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ABSTRACT OF THE DISSERTATION

Spatial and temporal patterns of diversity and community composition in marine molluscan
microbiomes

by

Alexander Theodore Neu
Doctor of Philosophy in Biology
University of California San Diego, 2021

Professor Eric Allen, Co-Chair
Professor Kaustuv Roy, Co-Chair

Ecological communities have been shown to vary in some predictable ways through
space, time, and along environmental gradients, suggesting there may be underlying “rules” in
ecology which govern these patterns and processes. However, nearly all our knowledge of these
trends comes from studies of large eukaryotes such as plants and animals, and we know very
little about how these eukaryotic patterns compare to those of bacteria and archaea, the most

dominant life forms on the planet.
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The goal of this dissertation is to determine whether ecological patterns that are evident
in plants and animals are also applicable to host-associated microbes. First, I investigated
whether these microbes exhibit large-scale spatial trends in diversity and community
composition that are concordant with those of their eukaryotic hosts. Specifically, I investigated
changes in community composition across a marine biogeographic boundary and changes in
diversity along a latitudinal transect. Results showed that microbiome compositions varied
significantly between geographic sites, but that the identity of the host species played a greater
role than geography in determining community composition. Further, microbes associated with
the California mussel, Mytilus californianus, did not show a traditional latitudinal diversity
gradient, and latitudinal diversity patterns varied based on microbial group and host body site.
Next, I investigated whether host-associated microbial communities vary over time and in
response to environmental change in similar ways to their eukaryotic hosts. I found that over an
11-year period, and in response to environmental change, microbial communities of the bean
clam, Donax gouldii, significantly differed in composition, but not in richness. Further, I found
that microbes did not regularly diverge in concordance with their intertidal gastropod hosts in the
~3.5 million years since the closure of the Isthmus of Panama, though this was dependent on the
host taxa and the body site from which the microbes were collected. Finally, I investigated
whether current methodologies for determining the core microbiome are guided by ecological
and evolutionary principles and identify critical areas for future research. Overall, this
dissertation shows that large-scale patterns in host-associated microbial taxa are often context-

dependent and distinct from those of their hosts.
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INTRODUCTION

For decades, ecologists have worked to uncover whether there are universal “rules” in
ecology, which govern ecological patterns and processes (Lawton 1999). This research has
shown that properties such species richness and community composition often vary in
predictable ways through space, time and along environmental gradients, producing general
patterns that may be the product of these universal rules. For example, across large spatial
gradients, species richness often decreases with increasing latitude, a pattern known as the
latitudinal diversity gradient (LDG), which has been documented in myriad plant and animal
taxa (e.g., Hawkins, 2001; Hillebrand, 2004). Community composition, meanwhile, often
decreases with increasing distance between communities (e.g., Soininen et al., 2007) and some
have identified particular areas, known as biogeographic breaks, where compositional turnover is
incredibly high (Valentine 1966). Others have studied how communities are assembled and have
outlined rules for this process (Weiher and Keddy 2001). However, for these patterns and
processes to be truly universal, they must be broadly applicable across domains of life. Bacteria
and archaea, though, are highly distinct from large eukaryotes in a number of ways, and therefore
may follow distinctive ecological patterns from larger eukaryotes, though this has been woefully

understudied to this point.

The few existing studies investigating large-scale ecological patterns in microbes have
almost exclusively focused on free-living taxa, such as those in soils and seawater (e.g., Fuhrman
et al.,2008; Chu et al., 2010). In some cases, these bacteria and archaea show patterns similar to
those seen in larger eukaryotes. For example, some surveys of free-living marine microbes have
shown that these taxa show a traditional LDG (Fuhrman et al. 2008, Ibarbalz et al. 2019) and a

pattern of distance-decay (Sunagawa et al. 2015, Milici et al. 2016). In other cases, though,



microbial taxa present patterns significantly different from those in larger eukaryotes. For
example, multiple studies of terrestrial soil microbes have shown that these taxa do not tend to
show an LDG pattern, but instead their diversity is driven primarily by soil pH (Chu et al. 2010,
Adamczyk et al. 2019). These contrasting results suggest that more work is necessary across the
diversity of microbial habitats to understand the processes involved in structuring these

communities.

Plant and animal hosts often harbor communities of hundreds to thousands of bacterial
and archaeal taxa (Chiarello et al. 2020), which have been shown to play significant roles in host
digestion, immune function and a number of other processes (McFall-Ngai et al. 2013). Members
of these host-associated microbiomes may differ from larger eukaryotes and free-living microbes
in (i) level of contact with the external environment, (ii) oxygen and nutrient concentrations, (iii)
interaction with the host immune system and (iv) level of reliance on the host to survive and
reproduce. Therefore, it is possible that these communities may show unique patterns which
reflect different underlying processes from larger eukaryotes or free-living microbes, though this

remains largely unexplored.

My dissertation aims to fill this current gap in our understanding of large-scale spatial
and temporal patterns, and their underlying ecological processes, in host-associated microbial
communities. Marine mollusks provide an excellent study system for this work, as many of the
host species are (i) widespread, (ii) abundant in their local environments, (iii) easily and

reproducibly collectible and (iv) often have limited mobility during their adult stages.

In Chapter 1 of my dissertation, I analyze the impact of a major marine biogeographic
boundary (Pt. Conception, CA, USA) on the diversity and composition of marine gastropod
microbiomes. This boundary has been shown to significantly impact the composition of intertidal

2



animal communities, primarily due to a lack of dispersal from south to north driven by
oceanographic currents in the California Bight (Burton 1998). I found that this biogeographic
boundary plays a significant role in the community composition of host-associated microbiomes
within individual host species, but that host species identity is the primary factor determining
microbiome composition. Richness of the microbiome, however, was largely unaffected by Pt.
Conception across different host species. The results of this study show the impacts of large-
scale spatial differentiation on the intertidal gastropod microbiome and introduce the methods,
both laboratory and analytical, that will be used throughout the rest of the dissertation. Chapter 1
is published as: Neu, A.T., Allen, E.E. and Roy, K., 2019. Diversity and composition of intertidal
gastropod microbiomes across a major marine biogeographic boundary. Environmental

Microbiology Reports, 11: 434-447.

Chapter 2 expands on the large-scale spatial analysis of intertidal molluscan microbiome
introduced in Chapter 1, as I determine whether the LDG is present in microbial taxa associated
with the California mussel, Mytilus californianus, a foundation species in the intertidal. I
sampled microbial communities from the gill tissue and shell-surface biofilms of these mussels
from 12 sites spanning >24 degrees of latitude, making this the largest latitudinal sampling of
host-associated microbiomes to-date. Further, I used diversity metrics analogous to those used in
studies of plants and animals to determine latitudinal diversity patterns. Finally, I tested whether
individual microbial clades, rather than the aggregate microbial community, showed an LDG
signal. The results of this study showed that the gill microbiome presented either a weak,
significant LDG pattern in alpha diversity or no pattern at all, while the shell-surface microbiome
presented an inverse LDG. Gamma diversity, on the other hand, largely showed a hump-shaped

pattern across latitudes. Individual microbial taxa varied in their latitudinal diversity patterns,



suggesting that whole-microbiome analysis may not be the most appropriate level to measure
large-scale ecological patterns, which was influential in developing later chapters of this
dissertation. Chapter 2 is published as: Neu, A.T., Allen, E.E. and Roy, K. 2021. Do host-
associated microbes show a contrarian latitudinal diversity gradient? Insights from Mytilus

californianus, an intertidal foundation host. Journal of Biogeography, 00:1-14.

Chapter 3 of the dissertation switches focus to temporal changes in the microbiomes of
marine mollusks. Here I aimed to determine whether the diversity and composition of the bean
clam (Donax gouldii) microbiome changed over an 11-year time frame or in response to changes
in temperature and phytoplankton abundance. I found that the diversity of these communities
was remarkably stable over time, though the composition of the community changed
significantly between sampling years. I also showed that samples preserved long-term in ethanol
and under refrigeration can be useful for understanding long-term dynamics of host microbiomes
and should be explored further. Chapter 3 is published as: Neu, A.T., Hughes, [.V., Allen, E.E.
and Roy, K., 2021. Decade-scale stability and change in a marine bivalve microbiome.

Molecular Ecology, 30: 1237-1250.

Chapter 4 examines how very large tectonic and environmental changes in the geological
past have shaped the microbiomes of marine species today. Specifically, I show how the closure
of the Isthmus of Panama ~3.5 mya impacted the microbial communities associated with
geminate host species. These geminate hosts were once populations of a single species, which
were separated from one another by the closure of the Isthmus and have since diverged into new
species in their current environments. [ aimed to determine whether a similar phenomenon
occurred in the microbiomes of these host species, with geminate hosts containing more similar

microbial communities, or whether the microbiomes were more significantly shaped by their



present-day environmental conditions. Chapter 4 is available from bioRxiv (2021.07.08.451645)

and is currently under review for publication.

Chapter 5 contains a perspective on the core microbiome, which is a term that has been
widely used in the microbial ecology literature but has many operational definitions. Here |
present the history of the term, some of the myriad ways it has been used to-date and provide
suggestions for integrating ecological and evolutionary theory into the definition and
quantification of the core microbiome. This work was informed by much of the research on

microbiomes from the previous chapters and is currently under review for publication.
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Summary

Marine biogeographic boundaries act as barriers to
dispersal for many animal species, thereby creating
distinctive faunas on either side. However, how such
boundaries affect the distributions of microbial taxa
remains poorly known. To test whether biogeo-
graphic boundaries influence the diversity and com-
position of host-associated microbiota, we analysed
the microbiomes of three species of common inter-
tidal gastropods at two sites separated by the bio-
geographic boundary at Point Conception (PtC), CA,
using 16S rRNA gene sequencing. Our results show
that each host species shows microbiome composi-
tional specificity, even across PtC, and that alpha
diversity does not change significantly across this
boundary for any of the gastropod hosts. However,
for two of the host species, beta diversity differs sig-
nificantly across PtC, indicating that there may be
multiple levels of organization of the marine gastro-
pod microbiome. Overall, our results suggest that
while biogeographic boundaries do not constrain the
distribution of a core set of microbes associated with
each host species, they can play a role in structuring
the transient portion of the microbiome.

Received 29 October, 2018; accepted 2 March, 2019. *For corre-
spondence. E-mail aneu@ucsd.edu.
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Introduction

Despite a long history of research on microbes associated
with marine invertebrates (e.g. Galli and Giese 1959;
Beeson and Johnson 1967; Harris 1993), the diversity,
composition and functional roles of host-associated
microbial communities are just beginning to be quantified
(Littman et al., 2009; Green and Barnes, 2010; Pfister
et al., 2010; Fan et al., 2012). Recent studies suggest
that microbiomes of marine invertebrates can be involved
in vital functions ranging from disease protection in corals
(Reshef et al., 2006; Vega Thurber et al., 2009) and vita-
min biosynthesis in sponges (reviewed in Hentschel
et al., 2012) to nutrient acquisition in chemosymbiotic
bivalves (Batstone and Dufour, 2016). However, in
spite of their potential importance to host biology,
microbiomes of the vast majority of marine species still
remain undescribed. Furthermore, how microbiomes vary
across different populations of individual host species,
especially when such populations are arrayed along
major environmental gradients, also remains poorly stud-
ied. Experimental studies suggest that elevated seawater
temperature as well as ocean acidification can substan-
tially change the composition of microbiomes of inverte-
brate hosts (Webster et al., 2013; Lesser et al., 2016),
which in turn has the potential to alter the nature of host-
microbiome interactions, an important aspect of host
health (Apprill, 2017). Thus, better information about
population-level variability in the diversity and composi-
tions of microbiomes may be particularly important for
better understanding how populations of individual hosts,
as well as their microbiomes, are likely to respond to
global change.

Marine molluscs are one of the most diverse and eco-
logically important groups of marine invertebrates, with
many species providing a variety of ecosystem services
including supporting commercial and artisanal fisheries.
Information about the diversity and compositions of
microbes associated with molluscan hosts still remains
scarce, although microbiomes of some bivalve (Prieur
et al., 1990; Betcher et al., 2012; King et al., 2012;



Lokmer et al., 2016; Pierce et al., 2016; Arfken et al.,
2017) and gastropod (Dudek et al., 2014; Zbinden et al.,
2014; Aronson et al., 2017; Cicala et al., 2018) species
have been quantified. Moreover, existing analyses of
marine gastropod microbiomes have primarily focused on
the digestive tract, with only one study including gill-
specific microbiome data (Zbinden et al., 2014). Microbial
communities associated with other parts of the marine
gastropod anatomy remain largely unknown. Overall, the
data available for marine molluscs are not sufficient to
evaluate the relative roles of geographic location and
host identity in structuring the microbiome of a host.
While studies focusing on microbiomes of multiple spe-
cies at a particular site show that host identity plays a
major role in determining microbiome composition (Davis
et al., 2013; Aronson et al., 2017; Cicala et al., 2018),
analyses of bivalves in aquaculture settings have shown
that rearing the same host in different locations tends to
change the relative abundances of a number of microbial
phyla between individuals, which suggests that the exter-
nal environment can also have a substantial effect on the
composition of molluscan microbiomes (Trabal et al.,
2012; Trabal Fernandez et al., 2014).

In this study, we identify geographical and host-specific
components of the microbiomes of rocky intertidal gastro-
pods by sampling two different populations of multiple
host species across a major marine biogeographic
boundary. Our focal host species include Lottia gigantea
(Owl limpet), Littorina keenae (Rough periwinkle) and
Chlorostoma funebralis (Black turban snail). All of the
species analysed here are algal grazers that reproduce
by broadcast spawning and are important components of
rocky intertidal communities in the temperate north-
eastern Pacific. Lottia gigantea is a common species on
wave-exposed sites from northern California (USA) to
Baja California (Mexico). This species is a protandric her-
maphrodite, meaning all individuals begin their lives as
males and change sex to female as they grow larger and
older (Fenberg and Roy, 2012). Adult females of this spe-
cies are territorial and actively maintain their territories by
removing any other potential settlers (Stimson, 1970).
They are also thought to ‘garden’ and graze on micro-
algae within their territory (Connor, 1986). Individuals of
L. gigantea are commonly harvested as food items,
which typically removes the largest females from the pop-
ulation (known as size-selective harvesting), resulting in
lower overall body size in harvested populations (Roy
et al., 2003). L. keenae typically lives in the high intertidal
zone from Oregon (USA) to Baja California (Mexico) with
some populations inhabiting the splash zone. It is highly
abundant at most sites and although primarily an algal
grazer, L. keenae has been observed to ingest small zoo-
plankton and even portions of the rocky substrate it
inhabits (Dahl, 1964). Chlorostoma funebralis is also an

Intertidal gastropod microbiomes

herbivorous gastropod typically inhabiting the low-to-mid
intertidal zone and is present in relatively high densities
across its range from British Columbia (Canada) to Baja
Callifornia (Mexico). Chlorostoma funebralis populations
are also commonly harvested by humans, historically as
food (Erlandson et al., 2015), but more recently as bait
items (Bednar and Trulio, 2017).

All three of these species range across the major bio-
geographic boundary at Pt. Conception (PtC) that sepa-
rates the Californian and Oregonian provinces (Valentine
1966; Supporting Information Fig. S1). This boundary
coincides with major changes in coastal oceanography
and is characterized by clustering of geographic range
end-points of many species (Roy et al., 1994).
Populations and species on the northern side of this
boundary experience colder water temperature, greater
upwelling intensity, and higher wave energy (Caldwell
et al., 1986; Harms and Winant, 1998). In contrast, south
of this boundary, the Southern California Countercurrent
brings warmer water along the coast and contributes to
lower upwelling intensity and wave exposure (Owen,
1980). Thus, populations of the host species at our site
north of PtC (Jalama Beach County Park, Lompoc, CA
(JB; 34.5131 N, —120.5041 W)) experience very different
environmental conditions compared with our site south of
this boundary (Scripps Coastal Reserve, La Jolla, CA
(SIO; 32.8661 N, 117.2543 W)). Little is known at present
about the role of marine biogeographic boundaries in
structuring spatial patterns of microbial species richness
and composition, but a recent study suggests that rich-
ness of free-living bacterial, archaeal and microeukaryotic
taxa can change across oceanographic boundaries
(Raes et al. 2018).

In addition to the three host species mentioned above,
we also sampled individuals of Chlorostoma eiseni
(Banded turban snail), another common rocky intertidal
gastropod, at our southern site (see below). This species
ranges from Los Angeles, CA (USA) to Baja California
(Mexico), and thus does not cross PtC, but is included
here, since it is closely related to C. funebralis (Hellberg,
1998), thus allowing us to test for phylogenetic conserva-
tism of microbiome compositions in intertidal gastropods.

Results
Sequencing results

A total of 1 958 451 sequences assigned to 15 323
unique operational taxonomic units (OTUs) (at 98%
sequence similarity) were retained from 52 samples, giv-
ing an average count of 37 662 sequences per sample in
the unrarefied dataset. All further analyses were con-
ducted by rarefying all samples to 10 200 sequences,
which removed one algal turf sample, two L. keenae

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 11, 434-447



A. T. Neu, E. E. Allen and K. Roy

samples from SIO, two L. keenae samples from JB and
one C. eiseni from SIO. A Kruskal-Wallis test showed
that microbiome alpha diversity, as measured by the
Shannon index (H’), was significantly different between
the gastropod host species sampled at JB (X2 = 10.462,
p = 0.033), but not at SIO (X? = 7.745, p = 0.171). Simi-
larly, community evenness, as measured by Pielou’s J
(Pielou, 1966), was significantly different between the
gastropods at JB (X? = 70.499, p = 0.033), but not at SIO
(X2 = 8.915, p = 0.113). Within each host species, how-
ever, neither unique overall diversity (H’) nor community
evenness (J) differed significantly between the two sites.
Samples collected from JB showed a trend toward higher
H’ than SIO, but this was not significant for any of the
hosts (p > 0.05). Environmental samples (turf algae and
water) showed high variability among sites in the calcu-
lated diversity metrics (Table 1).

Microbiome composition

Proteobacteria was the most abundant phylum across
nearly all species and sites sampled, including algal turf
and seawater, making up between 24.6% and 69.6% of
the relative abundances (Fig. 1). Chlorostoma funebralis
samples from SIO provided the only exception to this,
with the combined members of the phyla Tenericutes and
Bacteroidetes making up between 25% and 50% of
sequences. Other abundant phyla include: Fusobacteria,
which showed increased abundance in L. gigantea [27%
(£ 27%) and 21% (+ 12%) average relative abundance
at SIO and JB, respectively] as compared with the other
hosts (< 3%), though variation is high among individuals
(Fig. 1); Bacteroidetes, which comprised between 4.8%
and 26.2% of sequences across all sample types and
Verrucomicrobia, which was common in L. keenae, par-
ticularly at SIO, where its average relative abundance
was 20.5% (+ 20%) but reaching up to 51% in some indi-
viduals. Different classes within the Proteobacteria —
Alphaproteobacteria and Gammaproteobacteria — tended

to be dominant in different hosts. Chlorostoma funebralis
and C. eiseni were enriched in Alphaproteobacteria,
while L. gigantea was enriched in Gammaproteobacteria,
with L. keenae samples showing nearly even distribution
of the two classes. At a lower taxonomic level, the
Gammaproteobacteria associated with L. gigantea were
primarily members of the genus Vibrio, while the water
and algal samples contained undefined
Gammaproteobacteria and members of the order
Alteromonadales. Further differentiating the microbial
communities of each gastropod host was the high abun-
dance of genus Mpycoplasma in the species
C. funebralis, C. eiseni and L. gigantea. This genus was
found in low numbers in L. keenae, which lives higher in
the intertidal, and water samples, but was highly abun-
dant in the three hosts that are mid-intertidal grazers.
Archaeal abundance was highly variable, with the phylum
Crenarchaeota contributing between 0% and 9% of
sequences depending on the host sampled. Using the
NCBI 16S rRNA database, nearly all Archaea sequences
were matched to the genus Nitrosopumilus. Among all
the gastropods sampled, L. keenae from JB contained
the lowest proportion of Archaea, with 0.4% (+1%) aver-
age relative abundance. Finally, a total of 196 OTUs,
containing 6282 sequences (0.0016%), could not be
assigned at any level.

Non-metric multidimensional scaling (NMDS) of Bray—
Curtis dissimilarity indicated clustering of microbiomes by
host species within the whole dataset (Fig. 2). This was
confirmed by a permutational multivariate analysis of vari-
ance (PERMANOVA), which tests for significant compo-
sitional differences between groups. The homogeneity of
dispersions among the samples, an underlying assump-
tion of PERMANOVA, was confirmed by betadisper. Host
species-specific clustering at each site was also con-
firmed by PERMANOVA (Table 2). A significant
betadisper value from SIO (Table 2), suggesting hetero-
geneous dispersion between groups, was further investi-
gated using a Tukey HSD test, which calculates p values

Table 1. OTU count, Shannon index and Pielou’s evenness measurements (mean =+ sd of all individuals samples) for all sites and host species.

Total OTU count

Average OTU count

Shannon index (H') Evenness (J)

3

Lottia gigantea SIO 3542 696.9 + 585.2 4.99 +2.50 0.51 +0.21 10
Lottia gigantea JB 2846 555.9 + 363.0 5.16 £ 1.46 0.59 £ 0.12 9
Littorina keenae SIO 3193 805.7 + 592.3 5.562 + 1.57 0.59 + 1.12 6
Littorina keenae JB 2525 721.3 +£99.9 6.68 +0.43 0.71 £ 0.04 6
Chlorostoma eiseni SIO 3475 948.7 + 350.0 6.48 +£1.23 0.66 +£0.10 7
Chlorostoma funebralis SIO 925 563.5 + 19.1 5.23 +0.48 0.63 +0.12 2
Chlorostoma funebralis JB 3623 1093.3 + 422.3 7.07 £1.38 0.71 £ 0.09 6
Turf algae SIO 3526 2330.5 +27.6 9.71 £ 0.43 0.87 +0.03 2
Turf algae JB 1186 697.5 + 365.6 5.16 +£ 1.60 0.56 +£ 0.12 2
Water SIO 562 562 1.94 0.83 1
Water JB 1892 1892 8.94 0.83 1

Values are based on data rarefied to 10 200 sequences per sample and calculated using the estimate richness function in the phyloseq pack-

age for R.

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 11, 434-447
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Fig. 1. Heatmap displaying relative abundances of Bacterial and Archaeal phyla in each host species and sampling location. The phylum
Proteobacteria is divided into classes for greater resolution. Dendrograms on the top and left sides of the figure were computed using UPGMA
clustering of a Bray—Curtis dissimilarity matrix. The dendrogram on the left side shows similarity of individuals of each host species at each site
based on their microbiome compositions, while the top shows clusters of major microbial groups based on their compositions across our

samples.

for all pairwise comparisons. The latter test indicated that
comparisons with C. funebralis produced the heterogene-
ity of dispersions at SIO (all comparisons with
C. funebralis: p < 0.05), likely due to the small sample
size of this host. PERMANOVA estimates may be overly
conservative if the group with the smaller sample size
has lower dispersion values, suggesting that our PER-
MANOVA results are likely to be robust; nonetheless,
they should be interpreted cautiously because of the
sample size difference for this particular host (Anderson

and Walsh, 2013). The NMDS results also identify a set
of four individuals of L. gigantea from both JB and SIO
whose microbiomes do not cluster with their conspecifics.
This appears to be due to a decrease in the relative
abundance of Fusobacteria and subsequent increase in
Alphaproteobacteria and Crenarchaeota in these individ-
uals (Fig. 1).

Individual host species differed in their microbial commu-
nity compositions, with some harbouring more than 1000
unique OTUs at each site (Fig. 3 and Tables 3 and 4).
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Fig. 2. Plot of the first two axes of NMDS of Bray—Curtis dissimilarity

of all samples. Colours differentiate individual host species and

shapes represent the two different collection sites. Two-dimensional

stress of this plot is 0.12.

Likewise, algal and water samples did not share a majority
of OTUs with the gastropod hosts sampled. Those OTUs
that were shared, though, were among the most abundant
taxa in the community, with unique OTUs being quite rare
(Tables 3 and 4). In L. gigantea from JB, for example, the
1243 unique OTUs represented only 4.86% of the total
sequence count for that population (Table 4). The reason
for this difference is not clear and it is possible that some
proportion of the low abundance OTUs may be the result
of spurious OTUs generated by the OTU picking method
(Edgar, 2017).

Microbiomes of individual host species tended to show
site-specific differentiation by Bray—Curtis dissimilarity
(Fig. 4A—C), which is significant in the case of L. keenae
and C. funebralis, but not for L. gigantea, which was also
impacted by heterogeneous dispersion (Table 5). NMDS
plots of Jaccard distance, which is based on binary
presence—absence of OTUs, also showed site-specific
differentiation (Fig. 4D—F). This differentiation was signifi-
cant in L. keenae and C. funebralis, but not L. gigantea
(Table 6). Since the Jaccard metric does not take abun-
dance information into account, the results of the Jaccard
analysis further confirmed that compositional differences
were high between sites and were a significant factor in
differentiating these communities. However, results of
analyses including C. funebralis should be interpreted
with caution due to the small sample size of these hosts
from SIO. Interestingly, in both the sets of analyses, the

Table 2. PERMANOVA and betadisper results of Bray—Curtis dis-
similarity between host species at SIO, JB and across the whole
dataset.

Site Pseudo-F R? P value betadisper
SIo 2.84 0.393 <0.0071* 0.007*
JB 4.23 0.471 <0.007* 0.114
Combined 5.86 0.297 <0.007* 0.092

* indicates significant p value (p < 0.05).

microbiomes of three individuals of L. gigantea from SIO
and one individual from JB formed a cluster distinct from
all the other individuals of this species, suggesting com-
positional differences between these individuals and their
conspecifics (Fig. 4A and D).

Discussion

Host-species specificity in the marine gastropod
microbiome

Our results show that although many of the same higher
taxonomic groups (phylum and class) of microbes are
present in the four different gastropod species analysed
here, there is a marked differentiation in their abun-
dances across these co-occurring hosts. Furthermore,
compositions of microbial communities associated with
each host species are significantly different at lower taxo-
nomic levels (order and genus). Proteobacteria, for
example, is the most abundant phylum present in each
gastropod species, as well as in the environmental con-
trols. This is consistent with previous studies that have
shown members of this phylum to dominate host-
associated microbiota in marine animals including lim-
pets, corals, copepods and fish (Bayer et al., 2013;
Dudek et al., 2014; Givens et al., 2015; Dorosz et al.,
2016). However, preferential enrichment of different gen-
era, such as Mycoplasma in C. funebralis and Psych-
rilyobacter in L. gigantea, contributes to significant
differences among microbiomes of our four gastropod
hosts. The four individuals of L. gigantea that cluster
together and separately from their conspecifics (Figs. 1
and 4 and Supporting Information Fig. S2) exhibit low rel-
ative abundance of Fusobacteria, and instead show an
increase in Alphaproteobacteria and Crenarchaeota. At
present, the cause of this shift is unclear. Grazing on dif-
ferent algal species is unlikely to be an explanation, since
our results show that the microbial communities associ-
ated with the algal and water samples differ significantly
(Figs. 2 and 3) from those found in the gastropods. While
such differentiation is expected — hosts ranging from pri-
mates (Yildirim et al, 2010) to deep sea sponges
(Kennedy et al., 2014) have been shown to harbour
unique microbial associations that are very different from
those in the surrounding environment — further sampling
of L. gigantea populations and their surrounding environ-
ment is needed to better understand the cause and con-
sequence of the switch from Fusobacteria to other
microbial taxa in certain individuals of this species.
Clustering of the microbiomes by host species seen
here is also consistent with previous studies of verte-
brates and invertebrates alike (Yildiim et al., 2010;
Reveillaud et al., 2014). Among the four host species
sampled here, the microbiomes of the two closest
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Fig. 3. Venn diagrams showing shared and unique OTUs in each host species at SIO (A) and JB (B). Calculations are based on OTU table rare-

fied to 10,200 sequences/sample.

Table 3. Number of unique OTUs and sequences present in each gastropod species and environmental control at SIO.

L. gigantea L. keenae C. funebralis Algae
Unique OTUs 1469 1323 242 2066
Unique sequence counts 3750 3567 1206 5718
Total Sequence counts 102 000 61 200 20 400 20 400
Percent unique 3.68% 5.83% 5.91% 28.03%

All samples rarefied to 10 200 sequences.

relatives, C. eiseni and C. funebralis (Hellberg 1998), are
more similar to each other than they are to either
L. gigantea or L. keenae, both of whom are distant rela-
tives (Supporting Information Fig. S3). A previous study
found evidence for phylosymbiosis, or more similar micro-
biome composition in more closely related species, in
sponges (Easson and Thacker, 2014) and our results for
Chlorostoma suggest that the pattern of phylosymbiosis
may also exist in molluscs. However, future studies with
broader sampling of microbiomes of molluscan clades
are needed to properly test whether phylosymbiosis is

common in this group and whether this pattern is driven
by habitat filtering due to host traits or by codivergence of
gastropod species and associated microbiota (Mazel
et al., 2018).

Site specificity in the marine gastropod microbiome

Interestingly, diversity and evenness of microbial commu-
nities of a particular host did not significantly differ across
the major biogeographic boundary at PtC. This differs
from previous studies of host-associated marine microbial
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Table 4. Number of uniqgue OTUs and sequences present in each gastropod species and environmental control at JB.

L. gigantea L. keenae C. funebralis Algae
Unique OTUs 1243 1163 1820 640
Unique sequence counts 4465 4946 4337 1715
Total sequence counts 91 800 61 200 61 200 20 400
Percent unique 4.86% 8.08% 7.09% 8.41%

All samples rarefied to 10 200 sequences.

communities, where alpha diversity significantly differed
between collection sites (Luter et al., 2015; Pantos et al.,
2015). Similarly, pelagic microbial diversity has been
shown to change across major oceanographic bound-
aries (Raes et al., 2018). Thus, our results suggest that
marine biogeographic boundaries may affect the diversity
of intertidal gastropod-associated microbial communities
differently from that of other groups.

The compositions of the microbiomes of our focal
hosts, as measured by Bray—Curtis and Jaccard indices,
do vary significantly across PtC, which is consistent
with results from other marine invertebrates including
corals (Lema et al., 2014; Pantos et al., 2015; Kellogg
et al., 2017) and some sponges (Burgsdorf et al., 2014)
analysed across various dispersal barriers or large geo-
graphic distances. In our case, such differentiation is
largely driven by composition of rare taxa and changes in
the relative abundance of dominant taxa at each site, as
has been seen previously in oyster hemolymph
microbiomes (Lokmer et al., 2016). This is exemplified by
PERMANOVA results of the binary Jaccard distances
(Table 6) and lack of change in hierarchical clustering
between the whole dataset and the 100% core micro-
biome in L. gigantea and C. funebralis (Supporting Infor-
mation Fig. S2). L. keenae does appear to exhibit some
change in clustering at the 100% core level, suggesting
there may be an increased influence of less ubiquitous
taxa in separating the two sites. It is likely, then, that a
core microbiome exists for each host and that members
of this core are distributed across the PtC biogeographic
boundary. Spatial distributions of rare taxa, on the other
hand, may be constrained by this oceanographic bound-
ary, as suggested by the Jaccard analyses, but further
investigation is necessary to test this hypothesis.

Major contributors to the marine gastropod microbiome

Driving part of the difference between species, particu-
larly L. gigantea, at the OTU level is members of the phy-
lum Fusobacteria (Fig. 1). Fusobacteria are obligate
anaerobes that were first discovered in the 1920s as part
of the oral microbiome (Knorr, 1922), but later came to
be known as a group with numerous human pathogens
(Altshuler and Hyde, 1988; Bennett and Eley, 1993;
Zhong et al., 2014). However, with the advent of next-

generation sequencing and large-scale environmental
sampling, they have also been found in the normal gut
and oral flora of humans and a number of other animal
hosts (Zaura et al., 2009; Lyons et al., 2017; Schill et al.,
2017; Smith et al., 2017; Cicala et al., 2018). While mem-
bers of this phylum are generally found in low relative
abundances in their hosts, Fusobacteria have been
shown to comprise greater than 20% of the relative abun-
dance in the tunicate Ciona intestinalis (Dishaw et al.,
2014) and greater than 30% relative abundance in the
abalone Haliotis discus hannai (Nam et al., 2018). They
were also found to be the dominant bacterial phylum in
the abalone Haliotis tuberculata (Gobet et al., 2018).

In the gastropods sampled here, the most abundant
Fusobacteria OTU was a member of the genus Psych-
rilyobacter. This genus is poorly studied; however, mem-
bers have been found in the microbiomes of other marine
hosts (Fernandez-Piquer et al., 2012; Nelson et al., 2013).
It has been suggested that due to the anaerobic nature of
Psychrilyobacter sp., these species may form stable bio-
films in the mucus layers of the gut, as it is unlikely that
they would persist in the plankton (Dishaw et al., 2014).
Psychrilyobacter atlanticus has been shown to utilize a
diverse array of carbon sources (Zhao et al., 2009), so it is
possible that the Psychrilyobacter strains found here are
aiding in digestion and utilization of carbon from microalgal
food. A search of the only currently available Psych-
rilyobacter genome for evidence of carbohydrate-active
enzymes concluded that while that strain is likely able to
degrade certain oligosaccharides, it does not seem to
have the ability to degrade complex algal polysaccharides
(Gobet et al., 2018). However, our knowledge of the diet
or gut physiology of the gastropod hosts sampled here, or
the enzymatic activity of the microbiota strains sampled, is
too poor to determine if there are any dietary features
unique to L. gigantea driving this relationship. Further-
more, if Psychrilyobacter exists only as biofilms in the
anaerobic mucus layers of the gut, it raises the question of
how these bacteria are transmitted among different individ-
uals of a broadcast spawning marine invertebrate species.

The phylum Tenericutes was found to be common in
C. funebralis, with many abundant OTUs belonging to the
genus Mycoplasma, which is comprised of a large number
of human pathogens (Kirkpatrick, 1992). Recently, how-
ever, large relative abundances of Mycoplasma have
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Fig. 4. Plots of the first two axes of NMDS analyses of L. gigantea (A, D), C. funebralis (B, E) and L. keenae (C, F) microbial communities using
Bray—Curtis Dissimilarity (A—C) and Jaccard binary distances (D-F). Two-dimensional stresses are 0.09 (A), 0.03 (B), 0.05 (C), 0.08 (D), 0.001

(E) and 0.06 (F) respectively.

been found in the tissues of other marine hosts, including
fish (Atlantic salmon: Llewellyn et al., 2016 and long-jawed
mudsucker: Bano et al., 2007), marine molluscs (abalone:
Cicala et al., 2018 and oysters: Arfken et al., 2017) and
octocorals (Holm and Heidelberg, 2016). Mycoplasma

lack cell walls and require molecules such as sterols and
fatty acids provided by the host to grow and persist
(Ludwig et al., 2010). Mycoplasma have also been
suggested to be highly host-specific and play important
ecological roles in the guts of marine gastropods (Cicala
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Table 5. PERMANOVA and betadisper results of Bray—Curtis dissimilarity between populations of L. keenae, C. funebralis and L. gigantea.

Host species Pseudo-F R? p value betadisper
L. keenae 4.00 0.286 <0.007* 0.081

C. funebralis 2.34 0.280 0.023 < p < 0.05* 0.200

L. gigantea 1.78 0.095 0.078 < p <0.149 0.023*

* indicates significant p value (p < 0.05).

Table 6. PERMANOVA and betadisper results of Jaccard distance between populations of L. keenae, C. funebralis and L. gigantea.

Host species Pseudo-F R? p value betadisper
L. keenae 1.94 0.163 <0.007* 0.081
C. funebralis 2.34 0.280 0.023 < p < 0.05* 0.200
L. gigantea 1.78 0.096 0.074 <p <0.151 0.020*

* indicates significant p value (p < 0.05).

et al., 2018). This is in line with the findings of Fraune and unclear at present; further sampling to determine whether
Zimmer (2008), who showed that hosts that survived on these differences are transient or persist over time would
cellulose-based diets had a higher proportion of Myco- be helpful.
plasma-like symbionts. Differential abundance and compo- Our two sites, separated by a major environmental gra-
sition of Mycoplasma OTUs by host species may indicate dient, play a lesser, although significant, role in shaping
commensal relationships between particular strains of the microbiome compositions of individual hosts. Overall
Mycoplasma and their marine hosts. diversity did not change significantly between sites, but
Individuals of L. keenae, particularly those sampled at community composition did. This suggests that there is a
SIO, showed enrichment in members of the phylum Ver- significant differentiation in microbial species across the
rucomicrobia, which have been found in a number of biogeographic boundary at PtC, a pattern long docu-
environmental microbiomes and are nearly ubiquitous in mented for marine metazoans (Valentine 1966). Hosts
soils (Bergmann et al., 2011). L. keenae resides high in likely sample functionally similar microbes from their local
the splash zone and is regularly exposed to terrestrial species pool, which would account for OTU level differen-
inputs. Further, members of the genus Littorina have tiation, even if microbial profiles look similar at the phylum
been previously shown to ingest pieces of the substrate or class level.
on which they reside (Voltolina and Sacchi, 1990), which Microbiomes of marine molluscs, despite their ecological
may increase the number and abundance of soil- and and commercial importance, remain understudied relative
rock-associated microbial taxa in this marine species. to other marine invertebrates such as corals and sponges.

More information about the diversity and composition of
microbiomes of molluscan species and populations, in

Conclusions conjunction with functional and metabolomic analyses, is

needed to better understand the interactions between
Our results, for the first time, provide information about microbes and their molluscan hosts and how such interac-
how microbiomes of intertidal gastropod hosts change tions may affect host responses to global change.

across a major biogeographic boundary. They also
clearly show that host identity plays a critical role in shap-
ing the marine gastropod microbiome, affecting both Experimental procedures
microbial diversity and community composition. Even

. Sample collection
among members of the same bacterial genus, host spe- o

cies show differentiation in the presence and abundance We sampled multiple individuals of each of our focal spe-
of specific OTUs. Whether this is due to each host differ- cies (see Table 1 for counts) at two different rocky inter-
entially ingesting microbes from the local species pool tidal sites, except for Chlorostoma eiseni, which was only
through dietary inputs or physiological differences in the sampled at the southern site. Our southern site, SIO
gut environment (e.g. pH and temperature) that nurture (32.8661 N, 117.2543 W) is in the Californian biogeo-
different microbial communities is unclear. Furthermore, graphic province while JB (34.5131 N, 120.5041 W) is in
our results show that within certain hosts, there are some the Oregonian province, north of PtC. In order to avoid
individuals with microbiomes very different from those of potential seasonal changes in microbial communities,
their conspecifics. The causes of such outliers remain SIO was sampled on February 23 and JB on February
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26, 2017. Immediately after collection, specimens were
placed in sterile bags and preserved on ice until they
could be returned to the laboratory. Once in the labora-
tory, individuals were euthanized by freezing and all sam-
ples were processed within 24 h of collection. Due to the
small body size of L. keenae, we removed the shells of
each individual, rinsed the tissue in sterile seawater and
90% ethanol and placed the whole animal in RNAlater
(Invitrogen, Carlsbad, CA, USA) for storage at —20°C
prior to DNA extraction. For all other species, we
removed the shells and excised approximately half of the
hepatopancreatic tissue, which was rinsed in sterile sea-
water and 90% ethanol and stored in RNAlater at —20 °C
prior to DNA extraction. The remaining tissue (‘whole
body’ samples) was also rinsed with sterile seawater and
90% ethanol and stored in RNAlater at —20 °C. We also
sampled hindgut tissue from individuals of L. gigantea
and preserved them using the same methods. At each
site, we also collected one seawater sample and three
samples of the dominant algal turf to characterize the
microbial communities of the host habitat. Seawater was
filtered using a Sterivex 0.22 pm filter (MilliporeSigma,
Burlington, MA, USA) within 12 h of collection. Algae
samples were stored in RNAlater at —20 °C.

Sample processing

DNA was extracted using a Qiagen PowerlLyzer PowerSoil
kit (Qiagen GmbH, Hilden, Germany) according to the
manufacturer’s instructions, but we added a 30 min incuba-
tion step at 55 °C after initial bead beating to aid with com-
plete lysis. Bacterial and Archaeal V4 regions of the 16S
rRNA gene were amplified using primers 515f (GTGYCAG
CMGCCGCGGTAA) and 806rb (ATTAGAWACCCBNG
TAGTCC) using the following protocol: 98 °C 1 min,
30 cycles of 98 °C 30s, 54 °C 20s, 72 °C 10s, finished with
72 °C for 5 min. Final amplification volumes were 25 pl
and contained 12.5 pl Q5 High-Fidelity 2x Master Mix (New
England Biolabs, Ipswich, MA, USA), 7.5 ul ddH20, 0.5 pl
of each primer (10 pM) and 4 pl of template DNA. Reac-
tions were run in triplicate and pooled after visualization on
a 1% agarose gel using SybrSafe DNA stain (Invitrogen,
Carlsbad, CA, USA). Unique NexteraXT barcode sequence
pair (Illumina, Inc., San Diego, CA, USA) were added using
the protocol: 98 °C for 30s, 8 cycles of 98 °C for 10s, 60
°C for 20s and 72 °C for 30s, with a final extension at 72
°C for 2 min. Final PCR products were purified with 1 U of
Exonuclease | and 1 U Shrimp Alkaline Phosphatase
(Exo-SAP; New England Biolabs, Ipswich, MA, USA)
heated to 37 °C for 30 min and 85 °C for 15 min followed
by Ampure XP bead purification (Beckman Coulter, Inc.,
Carlsbad, CA) following the manufacturer’s instructions.
Purified amplicons were submitted for lllumina MiSeq
sequencing using v3 chemistry (600 cycle; 2 x 300 bp

Intertidal gastropod microbiomes

paired-end output) at the Institute for Genomic Medicine,
University of California San Diego. All sequence files were
submitted to NCBI Sequence Read Archive and are avail-
able under BioProject accession number PRJNA497636.

Sequence processing

Paired-end sequences were merged using PEAR v0.9.10
(Zhang et al, 2014) for further processing in QIIME
v1.9.1 (Caporaso et al., 2010). Libraries were split and fil-
tered, removing any samples containing a gscore below
25. All primer sequences were removed using CutAdapt
v1.12 (Martin, 2011). We used Vsearch v2.3.4 (Rognes
et al., 2016) to identify chimeric sequences and dis-
carded them from subsequent analyses. All sequences
were filtered to a specific length (min. 200 bp, max.
500 bp) and OTUs were picked using the pic-
k_open_reference_otus.py pipeline in QIIME using the
Silva 111 database as a reference and clustering OTUs
at 98% sequence similarity (Quast et al., 2013). Taxonomy
was assigned using the UCLUST (Edgar, 2010) classifier
with an 80% cutoff value and the SILVA 123 database
(Quast et al., 2013). Before further analyses, we removed
all singleton and doubleton OTUs, samples containing
fewer than 1000 sequences (six in total) as well as OTUs
matched to mitochondria or plastid sequences.

Whole body samples were compared with samples of
the digestive gland in order to determine any differences
in community composition or diversity. All of these tests,
including Kruskal-Wallis Test of Shannon-Weaver index
for diversity and PERMANOVA for composition, were not
significant (p > 0.05). In order to avoid pseudoreplication,
only whole body samples were used to perform subse-
quent analyses.

Diversity and community composition

All analyses were done using the QIIME v1.9.1 pipeline
(Caporaso et al., 2010) in conjunction with R v3.4.0
(R Core Team, 2013) packages vegan v2.4-3 (Oksanen
et al., 2018) and phyloseq v1.20.0 (McMurdie and
Holmes, 2013).

We rarefied all samples to 10 200 sequences, the depth
of the gastropod sample with the fewest sequences. Sea-
water from SIO only contained 3600 sequences but is
included here to provide environmental information about
this site. We used the Shannon index and Pielou’s even-
ness (Pielou, 1966) as our primary alpha diversity metrics,
with Wilcoxon Rank-Sum and Kruskal-Wallis tests to
investigate variation between sites and species respec-
tively. Bray—Curtis dissimilarity and Jaccard indices were
used to explore beta diversity patterns in order to deter-
mine whether or not abundance of particular OTUs con-
tributes to compositional differences. We used NMDS in
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the phyloseq package of R (McMurdie and Holmes, 2013)
to visualize differences in community compositions among
species and/or sites and PERMANOVA (Anderson, 2001)
to test for differences in community compositions.
PERMANOVAs were run on each of 999 rarefied OTU
tables and the range of p values is reported. We checked
all significant PERMANOVA results for heterogeneity of
dispersion (using the betadisper function of the vegan
package (Oksanen et al., 2018) in R with 999 permuta-
tions) to determine whether significance was a function of
dispersion or a true effect. Venn diagrams were also gen-
erated for each site using R package VennDiagram
v1.6.20 (Chen and Boutros, 2011). Sequences of OTUs
unique to each species at each site in a representative rar-
efied dataset were counted and used to determine the rel-
ative abundances of unique and shared OTUs.

To further explore patterns in the data, we utilized the
idea of a ‘core’ microbiome (Tschép et al., 2009) or set of
microbial taxa found across a majority (in this case
100%) of individuals of a host species. Both core and
total microbiomes were visualized using unweighted pair
group method with arithmetic mean (UPGMA) clustering
in R with packages phyloseq (McMurdie and Holmes,
2013) and ape v5.1 (Paradis and Schliep, 2018) to
show relationships between samples in an easily
comparable way.

To test for phylogenetic conservatism in the microbiome,
we plotted pairwise Bray—Curtis dissimilarity values for all
species pairs using the make_distance_comparison_plots.
py function in QIIME v1.9.1 (Caporaso et al., 2010).

Acknowledgements

We thank Jessica Blanton for assistance with DNA extrac-
tion and PCR process optimizations. ATN was supported by
the Jeanne Marie Messier Memorial Fund at University of
California San Diego, the Lerner Gray Memorial Fund of the
American Museum of Natural History and a Grant-in-Aid of
Research from Sigma Xi, the Scientific Research Society.
This work was supported by grants from NSF (MCB-
1149552) and NSF (OCE-1313747) to EEA.

References

Altshuler, G., and Hyde, S. (1988) Clinicopathologic consid-
erations of Fusobacteria chorioamnionitis. Acta Obstet
Gynecol Scand 67: 513-517.

Anderson, M.J. (2001) A new method for non-parametric
multivariate analysis of variance. Austral Ecol 26: 32—46.
Anderson, M.J., and Walsh, D.C.l. (2013) PERMANOVA,
ANOSIM, and the mantel test face heterogeneous disper-
sions: what null hypothesis are you testing? Ecol Mono-

graph 83: 557-574.

Apprill, A. (2017) Marine animal microbiomes: toward under-
standing host — microbiome interactions in a changing
ocean. Front Mar Sci 4: 222.

Arfken, A., Song, B., Bowman, J.S., and Piehler, M. (2017)
Denitrification potential of the eastern oyster microbiome
using a 16S rRNA gene based metabolic inference
approach. PLoS One 12: e0185071.

Aronson, H.S., Zellmer, A.J., and Goffredi, S.K. (2017) The
specific and exclusive microbiome of the deep-sea bone-
eating snail, Rubyspira osteovora. FEMS Microbiol Ecol
93: fiw250.

Bano, N., DeRae Smith, A., Bennett, W., Vasquez, L., and
Hollibaugh, J.T. (2007) Dominance of mycoplasma in the
guts of the long-jawed Mudsucker, Gillichthys mirabilis,
from five California salt marshes. Environ Microbiol 9:
2636-2641.

Batstone, R.T., and Dufour, S.C. (2016) Closely related
thyasirid bivalves associate with multiple symbiont phy-
lotypes. Mar Ecol 37: 988-997.

Bayer, T., Neave, M.J., Alsheikh-Hussain, A., Aranda, M.,
Yum, L.K., Mincer, T., et al. (2013) The microbiome of the
red sea coral Stylophora pistillata is dominated by tissue-
associated Endozoicomonas bacteria. App/ Environ
Microbiol 79: 4759-4762.

Bednar, C., and Trulio, L. (2017) Reducing human impacts
on central Californian intertidal gastropods: are marine
protected areas effective? Molluscan Res 37: 148—-152.

Bennett, K.W., and Eley, A. (1993) Fusobacteria: new taxon-
omy and related diseases. J Med Microbiol 39: 246-254.

Bergmann, G.T., Bates, S.T., Eilers, K.G., Lauber, C.L.,
Caporaso, J.G., Walters, W.A., et al. (2011) The under-
recognized dominance of Verrucomicrobia in soil bacterial
communities. Soil Biol Biochem 43: 1450-1455.

Betcher, M.A., Fung, J.M., Han, AW., O’Connor, R.,
Seronay, R., Concepcion, G.P., et al. (2012) Microbial dis-
tribution and abundance in the digestive system of five
shipworm species (Bivalvia: Teredinidae). PLoS One 7:
e45309.

Burgsdorf, 1., Erwin, P.M., Lopez-Legentil, S., Cerrano, C.,
Haber, M., Frenk, S., and Steindler, L. (2014) Biogeogra-
phy rather than association with cyanobacteria structures
symbiotic microbial communities in the marine sponge
Petrosia ficiformis. Front Microbiol 5: 1-11.

Caldwell, P.C., Stuart, D.W., and Brink, K.H. (1986) Meso-
scale wind variability near point conception, California dur-
ing spring 1983. J Climatol Appl Meteorol 25: 1241-1254.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K.,
Bushman, F.D., Costello, E.K., et al. (2010) QIIME allows
analysis of high-throughput community sequencing data.
Nat Methods 7: 335-336.

Chen, H., and Boutros, P.C. (2011) VennDiagram: a pack-
age for the generation of highly customizable Venn and
Euler diagrams in R. BMC Bioinformatics 12: 35.

Cicala, F., Cisterna-Céliz, J.A., Moore, J.D., and Rocha-
Olivares, A. (2018) Structure, dynamics and predicted
functional role of the gut microbiota of the blue (Haliotis
fulgens) and yellow (H. corrugata) abalone from Baja Cali-
fornia Sur, Mexico. PeerJ 6: e5830.

Connor, V.M. (1986) The use of mucous trails by intertidal
limpets to enhance food resources. Biol Bull 171:
548-564.

Dahl, A.L. (1964) Macroscopic algal foods of Littorina
planaxis  Philippi and Littorina scutulata  Gould
(Gastropoda: Prosobranchiata). Veliger 7: 139-143.

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 11, 434-447

18



Davis, J., Fricke, W.F., Hamann, M.T., Esquenazi, E.,
Dorrestein, P.C., and Hill, R.T. (2013) Characterization of
the bacterial community of the chemically defended
Hawaiian sacoglossan Elysia rufescens. App/ Environ
Microbiol 79: 7073-7081.

Dishaw, L.J., Flores-Torres, J., Lax, S., Gemayel, K.,
Leigh, B., Melillo, D., et al. (2014) The gut of geographi-
cally disparate Ciona intestinalis harbors a core micro-
biota. PLoS One 9: €93386.

Dorosz, J.N.A., Castro-Mejia, J.L., Hansen, L.H., Nielsen, D.
S., and Skovgaard, A. (2016) Different microbiomes asso-
ciated with the copepods Acartia tonsa and Temora longi-
cornis from the same marine environment. Aquat Microb
Ecol 78: 1-9.

Dudek, M., Adams, J., Swain, M., Hegarty, M., Huws, S.,
and Gallagher, J. (2014) Metaphylogenomic and potential
functionality of the limpet Patella pellucida’s gastrointesti-
nal tract microbiome. Int J Mol Sci 15: 18819-18839.

Easson, C.G., and Thacker, R.W. (2014) Phylogenetic signal
in the community structure of host-specific microbiomes of
tropical marine sponges. Front Microbiol 5: 532.

Edgar, R.C. (2017) Accuracy of microbial community diver-
sity estimated by closed- and open-reference OTUs.
PeerJ 5: €3889.

Edgar, R.C. (2010) Search and clustering orders of magni-
tude faster than BLAST. Bioinformatics 26: 2460-2461.
Erlandson, J.M., Ainis, A.F., Braje, T.J., Jew, N.P., Rick, T.
C., Vellanoweth, R.L., et al. (2015) 12,000 years of human
predation on black turban snails (Chlorostoma funebralis)
on Alta California’s northern Channel Islands. California

Archaeology 7: 59-91.

Fan, L., Reynolds, D., Liu, M., Stark, M., Kjelleberg, S.,
Webster, N.S., and Thomas, T. (2012) Functional equiva-
lence and evolutionary convergence in complex communi-
ties of microbial sponge symbionts. Proc Nat/ Acad Sci
109: E1878-E1887.

Fenberg, P.B., and Roy, K. (2012) Anthropogenic harvesting
pressure and changes in life history: insights from a rocky
intertidal limpet. Am Nat 180: 200-210.

Fernandez-Piquer, J., Bowman, J.P., Ross, T., and
Tamplin, M.L. (2012) Molecular analysis of the bacterial
communities in the live Pacific oyster (Crassostrea gigas)
and the influence of postharvest temperature on its struc-
ture. J Appl Microbiol 112: 1134-1143.

Fraune, S., and Zimmer, M. (2008) Host-specificity of envi-
ronmentally transmitted mycoplasma-like isopod symbi-
onts. Environ Microbiol 10: 2497-2504.

Givens, C.E., Ransom, B., Bano, N., and Hollibaugh, J.T.
(2015) Comparison of the gut microbiomes of 12 bony fish
and 3 shark species. Mar Ecol Prog Ser 518: 209-223.

Gobet, A., Mest, L., Perennou, M., Dittami, S.M., Caralp, C.,
Coulombet, C., et al. (2018) Seasonal and algal diet-
driven patterns of the digestive microbiota of the
European abalone Haliotis tuberculata, a generalist
marine herbivore. Microbiome 6: 60.

Green, T.J., and Barnes, A.C. (2010) Bacterial diversity of
the digestive gland of Sydney rock oysters, Saccostrea
glomerata infected with the paramyxean parasite, Marteilia
sydneyi. J Appl Microbiol 109: 613-622.

Intertidal gastropod microbiomes

Harms, S., and Winant, C.D. (1998) Characteristic patterns
of the circulation in the Santa Barbara Channel.
J Geophys Res 103: 3041-3065.

Hellberg, M.E. (1998) Sympatric sea shells along the sea’s
shore: the geography of speciation in the marine gastro-
pod Tegula. Evolution 52: 1311-1324.

Hentschel, U., Piel, J., Degnan, S.M., and Taylor, M.W.
(2012) Genomic insights into the marine sponge micro-
biome. Nat Rev Microbiol 10: 641-654.

Holm, J.B., and Heidelberg, K.B. (2016) Microbiomes of
Muricea californica and M. fruticosa: comparative ana-
lyses of two co-occurring eastern Pacific octocorals. Front
Microbiol 7: 917.

Kellogg, C.A., Goldsmith, D.B., and Gray, M.A. (2017) Bio-
geographic comparison of Lophelia-associated bacterial
communities in the western Atlantic reveals conserved
core microbiome. Front Microbiol 8: 796.

Kennedy, J., Flemer, B., Jackson, S.A., Morrissey, J.P.,
O’Gara, F., and Dobson, A.D.W. (2014) Evidence of a
putative deep sea specific microbiome in marine sponges.
PLoS One 9: €91092.

King, G.M., Judd, C., Kuske, C.R., and Smith, C. (2012)
Analysis of stomach and gut microbiomes of the eastern
oyster (Crassostrea virginica) from coastal Louisiana,
USA. PLoS One 7: e51475.

Kirkpatrick, B.C. (1992) Mycoplasma-like organisms—plant
and invertebrate pathogens. In The Prokaryotes. New
York, NY: Springer, pp. 4050-4067.

Knorr, M. (1922) Uber die fusispirilare Symbiose, die
Gattung Fusobacterium (KB Lehman) und Spirillum
sputigenum. Zbl Bakt | Abt Orig 87: 536-545.

Lema, K.A., Willis, B.L., and Bourne, D.G. (2014) Amplicon
pyrosequencing reveals spatial and temporal consistency
in diazotroph assemblages of the Acropora millepora
microbiome. Environ Microbiol 16: 3345-3359.

Lesser, M.P., Fiore, C., Slattery, M., and Zaneveld, J. (2016)
Climate change stressors destabilize the microbiome of
the Caribbean barrel sponge, Xestospongia muta. J Exp
Mar Bio Ecol 475: 11-18.

Littman, R.A., Willis, B.L., and Bourne, D.G. (2009) Bacterial
communities of juvenile corals infected with different Sym-
biodinium (dinoflagellate) clades. Mar Ecol Prog Ser 389:
45-59.

Llewellyn, M.S., McGinnity, P., Dionne, M., Letourneau, J.,
Thonier, F., Carvalho, G.R., et al. (2016) The biogeogra-
phy of the Atlantic salmon (Salmo salar) gut microbiome.
ISME J 10: 1280-1284.

Lokmer, A., Goedknegt, M.A., Thieltges, D.W.,
Fiorentino, D., Kuenzel, S., Baines, J.F., and Mathias
Wegner, K. (2016) Spatial and temporal dynamics of
pacific oyster hemolymph microbiota across multiple
scales. Front Microbiol 7: 1367.

Ludwig, W., Euzéby, J., and Whitman, W.B. (2010) Road
map of the phyla Bacteroidetes, Spirochaetes,
Tenericutes (Mollicutes), Acidobacteria, Fibrobacteres,
Fusobacteria, Dictyoglomi, Gemmatimonadetes, Lenti-
sphaerae, Verrucomicrobia, Chlamydiae, and
Planctomycetes. In Bergey’s Manual of Systematic Bac-
teriology. Krieg, N.R., et al. (eds). New York, NY:
Springer, pp. 1-19.

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 11, 434-447

19



A. T. Neu, E. E. Allen and K. Roy

Luter, H.M., Widder, S., Botté, E.S., Abdul Wahab, M.,
Whalan, S., Moitinho-Silva, L., et al. (2015) Biogeographic
variation in the microbiome of the ecologically important
sponge, Carteriospongia foliascens. PeerJ 3: e1435.

Lyons, P.P., Turnbull, J.F., Dawson, K.A., and Crumlish, M.
(2017) Phylogenetic and functional characterization of the
distal intestinal  microbiome of rainbow  trout
Oncorhynchus mykiss from both farm and aquarium set-
tings. J Appl Microbiol 122: 347-363.

Martin, M. (2011) Cutadapt removes adapter sequences
from high-throughput sequencing reads. EMBnet J 17: 10.

Mazel, F., Davis, K.M., Loudon, A., and Kwong, W.K. (2018)
Is host filtering the Main driver of Phylosymbiosis across
the tree of life? mSystems 3: e00097-e00018.

McMurdie, P.J., and Holmes, S. (2013) Phyloseq: an R
package for reproducible interactive analysis and graphics
of microbiome census data. PLoS One 8: e61217.

Nam, B.-H., Jang, J., Caetano-Anolles, K., Kim, Y.-O.,
Park, J.Y., Sohn, H., et al. (2018) Microbial community
and functions associated with digestion of algal polysac-
charides in the visceral tract of Haliotis discus hannai:
insights from metagenome and metatranscriptome analy-
sis. PLoS One 13: e0205594.

Nelson, T.M., Rogers, T.L., Carlini, A.R., and Brown, M.V.
(2013) Diet and phylogeny shape the gut microbiota of
Antarctic seals: a comparison of wild and captive animals.
Environ Microbiol 15: 1132—-1145.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R.,
Legendre, P., McGilin, D., et al. (2018) Vegan: Community
Ecology Package. R package version 2.5-3. 2018.

Owen, R.W. (1980) Eddies of the California current system:
physical and ecological characteristics. In The California
Islands: Proceedings of a Multidiciplinary Symposium,
Santa Barbara, CA: Santa Barbara Museum of Natural
History, pp. 237-263.

Pantos, O., Bongaerts, P., Dennis, P.G., Tyson, G.W., and
Hoegh-Guldberg, O. (2015) Habitat-specific environmental
conditions primarily control the microbiomes of the coral
Seriatopora hystrix. ISME J 9: 1916-1927.

Paradis, E., and Schliep, K. (2018) ape 5.0: an environment
for modern phylogenetics and evolutionary analyses in R.
Bioinformatics 35: bty633.

Pfister, C.A., Meyer, F., and Antonopoulos, D.A. (2010)
Metagenomic profiling of a microbial assemblage associ-
ated with the California mussel: a node in networks of car-
bon and nitrogen cycling. PLoS One 5: e10518.

Pielou, E.C. (1966) The measurement of diversity in different
types of biological collections. J Theor Biol 13: 131-144.
Pierce, M.L., Ward, J.E., Holohan, B.A., Zhao, X., and
Hicks, R.E. (2016) The influence of site and season on
the gut and pallial fluid microbial communities of the east-
ern oyster, Crassostrea virginica (Bivalvia, Ostreidae):
community-level physiological profiling and genetic struc-

ture. Hydrobiologia 765: 97—113.

Prieur, D., Mével, G., Nicolas, J.L., Plusquellec, A., and
Vigneulle, M. (1990) Interactions between bivalve mol-
luscs and bacteria in the marine environment. Oceangr
Mar Biol Annu Rev 28: 277-352.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T.,
Yarza, P., et al. (2013) The SILVA ribosomal RNA gene

database project: improved data processing and web-
based tools. Nucleic Acids Res 41: D590-D596.

Raes, E.J., Bodrossy, L., van de Kamp, J., Bissett, A.,
Ostrowski, M., Brown, M.V., et al. (2018) Oceanographic
boundaries constrain microbial diversity gradients in the
South Pacific Ocean. Proc Natl Acad Sci U S A 115:
E8266-E8275.

Reshef, L., Koren, O., Loya, Y., Zilber-Rosenberg, I., and
Rosenberg, E. (2006) The coral probiotic hypothesis. Envi-
ron Microbiol 8: 2068—-2073.

Reveillaud, J., Maignien, L., Eren, M.A., Huber, J.A.,
Apprill, A., Sogin, M.L., and Vanreusel, A. (2014) Host-
specificity among abundant and rare taxa in the sponge
microbiome. ISME J 8: 1198-1209.

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F.
(2016) VSEARCH: a versatile open source tool for meta-
genomics. PeerJ 4: e2584.

Roy, K., Collins, A.G., Becker, B.J., Begovic, E., and
Engle, J.M. (2003) Anthropogenic impacts and historical
decline in body size of rocky intertidal gastropods in south-
ern California. Ecol Lett 6: 205-211.

Roy, K., Jablonski, D., and Valentine, J.W. (1994) Eastern
Pacific molluscan provinces and latitudinal diversity gradi-
ent: no evidence for “Rapoport’s rule.” Proc Natl Acad Sci
U S A91: 8871-8874.

Schill, W.B., Iwanowicz, D., and Adams, C. (2017)
Endozoicomonas dominates the gill and intestinal content
microbiomes of Mytilus edulis from Barnegat Bay, New
Jersey. J Shellfish Res 36: 391-401.

Smith, P., Willemsen, D., Popkes, M., Metge, F.,
Gandiwa, E., Reichard, M., and Valenzano, D.R. (2017)
Regulation of life span by the gut microbiota in the short-
lived african turquoise killifish. Elife 6: €27014.

Stimson, J. (1970) Territorial behavior of the owl limpet,
Lottia gigantea. Ecology 51: 113-118.

Team, R.C. (2013) R: a language and environment for statis-
tical computing.

Trabal Fernandez, N., Mazén-Suéstegui, J.M., Véazquez-
Judrez, R., Ascencio-Valle, F., and Romero, J. (2014)
Changes in the composition and diversity of the bacterial
microbiota associated with oysters (Crassostrea cor-
teziensis, Crassostrea gigas and Crassostrea sikamea) dur-
ing commercial production. FEMS Microbiol Ecol 88: 69-83.

Trabal, N., Mazén-Suastegui, J.M., Vazquez-Juarez, R.,
Asencio-Valle, F., Morales-Bojérquez, E., and Romero, J.
(2012) Molecular analysis of bacterial microbiota associ-
ated with oysters (Crassostrea gigas and Crassostrea cor-
teziensis) in different growth phases at two cultivation
sites. Microb Ecol 64: 555-569.

Tschép, M.H., Hugenholtz, P., and Karp, C.L. (2009) Getting
to the core of the gut microbiome. Nat Biotechnol 27:
344-346.

Valentine, J.W. (1966) Numerical analysis of marine mollus-
can ranges on the extratropical northeastern Pacific shelf.
Limnol Oceanogr 11: 198-211.

Vega Thurber, R., Willner-Hall, D., Rodriguez-Mueller, B.,
Desnues, C., Edwards, R.A., Angly, F., et al. (2009) Meta-
genomic analysis of stressed coral holobionts. Environ
Microbiol 11: 2148-2163.

Voltolina, D., and Sacchi, C.F. (1990) Field observations on
the feeding habits of Littorina scutulata Gould and

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 11, 434-447

20



L. sitkana Philippi (Gastropoda, Prosobranchia) of south-
ern  Vancouver Island (British Columbia, Canada).
Hydrobiologia 193: 147—-154.

Webster, N.S., Negri, A.P., Flores, F., Humphrey, C., Soo, R.,
Botté, E.S., et al. (2013) Near-Future Ocean acidification
causes differences in microbial associations within diverse
coral reef taxa. Environ Microbiol Rep 5: 243-251.

Yildirim, S., Yeoman, C.J., Sipos, M., Torralba, M,
Wilson, B.A., Goldberg, T.L., et al. (2010) Characterization
of the fecal microbiome from non-human wild primates
reveals species specific microbial communities. PLoS
One 5: e13963.

Zaura, E., Keijser, B.J., Huse, S.M., and Crielaard, W.
(2009) Defining the healthy “core microbiome” of oral
microbial communities. BMC Microbiol 9: 259.

Zbinden, M., Marqué, L., Gaudron, S.M., Ravaux, J.,
Léger, N., and Duperron, S. (2014) Epsilonproteobacteria
as gill epibionts of the hydrothermal vent gastropod
Cyathermia naticoides (North East-Pacific rise). Mar Biol
162: 435-448.

Zhao, J.S., Manno, D., and Hawari, J. (2009) Psych-
rilyobacter atlanticus gen. nov., sp. nov., a marine member
of the phylum Fusobacteria that produces H2 and
degrades nitramine explosives under low temperature
conditions. Int J Syst Evol Microbiol 59: 491-497.

Intertidal gastropod microbiomes

Zhong, D., Brower-Sinning, R., Firek, B., and Morowitz, M.J.
(2014) Acute appendicitis in children is associated with an
abundance of bacteria from the phylum Fusobacteria.
J Pediatr Surg 49: 441-446.

Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:
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Fig. S2. Unweighted Pair Group Method with Arithmetic
Mean (UPGMA) clustering analysis of gastropod
microbiomes using Bray—Curtis dissimilarity using the entire
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pletons, as well as any OTUs found in fewer than 100% of
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1 | INTRODUCTION

The latitudinal diversity gradient (LDG), a decrease in species richness
from low to high latitudes, is one of the most striking and pervasive

large-scale trends in biodiversity. The LDG is likely to be ‘ecology's
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Abstract

Aim: The latitudinal diversity gradient (LDG) is one of the most pervasive large-scale
trends in biodiversity. However, whether microbial taxa also conform to this pattern
remains poorly known. This study uses the gill and shell-surface microbiomes of the
marine bivalve Mytilus californianus to test whether the diversity of host-associated
microbial communities declines with increasing latitude, as predicted by the LDG.
Location: Northeastern Pacific coast, ranging from Sitka, AK to La Jolla, CA, USA
(spanning 24.12 degrees of latitude).

Taxon: Bacteria and Archaea associated with M. californianus gills and shell-surfaces.
Methods: We amplified and sequenced the 16S rRNA gene from M. californianus
gill and shell-surface samples. We used linear and quadratic regressions, accounting
for spatial autocorrelation when needed, of average alpha and gamma diversities of
the whole microbiome, as well as individual microbial clades, to determine whether
these taxa conformed to the traditional LDG. We also used permutational multivari-
ate analysis of variance to determine the level of compositional differentiation among
sampling sites.

Results: Gill and shell-surface microbiota show differing latitudinal diversity patterns,
with both micro-environments exhibiting high levels of compositional differentiation
along latitude. Individual microbial clades within each micro-environment also show
different latitudinal trends, most likely due to differing ecologies and life histories.
Main conclusions: Mytilus californianus-associated microbial taxa show a flat, hump-
shaped or contrarian LDG, suggesting that a steep decline in diversity with increasing
latitude may not be a universal pattern across different domains of life.
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alpha diversity, gamma diversity, host-microbiome, latitudinal diversity gradient, microbial
diversity, microbial ecology, microbiome composition, Mytilus californianus, rocky intertidal

oldest pattern’ (Hawkins, 2001), having been the focus of research
for over two centuries, and has been documented in the vast major-
ity of plant and animal clades, both marine and terrestrial, although
some exceptions exist (e.g. Pyron & Burbrink, 2009; Santelices
& Marquet, 1998). However, despite many proposed hypotheses
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(Jablonski et al., 2017; Mittelbach et al., 2007), the mechanisms
underlying this pattern remain the subject of much discussion and
debate (Jablonski et al., 2017; Schemske & Mittelbach, 2017). More
importantly, whether latitudinal trends in the diversity of microbial
taxa mimic those seen in plants and animals still remains poorly
known. Information about how microbial diversity is structured
across latitude and other major environmental gradients is essential
for establishing whether the LDG is truly a universal pattern across
all domains of life or whether it is a phenomenon primarily restricted
to macro-eukaryotic clades. Furthermore, such knowledge is essen-
tial for testing the generality of existing ecological and evolutionary
hypotheses about processes driving large-scale diversity gradients.

A limited number of studies have investigated the relationship
between taxon richness and latitude in microbial communities, with
mixed results. In soils, for example, latitude likely plays a less domi-
nantrole in affecting bacterial diversity and community composition,
while pH is a driving factor (Chu et al., 2010; Fierer & Jackson, 2006).
Diversity of planktonic marine bacteria, on the other hand, has been
shown to exhibit a number of different latitudinal gradients ranging
from a traditional LDG (Fuhrman et al., 2008; Ibarbalz et al., 2019) to
an inverse LDG (Raes et al., 2017), a steady increase from the Arctic
to the Antarctic (Moss et al., 2020) and a mid-latitude peak in aver-
age alpha diversity (Ladau et al., 2013; Milici et al., 2016). Far fewer
studies have tested for the LDG in microbial taxa that are associ-
ated with animal hosts, despite the fact that many of these microbes
are known to affect the biological processes of the host, and thus
can potentially affect host LDG as well as their responses to climate
change and other stressors (Apprill, 2017). These studies of the LDG
in host-associated microbiomes do not provide a clear picture either.
In humans, for example, a synthesis of multiple datasets found that
the gut microbiome exhibited a traditional LDG in phylogenetic di-
versity (PD) and Shannon's index (H'), but not operational taxonomic
unit (OTU) richness (Dikongué & Ségurel, 2017). Furthermore, a
meta-analysis from the Earth Microbiome Project found a traditional
LDG across plant-associated microbiomes, but a weak inverse LDG
in animal-associated communities (Thompson et al., 2017). In tar-
geted studies of fruit fly and sea anemone-associated microbiomes,
no significant correlations between latitude and diversity were
found (Corby-Harris et al., 2007; Morelan et al., 2019).

Taken at face value, the limited information available suggests
that the decrease in species richness from low to high latitude that
characterizes the vast majority of plant and animal clades does not
universally apply to microbial communities, either free-living or host-
associated. However, it is also clear that comparisons of published
microbial LDGs with those of eukaryotic clades are not straightfor-
ward for a few important reasons—the spatial grain, phylogenetic

resolution and geographical scale of the analyses.

1.1 | Sampling and spatial grain

For plants and animals, our knowledge of latitudinal trends in di-
versity is based almost exclusively on diversity estimates that are
derived through interpolations. Sampling of local communities of
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plants and animals still remains sparse in many parts of the world,
especially in the tropics. Because of this lack of information, diver-
sity estimates for individual regions or latitudinal bins are commonly
estimated using a range-through approach, where an individual spe-
cies is assumed to be present everywhere within its geographical
range limits, which are generally well constrained (Roy et al., 1998).
Obviously, such interpolations tend to inflate estimates of local di-
versity and also dampen variations in richness within and between
regions (Roy & Witman, 2009). Only a few studies have quantified
the LDG using direct sampling of local plant and animal communi-
ties (e.g. Witman et al., 2004). In contrast, published analyses of
microbial diversity patterns predominantly use alpha diversities at
a very fine spatial grain (i.e. the average number of taxa observed
in each environmental sample or host individual; but see Ray et al.,
2019), and the geographical range limits of most microbial taxa still
remain poorly constrained (but see Amend et al., 2012; Choudoir
et al., 2017). Thus, published LDGs of macro-eukaryotes are based
on diversity estimates at a different spatial scale compared to those
of microbes as a result of how each of these groups of organisms are
sampled in the field.

1.2 | Phylogenetic scale

A second issue is the focal phylogenetic level of analyses. Latitudinal
trends in diversities of plants and animals are almost always quanti-
fied within individual clades, typically at the species level (Hillebrand,
2004a), but LDGs have also been shown to be present at higher tax-
onomic levels such as genera and families (e.g. Roy et al., 1996). For
example, the literature is replete with examples of the LDG in birds
(e.g. Hawkins et al., 2006), mammals (e.g. Rolland et al., 2014), marine
molluscs (e.g. Roy et al., 1994) and so on. Microbial LDGs, in contrast,
are often computed using the entire microbiome, thus including all
microbial taxa in each sample (e.g. Moss et al., 2020) regardless of
which family, order, class or phylum they belong to, a phylogenetic
breadth that would be analogous to combining the diversity of all
known clades of plants or animals. The issue of phylogenetic scale is
not only important for comparing microbial latitudinal diversity pat-
terns with those of plants and animals but also for testing hypoth-
eses about the processes driving LDGs. Proposed hypotheses about
the origin and maintenance of the LDG are based on differences in
diversification rates and ecological processes such as dispersal and
species-energy relationships (Jablonski et al., 2017; Mittelbach et al.,
2007), most of which are known to be clade-specific (e.g. Hawkins
etal., 2012).

1.3 | Geographical scale

The geographical distributions of hosts also present a challenge in
analysing latitudinal diversity patterns of host-associated microbial
taxa. Ideally, such analyses should be done using a single host to
control for potential host effects. However, an exceedingly small
number of species have geographical distributions ranging from
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the tropics to the poles, thereby limiting the geographical scope of
analyses possible using individual hosts. Thus, a more comprehen-
sive understanding of the LDG in host-associated microbes requires
analyses of individual hosts over their latitudinal ranges (e.g. Corby-
Harris et al., 2007; Morelan et al., 2019) followed by meta-analyses
across a number of different hosts (e.g. Thompson et al., 2017).

Given these differences, a better understanding of how the LDG
is manifested across different domains of life would require com-
parative analyses using similar currencies and metrics. Specifically,
it would require better information about microbial communities
across different hosts and LDGs within specific microbial clades
using estimates of both alpha and gamma diversities.

Here we address this issue by comparing latitudinal diversity pat-
terns of individual microbial phyla and classes with the aggregate
microbiome-level trends, using both alpha and gamma diversity met-
rics. We use populations of the California blue mussel (Mytilus cali-
fornianus Conrad, 1837), a foundation species in northeastern Pacific
rocky intertidal communities, sampled across more than 24 degrees
of latitude (from southeastern Alaska to southern California, USA) as
the focal host. M. californianus is an excellent system for this type of
study as it has a broad range from warm temperate to polar waters, is
found in high abundances in wave-exposed rocky intertidal habitats
and exhibits high levels of gene flow across its geographical range
(Addison et al., 2008), thereby reducing potential genotype-specific
effects. We sampled both the gill tissues and shell-surface biofilms
of M. californianus to compare latitudinal diversity patterns between
micro-environments with different levels of exposure to ambient
conditions, as the compositions of internal (gut) and external (skin,
leaf, etc.) microbial communities have been shown to respond dif-
ferently to host-derived and environmental factors (Woodhams
et al., 2020). We hypothesized that the gill and shell-surface mi-
crobiomes of this host, as well as individual microbial clades, would
show a decrease in both alpha and gamma diversities with increasing
latitude, as has been seen in animals and free-living microbes (e.g.
Fuhrman et al., 2008; Hillebrand, 2004b). As our southernmost site
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is extratropical (~32.87°N), this would be the expectation regard-
less of whether these communities exhibit a traditional LDG or the
hump-shaped pattern occasionally observed in planktonic marine
microbes (Ladau et al., 2013; Milici et al., 2016).

2 | MATERIALS AND METHODS

We sampled M. californianus gill tissues at 11 sites ranging from
Chilean Memorial, WA to Scripps Institution of Oceanography (SIO),
La Jolla, CA (Table 1). Single gill samples were excised from between
6 and 12 individuals collected from a single rock face at each site
(Table 1). Gills were then triple-rinsed with 95% EtOH and preserved
on dry ice <2 h after sampling. Whole gills were used to determine
whether any tissue-associated symbionts were present, as has been
previously reported in Mytilus species (Schill et al., 2017). We also
sampled M. californianus shell-surface microbial communities at 11
sites ranging from Pirate's Cove, Sitka, AK to SIO (Table 1). We sam-
pled shell-surface communities in the field by swabbing the exterior
surface of a single valve from each individual, using a sterile 152 mm
swab (Grenier Bio-One). We took particular care to avoid epibionts,
as these most likely have their own unique microbial communities
(Bengtsson et al., 2017). Once the surface of the mussel shell was
thoroughly swabbed, we returned the swabs to their sterile tubes
and placed them on dry ice within 2 h of collection. Gills and shell-
surface swabs remained on dry ice until they were returned to the
laboratory at the University of California San Diego and frozen at
-80°C. We collected samples during August 2017 and August 2018
to minimize any seasonal effects. To account for any potential varia-
tion between collection times, we conducted an initial set of analy-
ses using only samples collected in 2017. These analyses produced
qualitatively similar results to those derived from the combined
2017-2018 dataset (Supporting Information 1), so we chose to pre-
sent results from the entire dataset for a more complete latitudinal
sampling.

TABLE 1 Name, latitude, longitude and number samples collected from each site

Site name Site abbreviation Latitude (°N) Longitude (°W) Shell-surface swabs (n) ﬁ;lslues (n)
Pirate's Cove, AK PC 56.99 135.37 8 —
Chilean Memorial, WA CM 47.96 124.66 9 12
Fogarty Creek, OR FC 44.84 124.05 10 10
Crescent City, CA ©c 41.75 124.20 8 12
Trinidad Head, CA TH 41.06 124.15 10 8
Schoolhouse Beach, CA sC 38.37 123.08 10 9
Moss Landing, CA ML 36.81 121.79 7 8
Cayucos, CA CAY 35.45 120.90 11 9
Jalama Beach, CA JB 34.51 120.50 10 8
El Capitan, CA EC 34.46 120.03 9 10
Pt. Fermin, CA PF 33.71 118.30 - 6
La Jolla, CA SIO 32.87 117.25 11 10
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We used the MoBio PowerSoil kit (MoBio Inc.; now part of
Qiagen GmbH) to extract DNA from M. californianus gill tissue and
shell-surface swabs following the manufacturer's instructions, but
included an additional 10-min incubation at 55°C after bead beating.
We amplified the V4 region of the 16S ribosomal RNA gene using
the primers 515f (GTGYCAGCMGCCGCGGTAA,; Parada et al., 2016)
and 806r (GGACTACNVGGGTWTCTAAT; Apprill et al., 2015) and
the two-step PCR protocol described in Neu et al. (2019). We puri-
fied the resulting PCR products using an Exo-SAP approach (1 U of
Exonuclease | and 1 U of Shrimp Alkaline Phosphate; New England
Biolabs), and heated them at 37°C for 30 min followed by 85°C
for 15 min. We conducted a final purification step using Ampure
XP beads (Beckman Coulter, Inc.), following the manufacturer's in-
structions. Amplicons were sent for sequencing on the MiSeq plat-
form (lllumina, 2 x 250 bp output) at the DNA Technologies Core,
University of California Davis.

We used ‘DADA2’ 1.10.1 (Callahan et al., 2016) in R 3.5.2 (R Core
Team, 2013) for processing raw sequence data (quality scores shown
in Figure S1). We first trimmed the forward and reverse reads to 200
and 180 bp, respectively, then filtered, denoised and merged them
to consensus sequences of 253 bp. The resulting amplicon sequence
variants (ASVs) were assigned taxonomy using the Silva database
138 (McLaren, 2020; Quast et al., 2013) and all sequences matched
to chloroplasts and mitochondria were removed. Taxonomic identi-
ties of the dominant (>10% relative abundance in at least one sample)
gill-associated ASVs within the family Endozoicomonadaceae were
further investigated using the National Center for Biotechnology
Innovation (NCBI) BLASTn function (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). We chose to use ASVs for the majority of our analyses
since they have become the preferred taxonomic unit for many mi-
crobial ecology studies (Callahan et al., 2017) and showed qualita-
tively similar results when compared to 97% OTUs in initial testing
(Figure S2).

All statistical analyses were conducted in R 3.5.2 (R Core Team,
2013) primarily using the packages ‘phyloseq’ 1.26.1 (McMurdie &
Holmes, 2013), ‘vegan’ 2.5-6 (Oksanen et al., 2019) and ‘picante’ 1.8
(Kembel et al., 2010). A representative ASV table was selected after
rarefying to 5000 and 4000 sequences per sample in gill and shell-
surface communities, respectively (Figure S3). We found that the
number of observed ASVs in the rarefied and unrarefied datasets
were highly correlated and should therefore present qualitatively
similar diversity patterns (Figure S4). Furthermore, rarefied data
have been shown to present similar results compared to data stan-
dardized using other available approaches (Weiss et al., 2017). Initial
analyses performed with 10 unique rarefied ASV tables also pro-
duced qualitatively similar results, so we present results of a single
rarefaction on each dataset (set.seed = 100) throughout.

We used three different metrics of alpha diversity—observed
ASV richness, Shannon's H' and Faith's PD (Faith, 1992)—and tested
for latitudinal trends using linear regressions. To further determine
whether higher taxonomic levels exhibited similar patterns to ASVs,
as in some eukaryotic clades (Roy et al., 1996), we calculated the
number of taxa present at the phylum, class, order, family and genus
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levels and tested for correlations with latitude using linear regres-
sions. It should be noted, however, that a number of ASVs remain
unassigned at each taxonomic level due to the resolution currently
available for microbial taxa and therefore the number of taxa at each
level are likely substantially underestimated. For example, an ASV
that could only be assigned to the phylum level was included in the
phylum-level analyses, but excluded from analyses at lower taxo-
nomic levels. We used Moran's | to evaluate any effects of spatial
autocorrelation on the observed diversity patterns using the pack-
age ‘ape’ 5.3 (Paradis & Schliep, 2019). In cases where spatial auto-
correlation was detected, we used spatial lag models in the package
‘spatialreg’ 1.1-5 (Bivand & Piras, 2015) to account for it while testing
for latitudinal trends. While it is possible that there are population-
specific effects that are unaccounted for in this model, our aim is to
quantify the overall latitudinal diversity trend using methods com-
parable to those commonly used for eukaryotic studies, and there-
fore we have not accounted for them here. Finally, we used linear
regressions of observed ASV richness vs. shell length to investigate
whether microbial community richness scales with body size of M.
californianus individuals, as predicted by the species-area relation-
ship (e.g. Sherrill-Mix et al., 2018).

Following a common approach in macroecology, we used the
number of ASVs whose geographical ranges intersect a particular
locality as our regional or gamma diversity metric for that locality
(Roy & Witman, 2009). Note that this definition of gamma diversity
is different from the traditional approach where gamma is estimated
by pooling alpha diversities (e.g. Magurran, 1988), but is widely used
in previous analyses of LDG (Roy & Witman, 2009). Thus, our results
should be directly comparable to many published LDGs of plants and
animals. The geographical range of each ASV was computed using a
range-through approach where a taxon is assumed to be present at
all the sites between its sampled geographical range limits, even if it
is not explicitly sampled at those intervening sites. Thus, our gamma
diversity metric provides an estimate of the maximum possible rich-
ness at a given site (Roy & Witman, 2009), while the alpha diver-
sity metric is likely to be a minimum estimate because of sampling
incompleteness (Shade & Gilbert, 2015; Sogin et al., 2006; Weiss
et al.,, 2017). We tested for changes in gamma diversity with latitude
using both linear and quadratic regressions. We hypothesized that
these microbial communities would exhibit similar alpha and gamma
diversity trends, as has been seen in some marine invertebrate com-
munities (Witman et al., 2004).

Todetermine whether the overallalphaand gammadiversity trends
were representative of individual microbial clades within the commu-
nity, or rather an aggregate pattern, we repeated our alpha and gamma
diversity analyses for each of four focal clades: Alphaproteobacteria,
Bacteroidota, Gammaproteobacteria and Planctomycetota. These
clades were chosen due to their high levels of ASV richness and rela-
tive abundance in both gill and shell-surface, making them easily com-
parable across M. californianus micro-environments.

We also hypothesized that M. californianus microbiomes would
significantly differ in composition among collection sites, as is com-

monly found in host-associated microbial studies. We tested for
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these compositional differences via permutational multivariate anal-
ysis of variance (PERMANOVA) of Bray-Curtis dissimilarity (BCD)
values, using individual samples, site-level alpha (i.e. all microbial taxa
detected at a site by combining all individuals of the host sampled at
that site) and range-through data. In addition, we used principal co-
ordinates analysis (PCoA) plots to visualize the differences. For the
site-level alpha and gamma diversity comparisons, we determined
which microbial phyla (with Proteobacteria split into classes for in-
creased resolution) significantly contributed to increasing diversity
at particular latitudes using the gg_envfit function in the ‘ggordiplots’
package 0.3.0 (Quensen, 2018). To help determine whether spatial
compositional turnover, differences in relative abundance or dif-
ferences in phylogenetic relationships between taxa were driving
observed differences, we conducted PERMANOVAs on individual
samples using three different beta diversity metrics: (i) the Jaccard
index, which calculates dissimilarity between communities based
only on the presence or absence of taxa (ii) unweighted UniFrac,
which takes phylogenetic relatedness of microbial taxa into account,
but not their relative abundance and (i) weighted UniFrac, which in-
cludes phylogenetic relatedness and relative abundance information
(Lozupone & Knight, 2005). In addition, PERMANOVAs using BCD
and phylum-, class-, order-, family- and genus-level data were used
to determine the taxonomic level at which significant compositional
differences, if any, occurred. We also conducted PERMANOVAs
using BCD and members of each of our four focal microbial clades
to determine whether there were significant compositional differ-
ences across sites within each of these groups. For all PERMANOVA
analyses, we also tested for homogeneity of dispersions, an assump-
tion of PERMANOVA, using the betadisper function in ‘vegan’ 2.5-6
Oksanen et al. 2019. Finally, to determine whether there was a lati-
tudinal pattern of spatial compositional turnover between commu-
nities, we tested for a relationship between the Jaccard dissimilarity
of sites and the geographical distance between them.

3 | RESULTS

3.1 | Microbial communities

The gill dataset contained 4,103,234 sequences representing 16,166
ASVs across 102 samples. Four samples were removed after process-
ing due to low sequence counts, leaving 98 samples and 11,089 ASVs
in the final rarefied dataset. Gill microbial communities were vari-
able in composition, though Bacteroidota (14.3 + 8.0% mean relative
abundance + SD) and Alphaproteobacteria (13.0 + 7.8%) were abun-
dantin samples across all latitudes (Figure 1a). Gammaproteobacteria
were the most dominant members of many gill samples, making up
45.7 + 18.7% of the relative abundance (Figure 1a). This was driven
largely by members of the family Endozoicomonadaceae which com-
prised up to 63.3% of the community in certain individuals. NCBI
BLASTn results showed that these taxa were closely related (>94%
sequence similarity) to other members of this clade known to be as-
sociated with marine bivalves (Table S1).
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A total of 4,640,619 sequences were processed from 103 shell-
surface samples, generating 19,208 ASVs. All 103 samples as well
as 13,737 ASVs were retained in the final, rarefied dataset. Shell-
surface microbiomes varied greatly in the relative abundances of
the most dominant groups, including Actinobacteriota (6.9 + 4.1%),
Bacteroidota (23.2 + 5.5%), Alphaproteobacteria (17.8 + 6.9%),
Gammaproteobacteria  (15.2 8.0%)
(14.2% + 10.2%) (Figure 1b).

+ and Cyanobacteria

3.2 | Latitudinal trends in alpha versus
gamma diversity

3.2.1 | Gill-associated communities

Overall, M. californianus gill microbiomes showed a very weak,
but significant LDG in both average ASV richness (Figure 2a) and
Shannon's H' (Figure 2b), partially in line with our hypothesis,
while PD did not show a significant trend with latitude (Figure 2c).
However, this LDG pattern was only present at the level of individual
ASVs and was not found in microbial genera or any other higher taxa
(Figure S5). ASV richness in the gill community was not significantly
correlated with shell length, thus ruling out any body size effects
(Figure S6). Gamma diversity patterns differed from that of average
alpha diversity in the gill environment as it did not show a monotonic
latitudinal trend. Instead, it followed a hump-shaped trajectory bet-
ter described by a quadratic term, with richness peaking at ~37°N
and declining towards the edges of the sampled range (Figure 2d). It
should be noted, however, that such a quadratic trend may be par-
tially due to the nature of the gamma diversity metric used, which
interpolates values based on a range-through assumption and po-
tentially leads to edge effects at the ends of the sampled range.

In contrast to the overall pattern, latitudinal trends in alpha
diversity within individual microbial clades varied considerably.
Alphaproteobacteria and Gammaproteobacteria showed a weak but
significant LDG in ASV richness (Figure 3a,c), similar to the whole
community pattern, while Bacteroidota and Planctomycetota rich-
nesses were not significantly correlated with latitude (Figure 3b,d).
The average ASV richness of Alphaproteobacteria showed significant
spatial autocorrelation (Table 2), but the latitudinal trend remained
-4.019, p < 0.001).
Gamma diversity trends of these groups largely mirrored the non-

significant after accounting for it (Z-value =
linear trend seen for the whole community, peaking at mid-latitudes
with a decline towards both ends of the sampled range (Figure 3e-h).
The phylum Planctomycetota, however, was unique in exhibiting an
additional gamma diversity peak at ~42°N (Figure 3h).

3.2.2 | Shell-surface communities

Contrary to our hypothesis, shell-surface microbiomes increased
in average alpha diversity with increasing latitude, resulting in an
inverse LDG in ASV richness (Figure 2e), Shannon's H' (Figure 2f)



NEU ET AL

wiey EEEE

(a)

1,00 mo— — — — — —

0.75'

——

?
g [ |
g
El - ]
3
(2}
%5 050~
c
8
S
g
<]
o

0.25-

—
0.00- N —_-——--_—
) i , . ! . , ! . , )
& & 8 z = 8 8 EF & 3
Site

(b)

1,00 ————— ———— —

075IIII

0.50- II II

o
@

Site

F'roportion of Sequences

I @ 2 o) T o
w s = o F e 5

SIO-
CAY -

and PD (Figure 2g), which is independent of shell size (Figure Sé).
This trend was also evident in microbial genera, families and orders,
with the strength of the gradient increasing with increased taxo-
nomic resolution (Figure S7; Tables S2 and S3). Taxonomic richness
and PD data were significantly spatially autocorrelated (Table 3), but
the inverse LDG patterns remained significant after accounting for
it (Observed ASVs: Z-value = 3.630, p < 0.001; PD: Z-value = 2.184,
p = 0.029). Shell-surface microbiomes also conformed to the non-
linear latitudinal trend in gamma diversity, with increasing total ASV
richness from the southern to northern sites, followed by a large
drop between the two northernmost collection sites, potentially due
to edge effects (Figure 2h).

Individual microbial clades followed the same pattern as the en-
tire community for average alpha diversity, though with a large in-
crease in richness between 41°N and 42°N (Figure 3a-d). Significant
spatial autocorrelation was present in three of these clades (Table 2)
but did not drive this trend (Alphaproteobacteria: Z-value = 4.547,
p<0.001; Bacteroidota: Z-value =3.545,p < 0.001; Planctomycetota:
Z-value = 2.199, p = 0.028). All of the focal clades showed a hump-
shaped latitudinal pattern in gamma diversity, similar to the whole

o
o
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FIGURE 1 Barplots of the relative
abundances of microbial phyla in the gill
(a) and shell-surface (b) microbiomes,
sorted by collection site. The phylum
Proteobacteria is separated into classes
for increased resolution. Column names
correspond to the site abbreviations in
Table 1

Clade

W <% abund.
Actinobacteriota

B Aphaproteobacteria

W Bacteroidota

| Bdellovibrionota

B campilobacterota
Crenarchaeota

B Cyanobacteria

I Desulfobacterota

| Firmicutes

I Fusobacteriota

| Gammaproteobacteria

B Margulisbacteria

B Other Proteobacteria
Patescibacteria
Planctomycetota

M spirochaetota
Unclassified Bacteria

B Verrucomicrobiota

Clade
Il <12 abund.

[ Acidobacteriota
Actinobacteriota
B Aphaproteobacteria

W Bacteroidota

[ Bdellovibrionota

B campilobacterota

[ chioroflexi
Crenarchaeota

B cyanobacteria

W Deinococcota

B Desulfobacterota

| Firmicutes

I Fusobacteriota

| Gammaproteobacteria

B Myxococcota

B Nitrospirota
Patescibacteria
Planctomycetota
Unclassified Bacteria

[ Verrucomicrobiota

community pattern (Figure 4e-g), but the phylum Planctomycetota
was once again somewhat distinct from the other clades, with peaks
at both 42°N and 48°N (Figure 4h).

3.3 | Compositional analyses

The PCoA plots and PERMANOVAs reveal significant compositional
differentiation by geographical location for both gill and shell-surface
microbiomes (Figure S8). These compositional differences were pre-
sent at all taxonomic levels, across all diversity metrics tested, and in
the four focal microbial clades in both gill and shell-surface environ-
ments (Tables S4-S9). Betadisper analyses revealed significant differ-
entiation in dispersion between sites in a number of cases, largely in
the shell-surface microbiome (Tables S4-S9). However, a Tukey's HSD
test showed that significant differences in dispersion in the shell-
surface microbiome were only present when comparing the sam-
ples from Cayucos, CA, which had low dispersion, to other samples.
Removing the Cayucos samples from our analyses did not qualitatively
impact the PERMANOVA results (PERMANOVA: Pseudo-F = 5.741,
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FIGURE 2 Mean ASV richness (a, ), mean Shannon's H' (b, f), mean PD (c, g) and total ASV richness (d, h) of Mytilus californianus gill

(a-d) and shell-surface (e-h) microbiomes across latitude. Error bars reflect the standard error of each metric at each site. Results of linear
regressions of alpha diversity versus latitude are presented in the bottom right corners of (a-c, e-g). Results of quadratic regressions of
gamma diversity versus latitude are summarized in the bottom right corners of (d, h). The map of North America (top right) shows the
location of Pirate's Cove, AK and the black box marks the location of the detailed map of the rest of the collection sites along the west coast
of the United States. Map location labels correspond to the site abbreviations in Table 1. ASV, amplicon sequence variant; PD, Phylogenetic
diversity

R? = 0.384, p < 0.001; betadisper: p = 0.145). Results from the gill range-through data highlighted six additional groups that signifi-
microbiome showed that groups with larger sample sizes exhibited cantly increased in diversity in the northern sites (Figure 5d), as ex-
greater dispersion, suggesting that our PERMANOVA results may pected given the northward increase in average alpha and gamma
be more conservative than expected (Anderson & Walsh, 2013). In diversity in shell-surface communities (Figure 2h).

our analyses of site-level compositional differences (i.e. using site-
level alpha and range-through approaches), the sites were arrayed in

horseshoe patterns on the PCoA plots (Figure 4). In addition, plots of 4 | DISCUSSION

compositional turnover with geographical distance showed that dis-

similarity increased with distance, consistent with a distance decay 4.1 | Latitudinal diversity trends

pattern in the shell-surface microbiome, but not the gill. In both

micro-environments, however, all pairs of sites showed high (Jaccard Mytilus californianus gill microbiomes contained a number of

index >0.8) levels of dissimilarity (Figure S9). groups common to marine environments including Bacteroidota,
The microbial taxa driving community differentiation varied Alphaproteobacteria and Gammaproteobacteria. The most com-

greatly between gill and shell-surface. Alphaproteobacteria was mon and highly abundant taxa in these samples were members of

the only group shown to significantly impact site-level alpha diver- the family Endozoicomonadaceae, which have been associated with

sity in gills, with higher diversity in the southern sampling regions marine invertebrates from corals to tunicates (Neave et al., 2017), as

(Figure 5a). Using the range-through approach, however, many well as the gills of multiple bivalve species (Dubé et al., 2019; Schill

more taxa emerged as important contributors to diversity, mainly et al., 2017). While some members of this family have been pre-

in the region between 35.5°N and 37°N (Figure 5c¢), in line with dicted to play a role in the health of their hosts (Neave et al., 2017),

the peak in gill gamma diversity (Figure 2d). In shell-surface com- others have developed into intracellular parasites (Zielinski et al.,
munities, Verrucomicrobiota and Patescibacteria were the only two 2009). The most abundant Endozoicomonadaceae sequences in our
phyla shown to drive increased diversity in the northern portion dataset were indeed closely related to other bivalve-associated taxa,
of the range using our site-level metric (Figure 5b). Incorporating although their ecological and functional roles remain unknown.
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FIGURE 3 Mean ASV richness (a-d) and total ASV richness (e-h) of four diverse bacterial clades including Alphaproteobacteria (a, e),

Bacteroidota (b, f), Gammaproteobacteria (c, g) and Planctomycetota

(d, h) in Mytilus californianus gill microbiomes. Error bars reflect the

standard error of each metric at each site. Results of linear regressions of alpha diversity versus latitude are presented in the top right

corners of (a-d). Results of quadratic regressions of gamma diversity
amplicon sequence variant

versus latitude are presented in the bottom right corners of (e-h). ASV,

TABLE 2 Results of Moran's | analysis

Gill Shell-surface . .
of observed amplicon sequence variant
Clade Moran's | p-value Moran's | p-value richness for the four focal clades from gill
and shell-surface communities
Alphaproteobacteria 0.0735 <0.001 -0.121 <0.001
Bacteroidota 0.00222 0.443 -0.0607 <0.001
Gammaproteobacteria -0.0157 0.676 -0.0246 0.267
Planctomycetota -0.0209 0.161 -0.0752 <0.001

Average ASV counts and Shannon's H' of gill communities were
significantly, but not strongly, correlated with latitude, while PD
did not show a significant latitudinal trend. The weak LDG pattern
in richness was only detectable at the ASV level and not at higher
taxonomic levels. Together, these results suggest that external en-
vironmental variables that change with latitude, and have been
shown to be strong correlates of the LDG in marine eukaryotes (e.g.
Belanger et al., 2012; Roy et al., 1998), are unlikely to be strong driv-
ers of latitudinal variation in microbial diversity in M. californianus.
Instead, local micro-environmental conditions in the gill mediated by
host physiology and diet variability (e.g. Dahlhoff & Menge, 1996)
may have a stronger influence on the LDG of the gill microbiome.
In addition, the internal body temperature of M. californianus, which
differs from external water temperatures and does not appear to
show a clear latitudinal trend (Helmuth et al., 2002), could also play a
role in mediating the diversity of the gill microbiome. Unfortunately,
measurements of these potentially relevant variables are not cur-

rently available for our samples, which precludes statistical tests

of these hypotheses. Previous studies have also shown a lack of
strong correlation between microbiome alpha diversity and latitude,
and hypothesized that this may be due to the interacting impacts
of multiple local abiotic and biotic factors on microbial diversity
(Corby-Harris et al., 2007; Morelan et al., 2019). Finally, the lack of
a strong latitudinal trend in whole microbiome diversity may also
be partially explained by the conflicting patterns within individual
clades. For example, in the gill environment, Alphaproteobacteria
and Gammaproteobacteria aligned with the whole community
trend and showed weak but significant LDGs in ASV richness while
Bacteroidota and Planctomycetota did not. Aggregating the con-
trasting latitudinal trends across these and other clades could lead
to a dampened LDG signal in the whole community dataset and ob-
scure the underlying variation. It is not surprising that these diverse
groups present different diversity patterns, as they are characterized
by unique life habits and ecologies. Alphaproteobacteria, for exam-
ple, are highly abundant free-living and particle-associated members

of the coastal marine environment, while Planctomycetota are often
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TABLE 3 Results of Moran's | analysis for all alpha diversity indices from gill and shell-surface communities

Gill Shell-surface
Diversity index Moran's | p-value Moran's | p-value
Observed amplicon sequence variants 0.00853 0.186 -0.0685 <0.001
Shannon's H' 0.00382 0.401 0.0105 0.128
Phylogenetic diversity -0.00796 0.670 -0.0795 <0.001
(a) Alphaproteobacteria (b) Bacteroidota (c) Gammaproteobacteria (d)  Planctomycetota
o
2 & R2=0.271, p < 0.001 o R?=0.156, p < 0.001 i R?=0.221, p < 0.001 3 R2=0.046, p = 0.016
£ & 8 s
£ 3 - s | - S 1
> - o -
2 T o | o
s o =l 3 B
o © 4
=
o o A 4 o 4
rrrrrrrrrrrorrT rrrrrrrrrrrorriT rrrrrrrrrrrorrT rrrrrrrrrrrorriT
32 38 44 50 56 32 38 44 50 56 32 38 44 50 656 32 38 44 50 56
(e) (U] (9) (h)
[=}
8 4 4
[} - ©
¢ S s S
£ @ 8 o <
S o S
r 84 i < i
> ¥ o T o
o - o o
< 8 3 & s
E o . a .
© o R2=0.432, p = 0.043 o R2=0.766, p = 0.0012 o R2=0.827, p < 0.001 o R2=0.613, p = 0.0092
rrrrrrrrrrrorrT rrrrrrrrrrrorriT rrrrrrrrrrrorrT rrrrrrrrrrrorriT
32 38 44 50 56 32 38 44 50 56 32 38 44 50 56 32 38 44 50 56

Latitude (N) Latitude (N)

Latitude (N) Latitude (N)

FIGURE 4 Mean ASV richness (a-d) and total ASV richness (e-h) of the four focal bacterial clades including Alphaproteobacteria (a, €),
Bacteroidota (b, f), Gammaproteobacteria (c, g) and Planctomycetota (d, h) in Mytilus californianus shell-surface microbiomes. Error bars
reflect the standard error of each metric at each site. Results of the linear regression of alpha diversity versus latitude are presented in the
top right corners of (a-d). Results of quadratic regressions of gamma diversity versus latitude are presented in the bottom right corners of

(e-h). ASV, amplicon sequence variant

found on surfaces or in close association with phototrophs such as
macroalgae (Wiegand et al., 2018). In addition, each of these clades
are likely to be characterized by unique patterns of evolutionary di-
versification, a parameter that is known to influence the LDG (e.g.
Mittelbach et al., 2007). All of this suggests that future analyses of
the microbial LDG should investigate trajectories and patterns within
individual microbial clades, as is common in eukaryotic systems.

Gill microbiomes did not show a monotonic LDG in gamma di-
versity, but instead generally peaked around mid-latitudes, a pat-
tern that is not typically observed in larger eukaryotic clades. The
whole community gamma diversity trend was broadly conserved
across the four individual clades, though the peak shifted slightly
in Bacteroidota and a second peak was evident in Planctomycetota.
These results support the idea that latitudinal trends in average
alpha and gamma diversity need not be concordant (Roy & Witman,
2009), and further highlight the importance of considering both
metrics when comparing latitudinal diversity patterns of microbial

taxa with those of higher eukaryotes.
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The surface biofilms of marine organisms are incredibly dynamic
and are impacted by the physical environment of the host as well as
interactions, whether mutualistic or antagonistic, between biofilm-
forming organisms (Wahl et al., 2012). The biofilm communities on
M. californianus shell-surfaces varied in their compositions within and
between sites, but were largely comprised of Gammaproteobacteria,
These
groups have previously been found to dominate the shell-surface

Alphaproteobacteria, Bacteroidota and Cyanobacteria.
microbiomes of other molluscan species and some members of these
communities are known to play a significant role in denitrification in
the tidepool environment (Pfister et al., 2014).

In contrast to gill, alpha diversity of shell-surface microbiomes
generally displayed an inverse LDG—increase in diversity with in-
creasing latitude—across all diversity metrics tested. ASV richness
was not correlated with shell size, suggesting that factors other than
total available space for settlement drive this pattern. Furthermore,
these trends were evident at both the ASV and higher taxonomic
levels, as well as within individual clades. This suggests that higher
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taxa may be useful proxies for ASV-level latitudinal diversity trends
in shell-surface communities. Such a positive relationship between
latitude and diversity has been seen in a meta-analysis of microbi-
omes of animal hosts (Thompson et al., 2017) as well as in the bacte-
rioplankton of the eastern Indian Ocean (Raes et al., 2017).

Similar to that seen in the gill environment, gamma diversity of
shell-surface communities exhibited a nonlinear latitudinal trend,
with peaks in the northern latitudes. These results should be in-
terpreted carefully, however, since the large drop between our
two northernmost sites could reflect edge effects. The increase in
gamma diversity with latitude for the majority of the sampled range,
on the other hand, is not explained by such edge effects and may
reflect an increase in the size of the regional species pool (bacte-
rioplankton) with increasing latitude. Such an increase would pro-
vide an opportunity for more unique taxa to settle on the surface
of each shell, leading to greater average alpha diversity and gamma
diversity. This may also reflect an increase in the level of physical
disturbance (e.g. wave action) with latitude, which could similarly
increase diversity. Like in the gill, the exact processes underlying
the latitudinal changes in the diversity of shell-surface communities
seen here remain unclear, although environmental variables such as
temperature and dissolved inorganic nitrogen may play a role, as has
been proposed for free-living marine bacterial diversity (Milici et al.,
2016; Raes et al., 2017). As discussed above, such hypotheses re-
main difficult to test given that temperature and other environmen-
tal conditions on M. californianus shell-surfaces are likely to be very
different from that of the surrounding water (Helmuth et al., 2002)
and measurements of those parameters are not currently available.

Overall, the latitudinal patterns observed in the gill and shell-
surface microbiomes are quite different, and neither clearly mirrored
the traditional LDG found in plant and animal taxa, even when using
similar currencies and metrics. Marine bivalves, for example, exhibit

a steady decrease in species richness with increasing latitude across
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the range sampled here (Roy et al., 2000; Schumm et al., 2019). The
differences observed in the diversity patterns between the two host
micro-environments investigated here are likely due to their differ-
ential exposure to different environmental and host-derived (e.g.
immune function and diet variability) factors, as has been recently
shown in a number of other host species (Woodhams et al., 2020). In
addition, individual clades within both the gill and the shell-surface
communities differed in their diversity patterns, demonstrating that
simply using a ‘whole microbiome’ approach misses a remarkable
level of complexity. The divergent patterns outlined in this study
should also be useful for discerning the mechanisms involved in de-
termining microbial diversity. Previous studies highlighting patterns
contrary to the traditional LDG in specific clades (Krug et al., 2007)
and time periods (Song et al., 2020) have shed light on the roles
of diversification and extinction rates in structuring the diversity
of marine taxa. In a similar way, the contrarian clades and micro-
environments associated with the M. californianus microbiome may
provide a greater mechanistic understanding of microbial diversity
patterns.

4.2 | Community composition

Both gill and shell-surface microbiome compositions differed signifi-
cantly by site according to multiple beta diversity metrics used here.
Such differentiation when using the Jaccard coefficient suggests
high levels of spatial turnover of ASVs among our sites. Sites were
arrayed in a horseshoe pattern in the PCoA plots of both site-level
alpha and gamma diversities. Although such a horseshoe has tradi-
tionally been thought to be an artefact of dimensionality reduction,
recent studies suggest that it is likely to represent a true biological
signal. Specifically, a horseshoe may arise when the distance met-
ric used (BCD, in this case) approaches saturation (Morton et al.,
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2017). Although geographical distance between sites can increase
indefinitely, distance metrics are often bounded (BCD is bounded
between 0 and 1), and once saturation (BCD = 1) is achieved, all ad-
ditional samples along a gradient will be the same ecological distance
from one another. Plotting this pattern in two-dimensional space, as
in a PCoA plot, results in the horseshoe effect (Morton et al., 2017).
Such a pattern suggests that sites are highly distinct composition-
ally, with large differences between even closely related sites, as
demonstrated by the relationship between Jaccard dissimilarity and
geographical distance documented here. This was further confirmed
by the PERMANOVASs across taxonomic levels, which found that site
explained a significant amount of the variation between samples,
even at the phylum level, in both gill and shell-surface communities.
Whether this consistent shift in community composition is due to
changes in the regional species pool, differential filtering by the host
at different sites, or both, remains unclear.

5 | CONCLUSIONS

Using samples from different micro-environments within the same
host across a large part of its geographical range, we have shown
that host-associated microbial taxa do not generally follow the
same latitudinal diversity patterns as many larger eukaryotic clades,
even when accounting for spatial grain and phylogenetic scales.
Differences in host control and environmental conditions between
shell-surface and gill likely have a significant impact on latitudinal
trends in diversity within each micro-environment. Gill microbi-
ome diversity was variable, but generally presented a weak or non-
significant correlation with latitude, while shell-surface communities
followed an inverse LDG across multiple taxonomic levels. Individual
clades varied in diversity patterns as well, depending on their life his-
tory and the micro-environment investigated. However, all of these
diversity trends were underlain by steady and significant composi-
tional changes between sites. Overall, our results highlight the many
layers of organization within host-associated microbiomes that are
revealed through analyses at different spatial and phylogenetic reso-
lutions and open the door for further investigation into the mecha-
nisms driving these latitudinal trends. In addition, they also suggest
that the nature of latitudinal trends in diversity most likely differs
across the different domains of life. Future studies of microbial LDG,
both host-associated and free-living, are needed to better under-
stand the similarities and differences in large-scale biodiversity gra-
dients across the tree of life.
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Supplemental Figure S1. Mean ASV richness of gill (left) and shell-surface (right)
microbiomes across latitude, including only those samples collected in 2017. Linear regression
results for gill (R’ = 0.03, p = 0.05) and shell-surface (R’ = 0.344, p < 0.001) are qualitatively
similar to those determined using the entire available dataset.
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Supplemental Figure S2. PCoA plot of Bray-Curtis Dissimilarity in gill (left) and shell-surface
(right) microbiomes, colored by collection site and including only samples collected in 2017.
PERMANOVA results — gill: pseudo-F = 4.493, R’ = 0.2924, p < 0.001, betadisper p = 0.731,

shell-surface: pseudo-F = 5.9397, R> = 0.3597, p < 0.001, betadisper p < 0.001.
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Supplemental Figure S1. Aggregate per-base quality scores of the raw forward (A,C) and
reverse (B,D) Illumina MiSeq reads from the gill (A,B) and shell-surface (C,D) microbiomes.
The solid green line donates the mean quality score of each base, while the solid orange line
represents the median and the dashed orange lines represent the 25" and 75" quantiles,
respectively.
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Supplemental Figure S2. Comparisons of average alpha diversity (top) and gamma diversity
(bottom) of gill (left) and shell-surface (right) microbiomes when using ASVs (black) and 97%
OTUs (red). All ASV and OTU datasets are highly correlated (Spearman rho > 0.92, p < 0.001).
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Supplemental Figure S5. Plots of richness across taxonomic levels versus latitude in the gill
micro-environment. Results of linear regression are presented in the bottom right (phylum, class,
family, order) or top right (genus, ASV) corners of the plots, bold font denotes significant
correlation between richness and latitude (p < 0.05).
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Supplemental Figure S6. Number of observed ASVs, after rarefying, versus shell length of the
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sampled individual in the gill (left) and shell-surface (right) microbiomes. Linear regression
results: gill - R? = -0.011, p = 0.998, shell-surface — R’ = -0.0071, p = 0.558.
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Supplemental Figure S7. Plots of richness across taxonomic levels versus latitude in the shell-
surface micro-environment. Results of linear regression are presented in the bottom right corners
of the plots, bold font denotes significant correlation between richness and latitude (p < 0.05).
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Supplemental Table S1. NCBI BLASTn results of ASVs assigned to the family
Endozoicomonadaceae that comprised >10% relative abundance in at least one M. californianus
gill sample.

ASV ID Description Source % ident.  Accession
ASV17474 Candidatus Endonucleobacter Bathymodiolus  94.09% FM162182.1
bathymodioli brooksi
ASV17543 Uncultured bacterium clone Mytilus edulis  99.60% KU936077.1
MeS
ASV17549 Uncultured bacterium clone Mytilus edulis  98.41% KU936077.1
MeS
ASV17557 Uncultured bacterium clone Mytilus edulis  99.20% KU936077.1
MeS
ASV17558 Uncultured bacterium clone Mytilus edulis  98.80% KU936077.1
MeS
ASV17570 Uncultured bacterium clone Mytilus edulis  99.60% JN858942.1
Mus-14
ASV17575 Loripes lacteus gill symbiont Loripes 99.60% GQ853555.1
lacteus
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Supplemental Table S2. Results of Moran’s I analysis of richness from each taxonomic level
for gill and shell-surface communities.

Gill Shell-surface

Taxonomic Moran’s p- Moran’s p-
level I value I value
Phylum -0.0323 0366 -0.0681 <0.001
Class -0.0288 0.316 -0.0757 <0.001
Order -0.0239  0.650 -0.104 <0.001
Family -0.0264 0.480 -0.0896 <0.001
Genus -0.0169 0.775 -0.0887 <0.001
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Supplemental Table S3. Results of the spatial autoregressive models for the influence of
latitude on taxon richness across taxonomic levels in the shell-surface microbiome.

Taxonomic level Z value P value
Phylum 1.136 0.256
Class 1.371 0.170
Order 2.002 0.045
Family 2.739 0.006
Genus 3.601 <0.001
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Supplemental Table S4. Results of PERMANOVA and betadisper analyses across taxonomic
levels in the gill micro-environment using Bray-Curtis dissimilarity and site as a factor.

Tronmictent ol e

Phylum 2.657 0.226 <0.001 0.15

Class 2.812 0.236 <0.001 0.342
Order 3.268 0.264 <0.001 0.415
Family 2.522 0.217 <0.001 0.082
Genus 2.646 0.225 <0.001 0.075
ASV 4.763 0.344 <0.001 0.475
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Supplemental Table S5. Results of PERMANOVA and betadisper analyses across taxonomic
levels in the shell-surface micro-environment using Bray-Curtis dissimilarity and site as a factor.

Tronomelen Dee e H

Phylum 10.488 0.533 <0.001 0.215
Class 10.306 0.529 <0.001 0.903
Order 8.541 0.481 <0.001 0.623
Family 8.732 0.487 <0.001 0.482
Genus 7.635 0.453 <0.001 0.468
ASV 5.776 0.386 <0.001 0.008
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Supplemental Table S6. Results of PERMANOVA and betadisper analyses of the focal
microbial clades in the gill micro-environment using Bray-Curtis dissimilarity and site as a
factor.

Alphaproteobacteria ~ 2.935 0.252 <0.001 0.368
Bacteroidetes 2.697 0.237 <0.001 0.037
Gammaproteobacteria 7.238 0.454 <0.001 0.05

Planctomycetota 1.642 0.159 <0.001 0.004
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Supplemental Table S7. Results of PERMANOVA and betadisper analyses of the focal
microbial clades in the shell-surface micro-environment using Bray-Curtis dissimilarity and site
as a factor.

Alphaproteobacteria  4.974 0.348  <0.001  0.003
Bacteroidetes 4.753 0.338  <0.001  0.001
Gammaproteobacteria 7.430 0.444  <0.001 0.001
Planctomycetota 3.747 0.287  <0.001  0.001
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Supplemental Table S8. Results of PERMANOVA and betadisper analyses of ASVs in the gill
micro-environment using various beta diversity metrics and site as a factor.

it S

Jaccard 3.385 0.280 <0.001 0.517
Unweighted 1.982 0.186 <0.001  0.003
UniFrac
Weighted 4.067 0.319 <0.001 0.227
UniFrac
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Supplemental Table S9. Results of PERMANOVA and betadisper analyses of ASVs in the
shell-surface micro-environment using various beta diversity metrics and site as a factor.

| phemer i TR e

Jaccard 3.682 0.284  <0.001 0.011
Unweighted UniFrac  3.115 0.251 <0.001 0.001
Weighted UniFrac 5.893 0.388 <0.001 0.021

60



Acknowledgements

Chapter 2, in full, is a reprint of the material as it appears in Neu, A.T., Allen, E.E. and
Roy, K. 2021. Do host-associated microbes show a contrarian latitudinal diversity gradient?
Insights from Mytilus californianus, an intertidal foundation host. Journal of Biogeography,

00:1-14. The dissertation author was the primary investigator and author of this paper.

61



CHAPTER 3

Decade-scale stability and change in a marine bivalve microbiome

62



Received: 13 July 2020

Revised: 4 December 2020

') Check for updates

Accepted: 4 January 2021

DOI: 10.1111/mec.15796

ORIGINAL ARTICLE

MOLECULAR ECOLOGY AYVAR A%

Decade-scale stability and change in a marine bivalve

microbiome

Alexander T. Neu!

Section of Ecology, Behavior and
Evolution, Division of Biological Sciences,
University of California San Diego, La
Jolla, CA, USA

2Section of Molecular Biology, Division
of Biological Sciences, University of
California San Diego, La Jolla, CA, USA
*Marine Biology Research Division,
Scripps Institution of Oceanography,
University of California San Diego, La
Jolla, CA, USA

Correspondence

Alexander T. Neu, Section of Ecology,
Behavior and Evolution, University of
California San Diego, 9500 Gilman Drive,
MC 0116, La Jolla, CA 92093, USA.
Email: aneu@ucsd.edu

Funding information

American Museum of Natural History,
Grant/Award Number: Lerner Gray Fund
for Marine Research; Sigma Xi; Academic
Senate, University of California, San Diego

1 | INTRODUCTION
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Abstract

Predicting how populations and communities of organisms will respond to anthro-
pogenic change is of paramount concern in ecology today. For communities of mi-
croorganisms, however, these predictions remain challenging, primarily due to data
limitations. Information about long-term dynamics of host-associated microbial com-
munities, in particular, is lacking. In this study, we use well-preserved and freshly col-
lected samples of soft tissue from a marine bivalve host, Donax gouldii, at a single site
to quantify the diversity and composition of its microbiome over a decadal timescale.
Site-level measurements of temperature, salinity and chlorophyll a allowed us to test
how the microbiome of this species responded to two natural experiments: a seasonal
increase in temperature and a phytoplankton bloom. Our results show that ethanol-
preserved tissue can provide high-resolution information about temporal trends in
compositions of host-associated microbial communities. Specifically, we found that
the richness of amplicon sequence variants (ASVs) associated with D.gouldii did not
change significantly over time despite increases in water temperature (+1.6°C due to
seasonal change) and chlorophyll a concentration (more than ninefold). The phyloge-
netic composition of the communities, on the other hand, varied significantly between
all collection years, with only six ASVs persisting over our sampling period. Overall,
these results suggest that the diversity of microbial taxa associated with D.gouldii has
remained stable over time and in response to seasonal environmental change over the
course of more than a decade, but such stability is underlain by substantial turnover in

the composition of the microbiome.

KEYWORDS
Donax gouldii, environmental change, host-microbiome, microbial preservation

duration and composition of phytoplankton blooms, which may af-
fect food web structure (Suikkanen et al., 2013). However, at pres-

Predicting how species and communities will respond to anthropo-
genic global change is an ongoing challenge in ecology. An increase
in temperature, for example, may cause shifts in geographical dis-
tributions, local or global extinctions, or adaptive evolution of ma-
rine species (Hellberg et al., 2001; Poloczanska et al., 2013, 2016).
Other impacts such as coastal eutrophication are likely to affect the

ent our knowledge of biological responses to these environmental
perturbations is based predominantly on studies of plants, animals
and other eukaryotes. How prokaryotic taxa and communities are
likely to respond to such changes remains poorly known (Apprill,
2017; Cavicchioli et al., 2019; Trevathan-Tackett et al., 2019).
Understanding how host-associated microbial communities respond

Molecular Ecology. 2021;30:1237-1250.
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to changes in the environment is particularly important because
any alteration of the microbiome has the potential to affect host re-
sponse to environmental stressors, given its role in regulating many
aspects of host function and health, from disease protection to
nutrient acquisition (Batstone & Dufour, 2016; Reshef et al., 2006;
Vega Thurber et al., 2009). Short-term laboratory experiments have
shown that elevated seawater temperature and increased salinity
can significantly change the compositions of marine invertebrate
microbiomes (Lesser et al., 2016; Minich et al., 2018; Réthig et al.,
2016), while the effects of phytoplankton blooms on host-associated
microbiomes have not, to our knowledge, been tested explicitly, but
have been predicted to significantly impact bivalve microbiome
composition (Carrier & Reitzel, 2017).

Short-term experiments, however, do not always provide a
comprehensive picture of how natural populations respond to en-
vironmental change (Komatsu et al., 2019). To fully understand
how microbial communities are impacted by changes in their envi-
ronment, such experiments need to be supplemented with “natu-
ral experiments,” which involve observing community responses to
environmental perturbations in the wild. However, the use of such
natural experiments remains limited, as they typically require long-
term sampling of biological communities with paired environmental
monitoring. Unfortunately, this means that in most cases we still lack
sufficient long-term data to understand how different types of en-
vironmental change affect the diversity, composition and function
of microbial communities. Exceptions include seawater communities
in the Southern California Bight, which were monitored regularly
throughout the course of a phytoplankton bloom to assess fine-scale
community succession (Needham & Fuhrman, 2016), pelagic marine
bacterial communities in the UK that displayed seasonal cycles in
diversity, with peaks in the winter months (Gilbert et al., 2012), and
forest soil microbiomes that increased in diversity after two decades
of warming (Pold et al., 2015). Similar time-series are even rarer for
host-associated microbial communities, but monitoring of human
faecal microbiota over periods of 5-12 years has shown that indi-
viduals display remarkable species- and strain-level stability (Faith
et al., 2013; Rajili¢-Stojanovi¢ et al., 2013), while studies of wild mice
(Maurice et al., 2015), fish (Minich et al., 2020) and corals (Sharp
etal.,, 2017; van de Water et al., 2018) have shown that seasonal vari-
ability significantly impacts the composition of the internal microbial
community in these hosts over the course of 1-2 years.

A potential solution to the problem of long-term sampling of host
microbiomes is to use archival samples, such as those in museums or
academic institutions. In most cases, such samples were collected
for non-microbiome research and preserved in a variety of different
ways. Despite the potential importance of these samples for micro-
bial research, at present there is little consensus about whether such
long-term preservation of host tissue allows unbiased quantification
of the associated microbiome. Available studies about the efficacy
of different sample preservation methods for microbiome analyses
are primarily focused on the short term (<8 weeks) and provide a
variety of recommendations depending on sample type, field con-
ditions, etc. (Blekhman et al., 2016; Gray et al., 2013; Hale et al.,
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2015; Song et al., 2016). Nearly all compare their results to samples
frozen immediately at -80°C or in liquid nitrogen, which has been
the presumed standard. While storage at -80°C with RNAlater has
been shown to be effective for longer term (5 years) preservation of
faecal samples (Tap et al., 2019), microbial communities sampled via
skin swabs can shift dramatically after several months of storage,
even at this low temperature (Klymiuk et al., 2016). On the other
hand, human stool samples from 13 Type Il diabetes patients that
were dried and frozen at -20°C for 14 years yielded microbiome
profiles that aligned with expectations derived from the American
Gut Project (Kia et al., 2016). Similarly, toilet tissue samples from a
single human subject, stored dry, produced useful microbiome data
after 46 years (Jayasinghe et al., 2017). More importantly, very few
studies have investigated whether host tissue preserved in ethanol,
the most common preservative used for museum collections, could
be used to investigate long-term variations in microbiomes of non-
human hosts. The most extensive study on this topic, conducted
using trematomid fish tissue collected between 1901 and 2006,
showed that only ~10% of samples selected could be successfully
used for microbiome analyses (Heindler et al., 2018). However, the
authors suggest that many of those samples were probably first
stored in formalin before transferring to ethanol (a common practice
for museum samples in the past), which may explain the low yield,
as formalin is known to cause multiple structural changes in DNA
(Heindler et al., 2018). Overall, while there is some indication that
samples preserved using a variety of methods may be useful for an-
alysing long-term trends in host microbiomes, such analyses need to
consider the potential for preservational biases.

In this study, we use a novel set of tests for preservational bi-
ases and samples of the marine bivalve Donax gouldii (bean clam,
Figure 1a), stored in 95% ethanol at 4°C, to first evaluate the suit-
ability of archival host tissue for long-term microbiome analyses. We
then use the data to assess (a) temporal dynamics of the diversity
and composition of the microbiome of this species over a decadal
time span and (b) how two “natural experiments,” a 1.6°C increase in
temperature probably due to a seasonal effect, and a spring phyto-
plankton bloom, impacted the microbiome of this species.

Donax gouldii is a small (<25 mm) marine bivalve found on sandy
beaches from central California, USA, to Baja California Sur, Mexico.
This species is an important component of sandy beach communi-
ties and appears in “boom and bust” cycles, where populations can
shift from very high densities (20,000-32,000 individuals/m?; Coe,
1953, 1955; Pohlo, 1967) in some years to vanishingly low numbers
(<1 individual/m?) in others (Coe, 1955). These cycles have been of
interest to ecologists for more than half a century, but the factor(s)
driving them remain unknown. The bacterial community associated
with D.gouldii was first characterized in 1966 in an attempt to iden-
tify potential pathogens involved in the population declines, but no
specific candidates could be identified (Beeson & Johnson, 1967).
Donax gouldii makes an excellent system for monitoring long-term
changes in microbiomes because individuals of this host recruit to
a narrow (2-5 m) swathe of the beach and, unlike some of its con-
geners, rarely move with the tide, making it amenable to repeated
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FIGURE 1 Levels of stability in the Donax gouldii microbiome. (a) Donax gouldii individuals during a “boom” cycle. Individuals are 15-

20 mm in length on average. Photo credit: K. Roy. (b) Barplots of the relative abundances of microbial phyla, sorted by collection year. The
phylum Proteobacteria is separated into classes for increased resolution. (c) Map of the study area. (d) Linear regression of the logarithm of
observed ASV counts (left; R? = .00016, p =.944) and Shannon's index (right; R? =.00041, p =.911) versus time of collection. Kruskal-Wallis
tests showed no significant differences between the years using either the logarithm of ASV counts (;* = 5.828, p =.120) or Shannon's index
(;(2 =6.015, p = .111). Removal of the high-diversity outlier from 2008 does not significantly impact the overall results

sampling at the same site over multiple years (Coe, 1955). The in-
dividuals of D.gouldii used here were collected at a single site in La
Jolla, California, USA (Figure 1c) during four “boom” periods, 2008,
2011, 2018 and 2019, in conjunction with site-level measurements
of multiple environmental variables. Unfortunately, no archival sam-
ples from the intervening years are currently available.

2 | MATERIALS AND METHODS

Individuals of D. gouldii were collected adjacent to Ellen Browning
Scripps Memorial Pier at Scripps Institution of Oceanography, La
Jolla, CA, USA (Figure 1c). Archival samples (March 2008 and May
2011 collections) were stored in 95% ethanol at 4°C in a single col-
lecting jar per time point, while samples from March 2018 were
stored individually and frozen at -20°C and February 2019 samples
were processed fresh. We measured all samples using calipers and
selected only individuals of the same size class (15-20 mm shell
length) from each collection. Eight individuals were used from the
2008 sampling, nine each from 2011 and 2018 and 10 from 2019.
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The entirety of the soft tissue from each animal was removed from
the shell using sterilized forceps and processed for microbiome anal-
yses. In 2019, we also collected sand and water samples to provide
environmental context for our results. The top 3 ¢cm of sand was
collected from three sites within the D.gouldii zone using a sterile
50-ml tube, while two 600-ml samples of surface water were col-
lected from shore in autoclaved 1-L bottles and filtered using 0.22-
um Sterivex filters (MilliporeSigma).

We extracted DNA from all D.gouldii individuals (n = 36) and
environmental samples (n = 5) using the MoBio PowerSoil kit
(MoBio Inc.; now part of Qiagen GmbH), following the manufac-
turer's instructions and including an additional 5-min incubation at
55°C after bead beating. Samples were randomized, extracted by
hand and processed several wells apart from one another in order
to reduce the impact of well-to-well contamination (Minich et al.,
2019). We amplified the V4 region of the 16S ribosomal RNA gene
using the two-step PCR (polymersase chain reaction) protocol de-
scribed in Neu et al. (2019), which is based on the protocol devel-
oped by Eloe-Fadrosh et al. (2016). We purified the resulting PCR
products using an Exo-SAP approach (1 U of Exonuclease | and 1U
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of Shrimp Alkaline Phosphate; New England Biolabs), and heated
at 37°C for 30 min followed by 85°C for 15 min. Additional purifi-
cation was conducted using Ampure XP beads (Beckman Coulter),
following the manufacturer's instructions. Amplicons were pooled
in equal molarities and sent for sequencing on the MiSeq (Illumina,
2 x 250-bp output) at the DNA Technologies Core, University of
California Davis.

All analyses of the resulting data were conducted using R version
3.5.2 (R Core Team, 2013). We merged, filtered, trimmed to 253 bp
and denoised paired-end amplicon sequence data using the package
DADAZ2 version 1.10.1 (Callahan et al., 2016). We assigned taxonomy
to the resulting amplicon sequence variants (ASVs) using the assign-
Taxonomy and assignSpecies functions with the SILVA database ver-
sion 138 (McLaren, 2020; Quast et al., 2013) at an 80% minimum
value. All sequences matched to chloroplasts and mitochondria
were removed. We merged D.gouldii-associated sequence counts
and taxonomy to create an ASV table, which was rarefied to 8000
sequences per sample for all analyses. This left 33 D.gouldii samples
in the final data set. We further merged the 2019 D.gouldii samples
with sand and water samples, removing any temporal effects, and
rarefied to 3000 sequences per sample in order to retain three sand
samples and one water sample. Initial analyses of multiple rarefied
tables at these sequence depths produced qualitatively similar re-
sults, so one representative table from each data set (set.seed =100)
was used for the analyses presented here.

Before analysing the data for temporal and environmental
trends, we used multiple different metrics to test for preservational
biases that could potentially skew our results due to the different
ages and storage conditions of these samples. We hypothesized
that preservational effects would (a) decrease raw sequence counts,
DNA yield and DNA concentration after 16S rRNA PCR in older sam-
ples due to DNA degradation. While each of these metrics can differ
between samples due to causes other than preservation, system-
atic preservational bias predicts a specific pattern—a declining trend
from the youngest to the oldest samples. (b) Increase homogeneity
of samples preserved in the same containers (2008 and 2011 sam-
ples were stored as bulk samples in jars) due to cross-contamination
compared to fresh samples, and (c) obliterate taxa unique to each
specimen in samples preserved long term in ethanol. The last hy-
pothesis is analogous to taphonomic bias in the palaeontological
literature (Behrensmeyer et al., 2000) and relies on the assumption
that taxa present in older samples, but absent from fresh material,
represent real signals and cannot be preservational artefacts. In
addition, it is also expected that the number of unique taxa should
decrease with decreasing preservation probability (Foote & Raup,
1996), again in our case from the youngest to the oldest samples. It is
worth noting that some of our metrics for evaluating preservational
biases, by themselves, may have certain limitations. For example, the
equimolar pooling of amplicons could obscure smaller differences
in sequence counts resulting from preservation. However, large
differences in raw sequence counts of individual host-associated
microbiomes have been observed in studies using freshly collected

samples even when equimolar pooling is used (e.g. Adam et al., 2018;
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TABLE 1 Averages of environmental data collected from Ellen
Browning Scripps Memorial Pier, La Jolla, CA, for the month of
collection

Average Average Average [Chl
Date SST (°C) salinity (psu) al, (ng/L)
March 2008 15.9 33.53 1.75
May 2011 1725 33.56 1.36
March 2018 15.2 33.53 4.00
February 2019 16.0 33.49 36.83

Garcia-Recinos et al., 2019; Neu et al., 2019), so such counts should
be useful for identifying larger preservational biases. Similarly, total
DNA yield could reflect the condition of host tissue rather than mi-
crobial preservation, although degradation of host tissues is likely
to also affect recovery of the microbiome. Determining DNA con-
centration of a sample after 16S rRNA PCR partially avoids this
problem but does not capture the relative host to microbial DNA
concentration across samples. Because of this, our approach is to
use the aggregate trend, rather than individual metrics, to test for
preservational biases.

We evaluated these preservational hypotheses by (a) using lin-
ear regressions and Kruskal-Wallis tests of raw sequence counts,
extracted DNA vyield and DNA concentration after 16S rRNA PCR
(as measured by Qubit 2.0; ThermoFisher Scientific) versus sampling
time to test for significant temporal trends; (b) calculating the ho-
mogeneity of dispersions within each year sampled using betadisper
in the package vecan version 2.5-6 (Oksanen et al., 2019); and (c)
constructing a Venn diagram showing the number of ASVs unique
to each year using the package vennpiAGRAM version 1.6.20 (Chen,
2018).

We downloaded time-adjusted sea surface temperature (SST;
Rasmussen et al., 2020) and daily raw salinity data from https://
shorestations.ucsd.edu/data-sio/ and chlorophyll a concentration
data from https://www.sccoos.org/data/autoss/timeline/?main=s-
ingle&station=scripps_pier. We used the average value from the
month of collection for further analyses in order to smooth out any
short-term and measurement noise (Table 1; Figure S1). Using these
data, we found that the environment was largely stable between
collection times, with two notable exceptions. The first was a 1.6°C
increase in temperature in the 2011 samples when compared to
the 2008 samples. This increase was probably due to the month of
collection (May vs late February and March), reflecting the natural
seasonal variation at this site (Figure S1). Nevertheless, these sam-
ples experienced a substantially warmer condition compared to the
other time points in this study and thus allow us to test the impact
of increased temperature on the bivalve microbiome in a natural set-
ting. The second was a more than nine-fold increase in chlorophyll
a concentration in 2019, the result of a major phytoplankton bloom
(Figure S1). These two events serve as natural experiments to test
the impacts of changes in environmental variables on the diversity
and composition of the D.gouldii microbiome. Note that while other

environmental variables are also likely to have changed during our
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study interval, reliable site-level measurements are only available for
SST, chlorophyll a concentration and salinity. Thus, we only focus on
those three variables here.

We hypothesized that the diversity of microbial communities
would decrease with both increasing SST, as has been previously
shown in short-term experiments with marine bivalves (Li et al.,
2018), and increasing chlorophyll a concentration, as phytoplankton
blooms have been shown to decrease bacterial diversity in the water
column (Teeling et al., 2012; Wemheuer et al., 2014; Yang et al.,
2015). To test these hypotheses, we calculated two different alpha
diversity metrics—ASV richness and Shannon's index (H')—using
the package pHyLoseq version 1.26.1 (McMurdie & Holmes, 2013)
and used linear regression to test for temporal and environmental
trends. We tested for any discrete differences in alpha diversity be-
tween sampling years using Kruskal-Wallis tests. We further con-
ducted a bidirectional stepwise regression using the package mass
version 7.3.51.4 (Venables & Ripley, 2002) in order to fit the most
appropriate combination of environmental variables to the regres-
sion model. We also used a Kruskal-Wallis test to determine differ-
ences between observed ASVs in D.gouldii tissues from 2019 and
the surrounding sand.

We visualized the compositional differences between collection
years and sample types using stacked barplots of the relative abun-
dances of microbial phyla as well as principal coordinates analysis
(PCoA) plots using Bray-Curtis dissimilarity (BCD) and unweighted
UniFrac (Lozupone & Knight, 2005). The microbial taxa (mainly at
the phylum level, although the Proteobacteria were split into classes
for increased resolution) primarily responsible for the differentiation
between samples were identified and visualized using the gg_envfit
function (999 permutations, alpha =.05) in the package cGorbipLOTS
version 0.3.0. We then conducted permutational multivariate analy-
ses of variance (PERMANOVAs) using sampling time or sample type
as a factor to test for significant differences in composition between
time points and to compare D.gouldii samples with the surrounding
sand and water. To investigate how changes in each environmental
variable, as well as time, affected the compositions of the D.gouldii
microbial community, we generated a generalized dissimilarity model
(GDM), which describes the rate of compositional turnover along en-
vironmental gradients (Ferrier et al., 2007), using the package com
version 1.3.11 (Manion et al., 2018). We ran this model using BCD
and plotted the I-splines of each predictor variable that was found to
be significantly correlated with dissimilarity. We further estimated
the relative impact of each predictor on BCD using the percentage
deviance explained by that predictor when the rest were kept con-
stant (Picazo et al., 2020).

To gain a finer scale understanding of which microbial taxa were
driving community differentiation between years of sampling, we
undertook an indicator species analysis using the package inpic-
species version 1.7.8 (De Caceres & Legendre, 2009). This approach
uses relative abundance and occurrence data to determine associa-
tions between groups of samples and taxa and test for the signifi-
cance of such associations using permutation tests. We identified
ASVs as indicators strongly correlated with a sampling point if they
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represented an indicator value >0.7 associated with a p <.05 (Ross
etal., 2017, 2018).

Finally, we identified the subset of the microbiome that was sta-
ble through time, commonly referred to as the “core microbiome,”
suggesting a functional or ecological link between host and microbe.
We defined the core as those ASVs present in at least 90% of all
samples, as has been done previously in studies of this size (e.g.
Lawler et al., 2016; Lorenzen et al., 2015).

3 | RESULTS
After DNA extraction, one sample from 2018 was not sequenced
due to very low yield. Due to lack of adequate sequence depth, we
excluded two samples from 2008, one sample from 2019 (<8000
sequences) and one water sample (<3000 sequences). Negative
controls produced fewer than 150 sequences and an Escherichia
coli-positive control returned 99.8% of sequences matching E.coli,
indicating minimal contamination. The remaining D. gouldii samples
produced a total of 497,180 sequences after quality and taxonomic
filtering, with an average and standard deviation of 15,066 + 6131
sequences per sample (Neu et al., 2020). These sequences formed
2195 unique ASVs and represented 48 bacterial and archaeal phyla.
After rarefying to 8000 sequences per sample, 2112 ASVs remained
and representatives of all 48 phyla were retained. Nearly all sam-
ples were dominated by a few taxonomic groups including the
Alphaproteobacteria, Gammaproteobacteria, Planctomycetota and
Campilobacterota (Figure 1b). The 2019 samples, which included
D.gouldii individuals as well as seawater and sand, contained 3356
ASVs after rarefying to 3000 sequences per sample. Alpha diver-
sity within D.gouldii was substantially lower than that of the sur-
rounding environment (Figure 2a). Environmental samples were
also compositionally distinct from D.gouldii samples, with each
harbouring characteristic microbial taxa (Figure 2b,c). The phylum
Campilobacterota, for example, was prevalent in D.gouldii, but was
not found in the surrounding environment. Conversely, members of
the phyla Acidobacteriota and Chloroflexi were abundant in both
sand and water but were exceedingly rare in D.gouldii (Figure 2c).
Contrary to expectations of DNA degradation, the raw sequence
counts, DNA yield and post-PCR DNA concentration all showed de-
creasing but non-significant trends over time. The directionality of
these trends is opposite of the expectation of preservational bias.
Raw sequence counts and DNA vyield were also not significantly
different using a Kruskal-Wallis test (p = .111 and p = .837, re-
spectively), but post-PCR DNA concentration did show significant
differences (p = .0027), with 2018 samples presenting the lowest
average values (Figure S2), inconsistent with the expectation of DNA
degradation over time. Furthermore, no significant differences in
dispersion between time points (BCD: p = .197; UniFrac: p = .262)
were evident using homogeneity of dispersion tests, indicating
that cross-contamination of individuals in 2008 and 2011 samples
is highly unlikely. Finally, a Venn diagram of ASVs by sampling time
showed that 2008 and 2011 shared a number of taxa with the other
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temporal bins and contained more unique sequences than the most
recent samples from 2019 (Figure S3). Samples from 2018, how-
ever, had more than twice as many unique ASVs as any other time.
Although the reason for the increase in unique ASVs in 2018 is un-
clear, the results of our other tests for preservational effects suggest
that this increase is probably a true biological signal. In aggregate,
the metrics used here provide little support for the hypothesis of sig-
nificant preservational bias in our samples (see Section 2 for details).

The D.gouldii microbiomes did not show any significant temporal
trends, or significant differences between time points, in the two
alpha diversity metrics tested, average Shannon's index or the log-
arithm of observed ASV counts (Kruskal-Wallis test, p = .111 and
.120, respectively; Figure 1d). This stability was a consistent pattern,
as no significant correlations were evident between our alpha diver-
sity metrics and any of the environmental variables tested, including
SST, salinity and chlorophyll a concentration (Figure 3; Table S1). This
was further confirmed by a stepwise linear regression model, which
found that no combinations of these variables were significantly cor-
.054, p = .15). These
results are contrary to our hypotheses of decreasing alpha diversity

related with alpha diversity (best-fit model: R? =

with increasing SST and chlorophyll a concentration and suggest
that the alpha diversity of D.gouldii-associated microbiomes may not
be significantly impacted by external factors.

Despite the high level of stability in alpha diversity, samples
from each year were significantly different compositionally, and
showed significant divergence from the surrounding environment,
as confirmed by PERMANOVAs using BCD and unweighted UniFrac
(Figures 2 and 4). Interestingly, the PCoA results using BCD sepa-
rated the 2011 samples from the other collection years along Axis
1, while the unweighted UniFrac metric separated these groups
along Axis 2 (Figure 4). However, both analyses show that the dif-
ferentiation of 2011 samples from the other years is primarily due
to high abundances of members of the phyla Campilobacterota
and Fusobacteriota (Figure 4). The differences among other
years, on the other hand, are driven by a diverse set of taxa. For
the analyses using BCD, these include Gammaproteobacteria,
Patescibacteria and Planctomycetota, while a group of low-
diversity and very low-abundance (<100 sequences) phyla such
as Methylomirabilota and Deinococcota play a role in separat-
ing samples along Axis 1 in the analysis using the UniFrac metric

(o))
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(Figure 4). This difference reflects the different properties of the
metrics used—BCD primarily reflects changes in relative abun-
dance while unweighted UniFrac provides a more evolutionary
perspective, highlighting phylogenetic distances between taxa in
individual samples, thus allowing unique low-abundance taxa to
play a significant role in differentiation. The distinctiveness of the
2011 samples is probably due to the fact that they were collected
in May versus February and March, when SST was 1.6°C higher
than at other time points (Table 1). However, the 2008, 2018 and
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2019 samples were still significantly different from one another
when the 2011 samples were excluded from analysis (Figure S4).
Results from the GDM analysis complemented these findings and
showed that the observed changes in BCD over time were sig-
nificantly correlated with changes in SST, salinity and collection
year, but not chlorophyll a concentration (Figure 5). Overall, these
three variables explained 36.01% of the variation in the data, with
SST contributing the most to this explanatory power. These re-
sults should be interpreted with caution, however, as the limited
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number of time points and collection month of the 2011 samples
(May vs February-March) may contribute to the high explanatory
power of SST in this case.

Indicator species analysis showed that 2011 had the largest
number of indicator taxa (26 ASVs), while 2008 had the fewest
(two ASVs) (Figure S5, Table S2). Phylogenetic affinities of ASVs
identified as indicators varied greatly among the years. For ex-
ample, one of the indicator ASVs in samples from 2008 belonged
to the genus Endozoicomonas, which primarily comprises taxa
that live endosymbiotically with metazoan hosts, while the other
could not be assigned at the phylum level. In contrast, indicator
ASVs for 2011 were distributed across multiple phyla, including
Campilobacterota and Fusobacteriota, which were the main groups
separating 2011 samples from the rest in our PCoAs (Figure 4),
as well as Firmicutes, Proteobacteria and Bacteroidota. The most
significant indicators in 2011 came from the genus Fusibacter and
family Arcobacteraceae, which include a number of opportunistic
pathogens. For 2018, indicator ASVs were mainly members of the
order Verrucomicrobiales, which includes a wide array of life strat-
egies (Navarrete et al., 2015), while those for 2019 included mem-
bers of the copiotrophic genus Shewanella, the host-dependent
genus Mycoplasma, as well as the phylum Spirochaetota and some
unassigned taxa.

Indicator ASVs contributed substantially to the commu-
nity compositions of samples in their respective years. In 2008,
for example, the two indicator ASVs contained 20.54 + 10.58%
(mean + SD) of sequences on average, despite comprising <2% of
the relative abundance of any other sample (Figure S6). In the 2011
samples, sequences from indicator ASVs accounted for nearly half
(49.51 + 25.13%) of the mean relative abundance (Figure S6), which
may further explain why the microbiome compositions of individ-
uals collected that year are so distinct from the other time periods
(Figure 4). Similarly, the indicators of 2018 comprised 12.50 + 7.58%
mean relative abundance, although they were scarce (<0.5% mean
relative abundance) in other time points (Figure Sé). Interestingly,
the 2019 indicators made up the lowest proportion of sequences,
comprising 8.51 + 2.54% relative abundance, on average, despite the

more than nine-fold increase in chlorophyll a concentration during
this time (Figure Sé).

Although there was significant differentiation in the compo-
sition of D.gouldii microbiomes over time and across changing
environments, the four sampled time points shared 66 ASVs in
common (Figure S3), which may constitute a resident microbiome
at this locality. Six of these ASVs were present in >90% of sam-
ples sequenced, representing a more stringent “core” microbiome
for D.gouldii (Lawler et al., 2016; Lorenzen et al., 2015). These in-
cluded members of the genera Blastopirellula and Rubripirellula, an
ASV within the family Helicobacteraceae, a member of the gam-
maproteobacterial order HglApr721 and two ASVs which were
assigned above the ordinal level (Table S3). These six core ASVs
accounted for between 3.3% and 73.2% relative abundance, de-
pending on the sample, with the lowest percentages occurring in
2011 (Figure S7).

4 | DISCUSSION

The lack of significant temporal trends in DNA yield, post-PCR
DNA concentration, raw sequence counts or alpha diversity from
2008 to 2019 strongly suggests that storage in 95% ethanol at
4°C was sufficient for the preservation of D. gouldii microbiomes.
Furthermore, dispersion between samples was not significantly
different between years sampled here, indicating that there was
as much intra-annual variability in 2008 as there was in 2011,
2018 or 2019. Thus, it is also unlikely that there was any signifi-
cant homogenization of the microbiome or contamination due
to storage conditions, which should have led to lower variability
between samples preserved together compared to fresh sam-
ples. The largest numbers of unique sequences were present in
our 2018 samples, but other archival (2008 and 2011) as well as
freshly collected (2019) samples each had substantial numbers of
unique ASVs as well. Together, these results show that the tempo-
ral trends in the D.gouldii microbiome documented here probably
represent real biological signals rather than artefacts of long-term
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sample preservation. In particular, the presence of large numbers
of unique ASVs in our archival samples shows the importance of
archival samples in capturing the compositional breadth of host
microbiomes, something that cannot be done by sampling single
time points.

The alpha diversity of the D.gouldii microbiome showed striking
stability over the 11-year study period despite substantial variation
in both temperature and chlorophyll a concentration, which have
both been previously shown to decrease microbial diversity in free-
living systems (Gilbert et al., 2012; Wemheuer et al., 2014), while
temperature has also been shown to decrease diversity in host-
associated microbiomes (Li et al., 2018). The mechanism allowing
for the maintenance of stable diversity in D.gouldii remains unclear,
but could reflect a level of control asserted by the host (e.g., an im-
mune response; Foster et al., 2017), competitive exclusion between
members of the microbial community, or a physical barrier to further
colonization, such as space limitation. It has also been suggested that
changes in microbial richness may be driven by host physiology (e.g.,
gut length), stage of development or diet composition, among other
factors (Reese & Dunn, 2018). It is unlikely that any of these proper-
ties changed substantially in the sampled individuals of D.gouldii. All
samples used in this study were between 15 and 20 mm in length,
indicating they were all fully developed adults between 1.5 and
3 years of age (Coe, 1955). Diet, however, may have varied between
collection times, because D.gouldii are filter feeders, but each pop-
ulation sampled was likely to come into contact with similar types
of food, including detritus, phytoplankton and bacteria themselves
(Coe, 1948) as they were collected from the same location year after
year and only occupy a band of the intertidal zone that is 2-5 m wide
(Coe, 1955). Samples from 2019 were probably exposed to a greater
abundance of phytoplankton due to the ongoing bloom, but this did
not have a significant impact on alpha diversity.

The compositions of the D.gouldii microbiomes were primarily
dominated by clades previously associated with healthy marine bi-
valves (Pierce et al., 2016), although at different relative abundances.
However, they were compositionally distinct from the microbi-
omes of a number of marine invertebrates collected at an adjacent
rocky intertidal site, which were dominated by Fusobacteriota,
Verrucomicrobiota and others (Neu et al., 2019). The compositions
of D.gouldii microbial communities were also significantly different
from one another between sampling events. These changes were
most strongly correlated with SST, followed by salinity and year of
collection. Shifts in microbiome compositions seen here are simi-
lar to those in previous temperature stress experiments with ma-
rine bivalves, showing an increase in the relative abundance of the
family Arcobacteraceae, a member of the phylum Campilobacterota
(Lokmer & Wegner, 2015). However, natural changes in SST ob-
served across this study were markedly lower than those used in
previous short-term climate change experiments: 4-14°C (Li et al.,
2018; Lokmer & Wegner, 2015) versus a range of ~1.6°C from 2008
to 2011. Similarly, differences in salinity have been shown to alter
microbiome composition in experiments with multiple hosts in-
cluding seaweeds (Saha et al., 2020) and corals (Réthig et al., 2016),
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although salinity variations in such experiments (8-19 practical sa-
linity units (psu)) are typically much larger than the natural variations
seen here (<0.1 psu). Decade-scale microbiome differentiation has
been previously shown in the human gut, although nearly 60% of
bacterial phylotypes persisted over more than a decade (Faith et al.,
2013). Donax gouldii microbiomes, on the other hand, showed signif-
icant turnover, with only six core ASVs identified. This is probably
due to the fact that the same humans were repeatedly sampled in
previous studies, while new populations of D.gouldii were surveyed
at each sampling point due to their relatively short lifespan.

The compositional changes outlined above were largely driven
by the proliferation of the indicator ASVs at each time point. In the
2011 samples, the dominance of the indicator ASVs may have been
due to their roles as potential pathogens. The genus Fusibacter, for
example, has been found in association with disease states in ma-
rine organisms, such as black band disease in corals (Meyer et al.,
2016) and Pacific oyster mortality syndrome (de Lorgeril et al.,
2018), while some members of the family Arcobacteraceae are
known human pathogens (Collado & Figueras, 2011; Vandenberg
et al., 2004) and have been associated with stressed, diseased and
dead marine molluscs (King et al., 2019; Lokmer & Wegner, 2015;
Madigan et al., 2014). These taxa may have opportunistically col-
onized D.gouldii hosts as a result of increased temperature stress
and/or other seasonal effects (including nutrient availability, pho-
toperiod, etc.) experienced by the 2011 samples. The most promi-
nent indicators in the 2019 samples, which were collected during a
phytoplankton bloom, included members of the genera Shewanella
and Mycoplasma, which have recently been found in association
with a number of healthy marine molluscs (King et al., 2012; Neu
et al., 2019). Members of these genera are known to break down
complex polysaccharides and may play a role in algal digestion
(lvanova et al.,, 2001; Nam et al., 2018). Phytoplankton bloom-
associated taxa, including members of the SAR11, Flavobacteria,
MGII Archaea (Needham & Fuhrman, 2016) and Planctomycetota
(Morris et al., 2006; Zeigler Allen et al., 2012) clades, were scarce
among the 2019 indicator ASVs, with only one member of the phy-
lum Planctomycetota represented. These taxa were present in the
environmental samples collected in 2019, with Planctomycetota
and Flavobacteria representing 5.8%-14.9% and 2.4%-3.3% of
the relative abundance of sand and water samples, respectively.
Furthermore, SAR11 comprised 1.74% of the relative abundance in
the water sample. Overall, the environmental samples shared few
microbial taxa in common with D.gouldii, suggesting that the host
may be selectively enriching particular taxa from its environment
and sustaining rare microbial diversity not commonly detected in
the sand or water column (Troussellier et al., 2017). In the 2008
samples, only one of the indicator ASVs was able to be classified
past the level of domain, a member of the genus Endozoicomonas.
This genus has been of much interest over the past several years
due to its association with a wide array of marine hosts (Neave
et al., 2017; Schill et al., 2017). Although this particular ASV was
found in nearly every sample across the years, its massive pro-

liferation in 2008 is notable and may be due to its role in carbon
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sugar transport and protein secretion, which may provide bene-
fits to the host (Neave et al., 2017). Lastly, 2018 samples were
largely indicated by members of the Verrucomicrobiota, including
Roseibacillus and Rubritalea, two genera commonly found in the
water column, sediment and associated with macroalgae (Freitas
etal., 2012; Lachnit et al., 2011). These taxa may have been associ-
ated with particles in the water column that were filtered through
the gills and colonized to form biofilms. Unfortunately, sediment
or water samples were not available from 2018 to directly test this
hypothesis.

Finally, the six core ASVs identified here were the dominant
members of the community in many individuals, except in those
from 2011 (relative abundances ranging from 3.3% to 73.2% across
all samples). Therefore, there may be a small subset of bacterial
taxa that maintain a stable relationship with D.gouldii, whether
mutualistic, commensal or parasitic. The functional roles of these
taxa remain unclear because only two, members of Blastopirellula
and Rubripirellula, could be identified at the genus level and one,
a member of the Helicobacteraceae, could be identified at the
family level. Blastopirellula and Rubripirellula are relatively newly
described marine genera in the phylum Planctomycetota and con-
tain few representative species (Bondoso et al., 2015; Schlesner
et al., 2004). Interestingly, both of these genera have been de-
scribed previously as members of macroalgal biofilms (Bondoso
et al., 2015; Faria et al., 2018; Lage & Bondoso, 2014), while
Rubripirellula has also been found in association with particles
of marine plastics (Kallscheuer et al., 2019). Therefore, members
of these genera may be filtered from the environment and form
biofilms in the gills and other organs of D.gouldii, as these gen-
era were also found in surrounding sediments. Members of the
family Helicobacteraceae have been recently described in asso-
ciation with marine invertebrates including sea stars and anemo-
nes where they have been predicted to aid in sulphide oxidation
(Murray et al., 2016; Nakagawa et al., 2017). Future studies using
metagenomics and/or metatranscriptomics methods are needed
to better identify this core component of the D.gouldii microbiome
and their functional roles.

Together, our results indicate that for some hosts, seasonal or
larger scale environmental changes may not lead to major changes
in the diversity of their microbiomes, but they may be enough to
significantly alter their microbiome compositions. This has potential
implications for predicting the impacts of anthropogenic change,
as an increase in global mean SST of 0.6-3.2°C is currently pre-
dicted for the year 2100 (Aral & Guan, 2016), alongside a decrease
in the scale of natural spring phytoplankton blooms (Sommer &
Lengfellner, 2008) and increase in the frequency of harmful algal
blooms (Hallegraeff, 2010). In this study, a seasonal temperature
increase showed the strongest impact on shifts in the microbiome
of D.gouldii. A major phytoplankton bloom, on the other hand, did
not seem to disrupt the microbiome more than normal temporal
turnover, as GDM analysis did not identify chlorophyll a concen-
tration as a significant driver of microbial community composition.

Furthermore, samples from 2019 were compositionally distinct from
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the environment, suggesting that D.gouldii may be able to filter par-
ticular taxa from its environment despite an increase in phytoplank-
ton density and act as a reservoir for rare or dormant taxa from the
surrounding sand and seawater. These samples also had the lowest
contribution from indicator ASVs and large contributions from the
“core” ASVs. More study on this topic is clearly warranted, however,
as it is unclear how host-associated microbiomes respond through-
out a phytoplankton bloom or in response to blooms of different
species.

5 | CONCLUSION

By leveraging historical samples collected at a single site during mul-
tiple years over more than a decade, we have shown that ethanol-
preserved samples, a previously untapped resource in microbiome
research, can be used to better understand how microbiomes of wild
populations of marine hosts respond to environmental changes on
longer timescales than would be tractable through laboratory ex-
periments. The alpha diversity of microbial communities associated
with D.gouldii remained surprisingly stable in the face of increases
in temperature and chlorophyll a, but the underlying community
composition was much more dynamic, with high levels of differ-
entiation between collections. Specifically, increases in ambient
temperature and salinity significantly altered the microbiome com-
position, although other environmental factors may have also con-
tributed to this shift. Further work uncovering the functional roles
of dominant taxa in the community and how these change through
time and across environmental regimes will be critical for better un-
derstanding how individual hosts will be impacted in the years to
come. Such research should better utilize samples that have been
freshly preserved in ethanol, common in many museum and labora-
tory collections, although the utility of such samples for other taxa
or time frames need to be evaluated. The tests for preservational
biases proposed here have been well validated by the palaeontologi-
cal community and can help in this regard. Hopefully, future stud-
ies of archival material will allow us to extend our understanding of
host-microbe associations much further in the past than has been
possible so far.
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Supplemental Figure S1. Monthly average temperature (left), salinity (middle) and chlorophyll
a concentration (right) at Ellen Browning Scripps Memorial Pier from February-May of each
collecting year. Stars indicate months during which D. gouldii were collected and colors
correspond to the legend in the left panel.
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Supplemental Figure S2. Linear regression of the logarithm of raw sequence counts (left; R’ =
0.052; p = 0.107) and concentration of extracted DNA (center; R’ = 0.015, p = 0.497) and DNA
concentration after 16S PCR (right; R’ = 0.051; p = 0.109) over time. No discrete differences
were found between sampling times for raw sequence counts (X? = 6.006, p = 0.111) or
extracted DNA concentration (X? = 0.853, p = 0.837) via Kruskal-Wallis test. Post-PCR DNA
concentration did show discrete differences between time points, with 2018 samples presenting
the lowest average concentration (X = 14.188; p = 0.0027).
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Supplemental Figure S3. Venn Diagram showing shared and unique ASVs between each
sampling time point.
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Supplemental Figure S4. Principal coordinate analysis plot of (A) Bray-Curtis dissimilarity
(PERMANOVA: R? = (0.334, p < 0.001; betadisper: p = 0.153) and (B) unweighted UniFrac
(PERMANOVA: R? = 0.166, p < 0.001; betadisper: p = 0.200), excluding 2011 samples,
colored by collection year.
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Supplemental Figure S5. Barplot of the number of indicator ASVs identified for each collection
year (indicator value = 0.7, p < 0.05), colored by lowest taxonomic classification possible using
the Silva database v138.
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Supplemental Figure S7. Relative abundance of the six core ASVs, present in >90% of

samples, in each sample, sorted by collection year.
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Supplemental Table S1. Statistical results of linear regression models of alpha diversity metrics
versus environmental data.

Year F-statistic R’ p
Log(Observed) vs. SST 0.93 0.0021 0.34
Shannon vs. SST 0.0055 0.032 0.94
Log(Observed) vs. Salinity 0.45 0.018 0.51
Shannon vs. Salinity 0.55 0.014 0.46
Log(Observed) vs. Chl a 1.64 0.020 0.21
Shannon vs. Chl a 0.70 0.0096 0.41
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Supplemental Table S2. Indicator ASVs from each collection year.

Year ASV ID Indicator p- Kingdom Phylum Class Order Family Genus Species
Value value
2019 0TU1811 0.998 0.001 Bacteria Pra ia teria Alter Shewanella
0TU2048 0.983 0.001 Bacteria Firmicutes Bacilli eae
0TU914 0.958 0.001 Bacteria P; ibacteria Gracili ia JGI_0000069-P22
0TU2054 0.933 0.001 Bacteria Firmicutes Bacilli eae
0TU905 0.93 0.001 Bacteria © ia © iia
0TU2047 0.928 0.002 Bacteria Firmicutes Bacilli eae
0TU379 0.925 0.001 Bacteria Bacteroidota Bacteroidia
0TU2028 0.874 0.001 Bacteria Spirochaetota Spirochaetia Spirochaetales Spirochaetaceae Spirochaeta_2
oTu74 0.816 0.001 Bacteria
0TU2025 0.801 0.003 Bacteria
0TU1371 0.745 0.003 Bacteria Pre ia phap ia Rhi Devosiaceae Maritalea
0TU1280 0.741 0.001 Bacteria Planctomycetota Plancotmycetes Planctomycetales Rubinisphaeraceae
oTuga 0.731 0.004 Bacteria
0TU1794 0.711 0.004 Bacteria Proteobacteria Gammaproteobacteria Cellvibrionales Halieaceae Halioglobus
2018 oTus4 0.952 0.001 Bacteria
0TU1512 0.923 0.001 Bacteria Proteobacteria Alphaproteobacteria Rickettsiales Anaplasmataceae Neorickettsia
0TU2194 0.842 0.006 Bacteria Verrucomicrobiota Verrucomicrobiae Verrucomicrobiales Rubritaleaceae Roseibacillus
0TU1261 0.839 0.001 Bacteria Planctomycetota Plancomycetes Planctomycetales
0TU2221 0.793 0.002 Bacteria Verrucomicrobiota Verrucomicrobiae Verrucomicrobiales DEV007
0TU2248 0.791 0.001 Bacteria Verrucomicrobiota Verrucomicrobiae Verrucomicrobiales Rubritaleaceae Rubritalea
0TU2232 0.726 0.008 Bacteria Verrucomicrobiota Verrucomicrobiae Verrucomicrobiales Rubritaleaceae Persicirhabdus
0TU534 0.707 0.002 Bacteria Bacteroidota Bacteroidia Flavobacteriales Flavobacteriaceae NS3a_marine_group
0TU1686 0.707 0.002 Bacteria Bdellovibrionota Oligoflexia Silvanigrellales Silvanigrellaceae Silvanigrella
0TU2246 0.707 0.002 Bacteria Verrucomicrobiota Verrucomicrobiae Verrucomicrobiales Rubritaleaceae Rubritalea spongiae
2011 0TU829 0.949 0.001 Bacteria Firmicutes Clostridia Peptostreptococcales- Fusibacteraceae Fusibacter
Tissierellales
0TU831 0.949 0.001 Bacteria Firmicutes Clostridia Peptostreptococcales- Fusibacteraceae Fusibacter
Tissierellales
0TU1704 0.949 0.001 Bacteria @ i ota @ teria @© terale: Arcobacteraceae Halarcobacter
0TU1705 0.949 0.001 Bacteria C: i terota C: teria C terale Arcobacteraceae
0TU1706 0.949 0.001 Bacteria © i ota C teria Campylobacterales Arcobacteraceae Poseideonibacter lekithochrous
0TU1809 0.949 0.001 Bacteria Proteobacteria teria Alteror b eae Shewanella
0oTU1810 0.949 0.001 Bacteria Pra ia teria Alter Shewanella
0TU1915 0.949 0.001 Bacteria Proteobacteria teria Oc illales Nitrincolaceae Neptuniibacter pectenicola
0TU1776 0.944 0.001 Bacteria Pra ia teria Alter C Colwellia aestuarii
0TU1707 0.944 0.001 Bacteria C: i terota C: teria C terale: Arcobacteraceae Poseidonibacter
0oTU889 0.931 0.001 Bacteria Fi iota Fi iia Fi iale: Fi iaceae Psychrilyobacter atlanticus
0oTU883 0.894 0.001 Bacteria Fusobacteriota Fusobacteriia Fusobacteriales Fusobacteriaceae Ilyobacter polytropus
0TU1777 0.894 0.001 Bacteria Pra ia teria Alter C Colwellia
0TU1799 0.894 0.001 Bacteria Proteobacteria teria Alterorn Psychrc eae Psychromonas
0TU1982 0.85 0.001 Bacteria Pra ia teria Vibrionales Vibrionaceae Photobacterium damselae
0TU1917 0.847 0.003 Bacteria Proteobacteria teria Oc illales Marinomonadaceae Marinomonas
0TU1711 0.837 0.002 Bacteria @ i ota @ teria @© terale Arcobacteraceae
0TU1910 0.837 0.003 Bacteria Proteobacteria teria Oc illales Halomonadaceae Cobetia
0oTU1914 0.837 0.002 Bacteria Pra ia teria Oc irillales Halomonadaceae Halomonas
0TU930 0.775 0.002 Bacteria Verrucomicrobiota Lentisphaeria P.palmC41
0TU1919 0.775 0.001 Bacteria Pra ia teria Oc irillales Marinomonadaceae Marinomonas
0TU1979 0.752 0.01 Bacteria Proteobacteria teria Alteron Pset omonadaceae Pseudoalteromonas
0TU1146 0.75 0.001 Bacteria Pl Pl Pirellulaceae
0TU371 0.707 0.005 Bacteria Bacteroidota Bacteroidia Bacteroidales Marinifilaceae
oTu474 0.707 0.004 Bacteria Bacteroidota Bacteroidia Flavobacteriales Flavobacteriaceae Aquibacter
0TU1452 0.707 0.005 Bacteria Proteobacteria phap teria Rt ale: Rt aceae
0TU1700 0.707 0.003 Bacteria @ i ota @ teria @© terale Arcobacteraceae
0TU1964 0.707 0.003 Bacteria Proteobacteria Gammaproteobacteria Nitrosococcales Methylophagaceae
2008 0TU1895 0.957 0.002 Bacteria Pr ia teria Oc irillale:
0TU2020 0.856 0.002 Bacteria
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Supplemental Table S3. Taxonomic classifications of the six core ASVs (occurring in >90% of

samples).
ASV ID Kingdom  Phylum Class Order Family Genus
OTU1728  Bacteria Proteobacteria Gammaproteobacteria HglApr721
OTU1726  Bacteria Proteobacteria Gammaproteobacteria
OTU2021  Bacteria
OTU1215  Bacteria Planctomycetota Planctomycetes Pirellulales Pirellulaceae Blastopirellula
OTU1171  Bacteria Planctomycetota Planctomycetes Pirellulales Pirellulaceae Rubripirellula
OTU1692  Bacteria Campilobacterota Campylobacteria Campylobacterales Helicobacteraceae
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CHAPTER 4

Microbiome divergence of marine gastropod species separated by the Isthmus of Panama
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Abstract

The rise of the Isthmus of Panama ~3.5 mya separated populations of many marine
organisms, which then diverged into new geminate sister species currently living in the Eastern
Pacific Ocean and Caribbean Sea. However, we know very little about how such evolutionary
divergences of host species have shaped their microbiomes. Here, we compared the microbiomes
of whole-body and shell-surface samples of geminate species of marine gastropods in the genera
Cerithium and Cerithideopsis to those of congeneric outgroups. Our results show that the effects
of the Isthmus on microbiome composition varied among host genera and between sample types
within the same hosts. In the whole-body samples, microbiome compositions of geminate species
pairs in the focal genera tended to be similar, likely due to host filtering, although the strength of
this relationship varied among the two groups and across similarity metrics. Shell-surface
communities showed contrasting patterns, with co-divergence between the host taxa and a small
number of microbial clades evident in Cerithideopsis, but not Cerithium. These results suggest
that (i) the rise of the Isthmus of Panama affected microbiomes of geminate hosts in a complex
and clade-specific manner and (ii) host-associated microbial taxa respond differently to

vicariance events than the hosts themselves.

Keywords

host-microbiome; Isthmus of Panama; geminate species; divergence; vicariance

Introduction
The formation of the Isthmus of Panama (IP) ~3.5 mya (O’Dea et al. 2016, Jaramillo

2018) led to a mixing of terrestrial faunas between North and South America, commonly known
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as the Great American Biotic Interchange (Simpson 1980, Leigh et al. 2014). In the marine
environment, however, the rise of the Isthmus separated populations of many species, which then
evolved to form geminate species pairs (Jordan 1908), with one currently inhabiting the nutrient-
rich upwelling zone of the Eastern Pacific Ocean and the other inhabiting the warmer, more
oligotrophic Caribbean Sea (Lessios 2008). Geminate species pairs provide a powerful set of
natural evolutionary experiments that have been used to investigate how closely related species
evolve under different environmental conditions (Lessios 1990, Marko and Jackson 2001,
Thacker 2017) and to better constrain rates of molecular evolution (e.g., Knowlton and Weigt
1998, Miura et al. 2010, O’Dea et al. 2016). However, it remains unclear how the microbiomes
of geminate hosts have diverged in response to this vicariance event. Although there is a
framework for examining how biogeographic isolation and environmental change may structure
the microbiomes of geminate hosts (Wilkins et al. 2019), host-associated microbial divergence
across the IP has so far only been studied using eggs of geminate species of echinoids (Carrier et
al. 2020).

Tests of concordance between divergence patterns of microbiomes and those of their
hosts rely on correlations between the phylogenetic relatedness of host taxa and the similarity of
their microbiomes, a pattern termed “phylosymbiosis” (Brooks et al. 2016, Lim and Bordenstein
2020). Under this model, geminate taxa are expected to harbor microbial communities that are
significantly more similar to each other than to more distantly related hosts currently living in the
same environment. This pattern may arise either as the result of co-phylogenetic divergence
between hosts and their associated microbes, host filtering, or both (Lim and Bordenstein 2020).
In the first case, geminate hosts and their microbiomes (or a subset thereof) are expected to

diverge in concert with one another after the closure of the IP, resulting in co-phylogenetic
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relationships between the geminate host clades and associated microbial taxa. In the second case,
aspects of the host environment such as morphology, immune function and diet (e.g., nutrient
and metabolite availability) may exclude certain microbial taxa while providing highly suitable
conditions for others (Mazel et al. 2018). Since closely related hosts, such as geminates, often
share many traits, they would be predicted to select for more compositionally similar microbial
communities. While they are distinct processes, co-speciation and host filtering are not mutually
exclusive pathways to phylosymbiosis, and have been shown to act in concert to generate
concordance between host evolutionary history and microbiome composition in some host
groups, such as corals (Pollock et al. 2018).

Here we use geminate species from two genera of marine gastropods, Cerithium and
Cerithideopsis, along with congeneric outgroups in each case, to test for phylosymbiosis
resulting from vicariance due to the rise of the IP. Among our focal host species, Cerithium
lutosum and Cerithium stercusmuscarum form a well-supported geminate species pair, with
Cerithium atratum as an outgroup (Miura et al. 2010; Fig. 1). Cerithideopsis mazatlanica and
Cerithideopsis valida diverged in the Eastern Pacific after the rise of the IP and are a geminate
clade to Cerithideopsis pliculosa in the Caribbean, with the Eastern Pacific Cerithideopsis
montagnei as a congeneric outgroup (Miura et al. 2010; Fig. 1). Both outgroups were sampled in
the same geographic locations as our geminate taxa (Fig. 1). The Cerithium species used here are
typically found in near-shore environments with close proximity to mangroves. Cerithium
stercusmuscarum largely occupies rocky shores in the Eastern Pacific, while its geminate
Cerithium lutosum and the outgroup Cerithium atratum are found in coral rubble or sandy flats
in the Caribbean. The Cerithideopsis species sampled here all occupy shallow, muddy

environments and associated mangrove habitats (Miura et al. 2010). Though all of these species
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forage in the mud, Cerithideopsis montagnei differs from its congeners by climbing mangrove
roots during high tides.

For each host, we used soft body tissues (hereafter “whole-body”) as well as swabs of the
shell-surfaces of multiple individuals (Table S1) to test the hypothesis that geminate species
pairs would harbor microbiomes that are both compositionally and phylogenetically more similar

to one another than to their sympatric congeners.

Methods

Sample collection

We sampled multiple individuals of each of seven different marine gastropod species
from our focal genera at four sites across the IP (Figure 1, Table S1). We swabbed the shell-
surface of each individual in the field using a sterile 152mm swab (Grenier Bio-One,
Frickenhausen, Germany), avoiding any visible patches of mud. At each site, we also sampled
the top 3 cm of sediment in a sterile 50 mL conical tube and collected two replicate seawater
samples by filtering 500mL of surface seawater through 0.22pm Sterivex filters
(MilliporeSigma, Burlington, MA, USA). Samples were transported on ice to the Naos Marine
Laboratory at the Smithsonian Tropical Research Institute (STRI), where they were kept at -
20°C. Subsequently, the whole-body of each individual was removed from the shell, triple-rinsed
with 95% EtOH and preserved at -20°C. Samples were later shipped to the University of
California, San Diego for DNA extraction and sequencing.

DNA extraction, amplification and sequencing

We used the Qiagen Blood and Tissue kit (Qiagen GmbH, Hilden, Germany) to extract

DNA from our samples, following the manufacturer’s instructions. We used the protocol of (Neu
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et al. 2021) to amplify and purify the V4 region of the 16S rRNA gene. The resulting amplicons
were sequenced on the MiSeq platform (Illumina, 2x250bp output) at the DNA Technologies
Core, University of California Davis. In order to verify host identities, we also amplified the
cytochrome oxidase ¢ subunit I (COI) gene from one individual of each host species using the
PCR protocol of (Miura et al. 2010). The PCR products were cleaned using an Exo-SAP
approach and Sanger sequenced at Eton Bioscience, Inc. (San Diego, CA, USA).

Sequence processing and statistical analyses

We used ‘DADA2’ v1.18.0 (Callahan et al. 2016) in R v4.0.3 (R Core Team 2013) to
process the 16S rRNA gene sequences. The resulting amplicon sequence variants (ASVs) were
assigned taxonomy using the Silva database v138 (Quast et al. 2013) and all sequences not
matching Bacteria or Archaea, as well as any chloroplasts and mitochondria, were removed. We
aligned the remaining sequences using MAFFT v7.310 (Katoh and Standley 2013) and
constructed microbial phylogenies for further analyses with FastTree v2.1.11 (Price et al. 2010)
using the GTR + CAT model and midpoint rooting.

For each host genus, we tested for differences in alpha diversity among the hosts using
two sets of metrics. First, we used the entire, unrarefied microbial dataset to estimate Hill
numbers with q of 0 and 1 for each sample using the package hilldiv v1.5.1 (Alberdi and Gilbert
2019a). Using Hill numbers with q = 0 does not account for relative abundance and is equivalent
to the number of observed ASVs, while q = 1 weights each ASV by its relative abundance and is
equivalent to the exponential of Shannon’s index (H”) (Alberdi and Gilbert 2019b). Second, we
generated 100 ASV tables, each rarefied to 3,000 sequences per sample, using the package
metagMisc v0.0.4 (Mikryukov 2018). We then calculated the number of observed ASVs and

Shannon’s H’ for each sample from each ASV table and used the average values to account for
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any differences in individual random draws. In both cases, we tested for differences between host
species using Kruskal-Wallis tests and further investigated significant differences using Dunn’s
tests in the package dunn.test v1.3.5 (Dinno 2017).

All subsequent analyses used both the unrarefied dataset, normalized via total sum
scaling (TSS) (McKnight et al. 2019), as well as the 100 rarefied datasets (3,000
sequences/sample), unless otherwise specified. We tested for differences in microbiome
composition between host species using permutational multivariate analyses of variance
(PERMANOVAs) in the package phyloseq v1.34.0 (McMurdie and Holmes 2013) with Bray-
Curtis Dissimilarity (BCD) and unweighted UniFrac Distance (Lozupone et al. 2011) as our beta
diversity metrics. We use both of these metrics in our analyses as they emphasize different
attributes; BCD includes relative abundance information, while unweighted UniFrac includes a
measure of phylogenetic relatedness of the sampled microbial taxa. We also conducted
PERMANOVAs on the TSS dataset to determine whether the host-associated microbiomes were
significantly different from the microbial communities in the sediment and water samples. We
tested for homogeneity of dispersions between species and sample types using the betadisper
function in vegan v2.5-7 (Oksanen et al. 2020) for all iterations.

To investigate the role of host phylogenetic distance on microbiome composition more
directly, we pooled together all microbial sequences from each individual host species. Since
Cerithium stercusmuscarum was collected from two sites, we pooled all sequences from this
species together but also pooled each site individually. We then clustered the samples using
unweighted paired group with arithmetic means (UPGMA), using both BCD and unweighted
UniFrac, and the TSS and rarefied datasets. To test the robustness of clustering, we calculated

Dunn’s Index for each node using the package clValid v0.7 (Brock et al. 2008). We used the
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normalized Robinson-Foulds metric (nRF) in the package phangorn v2.5.5 (Schliep 2011) to test
for congruency between the UPGMA plots and the host phylogeny generated from COI
sequences using FastTree v2.1.11 (Price et al. 2010) with the GTR + y model. For some samples,
relationships varied across different rarefied datasets, so we generated boxplots showing the
BCD and unweighted UniFrac distance between species across all 100 rarefied datasets.

To identify microbial clades contributing to similarities between geminate host species, we
generated network plots using sparse partial least squares discriminant analysis (SPLS-DA) in
the package mixOmics v6.14.0 (Rohart et al. 2017) at taxonomic levels ranging from ASV to
class. This analysis requires a log-ratio transformation and was only conducted on the unrarefied
dataset using a centered log-ratio transformation. Microbial taxa that were positively correlated
with the geminate species (r > 0.6) or negatively correlated with the congeneric outgroups (r < -
0.6) were considered to contribute to phylosymbiosis resulting from the rise of the IP (Demko
2021). To further investigate whether the taxa contributing to the differentiation between the
geminate clades and outgroups also demonstrated potential co-phylogenetic relationships with

the hosts, we used the parafit function in ape v5.4.1 (Paradis and Schliep 2019).

Results

Alpha Diversity

Cerithium: The whole-body microbiomes of all three species of Cerithium showed
similar Hill numbers at q = 0 (Fig. 2a) and observed ASVs after rarefying (Fig. Sla), and there
were no significant differences in total ASV richness between the geminate and outgroup species
(Tables S2, S3). However, at q = 1, the Hill numbers of C. atratum were significantly higher

than those of the geminate pair C. lutosum and C. stercusmuscarum (Fig. 2c, Table S2), as
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confirmed by Shannon’s H’ values in the rarefied dataset (Fig. S2a, Table S3). In the Cerithium
shell-surface microbiome, no significant differences were found between geminate and outgroup
species using any of the alpha diversity metrics (Figs. 2b, 2d, S1b, S2b, Tables S2, S3).
Cerithideopsis: In this group, whole-body samples showed significant differences in Hill
numbers at q = 0 (Fig. 2e; Table S2) and marginally significant differences in observed ASV
richness (Fig. Slc, Table S3). This was driven by the low diversity of C. montagnei, which was
significantly different from C. mazatlanica and C. pliculosa (Dunn’s tests: p < 0.05), but not C.
valida. Interestingly, the geminate and outgroup species did not show significant differentiation
at q = 1 (Fig. 2f; Table S2) or using Shannon’s index (Fig. S2c, Table S3), largely due to the
presence of a single C. montagnei sample with high diversity (Fig. 2e, Dataset S1). C. montagnei
showed significantly lower diversity than C. mazatlanica and C. pliculosa (Dunn’s test: p =
0.0084 and p = 0.005, respectively), but not C. valida, when this high diversity individual was
removed. In the Cerithideopsis shell-surface swabs, Hill numbers at q = 0 did not show
significant differences between the host species (Fig. 2g; Table S2), again due to a single high
diversity sample of C. montagnei (Fig. 2g, Dataset S1), though the rarefied observed ASV count
showed marginally significant differentiation (Fig. S1d, Table S3). Removing the high diversity
sample from the Hill number analyses resulted in significant differences between C. montagnei
and the higher diversity C. pliculosa and C. mazatlanica (Dunn’s test: p = 0.0129 and p =
0.0135, respectively), but not C. valida. When q = 1, significant differentiation (Table S2) was
driven by the difference between C. pliculosa and C. montagnei (Dunn’s test: p = 0.0244), as C.
mazatlanica and C. valida were not significantly different from either of these hosts (Fig. 2h).
These results were confirmed by Shannon’s H’ from the rarefied dataset (Fig. S2d, Table S3).

Taxonomic Composition
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Cerithium: Whole-body samples of individual host species were largely comprised of
Actinobacteriota, Alphaproteobacteria, Cyanobacteria and Gammaproteobacteria (Fig. 3a).
Interestingly, the most common group found in the geminate species C. lutosum and C.
stercusmuscarum was “Unclassified Bacteria”, as determined by the Silva database. A single
ASV within this group (ASV10677) comprised, on average, greater than 20% of the relative
abundance of the microbiome in these hosts. The closest named relative to this microbe is a
member of the phylum Chlorobi, Chloroherpeton thalassium (81.89% sequence similarity using
NCBI BLASTn). The two populations of C. stercusmuscarum whole-body samples were
differentiated by the relative abundances of the phyla Crenarchaeota, which was higher at Bique,
and Cyanobacteria, which was higher at Punta Culebra (Fig. 3a). Cerithium shell-surface
microbiomes were comprised mainly of Alphaproteobacteria, Bacteroidota, Cyanobacteria,
Gammaproteobacteria and Planctomycetota (Fig. 3b).

Cerithideopsis: Whole-body samples of these host species contained high relative
abundances of Alphaproteobacteria, Bacteroidota and Gammaproteobacteria. However, C.
montagnei showed higher abundance of Actinobacteriota while the geminate clade including C.
mazatlanica, C. valida and C. pliculosa had increased relative abundances of Planctomycetota
and Verrucomicrobiota (Fig. 3c). Cerithideopsis shell-surface microbiomes showed high relative
abundances of Alphaproteobacteria, Bacteroidota, Gammaproteobacteria and Planctomycetota
(Fig. 3d). However, C. montagnei shell-surfaces showed higher levels of Actinobacteriota and a
notable decrease in Cyanobacteria compared to the geminate species (Fig. 3d).

Microbial community compositions of sediment and water samples varied among the
collection sites, but nearly all were dominated by members of the class Gammaproteobacteria

and were compositionally distinct from the microbiomes of all host species (Fig. 3e).
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Host evolutionary history and microbiome composition

Results of PERMANOV As show that in both host genera, the microbiome compositions
of individual host species are distinct, regardless of tissue type, normalization method or beta
diversity metric used (Tables S4, S5), and significantly different from the environmental samples
(Table S6).

Cerithium: UPGMA clustering of whole-body samples was consistent with the
phylosymbiosis hypothesis when using BCD and either normalization method, with microbiomes
of geminate species C. lutosum and C. stercusmuscarum being compositionally more similar to
each other than to C. atratum (Figs. 4a, S3a). However, when C. stercusmuscarum individuals
were separated by collection site, C. stercusmuscarum samples from Punta Culebra were more
similar to C. lutosum than to the C. stercusmuscarum samples from Bique (Fig 5a). Analyses
using unweighted UniFrac showed a different pattern, with C. lutosum microbiomes clustering
closest to those from C. atratum with the C. stercusmuscarum populations as outgroups (Figs.
4a, 5a, S4a). UPGMA clustering of shell-surface samples from Cerithium did not match the host
phylogeny, regardless of distance metric or normalization method (Figs. 4b, 5b, S3b, S4b).
Instead, microbiome composition appeared to be determined by the local environment, as the
Caribbean species C. lutosum and C. atratum were more similar to each other than to either
population of the Eastern Pacific C. stercusmuscarum.

Cerithideopsis: When using BCD and the TSS dataset, UPGMA clustering of host
microbiome compositions mirrored the host phylogeny (Fig. 4c). However, BCD of samples
rarefied to 3,000 sequences produced mixed results depending on which of the 100 resampled
ASV tables was used (Fig. 4c). In 71% of the datasets, results were consistent with the

hypothesis of phylosymbiosis, but in the other 29% of cases C. valida microbiomes were shown
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to be more similar to those of C. montagnei than to those of its sister species, C. mazatlanica, or
the geminate C. pliculosa. This appears to be driven by the compositional dissimilarity between
individuals of C. valida, as the BCD between this species and other Cerithideopsis encompass a
large range of values (Fig. S3c). Clustering the TSS dataset using unweighted UniFrac distance
does not support the phylosymbiosis hypothesis. However, the rarefied OTU tables once again
presented split patterns, with 86% of the results being consistent with predicted phylosymbiosis
(Fig. 4c, S4c). In contrast to the whole-body samples, shell-surface microbiomes of the
Cerithideopsis geminate clade consistently clustered together, with C. montagnei as the
outgroup, regardless of the distance metric or normalization method used (Figs. 4d, S3d, S4d).

Unique microbial associates of geminate hosts

Cerithium: Only one ASV (ASV10677) significantly differentiated whole-body samples
of C. lutosum and C. stercusmuscarum from C. atratum (Fig. S5). As discussed above, this ASV
was the most dominant member of the C. lutosum and C. stercusmuscarum communities but was
not highly abundant in the C. atratum microbiome (Fig. S5). In the shell-surface communities,
no individual taxa could significantly differentiate the geminate pair from C. atratum.

Cerithideopsis: These samples contained several microbial taxa that significantly
differentiated the geminate clade of C. mazatlanica, C. valida and C. pliculosa from the
outgroup, C. montagnei. In the whole-body, two genera and four families were significant
drivers of this differentiation (Fig. S6, Table S7), while shell-surface swabs contained four
genera, five families, four orders and two classes of microbes which separated the geminates
from C. montagnei (Fig. S7, Table S7).

Host-microbe co-phylogenetic relationships
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Cerithium: We were unable to test for potential co-phylogenetic relationships between
Cerithium samples and the microbial clades driving differentiation between geminates and the
outgroup, as only a single ASV was responsible for this pattern in the whole-body samples, and
none differed significantly between the geminate and outgroup shell-surface samples (Table S7).

Cerithideopsis: Whole-body samples of this genus did not show any co-phylogenetic
relationships across multiple levels of microbial taxonomy (Table S7). In the shell-surface
swabs, however, two families (A4b and Thermoanaerobaculaceae), two orders (SBR1031 and
Thermoanaerobaculales) and the class Gammaproteobacteria all showed significant co-

phylogenetic relationships with the host (Table S7).

Discussion

Whole-body and shell-surface samples of tropical marine gastropod hosts from the
genera Cerithium and Cerithideopsis house diverse, complex and host-specific microbial
communities. The richness of ASVs was surprisingly similar across host genera in both the
whole-body and shell-surface samples, with the exception of relatively low diversity in
Cerithideopsis montagnei. This may reflect the unique ecology of C. montagnei, which forages
in the mud like the other Cerithideopsis species, but climbs mangroves during high tide,
potentially reducing its exposure to taxa present in the seawater that surrounds its congeners,
resulting in reduced diversity. Differences in microbial diversity between the geminate taxa and
their congeneric outgroups are most evident using diversity metrics that account for relative
abundances. The geminate pair Cerithium lutosum and C. stercusmuscarum had significantly
lower Hill numbers at q = 1 and Shannon’s H’ compared to their congeneric outgroup, C.

atratum. These metrics suggest that fewer taxa dominate the microbiomes of these geminate
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species as compared to C. atratum. Within Cerithideopsis, the trend is reversed, with C.
montagnei harboring reduced diversity compared to its geminate congeners using these metrics.

Compositionally, the whole-body and shell-surface microbiomes of Cerithium and
Cerithideopsis species were distinct from one another but were comprised of taxa commonly
associated with marine invertebrate hosts. Many of the dominant microbial clades in the whole-
body samples, including Alphaproteobacteria, Gammaproteobacteria and Planctomycetota, have
been found previously in marine molluscan tissues (Neu et al. 2019, 2021). The shell-surfaces of
Cerithium and Cerithideopsis species also contained a number of clades previously found on
shells of other marine invertebrates, including Alphaproteobacteria, Bacteroidota and
Cyanobacteria (Pfister et al. 2010, Arfken et al. 2017). In contrast, our environmental samples
were largely dominated by Gammaproteobacteria, which are commonly found in seawater and
intertidal sediment communities (Wang et al. 2012, Sunagawa et al. 2015). Thus the microbiome
compositions of all of our host species are distinct from that of the ambient environment, as is
common in marine invertebrates (e.g., Chu and Vollmer 2016, Neu et al. 2019).

Similarities of microbiomes of geminate species varied considerably depending on the
host genus, the type of sample and the metric used. Cerithium whole-body samples conformed to
a phylosymbiosis pattern when using BCD, as C. lutosum was more similar to its geminate C.
stercusmuscarum than to C. atratum samples from the same environment. However, when using
unweighted UniFrac, C. lutosum clustered more closely with C. atratum than C.
stercusmuscarum. These results suggest that the relative abundances of certain microbial taxa are
more similar between the geminate species than the congeneric outgroup, while microbial taxa
occurring on the same side of the Isthmus tend to be closer evolutionarily. A single ASV,

ASV10677, was primarily responsible for the similarity between the geminates Cerithium
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lutosum and C. stercusmuscarum observed in the BCD dataset. Although this ASV was present
in all three Cerithium hosts, its relative abundance was nearly an order of magnitude higher in
the geminates when compared to C. atratum. ASV10677 was also found in all of our sediment
and water samples, but at <1% relative abundance, suggesting selective enrichment in C. lutosum
and C. stercusmuscarum. The reason for this is unclear, though the closest named relative to this
taxon is Chloroherpeton thalassium, a green sulfur bacterium (Gibson et al. 1984), suggesting a
potential role in sulfur cycling. The Cerithium geminate species are found associated with
mangrove sediments, where sulfur cycling occurs (Varon-Lopez et al. 2014), while C. atratum is
often found further out on the reef flat.

When the two sampled populations of Cerithium stercusmuscarum were analyzed
separately, the BCD dataset showed a different pattern. Though the geminate species were
separated from the congeneric outgroup, C. atratum, C. stercusmuscarum populations did not
cluster together, potentially due to their positions on opposite sides of the Panama Canal (Fig. 1).
This shows that intraspecific, site-level differences in microbiome composition can be greater
than the differences observed between species and should be accounted for in future studies.

Shell-surface microbiomes of Cerithium did not show any significant geminate signal,
regardless of the metric used. Thus, the ambient environment may have a greater impact on
shell-surface microbiome composition in this group than evolutionary history, especially as C.
atratum and C. lutosum were collected from the same site.

In the whole-body samples of Cerithideopsis, compositional similarities of geminate
hosts varied depending on the method used. In the TSS dataset, geminate species clustered
together if BCD was used, but not unweighted UniFrac, a result similar to that in Cerithium. In

our rarefied datasets, the outcomes were even more variable, with the geminate clade clustering
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together in 71% and 86% of random draws using the BCD and unweighted UniFrac metrics,
respectively. This highlights two important points. First, although rarefaction is commonly used,
and often recommended (Weiss et al. 2017, McKnight et al. 2019), for standardization of
microbiome data, our results show that in some cases, hypothesis testing using rarefied datasets
can produce different results than other normalization approaches. Second, using a single
rarefied ASV table to test hypotheses, as is common in microbial ecology, can be problematic
given the stochastic nature of individual rarefaction draws. Instead, we recommend using
multiple iterations to test the robustness of results using rarefied data. Finally, our network
analyses identified multiple taxa that helped differentiate the geminate clade from the outgroup,
C. montagnei, but none of these showed significant co-phylogenetic relationships with the host
group. Taken together, our results suggest that in the Cerithideopsis whole-body samples, host
filtering and/or host ecology likely drive any observed similarity between the microbiomes of the
geminate species. As stated above, the climbing behavior of C. montagnei may limit its exposure
to seawater microbes thus differentiating the microbiome composition of this species from its
entirely mud-dwelling relatives.

In contrast to the whole-body samples, shell-surface microbiomes of Cerithideopsis
species consistently mirrored the host phylogeny. Several microbial clades were responsible for
this differentiation between the geminate species and C. montagnei, some of which showed co-
phylogenetic relationships with these hosts. These include members of the microbial orders
Thermoanaerobaculales and SBR1031, and the class Gammaproteobacteria.
Thermoanaerobaculales is an order within the phylum Acidobacteriota, recently described from
freshwater hot springs (Dedysh and Yilmaz 2018). Little is currently known about this clade, but

members have been found in high abundance in intertidal sands (Taylor and Kurtz, Jr. 2020) and
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are present in many of our seawater and sediment samples, suggesting that these microbes may
be transferred from the environment to shell-surfaces. SBR1031 is an order of nitrifying bacteria
within the phylum Chloroflexi previously found in association with marine invertebrates (Cleary
et al. 2013, Morrow et al. 2016) and the mangrove rhizosphere (Xie et al. 2021). Since shell-
surfaces are sites of active nitrogen cycling and nitrification in the marine environment (Pfister et
al. 2010, Arfken et al. 2017), and members of this order were present in our sediment and
seawater samples, this association may also constitute an acquisition from the environment.
Gammaproteobacteria is a highly diverse clade common in the marine environment and many
marine hosts (Sunagawa et al. 2015, Chiarello et al. 2020), so in this case the processes driving a
co-phylogenetic pattern with Cerithideopsis are unclear. In general, it is surprising that
significant co-phylogenetic divergence between geminate hosts and their microbiomes was only
evident in shell-surface biofilms of Cerithideopsis, as these communities are expected to be more
influenced by the external environment than the biology of host (Mazel et al. 2018, Woodhams
et al. 2020).

While the formation of the IP led to predictable patterns of evolutionary divergence of
marine animal species on either side, our results show that this geologic event affected host-
associated microbiomes in a much more complex and context-dependent manner. Depending on
the geminate clade and host tissue sampled, we found evidence for (i) phylosymbiosis driven by
environmental filtering, (i) co-phylogenetic divergence of hosts and their microbial associates
and (iii) no discernable impact of host evolutionary history on microbiomes of geminate species.
These results could reflect multiple causes. First, an expectation of co-divergence between hosts
and their microbiomes due to the rise of the IP assumes that populations of individual microbial

taxa were originally present in both oceans and subsequently split by the closure of the IP,
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leaving representatives on both sides. However, microbiome compositions of marine invertebrate
hosts commonly differ substantially between populations of the same host species (e.g., Cleary et
al. 2013, Neu et al. 2019) as shown by our samples of Cerithium stercusmuscarum. If
populations of hosts did not share many microbes prior to being separated by the IP, it is perhaps
unsurprising that observed phylosymbiosis patterns are driven by a small number of taxa, rather
than being a community-wide trend. Second, for co-phylogenetic divergence of hosts and their
microbes to be detectable millions of years after a vicariant event, hosts and microbial taxa must
diverge at similar rates. However, due to their short generation times and differences in selective
pressures between the Caribbean and Eastern Pacific after the closure of the IP, the divergence
rates of microbial taxa in separate oceans were likely much higher than those of their hosts. Such
differences in evolutionary rates can decrease the phylosymbiosis signal and create closer
evolutionary relationships between microbial taxa currently present on the same side of the IP, as
we found in multiple cases. Unfortunately, current data limitations make this difficult to test, as
ancestral distributions of microbial taxa remain unknown and calibrating microbial phylogenies
also remains challenging (Louca et al. 2018).

Overall, our results suggest that ecological and evolutionary responses of host-associated
microbial communities to major vicariant events such as the rise of the Isthmus of Panama, are
complex and taxon-specific. Future comparative analyses of microbiomes of other geminate
hosts would be useful for better understanding how the microbiome compositions of marine

hosts have been shaped by major geological events.
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Figure 4.1. Map of sampling area. The map of Panama (bottom inset) shows the location of the
detailed map of the sampling area (left). Blue dots indicate sampling sites in the Eastern Pacific,
while pink dots indicate sampling sites in the Caribbean. Phylogenies of the species sampled
from each host genus (right) have colors to represent the side of the IP each species was sampled
from.
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Figure 4.4. Comparing host phylogeny to microbiome composition in the whole-body (A,C) and
shell-surface (B,D) communities of Cerithium (A,B) and Cerithideopsis (C,D) species. For each
sample type, we show the host phylogeny (left) and UPGMA plots generated using BCD and
TSS (top middle), BCD and rarefying (top right), unweighted UniFrac and TSS (bottom middle)
and unweighted UniFrac and rarefying (bottom right). Each UPGMA plot includes the
normalized Robinson-Foulds value (nRF) and Dunn’s index (DI) in blue. Multiple DI values
provide the clustering strength when the UPGMA plot is divided into two and three clusters,
respectively. Bolded numbers in (C) indicate the proportion of rarefied datasets which produce
the pattern shown. Tip shape refers to the genus (squares and circles for Cerithium and
Cerithideopsis, respectively) and color refers to the ocean basin of sampling (blue and pink for
Eastern Pacific and Caribbean, respectively).
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Figure 4.5. Comparing host phylogeny to microbiome composition in the whole-body (A) and
shell-surface (B) communities of Cerithium species, separated by collection site. For each
sample type, we show the host phylogeny (left) and UPGMA plots generated using BCD and
TSS (top middle), BCD and rarefying (top right), unweighted UniFrac and TSS (bottom middle)
and unweighted UniFrac and rarefying (bottom right). Tip color refers to the ocean basin of
sampling (pink and blue for Eastern Pacific and Caribbean, respectively).
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Supplemental Figure 4.1. Observed ASV richness, based on the average of 100 ASV tables
rarefied to 3,000 sequences per sample, for Cerithium (A,B) and Cerithideopsis (C,D) whole-
body (A,C) and shell-surface (B,D) samples. Asterisks indicate samples which were found to be
significantly different by Dunn’s test at p < 0.05 (*).
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Supplemental Figure 4.2. Shannon’s H’, based on the average of 100 ASV tables rarefied to
3,000 sequences per sample, for Cerithium (A,B) and Cerithideopsis (C,D) whole-body (A,C)

and shell-surface (B,D) samples. Asterisks indicate samples which were found to be significantly
different by Dunn’s test at p < 0.05 (*).

117



>
w

Bray-Curtis Dissimilarity
o o
® ©

Bray-Curtis Dissimilarity

= 09 |

o
J

o
=)

05
8 3 E] 3 3 E]
o o o o (&} o
x < x < < x
E 2 2 E 2 2
© 8 [$] © [$) )
Host Species Pair Host Species Pair
Cio Do

|

== _|

T s
T

o
o

Bray-Curtis Dissimilarity
o o
@ ©
Bray-Curtis Dissimilarity
8
-

o
3

b 3 § 3 § s b 3 § 3 § =
£ £ £ £ £ S £ £ £ £ £ S
(&} o o o o < o (6] (6] o o x
x < x x x = x < x x x =
é a 3 3 s 5 é 3 a 3 K] b
o
5 o o] e} G © o o o
Host Species Pair Host Species Pair
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Boxplots show all values across the 100 datasets rarefied to 3,000 sequences/sample.
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Supplemental Figure 4.4. Boxplots of unweighted UniFrac distance between each host species
pair in the Cerithium (A,B) and Cerithideopsis (C,D) whole-body (A,C) and shell-surface (B,D).
Boxplots show all values across the 100 datasets rarefied to 3,000 sequences/sample.
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Supplemental Figure 4.5. SPLS-DA network of ASVs (left) and relative abundance of
ASV10677 (right) in Cerithium whole-body samples.
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Supplemental Figure 4.6. SPLS-DA networks of microbial genera (left) and families (right) in
Cerithideopsis whole-body samples.
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Supplemental Figure 4.7. SPLS-DA networks of microbial genera (top left), families (top
right), orders (bottom left) and classes (bottom right) in Cerithideopsis shell-surface samples.
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Supplemental Table 4.1. The number of whole-body and shell-surface samples collected from
each host species at each site.

Host species Collection site Whole-body samples (#) Shell-surface samples (n)
Cerithium atratum Punta Galeta 5 7
Cerithium lutosum Punta Galeta 6 7
Cerithium stercusmuscarum Bique 7 6
Cerithium stercusmuscarum Punta Culebra 5 5
Cerithideopsis mazatlanica Bique 8 6
Cerithideopsis montagnei Bique 6 6
Cerithideopsis pliculosa Puerto Pilon 8 6
Cerithideopsis valida Bique 7 5

123



Supplemental Table 4.2. Results of Kruskal-Wallis tests comparing Hill numbers at q = 0 and q
= 1 across species within each host genus and body site, based on the unrarefied datasets.

Sample Type Diversity Metric X2 P
Cerithium whole-body q=0 5.396 0.145
Cerithium whole-body q=1 11.858 0.0079
Cerithium shell-surface q=0 4.326 0.228
Cerithium shell-surface q=1 5.172 0.16
Cerithideopsis whole-body q=0 9.902 0.0194
Cerithideopsis whole-body q=1 6.203 0.102
Cerithideopsis shell-surface q=0 6.541 0.088
Cerithideopsis shell-surface q=1 10.362 0.0157
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Supplemental Table 4.3. Results of Kruskal-Wallis tests comparing observed ASV richness and
Shannon’s H” across species within each host genus and body site, based on the average of 100
datasets rarefied to 3,000 sequences/sample.

Sample Type Diversity Metric X2 p

Cerithium whole-body Observed ASVs 5.483 0.251
Cerithium whole-body Shannon’s H’ 6.818 0.009
Cerithium shell-surface Observed ASVs 0.033 0.855
Cerithium shell-surface Shannon’s H’ 1.633 0.201
Cerithideopsis whole-body Observed ASVs 7.531 0.057
Cerithideopsis whole-body Shannon’s H’ 6.436 0.092
Cerithideopsis shell-surface Observed ASVs 7.662 0.053
Cerithideopsis shell-surface Shannon’s H’ 9.517 0.023
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Supplemental Table 4.4. PERMANOVA and betadisper results from all sample types,
normalized by total sum scaling, using both Bray-Curtis dissimilarity and unweighted UniFrac
distance. A significant betadisper p value in the Cerithium whole-body samples was found due to
the divergence between the two populations of C. stercusmuscarum; though after removing one
population from analysis, species were still found to be significantly different from one another
(PERMANOVAs: all p < 0.001, betadisper: all p > 0.2). In the Cerithideopsis whole-body
samples, a significant betadisper p value is unlikely to impact the interpretation of the
PERMANOVA results, as PERMANOVA is robust to heterogeneity of dispersions when sample

sizes are similar.

Sample Type

Cerithium whole-body
Cerithium whole-body
Cerithium shell-surface
Cerithium shell-surface
Cerithideopsis whole-body
Cerithideopsis whole-body
Cerithideopsis shell-surface
Cerithideopsis shell-surface

Diversity Metric
Bray-Curtis
Unweighted UniFrac
Bray-Curtis
Unweighted UniFrac
Bray-Curtis
Unweighted UniFrac
Bray-Curtis
Unweighted UniFrac
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F Model
5.226
1.802
3.537
1.660
3.484
2.082
4.149
1.475

RZ

0.343
0.153
0.243
0.131
0.295
0.200
0.396
0.189

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

betadisper
0.969
0.005
0.510
0.902
<0.001
0.086
0.466
0.455



Supplemental Table 4.5. PERMANOVA and betadisper results from all sample types,
normalized by rarefying to 3,000 sequences per sample, using both Bray-Curtis dissimilarity and

unweighted UniFrac distance.

Sample Type

Cerithium whole-body
Cerithium whole-body
Cerithium shell-surface
Cerithium shell-surface
Cerithideopsis whole-body
Cerithideopsis whole-body
Cerithideopsis shell-surface
Cerithideopsis shell-surface

Diversity Metric
Bray-Curtis
Unweighted UniFrac
Bray-Curtis
Unweighted UniFrac
Bray-Curtis
Unweighted UniFrac
Bray-Curtis
Unweighted UniFrac
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F Model
5.392
1.946
4.345
2.151
3.191
2.204
3.971
1.675

RZ

0.362
0.170
0.367
0.223
0.277
0.209
0.385
0.209

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

betadisper
0.278
<0.001
0.097
0.218
<0.001
0.054
0.397
0.714



Supplemental Table 4.6. PERMANOVA and betadisper results comparing host species to
environmental samples, normalized by total sum scaling, using both Bray-Curtis dissimilarity
and unweighted UniFrac distance.

Sample Type Diversity Metric F Model R? p betadisper
Cerithium whole-body Bray-Curtis 5.483 0.174 <0.001 0.283
Cerithium whole-body Unweighted UniFrac 3.026 0.074 <0.001 0.988
Cerithium shell-surface Bray-Curtis 5.297 0.117 <0.001 0.288
Cerithium shell-surface Unweighted UniFrac 3.014 0.070 <0.001 0.205
Cerithideopsis whole-body Bray-Curtis 6.315 0.126  <0.001 0.536
Cerithideopsis whole-body Unweighted UniFrac 2.667 0.057 <0.001 0.725
Cerithideopsis shell-surface Bray-Curtis 5.283 0.122  <0.001 0.417
Cerithideopsis shell-surface Unweighted UniFrac 2.133 0.053 <0.001 0.080
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Supplemental Table 4.7. Microbial taxa at each taxonomic level found to be significantly
associated with a geminate species group by SPLS-DA analysis. Bolded taxa are those

presenting potential cophylogenetic patterns with the host clade using parafit (p < 0.05). An “X”
indicates that no significant associations were found.

Sample type
Cerithium
whole-body
Cerithium
shell-surface
Cerithideopsis
whole-body

Cerithideopsis
shell-surface

ASV
ASV10677

X

X

X

Genus
X

X

Roseibacillus
Roseibacterium

Actibacterium
Aquimarina
Granulosicoccus
Sva0081

Family
X

X

DEV007

Gimesiaceae

Pirellulaceae
Rubinisphaeraceae

Adb

DEV007

Microtrichaceae
Thermoanaerobaculaceae
Xenococcaceae
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Order

Ardenticatenales
SBR1031
Steroidobacterales
Thermoanaerobaculales

Class

Desulfobacteria
Gammaproteobacteria
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CHAPTER 5

Defining and quantifying the core microbiome: challenges and prospects
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Abstract

The term “core microbiome” has become widely used in microbial ecology over the last
decade. Broadly, the core microbiome refers to any set of microbial taxa, or the genomic and
functional attributes associated with those taxa, that are characteristic of a host or environment of
interest. Most commonly, core microbiomes are measured as the microbial taxa shared among
two or more samples from a particular environment. Despite the popularity of this term and its
growing use, there is little consensus about how a core microbiome should be quantified in
practice. Here, we present a brief history of the core microbiome concept and use a
representative sample of the literature to review the different metrics commonly used for
quantifying the core. Empirical analyses have used a wide range of metrics for quantifying the
core microbiome, including arbitrary occurrence and/or abundance cutoff values with the focal
taxonomic level of the core ranging from phyla to amplicon sequence variants. However, many
of these metrics are susceptible to sampling and other biases. Developing a standardized set of
metrics for quantifying the core that consider such biases is necessary for testing specific

hypotheses about the functional and ecological roles of core microbiomes.

Keywords

core microbiome; microbiota; microbial ecology; 16S ribosomal RNA gene

Introduction
The search for the core microbiome has become widespread within the field of microbial
ecology. In general, a core microbiome can be defined as any set of microbial taxa as well as the

associated genomic or functional attributes characteristic of a specific host or environment
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(Turnbaugh et al., 2007; Hamady and Knight, 2009; Risely, 2020). This has led to a number of
studies focused on the genes (e.g., Turnbaugh et al., 2009), functional pathways (e.g., Jiang et
al., 2016), and metabolic profiles (e.g., Stefanini et al., 2017) common to microbial communities
in a number of environments. Most commonly, however, the search for the core microbiome
involves determining which taxa, if any, are shared among two or more microbial communities
in a given host species or environment (Shade and Handelsman, 2012). These shared taxa are
hypothesized to represent the most ecologically and/or functionally important microbial
associates of that host or environment under the conditions sampled. In fact, it has been
suggested that identifying core microbiome components may assist in addressing topics ranging
from the maintenance of human oral and gut health (Zaura et al., 2009; Béackhed et al., 2012) to
the responses of organisms to anthropogenic climate change (Ainsworth and Gates, 2016;
Hutchins et al., 2019). The potential utility of these core taxa has led researchers to identify core
microbiomes in a wide range of environments and hosts, from the skins of frogs (Christian et al.,
2018) to the Baltic Sea (Lindh et al., 2017) to activated sludge (Saunders et al., 2016), resulting
in a rapid increase in the number of studies that include a core microbiome component over the
past decade (Fig. 1).

Although analyses of the core taxonomic microbiome have provided a number of insights
into the microbial ecology of a multitude of environments and hosts (Zaura et al., 2009;
Lundberg et al., 2012; Ainsworth et al., 2015; Henderson et al., 2015), they often vary in their
criteria for quantifying the core. In general, this involves determining the proportion of samples
that share a set of microbial taxa, the relative abundances of shared taxa across samples or hosts,
or a combination of the two. The taxonomic level used to define the core can also vary, as a core

microbiome may be determined at the level of amplicon sequence variants (ASVs, sequences
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clustered at 100% sequence similarity), phyla, or anywhere in between. Furthermore, the spatial
and temporal scales over which a core microbiome is quantified are also variable, ranging from
samples collected at a single site to a global sampling of a particular host taxon, and from
samples collected at a single time point to multiple collections spanning days to years.

Here, we explore the diversity of methods that have been used to quantify core
microbiomes, determine which practices are most widely used in the literature, benefits and
challenges of this methodological variability, as well as implications for understanding the
ecological and evolutionary processes that produce and maintain core microbiomes. To do this,
we searched Google Scholar using the terms “core microbiome” OR “core microbiota” and
limited the search to studies published between 2008 and 2019 (search conducted on March 18,
2020). We selected the first 200 primary research articles (excluding reviews and computational
methods) which quantified a core microbiome of bacterial and archaeal taxa using 16S rRNA
gene amplicon sequencing, a common method for determining the diversity and composition of
prokaryotic communities. We then supplemented these articles with those previously
downloaded into our own personal reference libraries, using the same date range and
methodological criteria. This resulted in a representative sample of 224 studies published
between 2008 and 2019 that involve an analysis of the core microbiome (Fig. 2a, Dataset S1).
These studies are distributed across a variety of different plant and animal hosts, environments
(e.g., soil, seawater), and industrial processes (e.g., wastewater treatment, industrial
fermentation), which allowed us to further explore the methodologies for quantifying core
microbiomes across subfields of microbial ecology (Fig. 2b). Although some studies within our
sample set also determine a core fungal microbiome or core functional genes (see Dataset S1),

we have limited our analysis of the literature to core prokaryotic taxa, as these comprise the
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majority of published empirical studies. However, many of the major points discussed below are
also applicable to fungal taxa or functional core microbiomes. We also note that most of the
studies referenced here focus on the “core microbiota”, which includes the microbial taxa within
a particular environment, rather than the “core microbiome”, which includes the structure and
function of the community as well as the abiotic conditions in their particular environment (Berg
et al., 2020). While such distinction is useful, the published literature predominately uses the
term "microbiome" for both types of analyses (Dataset S1) and our use of the term “core

microbiome” here follows that practice.

History and evolution of the core microbiome concept

One of the original goals of the Human Microbiome Project (HMP) was to identify the
core microbiome or ... whatever factors are common among the microbiomes of all or the vast
majority of humans,” (Turnbaugh et al., 2007, p. 804). Thus, the term core microbiome is, by
design, incredibly broad, recognizing that there may be multiple types of characteristics shared
among different human microbiomes. These include individual genes, metabolic pathways,
microbial taxa, as well as any other mechanisms that may play a role in host-microbiome
interactions. Early studies commonly used a taxonomic approach, based on 16S rRNA gene
sequencing data, to quantify a core microbiome in lean, healthy humans as well as people with
specific phenotypes such as obesity (Turnbaugh et al., 2009) and inflammatory bowel disease
(Willing et al., 2010). However, these studies varied greatly in their ability to identify a set of
core microbial taxa consistently associated with humans. In the gut, for example, few taxa were
shared among individuals, and in some cases no overlapping operational taxonomic units

(OTUs), or clusters of sequences with a level of shared nucleotide identity, were found
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(Turnbaugh et al., 2009). In contrast, in the oral microbiome, a number of OTUs were identified
as members of the taxonomic core of healthy individuals (Zaura et al., 2009; Eren et al., 2014).
The heterogeneity of the results led to multiple different hypotheses about the core microbiome,
including that (i) cores may exist within certain human populations but not globally, (ii) a core
may be discernible only at a higher taxonomic level such as genera, or that (iii) the core may be
wholly functional, comprised of functional gene clusters rather than individual taxa (outlined in
Hamady and Knight, 2009). While these hypotheses are not mutually exclusive, they do provide
different insights into the nature and functioning of the human core microbiome. Further, these
early studies of human microbiomes provided a framework for subsequent analyses of core
microbiomes in a variety of non-human hosts and environments.

The first comprehensive overview of the conceptual basis for the core microbiome, by
Shade and Handelsman (Shade and Handelsman, 2012), revealed that the search for a core
microbiome was still largely in its discovery phase, relying heavily on Venn diagrams to identify
taxa (usually OTUs) shared among samples. They further outlined additional approaches for
future research, such as inclusion of relative abundances of taxa in identifying cores and
inclusion of a “persistent” or “dynamic” core microbiome measured across timescales (detailed
below). These advances have led to discoveries such as the stability of particular microbial
strains in the guts of individual humans (Faith et al., 2013) and that certain microbial taxa persist
across major transitions, such as the saltwater to freshwater migration in Atlantic salmon (Dehler
et al., 2017). Identification of core microbial taxa can also lead to better understanding of their
functional roles through targeted culturing or other ‘omics approaches (such as metagenomics or
meta-transcriptomics), as exemplified in the honeybee system (Sabree et al., 2012; Engel and

Moran, 2013). On the other hand, a few studies across phylogenetically diverse hosts, ranging
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from caterpillars to crustaceans, have found that the putative core microbiome was comprised of
transient taxa repeatedly acquired from the environment rather than obligate associates of the
host (Hammer et al., 2017; Martin et al., 2020). Finally, some authors have proposed moving
away from a taxonomic approach altogether to an entirely functional definition of the core
microbiome where the core "... can be defined as a whole set of microbial vehicles, including
replicators coding for essential functions for holobiont fitness" (Lemanceau et al., 2017, p. 584).
One proposed solution to this issue is to specify the type of core microbiome of interest, such as

a temporal core, ecological core, or functional core (Risely, 2020).

Current methods for identifying the taxonomic core microbiome

Core microbiomes are typically quantified using one of three methods: (i) the occurrence
of microbial taxa across multiple samples of the same host/environment, (ii) the relative
abundances of microbial taxa across such samples, or (iii) some combination of the two. These
metrics can be readily estimated from a standard OTU table containing the number of sequence
counts of each OTU (or other units of analysis) detected in each sample. However, as discussed
below, these methods have a number of pros and cons (Table 1) and their applications have been
highly variable, making it difficult to compare the sizes and compositions of core microbiomes

across different hosts and environments.

Occurrence only

In our dataset, 75.4% of core microbiomes were quantified based solely on the
occurrence of a taxon (OTU, genus, etc.) within a proportion of the samples collected (Dataset

S1). Occurrence data are readily available, easily comparable, and provide information about the
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spatial or temporal span over which the microbe and host/environment interact. The proportions
of sites, samples, or time points over which a microbe must occur to be considered core,
however, is always at the discretion of the author(s). In the most liberal cases from our dataset, a
30% occurrence standard was used, meaning that any OTU detected in at least 30% of samples
was considered a core member (Ainsworth et al., 2015; Sweet et al., 2017). Others have used
cutoffs between 50 and 99.9%, depending on the study system and number of total samples (Fig.
2¢). Most commonly, though, studies required a taxon be observed in 100% of samples to be
considered core (Fig. 2¢). This approach aims to identify the obligate, or seemingly obligate,
relationships between host and microbe. A potential criticism, however, is that a 100%
occurrence requirement is likely to miss lower abundance taxa that have fallen below the
threshold of detection in one or more samples, but are of functional and/or ecological importance
(e.g., Huse et al., 2012). The probability of this occurring depends, in part, on the sequencing
depth of the samples, which is discussed in greater detail below. One proposed solution is to
quantify the core microbiome using multiple occurrence cutoffs and evaluate how these different
values affect the composition of the core. For example, in Xestospongia sponges, changing the
occurrence cutoff has a relatively small impact on the composition of the core, suggesting many
stable associations between host and microbe (Astudillo-Garcia et al., 2017). However, in other
cases multiple occurrence cutoffs can result in significantly different numbers of core taxa and
alter core composition, showing that individual microbial taxa may have different levels of

association with the host (e.g., Turnbaugh et al., 2009; Segata et al., 2016).

Relative abundance only
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Nine studies (4%) within our sample set quantified the core microbiome using only
relative abundance criteria (Dataset S1). In certain cases, though, occurrence data may have been
used but not explicitly stated in the text. In some of these studies, the most abundant set of taxa
in each sample type are identified as core members (Brodie et al., 2016; Beckers et al., 2017). In
others, taxa considered to be core were those that were preferentially enriched in the host of
interest relative to the surrounding environment (Lundberg et al., 2012; Schlaeppi et al., 2014;
Edwards et al., 2015; Yeoh et al., 2016). This method assumes that a high, or at least
significantly increased, relative abundance in a particular host or environment is evidence of a
stronger and more stable association with that system. A criticism of this approach is that some
low abundance taxa may still play important functional roles within the host (Jousset ef al., 2017;
Banerjee et al., 2018). Furthermore, relative abundances of some taxa may change substantially
over time (e.g., Neu, Hughes, ef al., 2021) so identifying core microbiomes using the abundance
distribution of a single temporal snapshot may miss taxa that may be more common at other time
points. One way to test for such variability is to use the relationship between the mean and
variance of relative abundance of each OTU (e.g., Oh et al., 2016), a trend known as Taylor's
power law (Taylor, 1961). While this law has wide applications in ecology and beyond, in the
present context, if the temporal or spatial variance of an OTU is greater than the mean, then the
taxon should be considered less stable and its inclusion in the core microbiome potentially
problematic. Such analyses, however, require replicate samples over time/space, something that

is currently lacking in many core microbiome analyses.

Abundance-occurrence
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While occurrence and abundance have each been used individually to quantify the core
microbiome, combining them can provide a more conservative approach. This paired method
was used in 11.6% of studies in our dataset (Dataset S1). Many studies using this method set a
minimum relative abundance threshold under which a taxon is disqualified from core
membership. Then, the remaining taxa are assessed by the number of sites/samples in which they
occur, again using an assigned cutoff value. In the studies sampled here, the minimum relative
abundance threshold for an OTU to be considered for core membership ranged from 0.001%
(Antwis et al., 2018) to 4.5% (Leis and Costa, 2019), while occurrence cutoffs ranged from 50-
100% across host species, geographic sites, or treatments (Dataset S1).

Abundance-occurrence relationships have a conceptual basis in the macroecological
literature, as it has been shown in larger eukaryotes (Hanski, 1982; Gaston ef al., 2000), and
more recently in marine bacterioplankton (Lindh ef al., 2017), that the local relative abundance
of a species is generally positively correlated with the number of sites that species occupies
within a region. However, whether this relationship is universally applicable across
environments and microbial taxa is still unknown. Recently, though, there have been a few
attempts to use the abundance-occurrence relationship to determine the compositions of core
microbiomes. For example, Li ef al. (Li et al., 2013) designed a simple model which visualizes
taxa that lie above user-specified abundance and occurrence cutoffs values, using a binomial
distribution to account for differences in sequencing depth. Shade and Stopnisek (Shade and
Stopnisek, 2019) developed a method using abundance-occurrence relationships and contribution
to Bray-Curtis similarity between samples in order to identify potential members of the core
microbiome. They further compared the abundance-occurrence distributions of these taxa to a

null model (Sullam et al., 2012) in order to determine which core members may be
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deterministically selected by the host/environment (Shade and Stopnisek, 2019). While such use
of abundance-occurrence relationships has the potential to better constrain the makeup of the
core microbiome, it is important to keep in mind the underlying assumptions of such models.
The first assumption is that this relationship is likely to be phylogenetically and/or functionally
constrained. Abundance-occurrence relationships in plants and animals have been shown to be
constrained by phylogeny or functional guilds (Brown, 1995) and different clades of microbial
taxa also show different patterns of abundance and occurrence across spatial scales (Neu, Allen,
et al.,2021; Neu, Torchin, et al., 2021). Thus, using the abundance-occurrence relationship
across the entire microbiome to identify the core, as is the current practice, is likely to be
problematic. Instead, it would be better to use this approach to identify core taxa at the level of
individual clades and then aggregate across the whole community. Another critical assumption
here is that any observed abundance-occurrence relationship of microbes using a small number
of samples or populations is truly characteristic of that taxon. In larger eukaryotic communities,
the abundance of a species is usually non-uniform across its geographic range (Sexton et al.,
2009), and often tends to peak near the center of the distribution (Brown et al., 1995). Whether
such an "abundant center" pattern is also true of microbial taxa is currently unknown, but
abundances of individual microbial taxa are also known to change along spatial gradients
(Choudoir et al., 2016; Neu, Allen, et al., 2021). Thus, abundance-occurrence models are likely
to be most useful for constraining the makeup of core microbiomes when they are based on
large, representative samples across the geographic distributions of individual taxa, again

something that is currently rare.

The Role of Sequencing Depth
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The number of microbial sequences obtained from each sample, or the sequencing depth,
remains an important consideration in microbiome studies. Multiple studies of environmental
microbiomes using massively deep sequencing efforts have shown that rare taxa, often
undetected by shallower sequencing, make up a substantial portion of many microbial
communities (Sogin et al., 2006; Gibbons et al., 2013). This suggests that maximizing
sequencing depth is important for quantifying core microbiomes, especially when using strict
occurrence cutoffs. This is also true of functional cores determined using other ‘omics datasets,
as shallower sequencing is likely to miss low-abundance gene clusters and provide incomplete
coverage of the whole community (e.g., Pereira-Marques et al., 2019).

In addition to overall sequencing depth, a related issue is accounting for differences in
sequencing depths across a set of samples when quantifying core microbiomes. Some lab-based
methods can help to control for sequencing depth and include standardizing the mass or volume
of samples prior to DNA extraction and pooling libraries in equal molarity before sequencing.
Despite these efforts, though, variation in sequencing depths across different samples in the same
study can be substantial and the use of statistical standardization methods to account for such
variations has been the subject of much discussion and debate. Some have suggested that data
should be rarefied (Weiss et al., 2017; McKnight ez al., 2019) to a common sampling depth,
typically to the level of the sample with fewest sequences, while others argue that such
rarefaction is “inadmissible” and favor approaches that transform or scale sequence counts
(McMurdie and Holmes, 2014; Gloor ef al., 2017). While these debates have led to the
development of new statistical tools to account for sequencing depth, they have primarily
focused on analyses of the alpha (e.g., Chiu and Chao, 2016; Alberdi and Gilbert, 2019) or beta

(e.g., Martino et al., 2019; Liu et al., 2021) diversities. The performance of such approaches in
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the context of quantifying the core microbiome remains poorly explored. Within our dataset,
multiple studies rarefied sequence data before determining a core (e.g., Christian et al., 2018;
Aira et al., 2019), while others did not rarefy their data at all (e.g., Burgsdorf et al., 2014; Antwis
et al., 2018). A recent study found that, all else being constant, the number and identities of core
microbiome members can change after rarefying data to four different sequencing depths
(Ramakodi, 2021). This suggests that using rarefied data may provide an incomplete or
potentially inaccurate picture of the core microbiome, as rarefying can remove tens or hundreds
of thousands of sequences from individual samples, especially when variation in sequencing
depth across samples is large.

In addition to taxon sampling, sequencing depth is likely to also have an impact on spatial
occurrences of individual taxa (Roy and Witman, 2009) and thus affect occurrence-based
measures of the core microbiome as well as the use of abundance-occurrence models discussed
above. A potential solution here, borrowed from the macroecological literature, is to use a range-
through approach where a taxon is presumed to be present everywhere within its geographical
range limits even though it may be missing from some samples within that range (Roy and
Witman, 2009). For example, in samples collected along a latitudinal transect a taxon would be
counted as present in all sites between its northernmost and southernmost point of detection,
even if it is not explicitly sampled there (e.g., Neu, Allen, et al., 2021). While some of the
observed absences are likely to be real, driven by local environmental conditions or other factors,
the range-through metric can provide a hypothesis about the occurrences of individual taxa in a
specific sample, which can then be tested by repeated sampling or deeper sequencing. Another
approach would be to sequence multiple technical replicates from the same sample to determine

the likelihood of a true negative result, as has been done in human genotyping data (Kim et al.,
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2019), though this creates potential tradeoffs with additional sequencing costs or decreased

sequencing depth per individual sample.

Unspecified Definition

We found that more than 18% of the sampled studies did not include a methodology for
quantifying the core microbiome in the Methods section. In some cases, the criteria used for
determining the core were provided in the Results or Discussion, while in other cases those
criteria were unclear or not explicitly stated at all. This practice has also been mentioned by
others (Shade and Stopnisek, 2019) and should be strongly discouraged, as it creates a challenge
for those aiming to replicate a study or to undertake comparative or meta-analyses of core

microbiomes across studies.

Effects of spatial, temporal and phylogenetic scales

Spatial Scale of sampling

Regardless of whether the core microbiome is quantified based solely on occurrences or a
combination of occurrence and abundance, the choice of spatial scale over which the host is
sampled can have a strong influence on the composition of the core. For example, the diversity,
composition and function of the core microbiome of two host populations that are geographically
close to each other is likely to be very different from that of two host populations separated by
hundreds of kilometers. In our dataset, 67% of studies used samples collected at a single site
(Fig. 2e), though in many of these cases, a core was determined between experimental
treatments, disease treatments, time points, etc. (Dataset S1). The other 33% of studies analyzed

samples collected from at least two distinct sites, as defined by the authors (Fig. 2e). However,
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these studies vary greatly in the spatial scale over which these locations were sampled, ranging
from two locations within the same bay (Turon et al., 2019) to 23 collections on six continents
(Xu et al., 2018) (Fig 2e).

Because of the large variance in spatial scale over which published core microbiomes
have been quantified, we have examples of cores that are essentially local (Turon et al., 2019) to
those that are “region-specific” (Burgsdorf et al., 2014), and adapted to a host in a specific
environment (e.g., Hernandez-Agreda et al., 2016), to those that cover the entire geographic
distribution of a host. The citrus tree rhizosphere, for example, was sampled from 23 sites
spanning six continents, six climate regimes and seven soil types, effectively covering a large
proportion of the areas in which citrus is grown as an agricultural product, providing a core citrus
rhizosphere microbiome consisting of 132 genera (Xu et al., 2018).

Industrial and environmental microbiome studies can also utilize large-scale spatial
sampling to test for widely distributed core microbiomes. For example, an extensive study of 51
wastewater treatment plants from five countries did not identify any core microbial OTUs
present across all samples, but showed that anaerobic digester conditions, rather than geographic
location, were significant correlated with microbial community composition (Mei ef al., 2017).
Similarly, a study of six soil types from 24 locations in eastern Europe showed that only two
OTUs were shared across all samples, while many taxa appeared to be core to individual soil

types (Pershina et al., 2018).

Temporal Scale of sampling

22.3% of the articles in our sample included some form of temporal replication, ranging

from three days (Sweet ef al., 2017) to six years (Saunders et al., 2016). Of these, the majority
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were sampled over fewer than two months, likely due to the challenges of repeated sampling
across a prolonged period of time (Fig. 2f). However, such studies provide unique insight into
whether core microbiomes persist in a particular location or host system despite potential
changes in diet, development, or environment.

Free-living environmental microbiomes are particularly amenable to this type of repeated
temporal sampling. Long-term sampling allows for the determination of how microbial
communities fluctuate over time (e.g., 76), as well as the taxa that persist through major events,
such as hurricanes in the upper troposphere (DeLeon-Rodriguez et al., 2013) and beach oiling in
the Gulf of Mexico (Newton et al., 2013). Such studies can also reveal the level of stability
present in the microbiome of a particular environment, as exemplified by a study of soda lakes in
British Columbia, which found a highly persistent core microbiome in these lakes over the
course of four years (Zorz et al., 2019). Similarly, in long-lived host species such as humans, it is
possible to sample the same individual through time to determine the level of community
stability within the host. Studies of this type have identified particular OTUs that are able to
persist over multi-year periods in the guts and mouths of certain individuals (Caporaso et al.,
2011; Martinez et al., 2013).

Long-term studies of hosts with shorter generation times, or where repeated sampling
proves difficult, require different approaches. One approach is to sample multiple individuals of
an organism across different stages of the life cycle to determine if any core microbial taxa
persist throughout. Studies using this method have shown that chickens maintain a large set of
core microbial genera throughout their lives (Ding ef al., 2017) and Atlantic salmon maintain a
relatively small core microbiome across the freshwater-to-saltwater transition (Rudi et al., 2018),

while parasites experience high levels of microbiome turnover when moving between hosts
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during their life cycle (Jorge ef al., 2020). A second method is to sample individuals of the same
species at the same site over multiple time horizons. Although this type of sampling cannot
determine which microbial taxa persist over time in a specific individual of a given host, any
shared OTUs identified using this approach represent a species or population level core
microbiome that is repeatedly acquired from the surrounding environment or vertically
transmitted from parent to offspring. For example, monthly sampling of six sponge species over
the course of three years showed that host species with denser microbial loads harbored larger
core communities (Bjork et al., 2018). Similarly, populations of the intertidal bivalve Donax
gouldii, collected at four time points over eleven years, only had six ASVs present across all time

points, indicating a small but persistent core (Neu, Hughes, et al., 2021).

Taxonomic resolution of the core microbiome

Determining the taxonomic resolution of the core microbiome begins prior to sequencing,
as the selection of 16S rRNA gene region and corresponding PCR primers play a significant role
in the composition of the microbiome (Abellan-Schneyder et al., 2021). Certain primer pairs may
miss particular microbial groups or provide lower resolution due to limited coverage in
taxonomic databases. Further, taxonomic assignments provided by one primer set may not
directly correspond to those from a different set, making core microbiome comparisons across
studies difficult (Abellan-Schneyder et al., 2021). Sequence length also determines the
taxonomic level available for analysis, as shorter reads (e.g., 100 base pairs) provide less specific
taxonomic information and, therefore, sequences may not be able to be assigned at lower

taxonomic levels. Maximizing sequence length by merging paired-end reads, or generating full-
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length 16S rRNA gene amplicons using long-read technologies (e.g., Callahan et al., 2021), are
potential ways to increase the taxonomic resolution available for further analysis.

Regardless of sequencing strategy, though, the taxonomic level chosen for core
microbiome quantification has important implications for the ecological and functional relevance
of the core. For example, core microbiomes identified at the phylum level, as in four of the
studies sampled here (Fig. 2d), may offer limited insights about the specific ecological and
functional roles of those microbes. On the other hand, in nearly 50% of the studies in our dataset
the core was determined using OTUs clustered at the 97% level, reflecting the popularity of this
sequence similarity cutoff in delineating microbial OTUs (Fig. 2d). This proportion may be even
higher, as bacterial species and phylotypes are often classified at the 97% sequence similarity
level but were included as separate groups in these analyses when not explicitly defined.
Interestingly, only ten studies included a more stringent cutoff (99% or 100% OTUs) (Fig. 2d)
despite the fact that OTUs generated using 100% sequence similarity [also known as ASVs or
zero-radius OTUs (zOTUs)] have become a commonly used taxonomic descriptor with the
increasing use of denoising applications such as deblur (Amir et al., 2017) and DADA?2
(Callahan et al., 2016). This difference could reflect, in part, a lag in the use of these units for
core microbiome study, as they were not available until 2016 or 2017 (SI Appendix, Fig. S1).
Alternatively, 97% OTUs, or higher taxonomic levels such as genera, may be more appropriate
for determining the core microbiome since 100% sequence similarity may be too stringent for
delineating functional or ecological differences among sequences (Shade and Stopnisek, 2019).
For example, two sequences with a single base-pair variation would be identified as different
OTUs using the 100% cutoff but would be collapsed into a single 97% OTU. Further, certain

microbial taxa are known to contain multiple copies of the 16S rRNA gene, which can vary
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intragenomically by >1% sequence identity (Coenye and Vandamme, 2003; Vétrovsky and
Baldrian, 2013). Thus, using the 100% OTU cutoff may inflate the size of the core microbiome
and increase potential redundancy, particularly if core taxa contain many copies of the 16S
rRNA gene (e.g., Gammaproteobacteria (Vétrovsky and Baldrian, 2013)). On the other hand, it
has recently been shown that as many as 16 unique microbial strains with diverse temperature
preferences and carbohydrate utilization profiles can cluster into a single 97% OTU (Chase et al.,
2017). The limited resolution of databases used for taxonomic identification may also decrease
the utility of determining the core at lower taxonomic levels, particularly in non-human samples,
as many microbial groups are still unknown or uncharacterized and therefore cannot provide
much information about community function. In more than 20% of cases, though, the authors
quantified core microbiomes using multiple different taxonomic criteria. This is done by either
(1) clustering OTUs at different levels of sequence similarity (e.g., Dougal ef al., 2013) or (ii)
using the levels of taxonomic classification produced by a database (e.g., greengenes (DeSantis
et al., 2006) or Silva (Quast et al., 2013)). Multiple classifications have the potential to provide
additional information regarding the strength of the association between the microbial taxa and
the host/environment. For example, if some functions are conserved at higher taxonomic levels
than a microbial genus, they may play a core functional role within a host, but individual OTUs

within that genus may have a more limited occurrences and not appear as core members.

Choice of host taxa

Nearly 88% of studies in our sample set focused on microbiomes associated with plant
and animal hosts (including various micro-environments within humans and other hosts), rather

than environmental or industrial samples. Most frequently, core microbiomes were identified for
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a single host species, but 42 studies attempted to identify such cores using two or more host
species of varying phylogenetic relatedness. In some cases, the phylogenetic relationships among
the hosts are known, and a shared core microbiome represents a potential co-phylogenetic history
or conserved functional/ecological role across species. For example, 18 “types” of Symbiodinium
dinoflagellate spanning at least 8 species were found to share three highly abundant microbial
OTUs, which were predicted to play various roles in nutrient acquisition and stress tolerance
(Lawson et al., 2018). Similar analyses using 36 strains of Leptocylindrus diatoms found that
only one microbial OTU, a member of the genus Roseovarius, was shared by all of the strains
(Ajani et al., 2018). Even more broadly, one study tested whether a highly diverse set of sponge
hosts (32 species) share a core microbiome, but found no evidence for such conservatism
(Schmitt et al., 2012).

Instead of phylogenetic affinities, some studies have tested whether hosts with similar
traits (e.g., mode of digestion, diet) share core microbial taxa. Ruminant mammals, for example,
have been found to share a number of core genera across a wide geographic range, which are
hypothesized to play a role in digestion and fermentation (Henderson ef al., 2015; O’ Donnell e?
al., 2017). Similarly, a phylogenetically diverse group of cycad-eating insects were found to
share five microbial OTUs in common, at least one of which was predicted to provide functional

benefits for digestion of cycad tissue (Salzman et al., 2018).

Synthesis and Future Directions
Determining the most effective way to quantify the core microbiome remains
challenging, with some arguing that a taxonomic approach is no longer useful and that a core

functional microbiome should be prioritized (Lemanceau et al., 2017). However, despite the
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utility in understanding the core functional properties of the microbiome, a taxonomic approach
remains highly practical for a few important reasons. First, the per-sample cost of 16S rRNA
gene sequencing remains much lower than the cost to generate the high-quality metagenomes
and/or meta-transcriptomes necessary for detailed functional profiling. Second, this approach is
better suited when macroecological relationships, such as abundance-occurrence models of
microbial taxa, are used for constraining the composition of the core microbiome. Finally, a
taxonomic core microbiome provides a list of potentially ecologically relevant taxa which can be
prioritized for targeted culturing and/or ‘omics study. This also allows for the development of
testable hypotheses about the roles of these organisms within the microbiome.

However, as shown by this representative sampling of the literature, quantifying a core
microbiome is not straightforward. Perhaps more importantly, though, is the fact that these
differences in methodology for quantifying the core change its functional definition. For
example, abundance-driven metrics prioritize the most dominant members of the community, or
those that have most effectively colonized a particular environment. However, this type of core
likely overlooks a number of ecologically and/or functionally important but low abundance taxa
and may be skewed by high levels of variance. On the other hand, occurrence-based metrics
often require taxa to be present in every sample to be counted in the core, which can miss
relevant taxa due to inadequate sequencing depth or sampling effects. Relaxing this criterion
necessarily requires using an arbitrary cutoff for the number of samples a microbial OTU must
be present in to count as part of the core. These different cutoff values include taxa with different
levels of association to the host/environment and different ecological roles, thereby changing the
way the core is defined. Methods which combine abundance and occurrence have been

introduced to overcome some of these challenges (e.g., Li et al., 2013), and are well-supported in
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the broader ecological literature, but many still require arbitrary occurrence and abundance
cutoffs, which vary widely across studies. Such combined methods which use modeling
approaches represent a potentially significant advancement, but their broad applicability to
microbial taxa is not yet certain. In addition to specific metrics for quantifying a core, the issue
of spatial and taxonomic grain at which the core should be determined also remains fluid. As
discussed above, the spatial extent of sampling can have a strong impact on the makeup of the
core microbiome at the population or species level, especially for hosts that have large
geographic distributions. Similarly, determining the taxonomic level at which the core should be
quantified also remains a challenge. Although 97% OTUs are the most commonly used
taxonomic units in our dataset, cores are also routinely identified using ASVs, genera or phyla,
thus introducing different levels of potential functional and ecological redundancy into the core
microbiome and changing its practical definition. One issue that has largely been ignored when
quantifying taxonomic cores is the fact that even consistent associations between a host and a
group of microbes identified by any of the methods discussed above could still simply reflect
repeated acquisitions of microbes from the environment by the host rather than obligate host-
microbe relationships where microbes play important functional roles (Hammer ef al., 2017).
Experiments, quantitative PCR and microscopy techniques can all be used to test whether a
putative core microbiome is a stable component of the host physiology (Martin et al., 2020)
and/or plays a significant functional role in the host (Hammer ef al., 2017) but such approaches
remains rare.

In summary, our review of the literature clearly shows that the term "core microbiome"
represents different things to different researchers, which makes comparative analyses and meta-

analyses of the core microbiome across hosts and environments very difficult, if not impossible.
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While a single metric is unlikely to capture all the different aspects of core microbiomes, we
hope that the information provided is a useful starting point for the development of measures of
the core microbiome that are robust to sampling, sequencing depth and other issues discussed
here. Such metrics are necessary not only for testing specific hypotheses about the functional and
ecological roles of core microbiomes but also for understanding the general nature of core
microbiomes and the ecological and evolutionary processes that generate and maintain these
stable associations between certain microbes and their hosts. Finally, we provide a set of
recommendations below that could serve as the starting point for achieving this goal.

1. Explicitly define and state the criteria used for determining the core microbiome in
the Methods section of the manuscript. As noted in this review, these methods
provide important context for interpreting the results but are often not adequately
described.

2. When conducting spatial analyses, explicitly distinguish between local, regional and
range-wide cores (e.g., Burgsdorf et al., 2014; Hernandez-Agreda et al., 2016). When
conducting temporal analyses, explicitly distinguish between short-term, seasonal and
multi-year cores. They each require their own contextual definitions but provide
important information about the potential spatial and/or temporal stability of any core
associations.

3. Sequence as deeply as possible and/or ensure an adequate number of sequencing
replicates to determine the core. Standardizing the size of samples (pre-DNA
extraction) or molarity (for library pooling) of samples are potential strategies to

achieve uniform sequencing depth. In spatial datasets, it may be possible to
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compensate for variable sequencing depths using the range-through approach
described above.

4. Rarefying samples to a common sequencing depth is best avoided while quantifying
the core microbiome, especially when variation in sequencing depth across samples is
large. Such an approach can lead to underestimates of core size and inaccurate core
composition (Ramakodi, 2021).

5. The use of macroecological null models for constraining the makeup of the core
microbiome should be based on adequate spatial sampling coverage, especially for
widely distributed microbial taxa. Most existing analyses of core microbiomes do not
have enough spatial and/or temporal coverage for computing meaningful

macroecological relationships.
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Figure 5.1. Number of publications per year (A) and cumulative (B) in Google Scholar including
the terms “core microbiome” or “core microbiota” from the introduction of the term in 2007 to
2019 (search conducted on 12/22/2020).
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Table 5.1. Pros, cons and areas for improvement for the currently available methods of
quantifying core microbiomes

Metric Type

Pros

Cons

Areas for
improvement

Occurrence only

Relative abundance
only

Abundance-
occurrence

e Easily calculable

e Commonly used in the
literature

e Include rare taxa

e Easily calculable

e Attempt to determine
core taxa unique from
the surrounding
environment

¢ Supported by the
broader
macroecological
literature

e New methods
(including code) are
being developed in this
space

e Can potentially
differentiate the
stochastic from the
deterministically
selected core

e No abundance
information

e Arbitrary cutoffs

e Can be highly impacted
by sampling coverage
and sequencing depth

¢ Impacted by sequencing
depth and other
processing steps

e Core membership could
be impacted by mean
and variance

e Arbitrary cutoffs

e Often use arbitrary
cutoffs of abundance
and occurrence

o Assume that microbial
taxa follow similar
patterns as plants and
animals
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e Maximizing sequencing
and replicate sampling

e Use multiple occurrence
cutoffs

e Use range through
approach

e Use Taylor’s Power
Law approaches to
account for stability

e Make attempts to ensure
uniform sequencing
across samples

e Determine whether
macroecological
patterns in plants and
animals are applicable
to microbial taxa

¢ Constrain analyses by
phylogenetic or
functional group

e Conduct large-scale,
representative sampling
across the range or time
period of interest
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