OTUs of interest may
be affected by the results from the blanks.

Defining the “core” and “patchily distributed”
microbiome

Here, we defined the “core” microbiome as OTUs that
were present at non-zero relative abundance in at least 90%
of copepod-associated bacterial communities. All OTUs
that did not meet this criterion were considered to be
patchily distributed across copepod individuals. Note that
our goal was to identify core OTUs shared across indivi-
dual copepods in a conservative manner that avoids false
positives. Ideally, this would entail a definition of “core”
OTUs as those present on 100% of copepods sampled.
However, due to low sequencing coverage and/or low
fractional abundances of OTUs, we expect core OTUs to
be missed in some fraction of samples. Furthermore, we
found empirically that the distribution of OTUs across
copepods is multimodal, with OTUs occupying >90% of
copepods creating a large, distinct peak in a histogram of
the number of copepods on which an OTU is represented
(Fig. S2).
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Classification of Vibrio OTUs from the core
microbiome

To compare Vibrionaceae OTUs to previously sequenced
Vibrionaceae, we first amassed a collection of over 500 Vibrio
genomes, from NCBI GenBank. Consensus 16S rRNA
sequences were identified for each genome by: (1) identifying
all copies of 16S rRNA for a given genome with barrnap
(https://github.com/tseemann/barrnap) and (2) identifying one
or more consensus sequences with USEARCH [43]. Using the
SILVA Incremental Aligner (SINA), we performed a multiple
sequence alignment of these consensus sequences (536 in
total) and the Vibrio OTU sequences observed in this study
[44]. We generated a phylogenetic tree from this alignment
with FastTree [45], using Shewanella as an outgroup.

Comparison of core OTUs to Moisander et al. (2015)
study

Sequenced reads (16S rRNA gene, V3-V4 hypervariable
regions) from [31] were downloaded from the NCBI SRA
database [31]. Reads were quality filtered as previously
described and were truncated to only include the V4
hypervariable region. Reads were dereplicated with
USEARCH [43] in order to identify OTUs at 100% identity.
OTU sequences from [31] were compared to those observed
in this study using UBLAST [43].

Using PERMANOVA to identify broad associations
between metadata and bacterial communities

To assess sources of variation across copepod-associated
bacterial communities, we carried out a permutational
MANOVA (PERMANOVA) [46]. All analyses were per-
formed with the adonis function from the R vegan package
with a Euclidean distance metric and 10° permutations.

Identifying correlated clusters of OTUs

We applied SparCC with the default parameters (—i 20, —x 10,
—t 0.1) to compositional abundance data for the 241 OTUs
whose mean abundance surpassed the defined threshold (Fig.
S1). This procedure generated a 241 x 241 matrix of pairwise
correlations between all OTUs. We then identified clusters of
OTUs where the within-cluster correlation was strongly posi-
tive using a walktrap community detection algorithm. Details
of computation can be found in Supplementary Methods.

Multivariate regressions
We used multivariate linear regression to identify associations
between the bacterial cluster abundances and numerous pre-

dictors, including copepod morphological characteristics and the
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abundances of other bacterial clusters. Briefly, we (a) trans-
formed the bacterial cluster relative abundance data with an
additive log-ratio transform and (b) used Bayesian model aver-
aging to calculate the probability that a given predictor has a
non-zero effect on the cluster abundance across all possible
regression models formulated from combinations of explanatory
variables. Details of the model formulation and implementation
of the analysis can be found in Supplementary Methods.
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