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Community assembly in the amphibian microbiome
Korin Rex Jones
Academic Abstract:

Communities are a critical link that impact how species-level population dynamics translate into
ecosystem functions, and thus, understanding community assembly is an important goal of ecology.
Variation in the relative importance of the four processes of drift, selection, speciation, and
dispersal likely govern much of the variation that is observed in community structure across
landscapes. Microbial communities provide critical functions across an array of environments, but
only recently have technological advances in DNA sequencing allowed us to study these
communities with higher resolution. My dissertation research has investigated community
assembly in host-associated microbial communities, with a focus on understanding how
stochasticity in dispersal that leads to priority affects can impact bacterial community assembly in
amphibian embryos. In chapter 1, | experimentally show that priority effects resulting from
stochastic dispersal can be observed in the microbiome of newly-hatched hourglass treefrog
(Dendropsophus ebraccatus) tadpoles. Changes in microbiome composition due to priority effects
could be observed in a simple two bacteria system and when the inoculation by the initial bacteria
is followed by a more diverse community inoculum. Outcomes of my two taxa system in co-culture
do not strictly mirror those observed in treefrog embryos, highlighting that priority effect outcomes
are context dependent. Additionally, these results provide support that priority effects do not
benefit all bacterial species equally and the magnitude of these effects will be dependent on the
traits of individual colonists. In chapter 2 I demonstrate that priority effects are not unique to the
hourglass treefrog system but can be observed in spring peeper (Pseudacris crucifer) tadpoles as
well. This study demonstrates the applicability of priority effects in increasing the abundance of
target probiotic taxa; a benefit to amphibian populations facing threats by a lethal fungal pathogen.
By treating embryos with a priority inoculation of Janthinobacterium lividum, a bacterial species
known to inhibit fungal pathogen growth, I increased the relative abundance of J. lividum on newly
hatched tadpoles. I also provide evidence that closely-related species of bacteria can effectively co-
exist regardless of priority inoculation. An understanding of variation in the amphibian microbiome
across life stages in the wild is required to better understand the long-term impacts of priority
effects in embryos. My final chapter, therefore, examined compositional changes in the
microbiomes of locally occurring amphibians in Virginia across the egg, tadpole, and juvenile
developmental stages. In this study, I show characterize the initial egg microbiome across
amphibian species and demonstrate that egg microbiomes, are distinct between species but are
more similar across species than tadpole or juvenile microbiomes. Additionally, [ show that minor
differences in host environment can lead to differences in the microbiome structure of conspecific
tadpoles. Overall, my dissertation empirically demonstrates the role of dispersal, and more
specifically priority effects, in the assembly of the vertebrate microbiome.



General Abstract:

An ecological community is a set of species that occur at a given site. Communities have been a
fundamental focus of ecological research, as communities serve to link the population dynamics of
individual species to ecosystem level processes provided by species. Microbial communities, in
particular, are of interest because of the wide range of important functions they provide across a
variety of systems, yet relatively little is known about how these communities initially come
together and are maintained. This is particularly true for the microbial communities that live in
and on plants and animals, which are called "host-associated" communities. Host-associated
microbial communities contribute many important functions to their hosts, including guiding host
development, assisting with nutrient assimilation, and providing disease resistance. Four processes
are thought to govern how ecological communities assemble across landscapes at local sites or
habitat patches: selection, dispersal, speciation, and drift. Variation in the relative importance of
these processes is thought to drive the variation in community composition across sites, or in the
case of host-associated microbial communities, across hosts. Selection occurs at a local level when
environmental variables or the presence of other species impact where a species occurs. Dispersal
of individuals among habitat patches can also impact what species occur at a local site, and
speciation gives rise to new species in communities over time. Drift is the stochastic, or random,
element of species abundance that is driven by variation in the birth and death rates of a population
at asite. I have investigated the assembly of host-associated microbial communities using
amphibians as a study system. In chapter 1, | experimentally demonstrate that stochasticity in
dispersal that impacts which species arrive first to a site (priority effects) can be observed in the
host-associated bacterial communities of newly-hatched treefrog (Dendropsophus ebraccatus)
tadpoles. This can be observed in a simplified system where only two bacterial species are used,
and also when a single bacterial species arrives and is followed by a more diverse community of
bacteria. However, not every bacterial species is able to take advantage of priority, and these
results seem to be context dependent, as the outcomes in treefrog embryos do not exactly mirror
the outcomes when the bacteria are grown in a nutrient broth together. In chapter 2, [ show that
priority effects are not unique to the hourglass treefrog system; priority effects can also be
observed in spring peeper (Pseudacris crucifer) tadpoles. In this study, | also demonstrated that we
may be able to apply our knowledge of priority effects to benefit amphibian populations threatened
by a potentially lethal fungal pathogen by manipulating the abundances of bacteria on the skin
during development. Priority treatment of embryos with Janthinobacterium lividum, a bacterial
species known for its ability to inhibit growth of this fungal pathogen, resulted in increased relative
abundance of J. lividum in the tadpoles following hatching. Additionally, I found that even closely-
related bacterial species can have differing abilities to take advantage of priority effects and can co-
exist on tadpoles. To determine long-term impacts of priority effects in embryos requires an
understanding of the variation associated with amphibians in the wild across different life stages.
My final chapter, therefore, focused on examining changes in the bacterial communities associated
with locally occurring amphibians in Virginia across the egg, tadpole, and juvenile stages of
development. Specifically, I characterize the initial communities associated with eggs across
different species, including predicted associations with algal symbionts, and examine patterns of
host-associated communities among species and across development. Overall, my dissertation
showcases the role that dispersal, but more specifically priority effects, can play in the development
of the vertebrate microbiome.
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Introduction:

A community is a collection of different species that occupy the same location at the same
time 1. Community ecologists seek to understand the principles that guide the assembly and
persistence of these communities. Despite such a simple definition, communities are complex. The
wide range of potential organisms, environmental variables, and study scales challenges our ability
to form general laws regarding communities 2. Community ecology may be lacking in generality, but
understanding the local dynamics of individual communities facilitates our understanding of
complex issues involving networks of communities 3.

Networks of communities, referred to as metacommunities, can be defined as a collection of
communities connected by the dispersal of multiple species 4. Focusing only on local community
dynamics may ignore the effects of factors, such as regional species diversity or source-sink
dynamics, that link communities across the landscape 5. Structure within metacommunities has
been studied in the context of four metacommunity paradigms: patch-dynamics, species sorting,
mass-effects, and neutral models. While these paradigms can be used independently, they are not
mutually exclusive and may vary in importance along a gradient of temporal scale ¢. The patch-
dynamic model is defined as identical patches that contain communities whose composition is
determined by tradeoffs that species make between competitive ability and dispersal. The species-
sorting model describes heterogenous patches and emphasizes the effects of environmental
suitability and dispersal. Mass-effect models also feature heterogeneous patches, but with dispersal
being viewed as the driving factor in local community composition. Neutral theory, often used as a
null hypothesis, assumes all species to be equivalent and places an emphasis on drift as the
determining factor of community composition 5.

In pursuit of providing a more accessible and repeatable framework for the study of community
ecology, Vellend (2010) 7 proposed that community composition is driven by four main processes:
selection, speciation, dispersal, and drift. The relative importance of these processes across a
landscape can drive the variation observed in community structure. While the four
metacommunity frameworks also rely on variation in these processes, this more explicit focus on
the processes themselves allows for a more direct comparison across studies and scales.
Stochasticity in dispersal, for example can influence differences in community composition between
otherwise equivalent habitat patches 89. Because early arriving taxa may monopolize resources
(niche preemption) or alter the environment (niche modification), subsequently colonizing taxa
may be negatively or beneficially affected. These relatively understudied consequences of
colonization order, commonly known as priority effects, are likely important for structuring
communities in a range of systems 10-14, For example, priority effects influence nectar microbial
metacommunities across generations 15, human infant neurodevelopment 16, and invasion
outcomes in plant communities 17.

Historically, research into communities, and thus the principles derived from the research, has
focused on communities of animals and plants rather than microbial communities. New
technological advancements, such as 16S rRNA gene amplicon sequencing, have facilitated an
increase in our understanding of bacterial community composition, which was previously limited
by a researcher’s ability to culture target organisms 18. Improvements in data processing have
allowed researchers to move away from clustering bacterial sequences into operational taxonomic
units based on a similarity threshold (usually 97%), to amplicon sequence variants, allowing for the
cataloging of unique sequences. Traits of bacterial communities that previously limited their use in



community ecology, such as their small size 1° and spatial scale 20, can now be viewed as
advantageous in testing ecological theory.

Within the context of community assembly, simplified bacterial communities can be used to
understand and observe interactions among taxa. Although synthetic communities may not possess
the magnitude of diversity found in natural systems, they allow for clearer tests of assumptions
from ecological models 21 and can be more precisely manipulated 22. Studies involving community
subsets continue to grow in the field of synthetic biology, but still retain a great deal of untapped
potential 23.24, Using synthetic communities, the four drivers of community assembly proposed by
Vellend (2010) 7 can be controlled in ways that would be impractical in a natural system. For
example, synthetic communities also allow us to manipulate and observe dispersal under
controlled conditions, which is generally unlikely in natural environments.

Our ability to better observe microbial communities has led to an increased understanding of how
microbes influence their environment and vice versa. Interest in developing probiotic applications
targeted at disease treatment or prevention have contributed to the continued focus on host-
associated microbial communities. Within the human microbiome, many links exist between
bacterial community composition and host health 25. For example, changes in the composition of
microbial communities within the human gut are correlated with the ability of the bacterial
pathogen, Clostridium difficile, to invade the gut, resulting in colitis 26. There are many additional
examples of the importance of host-associated microbial communities beyond the human gut. For
example, symbiotic bacteria within the plant rhizosphere can promote plant growth and suppress
disease 27.28, Even among studies seeking to understand disease susceptibility without a specific
focus on the effects of host-associated microbes, experimental outcomes can be partially tied to
microbial community composition 29.

The fungal pathogen, Batrachochytrium dendrobatidis (Bd), first described in 1999 39, has been
implicated in worldwide amphibian population declines and even extinctions 31-33, The lethality of
Bd is likely due to its ability to disrupt critical osmoregulation within amphibian skin, creating an
electrolyte imbalance that eventually results in death 34, Despite its potential for lethality, Bd does
not always cause mortality or extinctions. The likelihood of Bd infection occurring and resulting in
mortality events varies with host species 35, temperature 36, the presence of organisms capable of
predating Bd zoospores 37, and the composition of host-associated bacterial communities 38-42.
Many of these factors cannot be reasonably altered in nature; however, reducing susceptibility to
Bd through bacterial probiotic augmentation is possible in a laboratory setting 4243, and holds
promise as a potential conservation measure.

Certain members of the amphibian skin microbiome, such as Janthinobacterium lividum and
Serratia marcescens produce anti-fungal compounds that can inhibit the growth of Bd44#45. The
potential to combat Bd has, therefore, led to research dedicated to understanding the amphibian
skin microbiome. Bacterial skin communities are more similar within, than between, amphibian
species (e.g. 4¢). Differences in community composition have also been observed between life stages
within the same species 47-49. Recent research has placed an emphasis on the environmental source
pool as a determining factor of amphibian skin bacterial community composition 47.50-53,

We have developed a broad understanding of the functional roles of amphibian microbial
communities, such as its effects on thermal tolerance, and disease resistance 54-5¢); however our
understanding of how these communities assemble lags. Function within microbial communities is



dependent on composition, therefore, developing a thorough understanding of community
assembly is important when attempting to leverage the microbiome to improve host health. With
my dissertation research, I aimed to conduct empirical studies within the framework of community
assembly theory to better understand the mechanisms behind bacterial community assembly in the
amphibian microbiome. First, in chapter two, [ experimentally determined if priority effects could
be detected in the amphibian microbiome, and whether bacterial priority effects in vitro reflected
those in vivo. In chapter two, | expanded this understanding of priority effects to investigate
potential bacterial probiotic applications, and to test whether I could observe priority effects
between two closely-related bacterial isolates. Additionally, [ examined potential vertical transfer
of bacteria from parents to offspring and how rearing location can affect community composition.
Lastly, understanding how priority effects contribute to differences in amphibian microbiome
composition requires an understanding of natural community trajectories. In chapter three,
therefore, [ surveyed local amphibians to better understand differences in the bacterial
communities associated with different amphibian species over the course of development, and to
establish an understanding of variation across species in the bacterial communities associated with
amphibian embryos.
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Abstract:

Priority effects, or impacts of colonization order, may have lasting influence on ecological
community composition. The embryonic microbiome is subject to stochasticity in colonization
order of bacteria. Stochasticity may be especially impactful for embryos developing in bacteria-
rich environments, such as the embryos of many amphibians. To determine if priority effects
experienced as embryos impacted bacterial community composition in newly hatched tadpoles,
we selectively inoculated the embryos of lab-raised hourglass treefrogs, Dendropsophus
ebraccatus, with bacteria initially isolated from the skin of wild D. ebraccatus adults over two
days. First, embryos were inoculated with two bacteria in alternating sequences. Next, we
evaluated the outcomes of priority effects in an in vitro co-culture assay absent of host factors.
We then performed a second embryo experiment, inoculating embryos with one of three bacteria
on the first day and a community of five target bacteria on the second. Through 16S rRNA gene
amplicon sequencing, we observed relative abundance shifts in tadpole bacteria communities due

to priority effects. Our results suggest that the initial bacterial source pools of embryos shape



bacterial communities at later life stages, however the magnitude of those changes is dependent

on the host environment and the identity of bacterial colonists.
Introduction:

Understanding the mechanisms that influence the assembly of ecological communities is
a central goal of ecology 1. Community assembly is generally governed by the processes of
dispersal, drift, selection, and speciation 2; however, the great diversity of species, environmental
variables, scales of study, and stochastic events lead to idiosyncrasies within communities.
Stochasticity in dispersal, for example, can result in differences in colonization order, causing
otherwise equivalent habitats to develop differing community structures. These consequences of
colonization order, commonly referred to as priority effects 34, are being explored in a variety of
systems >, Priority effects are likely to be regulated by fitness differences between taxa (as
defined in %) and the presence or absence of destabilizing, stabilizing, or equalizing forces 5.
Mechanistically, priority effects are broadly divided into two categories: niche preemption and
niche modification %', Priority effects through niche preemption occur when early arriving
species deplete resources, thus removing access to those resources for later arriving species.
Priority effects through niche modification occur when early arriving species modify

environmental conditions, therefore enhancing or hindering colonization by later arriving species

12

Experimentally investigating priority effects is necessary for developing a more thorough
understanding of how ecological communities assemble. In practice, however, experimentally
manipulating the assembly of natural communities can be a challenge. Historically, these
challenges have been alleviated by studying plant and microbial communities 1315, For example,

niche preemption is a demonstrated mechanism of priority effects in both the exclusion of native

10



species by invasive plants 117 and between closely related fungal taxa 8. In addition, niche
modification can alter the success rates of later arriving colonists in both plant 1° and microbial

communities 20:21,

Host-associated bacterial communities are nearly ubiquitous among plant and animal
hosts. These symbiotic bacteria have multiple effects on their hosts, including playing key roles
in development and host defense (e.g. 2-24). Experimental investigations of priority effects in the
microbiome are rare in vertebrate systems, and tend to focus on inoculations of germ-free mice
2521 Amphibian embryos, which often develop externally, provide a good system for
understanding the initial assembly of host-associated bacterial communities. The skin
microbiome of adult frogs is well-studied due to its role in mitigating host susceptibility to
disease 283! and many of the dominant taxa are readily culturable 3233, These skin communities
also differ among species *3° and display intraspecific variation based on geographic location 33
and life stage 32%. This intraspecific variation, and prior studies 333-%°, led us to hypothesize that
amphibian microbiomes are strongly influenced by environmental source pools, rather than
having a deterministic final composition, and thus, priority effects are likely important during

establishment of these communities.

In the current study, we experimentally investigated the role of priority effects during
frog embryonic development on the structure of bacterial communities on newly-hatched
tadpoles. First, we inoculated the embryos of lab-raised frogs with two bacterial isolates in
alternating order and examined whether differences in colonization order would impact the
composition of bacterial communities after hatching, at the tadpole stage (Figure 1). We then
used the same isolates in an in vitro co-culture assay to gain insight into potential outcomes from

our inoculations in an environment free of host influence. Finally, to expand our results to a
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broader community of relevant bacterial taxa, we completed a second inoculation experiment in
which embryos were exposed to one of three isolates on the first day and a small synthetic

community inoculum on the second day.
Methods:

Study Overview:

Dendropsophus ebraccatus is a small treefrog native to the Neotropics, including
Panama. We conducted two inoculation experiments in this system, in June 2019 and September
2021. For both experiments, treefrog embryos were placed in individual wells of 12-well cell
culture plates (Corning; volume per well=6.9 ml) and inoculated once a day for two days. Each
treatment received a different two-day inoculation regimen. For our experiments, we focused on
bacterial isolates in our culture collection (obtained from wild adults) that dominate the relative
abundance of the adult D. ebraccatus skin community #*. A reanalysis of our previously
published field survey data 3 highlighted a potential inverse relationship between the relative
abundances of Stenotrophomonas and Acinetobacter within the skin communities of adult D.
ebraccatus (Appendix A: Figure S1), which could be driven by priority effects. This inverse
pattern motivated the isolate choices for this experiment. For the first experiment, we selected
our most abundant isolates within these two genera: Acinetobacter (C23M, hereafter isolate [A])
and Stenotrophomonas (C25H, [S]) #*. For the second inoculation experiment, we expanded this

list to include Erwinia (C32N, [E]), Ochrobactrum (C22A, [0]), and Achromobacter (C26N,

[CD).

Frog Collection:
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Eggs for both experiments were obtained from adult D. ebraccatus maintained in
captivity since 2016 on the Vassar College campus (Fig 1A). We obtained eggs from two
breeding pairs for the first experiment, and from one pair for the second experiment. Detailed
methods for frog breeding and egg collection can be found in Appendix A. All animal work was
approved by the Vassar College Institutional Animal Care and Use Committee (Protocols #19-

03B and #18-12B).

Monoculture inoculum preparation:

We used frozen glycerol stocks from our isolate collection to inoculate R2A agar plates
with individual isolates (Fig 1B). We then started 1% tryptone broth cultures for each isolate
which were placed on a shaker to incubate overnight at room temperature. The next day, 500 pl
of broth from each isolate was transferred to individual, sterile 1.5 ml microcentrifuge tubes and
spun at 5,000 rpm for ten minutes to pellet down the bacteria. The broth solution was then
removed and replaced with 500 pl of sterilized spring water. Tubes were then briefly vortexed to
resuspend the pellets. This process was repeated once more to remove any remaining broth, and
then, using a haemocytometer to count the cells, we created standardized inoculation solutions
for each isolate at 106 cells/ml. We chose this density based on estimates of naturally-occurring
freshwater bacteria 4243, Samples (500 pl) of each monoculture were collected for sequencing.

All work was completed in a biosafety hood.

Community inoculum preparation:

To standardize the second inoculum across treatments, the community inoculum included all five
chosen isolates. Broth cultures were started as outlined above for all five target isolates. We then

added 100 pl of each of the five overnight isolate solutions to five 1.5 ml microcentrifuge tubes
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(500 pl total/tube). We replaced the broth with sterilized spring water following the protocol for
the individual isolate cultures. The five individual tubes were combined, vortexed, and diluted to
10° cells/ml to provide a community stock solution. Samples (500 pl) of each monoculture and

the community inoculum were collected for sequencing.

Experiment 1:

In our first experiment (Fig 1C), we placed eggs on autoclaved window screen suspended
over a container and rinsed them with sterilized spring water to reduce any bacteria present.
Once rinsed, eggs were placed within individual wells in lidded, 12-well culture plates and
inoculated with 3 ml of a treatment solution (N=15/treatment). Inoculation treatments were as
follows: the same isolate on both days (SS or AA), a different isolate on each day (alternating
priority: SA or AS), an isolate and then sterile spring water (SW), or a control treatment of sterile
spring water on both days (WW). This procedure was continued until we had completed 15
replicates for each of the 6 treatments, totaling 8 plates. On the eighth plate, we dedicated two
wells to our Acinetobacter and Stenotrophomonas inoculum without embryos to assess the
ability of our isolates to persist in sterile spring water over the course of the experiment. Once all
plates were prepared, they were placed in an environmental chamber at 26.6 °C with a 12 hour
light schedule. After 24 hours, the plates were returned to the biosafety hood. All liquid was
removed from each well and replaced with a fresh aliquot of the second designated inoculate.
After completing this for all samples, the well-plates were returned to the incubator. Samples
were checked daily to assess the condition of embryos; 48 hours after the second inoculation,
tadpoles had begun to hatch. Upon hatching, tadpoles were individually removed from wells,
rinsed in sterile spring water, and flash frozen in 1.5 ml microcentrifuge tubes. Samples were

stored at -80 °C until processing. This process was repeated after an additional 24 hours, until all
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viable samples had been removed (36 tadpoles out of 90 total embryos). Final sample sizes were
6 per treatment. Additionally, 20 pl of solution from each of the 6 embryo-free wells was plated
onto individual R2A agar plates. Observed growth confirmed that the isolates remained viable in

the sterile water solution for the duration of the experiment.

In vitro co-culture trials

To complement our initial tadpole experiment, we conducted co-culture trials with
isolates A and S within a 96-well plate (Fig 1D). Because community interactions and the
strength of priority effects can be affected by nutrient availability 444°, we included two nutrient
concentrations (Full LB broth or 1:20 diluted LB broth) to gain a broader understanding of our
co-culture outcomes, especially as amphibian skin may represent a more nutrient poor
environment than that of standard LB media. Treatments for co-culturing (N=5 per nutrient
concentration) were as follows: A single isolate (A or S), equal initial inoculations of both
isolates (A=S), uneven inoculations of both isolates (A_High or S_High), and an initial
inoculation followed by a second inoculation of the other isolate after a six-hour delay, such as

would occur with priority effects (AS, SA).

To set up the plate for co-culture trials, isolates S and A were initially grown on R2A
plates and then single colonies were transferred to LB broth and left overnight. The next day, we
vortexed the broth cultures and transferred 1 ml of each broth to individual, sterile 1.5 ml
microcentrifuge tubes for inoculations. Each well of the 96-well plate was filled with 190 pl of
LB broth or diluted LB broth. Single isolate wells (A, S) received 5 pl of the overnight broth
culture of the target isolate. Wells that required both isolates (A=S) received 5 pl of each broth

culture. Our uneven treatments (A_High, S_High) consisted of 7.5 pl of one isolate and 2.5 pl of
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the other. For our treatment in which the secondary inoculation was delayed (AS, SA), the wells

received 5 pl of the first inoculum and then 5 pl of the second six hours later.

After all wells were inoculated, the plate was covered and placed within a plate reader at
26 °C. Every 30 minutes, the plates were shaken within the plate reader for 30 seconds. After 6
hours, the plate was removed from the plate reader and then returned after the specified wells
(AS, SA) received their second inoculum. After 24 hours had passed since the initial inoculation,
the content of each well was pipetted into a 1.5 pl microcentrifuge tube and frozen prior to DNA

extraction.

Experiment 2:

The set up for the second experiment was similar to experiment 1, with minor changes

(Fig 1E). On day one, embryos (N=20/treatment) were inoculated with one of three isolates (A,
S, or E). On the second day, the initial inoculum from all experimental wells was replaced with
the community solution of all 5 isolates (A, S, E, O, C). Control wells received an aliquot of
sterile water on both days. Additionally, two wells without embryos received an inoculum of the
community inoculum to monitor compositional changes over the course of the experiment. On
day four of the experiment, free-swimming tadpoles were collected as described for experiment
1. The remaining viable tadpoles (N=3) were collected on day five (Final N: S=20, A=15, E=17,

Control=11).

Tadpole experiments DNA extraction, amplification, and sequencing:

For both experiments, DNA was extracted from whole body tadpole samples using the
DNeasy blood and tissue extraction kit (Qiagen, Inc, Valencia, CA, USA). We followed the

manufacturer’s protocols, but included a 1 hr pretreatment with 180 ul of enzymatic lysis buffer
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followed by a 30-minute incubation at 70 °C. At the beginning of the pretreatment, samples were
mechanically ground for 5 s with a sterile pestle (Fisher Scientific, Waltham, MA). We also
included DNA from pure cultures of each isolate for experiment 1, and from each isolate and
community inoculum samples for experiment 2 in their respective sequencing runs. DNA from
isolates and inoculum was extracted using the same methods as the tadpole samples, aside from
the grinding process. For all samples, we targeted the V4 region of the 16S rRNA gene and
amplified it using the 515F and barcoded 806R primer pair and PCR conditions developed by
Caporaso et. al. 4. Reactions for each sample were run in triplicate, combined after PCR, and
quantified using a Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA). 200 ng of
DNA from each sample was used to create a pooled sample for each experiment. Pooled samples
were cleaned using the QIAquick PCR purification kit according to manufacturer instructions
(Qiagen, Inc., Valencia, CA, USA). The final elution was sent to the Molecular Biology Core
Facilities of the Dana Farber Cancer Institute at Harvard University (Cambridge, MA, USA) to
be sequenced on an Illumina MiSeq instrument using a 250 base-pair single-end strategy, with
one run for each experiment. Raw sequence data are available at:

https://doi.org/10.7294/19170056.

Co-culture DNA extraction, amplification, and sequencing:

Isolate co-culture samples were extracted using the DNeasy blood and tissue extraction
kit (Qiagen, Inc, Valencia, CA, USA), following manufacturer’s instructions. Amplicon libraries
were prepared for sequencing on an Illumina iSeq 100 at Vassar College following Illumina’s
two-step, tailed PCR approach. In brief, an initial PCR targeted the V4 region of the 16S rRNA
gene using unbarcoded versions of the 515F and 806R primer pair with Illumina overhang

adapter sequences appended, and a second PCR added Illumina index sequences and sequencing
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adapters from the Nextera Index kit (Detailed in Appendix A). 75 ng of DNA from each sample
was used to create a pooled sample. The pooled sample was cleaned using AMPure XP beads
according to manufacturer’s instructions, diluted to a sequencing concentration of 75 pM, spiked
with 10% PhiX, and sequenced using with a 150 bp single-end strategy. Raw sequence data are

available at https://doi.org/10.7294/19170056

We used the Qiime2 pipeline 4’ to process our sequence data, including demultiplexing,
denoising, and dereplication. Each experimental dataset was processed separately. We used
Dada2 “® to denoise our sequences, with our quality score parameter set to 11. We filtered out
any reads with a frequency of less than 0.01% across all samples. We used scikit-learn 4°%° to
apply taxonomy to our representative sequences based on the SILVA taxonomic classifier °1.
Tree construction was performed using RAXML 52 and the tree was rooted at the midpoint. Our
final table for the first tadpole experiment contained a total of 364 unique amplicon sequence
variants (ASVs) across our 41 samples. The final table for the second experiment contained 183
unique ASVs across 85 samples. Tables were imported into the R v4.1.0 environment >3 for
further processing. In R, we filtered out any ASVs that were not bacteria, any ASVs identified as
chloroplasts or mitochondria, and any ASVs unidentifiable at the phylum level of classification.
Many of the ASVs that were filtered out, when run through NCBI BLAST, were frog

mitochondrial sequences.

We identified the corresponding ASVs for our isolates through analysis of our isolate-
only amplicon samples. For the first experiment, ASV 91 (Genus Stenotrophomonas) was
identified as isolate S and ASV 155 (Genus Acinetobacter) was identified as isolate A. For the

second experiment, ASVs 23 and 24 (Genus Stenotrophomonas) corresponded to isolate S, ASV
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25 (Acinetobacter) to isolate A, ASV 31 (Erwinia) to isolate E, ASV116 (Ochrobactrum) to

isolate O, and ASV67 (Achromobacter) to isolate C.

Of note within this study is the expected presence of background taxa. Embryo-
associated bacteria may originate in the cloaca of the parents, as in other systems 4. Because our
eggs were not exposed to antibiotics and were only rinsed with sterile water, we expected to see
some level of non-target bacteria within our results. While we cannot eliminate the possibility of
contamination, the absence of any clear growth of other bacteria from isolates cultured prior to
the experiment, or from wells cultured after the experiment, supports that contamination was
unlikely. To address this, we focus our primary analyses on differences among treatments that

would demonstrate the presence of priority effects, regardless of this background.

Our co-culture samples were processed using the same Qiime2 pipeline*’ outlined above.
Our final table contained 23 unique ASVs. Of these ASVs, six were unidentified at the Kingdom
level and filtered out. The remaining 17 ASVs all corresponded to either Stenotrophomonas or

Acinetobacter and were clustered at the genus level for analysis.

Statistical Analyses:

All statistical analyses were conducted in the R v4.1.0 environment 3. For our tadpole
beta diversity analyses, we converted raw count data from our ASV tables to relative abundances
as a method of normalization. ASV tables rarified to the minimum per-experiment sequencing
depth were used for all tadpole alpha diversity analyses. To create a complete picture of
differences in alpha diversity, we used three metrics: richness (the number of ASVs per sample),
Faith’s phylogenetic diversity, and the effective number of species (Hill numbers, derived from

the Shannon diversity index). Both species richness and Shannon diversity were calculated using
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phyloseq (v.1.28.0; [ref 38]). To calculate the effective number of species, we used the equation
[exp(Shannon diversity)] °¢. Faith’s phylogenetic diversity values were calculated using the

picante package (v1.8) °’. Our two inoculation experiment datasets were analyzed separately.

To determine whether we could detect the presence of priority effects within our tadpole
bacterial communities (Experiment 1), we first investigated differences in the relative
abundances of our isolates between our SA and AS treatments. We used a linear model fitted
with a normal distribution to determine if our two isolates differed in relative abundance between
treatments. To ascertain the presence of community level differences between our SA and AS
treatments, we first performed a PERMANOVA analysis [function adonis2; vegan package v2.5-
5 58] based on 10000 permutations using a Bray-Curtis matrix based on ASV relative
abundances. To determine if our two treatment groups differed in dispersion, we conducted a
beta dispersion analysis using the betadisper function [vegan package v2.5-5 58]. Next, we
performed a distance-based redundancy analysis (DB-RDA,; function capscale; vegan package)
to determine which ASVs were the strongest contributors to the observed differences in beta
diversity among our SA and AS treatments. Model selection for our DB-RDA was conducted

through forward and reverse stepwise methods (function ordistep; vegan package).

To test for overall effects of our bacterial inoculation treatments on the microbiome of
our tadpoles, we assessed differences in alpha diversity and beta diversity among our treatments
and between treatments and the control group. For ASV richness, phylogenetic diversity and the
effective number of species, linear models were fit using negative binomial, normal, and
lognormal distributions, respectively. As above, we used a linear model fitted with a normal
distribution to determine if our two isolates differed in relative abundance among all treatment

groups. Differences in community structure (beta diversity) were analyzed using PERMANOVA
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as above. We used Bray-Curtis dissimilarity matrices to assess community level differences in

the relative abundances of ASVs.

To detect priority effects in the co-culture trials (a non-host environment), we assessed
differences in the relative abundances between our AS and SA treatments. Next, we sought to
determine if differing initial abundances (A_High, S_High, A=S) influenced final relative
abundance. In addition, to understand the potential role of nutrient concentrations, we assessed
each of these scenarios under a high and low nutrient concentration. Differences in relative

abundance were analyzed using linear models fitted with lognormal distributions.

To determine if giving a bacterial colonist priority influenced the ultimate bacterial
community of tadpoles when followed by a community inoculum (Experiment 2), we
investigated differences in the community composition among our experimental treatments
(A/S/E). To this end, we performed a PERMANOVA as above. Next, we used our rarified table
to perform pairwise Wilcoxon tests to assess differences in relative abundances of our isolates

between treatments.

We determined overall effects of our inoculation treatments on the tadpole microbiome
by assessing differences in alpha and beta diversity among our treatments and the control group.
We performed a PERMANOVA as above, this time including the control group. Alpha diversity
values for our samples were calculated as above. We then ran linear models using a negative
binomial distribution for ASV richness and lognormal distributions for Faith’s phylogenetic
diversity and the effective number of species. In addition, we calculated the mean percentage of
our community isolates present among our treatments to understand how community

composition was influenced by our inoculum.
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Results:
Experiment 1

A total of 157 unique ASVs were observed within our newly-hatched tadpoles. Individual
tadpoles had a range of 18-55 unique ASVs. Samples were dominated by ASVs from the phylum
Proteobacteria (88 total ASVs, 88% average relative abundance). Two other Phyla averaged over
1% of the total relative abundance: Phyla Bacteroidetes (25 total ASVs, 6% average relative
abundance) and Firmicutes (20 total ASVs, 5% average relative abundance). The remaining three
phyla averaged below 1%: Actinobacteria (18 total ASVs), Patescibacteria (4 total ASVs), and
Chlamydiae (2 total ASVs). Of the 157 unique ASVs, we observed five taxa as the core
community that were present in 90% of our tadpole samples. These core taxa were from four
genera: Clostridium sensu stricto 9 (ASV33 and ASV34), Vogesella (ASV116), Pseudomonas

(ASV144), and Acinetobacter (Isolate A [ASV155]).

Focusing on our AS and SA treatments, colonization order impacted the structure of the
experimental communities. Treatment AS, in which Acinetobacter was inoculated first, became
enriched in Acinetobacter (b=0. 580, SE=0.143, t=2.25, p=0.0479) relative to treatment SA (Fig
2A). This increase in relative abundance due to priority in colonization was not observed for
Stenotrophomonas (b=-0.0298, SE=1.16, t=-0.094, p=0.927) (Fig 2A). Treatments SA and AS
also differed from one another in terms of community structure (PERMANOVA: Bray-Curtis
Pseudo-F=3.09, R?=0.236, p=0.00820) (Fig 2B). Our AS and SA treatments did not, however,

differ in group dispersion (betadisper: p adj=0.172)

Several other taxa in the community also responded differently in our AS and SA

treatments. Our DB-RDA model selection identified a set of five ASVs that most strongly
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contributed to the differences in community structure revealed by our PERMANOVA analysis of
the Bray-Curtis distance matrix. We were able to explain 88% of the total variation in relative
abundances using these five identified ASVs (ASV155 [Isolate A], Genus Acinetobacter;
ASV116, Genus Vogsella; ASV144, Genus Pseudomonas; ASV153, Genus Acinetobacter;
ASV129, Genus Aeromonas) as our constrained variables. The first two axes of this ordination
explained 66% of the total variation (CAP1=0.436, CAP2=0.221) (Fig 2C). Linear models
showed that two of the identified non-inoculant taxa had significantly lower relative abundances
in treatment AS compared to SA (ASV116, Genus Vogsella]b=-0.0530, SE=0.802, t=-2.60,
p=0.0267; ASV144, Genus Pseudomonas|b=-0.0414, SE=0.786, t=-2.41, p=0.0370) and one
taxon showed an increase in AS compared to SA (ASV129, Genus Aeromonas |b=1.13,

SE=0.592, t=3.53, p=0.00543)(Fig 2D).

When looking across all treatment groups, ASV richness did not differ by treatment
(Chisg=6.23, df=5, P =0.285) (Appendix A: Fig S2A). Phylogenetic diversity (Pr(>F)=0.820)
and effective number of species (Pr(>F)=0.257) were also similar across treatments (Appendix
A: Fig S2B & C). Compared to the control treatment WW, both treatments with A as the initial
isolate (AA, AS) showed an increase in the relative abundance of isolate A (AA |b=0.908,
SE=11.7, t=5.18, p=0.000112; AS|b=0.642, SE=11.7, t=3.66, p=0.00232) (Fig 2A). Isolate S did
not show a similar increase when it was the first inoculum (SS|b=-0.00118, SE=0.0911, t=-0.2786,
p=0.786; SA|b=0.0133, SE=0.240, t=1.18, p=0.252; SW|b=0.00234, SE=0.122, t=0.410,
p=0.686) (Figure 2A). Neither Acinetobacter (SA vs SS | b=-0.00156, SE=0.0486, t=-1.13,
p=0.284), nor Stenotrophomonas (AS vs AA | b=0.0199, SE=0.253, t=-0.655, p=0.527) showed
an increase in relative abundance when used as the second inoculum compared to the mono-

isolate treatments (Figure 2A) or to the control (AS vs WW | b=-0.000439, SE=0.896, t=-0.408,
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p=0.692; SA vs WW | b=0.142, SE=111, t=0.452, p=0.661). Community structure varied among
treatments (PERMANOVA: Bray-Curtis Pseudo-F=2.44, R2=0.289, p=0.0002) (Appendix A:

Fig S3).

Co-culture trial

Among our co-culture samples, Acinetobacter (AS|b=3.55 SE=0.119, t=11.1, p=3.95e-6)
and Stenotrophomonas (SA|b=1.48, SE=0.0303, t=18.1, p=8.82e-8) increased in relative
abundance when given colonization priority in our high nutrient LB broth environment, but not
within the low nutrient environment (Fig 4). In the high nutrient environment, when compared to
the equal treatment (A=S), increased initial abundance led to an increase in relative abundance
for Stenotrophomonas (S_High|b=1.26, SE=0.0405, t=5.351, p=1.73e-4), but not Acinetobacter
(A_High) (Fig 3). Also in the high nutrient environment, Stenotrophomonas had a higher relative
abundance in the SA treatment than in the S_High treatment (b=1.06, SE=0.0310, t=4.54,
p=0.0019), however no significant difference was detected between the Acinetobacter favored
treatments (AS and A_High) (Fig 3). Neither isolate showed a relative abundance increase

between treatments in the low nutrient environment.

Experiment 2

Within our newly hatched tadpoles, we observed a total of 117 unique ASVs. Individual
tadpoles possessed a range of 30-78 unique ASVs. Within these samples, only three phyla
reached abundances higher than one percent. ASVs from the community inoculation made up
8.65% of the control, 63.0% of the Stenotrophomonas, 71.3% of the Acinetobacter, and 59.8% of

the Erwinia treatments.
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Changing the initial inoculum resulted in differing community structure across treatments
(Fig 4A) within our tadpoles. When Acinetobacter was the first inoculum, tadpoles became
enriched in Acinetobacter compared to treatments in which Stenotrophomonas or Erwinia served
as the first inoculum (pairwise.wilcox.test |A/E: p=0.015; A/S: p=0.0093) (Fig 4B). Erwinia
similarly increased in relative abundance compared to the other two treatments when given
priority (pairwise.wilcox.test |E/A: p=0.0067; E/S p=0.0078) (Fig 4C). Stenotrophomonas only
showed an increase in abundance when given priority compared to the treatment in which
Erwinia was given priority (pairwise.wilcox.test |[S/E: p=0.037, S/A: p=0.28) (Fig 4D). Neither
of the two isolates present only in the community inoculation (Ochrobactrum and
Achromobacter) saw an increase across experimental treatments, however all isolates saw an
increase in relative abundance compared to the control (pairwise.wilcox.test| p<0.005) (Fig 4).
We also observed a significant effect of treatment on overall community composition among
experimentally treated tadpoles both with the control group included (PERMANOVA Bray-
Curtis| Pseudo-F=8.54, R?=0.303, p<0.0005) and without it (PERMANOVA Bray-Curtis|

Pseudo-F=2.48, R?=0.092, p=0.0016) (Fig 5).

Compared to our control, alpha diversity generally differed in our experimental
treatments. ASV richness was significantly lower in our Acinetobacter and Erwinia treatments
than in our control (Con/A: p<0.0005; Con/E: p=0.000355) (Fig 6A). Interestingly, our
Stenotrophomonas treatment did not differ significantly from our control treatment (Con/S:
p=0.053) (Fig 6A) but was significantly higher than the treatment in which Acinetobacter was
inoculated first (emmeans| S/A: p=0.039) (Fig 6A). Faith’s phylogenetic diversity was also
significantly lower in our Acinetobacter and Erwinia treatments (Con/A: p=0.000499; Con/E:

p=0.00173) (Fig 6B) compared to the control treatment, but not in our Stenotrophomonas
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treatment (Con/S: p=0.110) (Fig 6B). The effective number of species was significantly lower in
all treatments compared to the control (Con/A: p<0.0005; Con/E: p<0.0005; Con/S: p<0.0005)
(Fig 6C). Neither phylogenetic diversity, nor the effective number of species, differed among the

three experimental treatments.

Discussion:

Our results demonstrate that priority effects can be observed within the vertebrate host-
associated microbiome. Altering the order in which frog embryos were inoculated with bacteria
led to differences in the subsequent bacterial communities of tadpoles under two experimental
conditions. Importantly, in our experiments, embryos remained exposed to their second inoculum
until they developed into free-swimming tadpoles. Embryos were, therefore, exposed to the
second inoculum for a longer period than the initial inoculum. Despite this, priority effects were
still observed regardless of the second inoculum being a single isolate (experiment 1) or a
broader community (experiment 2), suggesting that colonization order had a greater impact on

community composition than exposure time during the early stages of development.

In experiment 1, we saw an increase in the relative abundance of our Acinetobacter
isolate when it was introduced first, but not our Stenotrophomonas isolate. These results were
consistent in the second experiment when only looking at the A and S priority treatments. When
comparing the S and E priority treatments in experiment 2, however, the relative abundance of
Stenotrophomonas increased when it was given priority. Essentially, the host environment
created when Acinetobacter is given priority does not alter Stenotrophomonas relative abundance

compared to when Stenotrophomonas is given priority. On the other hand, Erwinia created an
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environment in which the proportion of our Stenotrophomonas isolate was comparatively
limited. Our results, therefore, demonstrate that priority effects may benefit the initial isolate but
interspecific competition among subsequent colonists may still allow dominant species to reach

appreciable levels of abundance within the remaining niche space.

We also saw evidence of priority effects in our co-culture trials. When given colonization
priority, both Acinetobacter and Stenotrophomonas increased in relative abundance within our
higher nutrient broth environment. While increased relative growth for Stenotrophomonas was
observed within our co-cultures, we did not observe this in the first embryo inoculation
experiment. Our culture conditions differed from that of the embryo experiment due to resource
differences, potential host regulatory mechanisms, and the presence of non-target bacteria that
may have originated from inside the embryo. When given a proportional advantage without
priority access, Stenotrophomonas, but not Acinetobacter, increased in relative abundance.
Additionally, Acinetobacter showed no shift in relative abundance due to priority in the low
nutrient environment. The observed priority effects of Acinetobacter may be dependent on
having priority access to resources during some initial growth window (niche preemption), while
Stenotrophomonas can outcompete Acinetobacter due to a higher growth rate or carrying
capacity. This is further supported by the relative abundance of Stenotrophomonas remaining
statistically similar in our A and S treatments within our second experiment but differing in the E
and S treatments. While we lean towards niche preemption as the best classification for the
observed relative abundance outcomes ®*2, we cannot rule out niche modification, nor the
scenario that resource availability influences the ability of Acinetobacter to modify its

environment.
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Between our alternating embryo treatments (SA/AS) within the first experiment, we
identified five taxa that explained the observed differences in the relative abundances of taxa
across treatments. Our potential community drivers were ASVs belonging to the genera
Pseudomonas, Acinetobacter, Aeromonas, and Vogesella. Among treatments in which our
Acinetobacter isolate was the first inoculum and exhibited increased relative abundance, we saw
lower relative abundances of the Pseudomonas ASV. We emphasize that the relative abundances
of any taxa within a community are only a comparison to the relative abundances of other taxa.
Therefore, we can only speculate about direct relationships between these taxa based on our
current data. Previous research has, however, pointed to an interesting relationship between
strains of Acinetobacter and Pseudomonas, in which Acinetobacter outcompetes, but then
supports the growth of, Pseudomonas °. If such a relationship existed within our system, this
could explain the increase of Pseudomonas in treatments that were comparatively lacking in
Acinetobacter, as well as the persistence of Pseudomonas within communities dominated by
Acinetobacter. Further experimentation would need to be conducted with isolated strains of these
bacteria to understand the specific nature of these interactions in our system, especially given the

wide range of niches that can be occupied by bacteria within the genus Pseudomonas 606,

Environmental source pools can influence the composition of host-associated bacterial
communities 333762 and may be especially critical during the initial assembly of microbes on
vertebrate embryos. For instance, we know that adult D. ebraccatus skin bacterial community
composition varies based on geographic location 34, In addition, D. ebraccatus is a species
capable of laying eggs terrestrially on leaves or within aquatic habitats 3. Eggs that develop on
leaves are presumably exposed to a different consortium of bacteria than those developing in an

aquatic environment. These differing egg environments have previously been implicated in
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survival outcomes %4, which may tie into variation in the composition of the associated
microbiome. Though not directly comparable, the differences in the communities among
treatments within the same experiment, as well as the differences in which genera were dominant
between experiments, further supports the idea that environmental source pools have a large
impact on the composition of host-associated bacterial communities. We cannot yet determine if
these effects will persist through metamorphosis, however, our usage of isolates found on the
skin of adult frogs suggests that these isolates may persist after metamorphosis. Overall, it is
likely that a combination of priority effects and environmental source pools determine the

resulting structure of the microbiome 2°,

Results from both our co-culture trials and our embryo inoculation experiments suggest
that our isolates are able to take advantage of colonization priority. Egg jelly is believed to lack
the chemical defenses present on the skin of adult frogs . Egg jelly should, therefore, exist as a
relatively open niche for potential colonists ¢, like the broth in our co-culture environment. As
the embryo develops and hatches, however, our isolates are subject to increasing regulation by
the host immune system 67-6%, Despite the activation of potential host regulatory mechanisms, we
observed differences in community structure due to inoculations made early on in the embryo
stage. By exposing the embryos to our isolates, we may have facilitated the modulation of host
mucosal peptides, influencing the abundance of specific taxa 676870 through niche modification.
Future studies incorporating transcriptomics could elucidate more clearly the role of host

regulation of the microbiome during development.

The present study joins a growing body of literature that seeks to understand the
assembly of host-associated bacterial communities (e.g. 546871-73), Host-associated bacterial

communities can be critical to host development 7%747° especially within certain developmental
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windows 7877 \We found that colonization order on embryos can noticeably impact later
community composition, but that the magnitude of impact is dependent on characteristics of the
colonizing taxa ’8. Rather than being ubiquitous, priority effects are likely the result of a
combination of fitness differences among taxa (as defined by Chesson °) and the presence of
stabilizing, destabilizing or equalizing forces >!1. The use of ecological theory 27° to determine
the circumstances in which priority effects are likely to occur is critical to fully understanding
the role of priority effects in community assembly. This framework, combined with experimental
investigations at the community level, focused on either species (e.g. "*8%) or strains &%, will

inform research in a variety of host-associated systems.
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Conceptual diagram of experimental framework. A) Eggs were collected from breeding
pairs left overnight and then rinsed with sterile water. B) Stock cultures of bacteria were
plated onto R2A media. Overnight broth cultures were made from agar cultures. Final
inoculation solutions were made the morning of egg collection. C) Inoculation Experiment
1: Eggs were placed into wells and inoculated sequentially over a two-day period. Eggs
received their initial inoculation on day one. On day 2, liquid from the previous inoculation
was removed and replaced with the second inoculation. Eggs remained in the second
inoculum until they are free-swimming tadpoles, at which point they were collected, and
the experiment was terminated. D) Co-culture Trial: All treatment groups included within
our co-culture trial. Each of these experimental treatments was conducted under full and
diluted broth conditions. E) Inoculation Experiment 2: Following the single isolate
inoculation on day one, all liquid was removed and replaced with a synthetic community

inoculum made of five culture solutions in equal volume.
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Figure 2
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(Stenotrophomonas) as the first inoculum and the control. This same increase in relative

abundance due to being the first inoculum was not observed in the case of isolate S. B)

NMDS Ordinations of whole-tadpole bacterial communities (experiment 1). Communities
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(Acinetobacter > Stenotrophomonas) in terms of relative abundance as measured through a

Bray-Curtis dissimilarity matrix. C) Drivers of differences in community composition
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identified through a distance-based redundancy analysis using a Bray-Curtis dissimilarity
matrix (experiment 1). The five taxa identified (Isolate A [ASV155], Genus Acinetobacter;
ASV116, Genus Vogesella; ASV144, Genus Pseudomonas; ASV153, Genus Acinetobacter;
ASV129, Genus Aeromonas) significantly explained differences in community structure
among the AS (Acinetobacter > Stenotrophomonas) and SA (Stenotrophomonas >
Acinetobacter) treatments. The percentage of the total variance explained by each axis is
included in parentheses. Combined, these taxa explained 88% of the observed community
variation in terms of the relative abundances of taxa. D) Relative abundances of the
identified drivers of community composition combined with our two isolates (experiment
1). Both isolates are included in this figure, however, Isolate S was not identified as a driver
of community composition during our analysis. ASV116 (Genus Vogesella), ASV144 (Genus
Pseudomonas), and ASV129 (Genus Aeromonas) showed differential abundance between
the AS (Acinetobacter > Stenotrophomonas) and SA (Stenotrophomonas > Acinetobacter)

treatments.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Abstract:

Host-associated microbial communities, like other ecological communities, may be impacted by the
colonization order of taxa through priority effects. Developing embryos and their associated
microbiomes are subject to stochasticity during colonization by bacteria. For amphibian embryos,
many of which develop externally in bacteria rich environments, this stochasticity may be
particularly impactful. The amphibian microbiome can mitigate lethal outcomes from disease for
their hosts, however this is dependent on microbiome composition. In a series of studies, we
examined the assembly of the bacterial community in spring peeper (Pseudacris crucifer) embryos
and tadpoles. First, we reared spring peeper embryos from identified mating pairs in either lab or
field environments to examine the relative impact of environment and parentage on the
composition of the embryo and tadpole bacterial communities. Second, we completed an
experimental inoculation of spring peeper embryos to determine if priority effects: (1) could be
used to increase the relative abundance of Janthinobacterium lividum, an amphibian-associated
bacteria with antifungal properties, and (2): would lead to observed differences in the relative
abundances of two closely-related bacteria from the genus Pseudomonas. Using 16S rRNA gene
amplicon sequencing to assess bacterial communities, we found differences in community
composition based on both rearing location and parentage in embryos and tadpoles. In the
inoculation experiment, we found that priority inoculation could increase the relative abundance of
J. lividum, but did not find that the Pseudomonas isolates were able to prevent colonization by a
closely-related isolate when given priority. These results highlight the importance of environmental
source pools and parentage in determining microbiome composition, while also providing novel
methods for the administration of a known amphibian probiotic.

Introduction:

Host-associated microbial communities are common in the natural world. These symbiotic
communities of microorganisms are capable of helping or hindering their host organisms in myriad
ways 1-4. Bacterial communities, in particular, have been a popular subject of study due to their role
in host health and development 5-7. For example, bacterial community structure has been
associated with detoxification of harmful compounds within the host gut 89, improving plant health
and fertility 410, and limiting susceptibility to disease 11-14. As community composition may impact
the ultimate function of these communities, understanding how the communities initially establish,
or "assemble”, is an important goal in microbial ecology.

The assembly of ecological communities is broadly thought to be governed by the four processes of
selection, dispersal, speciation and drift 15. Variation in the relative importance of these factors
across communities and sites can be driven by environmental conditions, the scale of study and the
species that are present 1617, Stochasticity can also lead to differences in community composition
between otherwise equivalent habitat patches 1819, In the case of dispersal, stochasticity in arrival
order in a habitat can result in priority effects, leading ultimately to differences in community
structure. Priority effects are thought to occur when fitness differences between taxa are low in an
environment lacking stabilizing forces 2021, Early arriving colonists may monopolize resources
(niche preemption) or modify the environment (niche modification), therefore enhancing or
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hindering the colonization potential of later arriving species 20. We may, therefore, expect priority
effects under scenarios where multiple closely-related taxa colonize a given environment due to
similarities in fitness and niche breadth. Priority effects are likely important for structuring
communities across a range of systems 22-25, and may offer a potential mechanism for
understanding differences in host-associated microbial communities.

Experimental investigations of priority effects in host-associated microbial communities are still
relatively rare in vertebrates, and have mainly focused on the gut microbiome of germ-free mice 26.
Amphibians, many of which have externally developing embryos, offer an interesting alternative
system in which to explore priority effects within the vertebrate microbiome 27.28, Studies on the
amphibian microbiome have demonstrated the influence of the gut microbiome on host
physiological traits, such as fat acquisition, temperature tolerance, and disease susceptibility 2930,
Additionally, investigations into amphibian skin microbiome composition have shown that
intraspecific variation in community structure exists across sites 31-34, highlighting the importance
of environmental source pools in dictating community composition 34-36, Prior experiments suggest
that the relative abundances of individual bacterial taxa on tadpoles can be altered via priority
effects during embryonic inoculation 27.

Many studies have focused on the role of the amphibian microbiome in reducing host susceptibility
to the fungal skin pathogen, Batrachochytrium dendrobatidis (Bd) 3393738, Amphibian-associated
bacterial communities may contribute to lowered rates of infection 39, and may reduce morbidity or
mortality when infections occur 49. Specific taxa within the community, such as Janthinobacterium
lividum or Serratia marcescens, produce antifungal compounds that aid in limiting Bd infections 3841,
For example, the antifungal compound violacein is produced by J. lividum found on amphibian skin,
making isolates of this genus of interest for probiotic applications 38. Leveraging the ability of
probiotic bacteria to reduce Bd associated mortality is, therefore, a central goal of amphibian
conservation 394142, Understanding which life stages and under what conditions bacteria can best
be incorporated into symbiotic communities is important for implementation of any probiotic
strategy for conservation.

In the current study, we investigated the impact of priority effects during early embryonic
development on the bacterial communities associated with newly-hatched spring peeper (Peudacris
crucifer) tadpoles. We first performed a differential rearing study to understand how the egglaying
environment and parentage might affect the microbiomes of embryos, and if any differences due to
location and parentage would persist post-hatching. We then conducted experimental inoculations
to answer two major questions. First, we wanted to understand if priority effects might serve as a
potential mechanism to increase the relative abundance of J. lividum due to its production of the
antifungal compound violacein. Second, we aimed to develop a better understanding of whether the
relative abundances of two closely-related bacterial isolates would shift due to priority effect-
derived exclusion 2! using isolates from the genus Pseudomonas.

Methods:

Overview of studies:

Spring peepers, Pseudacris crucifer, are small treefrogs native to the eastern US. In our
differential rearing study, we collected breeding pairs of free-living adult spring peepers. A subset
of these pairs were bred in the lab and a subset were left to breed in pond enclosures. Adult pairs
bred in the lab were swabbed to characterize their skin microbiomes. Egg samples from each group
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were collected and a set of tadpole samples were collected from each location post hatching.
Bacterial communities from samples were assessed using 16S rRNA gene amplicon sequencing.

In our inoculation experiment, spring peeper embryos were placed in individual wells of
12-well cell culture plates and inoculated over two days. We exposed embryos to either one of three
individual bacterial isolates or sterile water, followed 24 hours later by sterile water or a
community inoculum containing 5 bacterial isolates (details below). After hatching, we assessed the
whole-body bacterial communities of tadpoles using 16S rRNA gene amplicon sequencing (Figure
1). To consider the potential impact of vertical transmission from parents to eggs in our
experimental design, we also compared our tadpole microbiomes to those of eggs and swabs from
the parent frogs.

We have previously isolated bacteria from the skin of wild caught adult spring peepers in
Virginia 43. For the present study, we selected three isolates from those frozen stocks to be used as
initial inoculum, and two additional bacteria to be used as part of the synthetic community
inoculum, similar to the design used in Jones et al. 27. For our initial inoculum, we selected a
Janthinobacterium lividum isolate (HP6A, Isolate J) and two Pseudomonas isolates that could be
distinguished from each other based on their 16S rRNA gene sequences (HP12K, Isolate P1 and
HP3], Isolate P2). Our Pseudomonas isolates were chosen to gain insight into the outcomes of
priority effects between closely-related taxa. Additionally, from our set of spring peeper isolates, we
selected a Flavobacterium (HP3M, Isolate F) and a Microbacterium (HP3T, Isolate M) for use in our
synthetic community, as we were able to clearly distinguish them with 16S gene sequencing.

Differential Rearing Study:

Pairs of adult spring peepers were collected from ponds on the campus of Vassar College
(Poughkeepsie, NY, USA) on 10 March 2016. Three pairs were placed in field breeding enclosures
(one pair per enclosure). Field enclosures consisted of 61L x 40.6W x 35.2H cm plastic Sterilite
containers with the bottoms cut out. Enclosures were pushed down into the mud at the bottom of
the pond, the pair was placed inside, and then the lid was fastened on top to prevent the pair from
escaping. Pairs were left overnight to breed. Enclosures were checked the following morning, and
three eggs from each pair (family) were collected and preserved to characterize bacterial
community diversity. Eggs were placed individually in 1.5 ml centrifuge tubes on ice until transfer
to -80 C. Additional eggs were placed individually in cylindrical window screen mesh bags (40 cm
tall X 12 cm diameter) within the pond to continue development. The inner space of these bags was
maintained by a PVC ring at bottom and a plastic float at top. Two leaves from the pond were added
to each bag to provide food and cover. Bags were closed by folding over the mesh at the top and
securing with a clothespin. After one month, surviving tadpoles were collected by gloved hand and
preserved by flash freezing.

Six pairs of spring peepers were returned to the lab and placed in 35.6L x 20.3W x 12.4H cm plastic
Sterilite containers with lids to breed. Containers were autoclaved ahead of time and contained 300
ml of sterile spring water (Poland Spring® brand water). Containers were elevated slightly so that
the water pooled at one end of the container. Pairs remained in their containers for 48 hours
(females were still laying eggs after 24 hours). After 48 hours, all adults were swabbed in the
laboratory and then released at the site of capture. Swabbing was completed using sterile swabs
(MW113; Medical Wire Equipment & Co. Ltd.); each frog was swabbed using our standard swabbing
procedure of 10 bidirectional passes (upward and downward stroke) on their ventral side, and five
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passes in a single direction on each hind thigh and on each hide foot. Three eggs from each family
were individually preserved in 1.5 ml centrifuge tubes. Three additional eggs were placed
individually in the wells of cell culture plates containing 4 ml sterile spring water. Eggs were
checked daily until hatching; hatchlings were preserved two days post hatching when yolk
absorption was complete. All samples were immediately placed on ice and preserved at - 80 C until
further processing.

Inoculation Experiment:

The night prior to the start of the experiment, amplexed pairs (N=5) of adult spring peepers
were collected from Virginia Tech’s Kentland Farm research area (Montgomery County, VA, USA).
Pairs were placed individually in lidded, 5-gallon buckets with water from the collection site and
left overnight. The following morning, we returned to the collection site. Amplexed pairs were
separated, rinsed with sterile water, and each individual was swabbed as above with a sterile swab
(MW113; Medical Wire Equipment & Co. Ltd.) to characterize their skin bacterial communities.
Swabs were stored onice in 1.5 ml microcentrifuge tubes until they could be stored at -80°C. After
swabbing, adults were released at the site of collection. From each of the five resulting egg masses,
we initially collected 10 eggs/mass and placed them together in a sterile 50 ml tube. This was
repeated to give us two tubes containing 50 eggs each. Eggs in each tube were then rinsed three
times with sterile water before being placed on ice and transported to the lab for experimental
inoculation. Water from the final rinse was retained to prevent eggs from drying out. We also
collected a set of 10 eggs from each individual amplexed pair for sequencing. These eggs were
rinsed with sterile water three times in 15 ml Falcon tubes with enough water retained to cover the
eggs before being stored on ice for transport to the lab and stored at -80 °C.

We inoculated R2A agar plates with individual isolates from frozen glycerol stocks. Broth
cultures were started from a single colony on the agar plates in 1% tryptone and incubated
overnight at room temperature on a shaker. The morning of the experiment, 1000 pl of broth from
each isolate was transferred to individual, sterile 1.5 ml microcentrifuge tubes and centrifuged at
5,000 rpm for 10 min. The broth was pipetted out, leaving the pelleted bacteria. We then pipetted
500 pl of sterile water into each tube and vortexed tubes to resuspend the bacteria. This process
was repeated, and the resulting solution was then quantified using a haemocytometer. We then
created standardized inoculation solutions for each isolate at 10¢ cells/ml. This concentration of
bacteria was chosen based on similarity to what eggs might be exposed to in a pond 4445, We
collected 500 pl of each inoculum solution for sequencing.

To prepare the community inoculum for day two (the day after the initial inoculations were
completed), 1% tryptone broth cultures were created for each of our five isolates. The next day, 200
ul of each broth culture was added to five 1.5 ml microcentrifuge tubes. We then replaced the broth
with water and created standardized solutions as done for the individual isolates. We collected 500
ul of each monoculture and the community inoculum for sequencing.

We randomly assigned eggs to one of the four bacterial treatment groups or a control
treatment (N=20/treatment) and set up the experiment in our biosafety hood. Eggs were removed
from field collection tubes, placed in sterile petri dishes, and rinsed with sterile water within 30
minutes of transport from the field. Eggs were then transferred to a second petri dish and rinsed
with sterile water again. We then transferred eggs to individual wells within 12-well, lidded cell
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culture plates (N=9 total plates). Embryos for treatments P1, P2, and ] each received 3 ml of an
inoculum of their respective isolate. Embryos assigned to the community-only and control
treatments were given an inoculum of sterile water. Once all wells were treated, lids were returned
to the plates, and the plates were placed within a sterilized plastic container. The container was
then transported to our animal care room (26 °C with a 12 hour on/off light schedule). After 24
hours, the well-plates were returned to the biosafety hood. Liquid from the prior day’s inoculation
was removed via pipette and replaced with a fresh inoculum. All experimental treatments (P1, P2, ],
community-only) were inoculated with our community inoculum. Our control treatment received a
new inoculum of sterile water. Additionally, one empty well received an inoculum of our
community inoculation to understand outcomes within our inoculum community in the absence of
a host. After day two inoculations were complete, well plates were returned to the animal care
room. We monitored eggs daily for signs of hatching. Tadpoles began to hatch 48 hours after the
second inoculation, and all surviving embryos had hatched by 72 hours after the second
inoculation. Upon hatching, tadpoles were removed from wells using sterile 1000 pl pipettes
(N/treatment: J=13, P1=16, P2=12, Community-only=12, Control=13). We collected 500 pl of our
non-host community sample on day 5 (72 hours post second inoculation) via pipette. Hatchlings
were rinsed in sterile water, flash frozen in individual 1.5 ml microcentrifuge tubes, and stored at -
80 °C until processing.

DNA extraction, amplification, and sequencing:

DNA was extracted from each experiment and sequenced separately. DNA for the
differential rearing study was extracted from whole body tadpoles (n=23), egg samples (n=25), and
adult skin swabs (n=12). DNA for the inoculation experiment was extracted from whole body
tadpoles (n=66), individual isolate and community inoculum samples (N=10), pooled field-collected
egg samples (N=5) and parental swabs (N=10) using the DNeasy blood and tissue extraction kit
(Qiagen, Inc, Valencia, CA, USA). We followed the manufacturer’s protocols and included a 1 hr
pretreatment with 180 ul of enzymatic lysis buffer followed by a 30-minute incubation at 70 °C.
Eggs and tadpoles were mechanically ground for 30 s with sterile pestles. DNA from inoculum
samples and swabs was extracted using the same methods, except there was no grinding step. We
targeted the V4 region of the 16S rRNA gene in all samples and amplified it using the 515F and
barcoded 806R primer pair developed by Caporaso et al. 46. PCR reactions were 25 pl, and consisted
of 0.5 pul of each primer; 9.5 pl ultra clean PCR grade water; 12.5 pl GoTaq G2 Master Mix (Promega,
Madison, WI, USA); and 2 pl genomic DNA. Our thermocycler protocol was: 3 minutes at 94 °C, then
34 cyclesat 94 °Cfor 45 s, 50 °C for 60s, 72 °C for 90 s, and then a final extension for 10 minutes at
72 °C. Reactions were run in triplicate for each sample, with an additional negative control that did
not include DNA template. Triplicates were combined following PCR amplification. We used a Qubit
2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA) to quantify the combined PCR products.
We combined 200ng of DNA from each sample to create the pooled samples for this experiment.
Three sequencing runs were completed in total. Differential rearing samples were included on a
single run. Inoculation samples were sequenced separately, with tadpoles and isolate samples in
one sequencing run, and inoculation parent swabs and egg samples as part of another run. We
cleaned our pooled samples using the QIAquick PCR purification kit, following the manufacturer’s
instructions (Qiagen, Inc., Valencia, CA, USA). Amplicon sequencing was completed at the Dana
Farber Cancer Center at Harvard University on an [llumina Mi-Seq instrument with a 250 bp single-
end strategy.
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Amphibian bacterial community data processing:

We used a Qiime2 47 pipeline to process our sample sequence data, including
demultiplexing, denoising, and dereplication. Our two datasets ((1) experimental inoculation and
(2) differential rearing) were processed individually using the same methods. We denoised our
sequences using Dada2 48 with a quality score set at 11. ASVs with a frequency less than 0.01%
across all samples were filtered out. To apply taxonomy to our ASVs, we used scikit-learn 4° and the
SILVA 138.1 50 taxonomic classifier. We created a tree with a root at the midpoint using RAXML 51,
The final inoculation experiment table contained a total of 973 ASVs across 118 samples. The final
differential rearing dataset contained 663 ASVs across 60 samples. Tables were then imported into
the R v4.1.0 52 environment for further processing and analysis. Once imported into R, we filtered
out any ASVs that were not identified as bacteria, were identified as chloroplasts or mitochondria,
and those that were unidentifiable at the phylum level. The filtered inoculation experiment table
contained 545 ASVs and the differential rearing table contained 562 ASVs across our samples.

For the experimental dataset, we identified the ASVs corresponding to our isolates through
analysis of our isolate-only amplicon samples. Our Janthinobacterium isolate was identified as
ASV225 and ASV226, Pseudomonas 1 as ASV86, Pseudomonas 2 as ASV74, Flavobacterium as
ASV369, and Microbacterium as ASV23. Within our experimental tadpole samples, we observed the
expected presence of background taxa 27. Our eggs were thoroughly rinsed; however, we did not
apply antibiotics due to the potential host interactions. We, therefore, expected to observe some
level of background taxa, potentially originating from the parent frogs. To minimize the impact of
background taxa, our analyses focus on the proportional abundance of our target isolates to
determine the presence of priority effects.

Statistical Analyses:

All statistical analyses were conducted in the R v4.1.0 environment 52.

Differential Rearing Study:

Differences in microbiome structure between life stages and rearing environment were determined
through PERMANOVA analyses with 1000 permutations using Bray-Curtis and Jaccard matrices.

We used a negative binomial mixed model and a generalized mixed model with a log link function
to identify differences between differential rearing samples in species richness or the effective
number of species, respectively, including family as a random effect. We used a generalized linear
model with alog link function for our phylogenetic diversity analysis because including a random
effect in our model generated singularity errors. Estimated marginal means [function emmeans;
package emmeans v1.8.3] were used to determine pairwise differences between groups.

We determined ASV overlap between life stages by identifying ASVs found on each stage using a
rarified table (1467 reads/sample). We looked for adult-egg, egg-tadpole and tadpole-adult overlap,
determined the percentage of total observed ASVs shared between stages and the relative
proportion of the community occupied by shared ASVs.

Inoculation Experiment:
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To assess whether our embryo treatments impacted bacterial community structure of tadpoles
based on relative abundance, we first converted the raw count data from our ASV tables to relative
abundances as a method of normalization. We then performed a PERMANOVA analysis with 1000
permutations using a Bray-Curtis matrix and visualized this with an NMDS ordination. We then
used pairwise PERMANOVA analyses with Benjamini-Hochberg adjusted p-values to determine
pairwise differences between treatment groups. We repeated these methods to understand
differences in community composition between our lab and pond raised samples in our lab/pond
dataset.

To determine if treatments impacted individual isolate relative abundance, we used a negative
binomial fitted linear model followed by a comparison of estimated marginal means between
treatments [function emmeans; package emmeans v1.8.3]. To ascertain the presence of an inverse
relationship between the relative abundances of our Pseudomonas isolates, we used two negative
binomial linear models: one between P1 and P2 and one across all treatments.

We used three metrics to create a complete picture of differences in alpha diversity: Species
richness (the number of ASVs per sample), Faith’s phylogenetic diversity, and the effective number
of species (Hill numbers calculated using the Shannon diversity index and the equation
[exp(Shannon diversity)]>3. To determine if treatment had an overall effect on species richness, we
used negative binomial linear models. Differences in phylogenetic diversity and the effective
number of species due to treatment were determined using generalized linear models with a log
link function.

Estimates of relative abundance differences for individual isolates and all alpha diversity analyses
were conducted using ASV tables rarefied to the minimum per sample sequencing depth (1549
reads).

We determined ASV overlap as above for adult-egg and adult-tadpole samples (rarefied table 1511
reads/sample.

Results:

Differential Rearing Study:

Among our differential rearing samples, we saw differences in the bacterial communities due to
rearing location, life stage, family, and the interaction between location and life stage in terms of
both relative abundance and in the presence/absence of taxa ([Bray-Curtis] Location: R2=0.22862,
F=24.3043, Pr(>F)=9.999e-05; Life stage: R2=0.10806, F=11.4882, Pr(>F)=9.999¢e-05; Family:
R2=0.25010, F=3.7983, Pr(>F)=9.999e-05, Location*Life stage: R2=0.06517, F=6.9286,
Pr(>F)=9.999e-05 | [Jaccard] Location: R?2=0.14677 F=11.7230, Pr(>F)=9.999e-05; Life stage:
R2=0.08103, F=6.4720, Pr(>F)=9.999e-05; Family: R2=0.25186, F=2.8738, Pr(>F)=9.999e-05,
Location*Life stage: R2=0.05711, F=4.5619, Pr(>F)=9.999e-05)(Figure 2).

For all alpha diversity metrics, pond samples had significantly higher values than lab samples (pond
vs lab eggs: species richness p<0.0001, effective number of species p<0.0001, phylogentic diversity
p<0.0001 | pond vs lab tadpoles: species richness p<0.0001, effective number of species p<0.0015,
phylogentic diversity p<0.0001). Lab eggs showed significantly higher values of species richness
and phylogenetic diversity than lab tadpoles, however there was no difference in the effective
number of species. (lab tadpoles vs eggs: species richness p<0.0001, phylogentic diversity
p=0.0048, effective number of species p=0.5454). Pond eggs showed significantly higher
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phylogenetic diversity than pond tadpoles, but did not differ in species richness or the effective
number of species (pond tadpoles vs eggs: species richness p=0.9305, effective number of species
p=0.1718, phylogentic diversity p=0.0450) (Figure 3).

We found that 84% of the ASVs found on eggs were also found on adult samples and these shared
ASVs made up 98% of the relative abundance in egg-associated communities (Figure 4A). Similarly,
89% of the ASVs found on tadpoles were also found on eggs and represented 99% of the overall
relative abundance in tadpole-associated communities (Figure 4A).

Experimental Inoculation:

Individual tadpoles possessed between 21-169 unique ASVs. Tadpoles were dominated by ASVs
belonging to the phylum Proteobacteria (71%), followed by Bacteroidota (20%), Firmicutes (4%)
and Actinobacteriota (2%) (Figure S1). ASVs from our community inoculum made up 7% of the
relative abundance of control samples, 31% of the community-only treatment, 27 % of treatment
P1, 32% of treatment P2, and 33% of treatment ] (Figure 5A).

Altering which inoculum embryos were initially exposed to resulted in differing community
structure, based on relative abundance, among our tadpole treatments (Adonis2; Bray-Curtis|
R2=0.15545, F=2.807, Pr(>F)=9.999e-05 ) (Figure 54, Figure 6). Looking at pairwise differences,
treatment ] was distinct from all other treatments (J/P1 adjusted p= 0.0163, ]/P2 adjusted
p=0.0184, ] /Community adjusted p=0.00460). Treatments P1 and P2 were not significantly
different from each other (P1/P2 adjusted p=0.953) and between those treatments, only P1 was
different from the community inoculum (P1/Community adjusted p= 0.0441). All treatments were
significantly different from the control (All treatments adjusted p=<0.005) When given priority, the
relative abundance of isolate ] became enriched in our tadpole samples compared to treatments in
which it was only part of the community inoculum (emmeans| J/Community: p=0.0461, ] /P2:
p=0.0240, ] /P1: p=0.0013) (Figure 5B). Isolate P2 only showed a significant increase in its relative
abundance when comparing the P2 and ] treatments (emmeans| P2/J: p=0.0206) (Figure 5C). We
did not observe a significant difference in the relative abundance of isolate P1 between the P1 and
community-only treatments; however, we saw a difference between treatments P1 and ]
(emmeans| P1/]: p=0.0121)(Figure 5D). We did not observe an inverse relationship between the
relative abundances of the closely-related Pseudomonas isolates P1 and P2 when considering only
the P1 and P2 treatments (Pr(>|z|)=0.787), or across all treatments (Pr(>|z|)=0.112). Isolate F,
which was only present in the community inoculum, showed differential abundance when the
community-only treatment was compared to treatment ] (emmeans| Community/]J: p=0.0134), but
not to P1 or P2. Isolate M did not show a significant difference in its relative abundances across any
treatments. Neither species richness (Pr(>F)=0.1218), the effective number of species
(Pr(>F)=0.1358) nor phylogenetic diversity (Pr(>F)=0.4986) differed among tadpole treatments
(Figure 7).

We found a total of 427 unique ASVs in our egg samples. We found that 90% of these ASVs were
also found in the adult skin swabs. Shared ASVs made up 89% of the relative abundance of adult
skin swab samples and 97% of our egg sample communities (Figure 4B). Between our adult swabs
and tadpole samples, we found that 80% of tadpole ASVs were also found on adult swabs. These
shared ASVs made up 89% of the tadpole and 77% of the adult swab microbiome in terms of
relative abundance. Among these ASVs, those that represented over 1% of the total relative
abundance included isolates ], P1, and P2, and ASVs from the genera Rhodoferax (1), Undibacterium
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(2), Arcicella (1), Fibrella (1), Flavobacterium (1), Parasediminibacterium (1), Rheinheimera (1), and
the family Comamonadaceae (1, lowest level of classification) (Figure 4D).

Discussion:

Our results highlight the potential of priority effects as a mechanism for increasing the
relative abundance of target bacteria within the vertebrate microbiome. We inoculated eggs during
a critical developmental window 28 and saw significant increases in relative abundance, based on
priority, for our Janthinobacterium lividum isolate. This result suggests that priority effects may be
aviable method of probiotic augmentation. To be effective, probiotic-derived metabolites need to
reach a minimum inhibitory concentration (MIC). The MIC can be achieved in monoculture or
through synergistic interactions between taxa 5455, Incorporating our community inoculum within
our methods has highlighted our potential ability to successfully establish multiple bacteria within
early tadpole communities. Our inoculation methods may, therefore, be capable of establishing
synergistic communities, as well as singular probiotic taxa. Further experimentation would need to
be completed to understand the longevity of the observed increase in relative abundance, and
whether this increase in the relative abundance of a Bd-inhibitory taxa results in an increase in host
protection from Bd 394256, Successful probiotic establishment may be further enhanced if combined
with strategies learned from previous probiotic studies, such as the availability of target taxa within
the environment 3957,

Priority effects are most likely to be observed when "fitness" differences among taxain a
community are minor, and taxa share an overlap in resource use 21. Devevey et al. (2015), for
example, showed that with multiple strains of Borrelia burgdorferi, the first to colonize
experimentally inoculated ticks could inhibit secondary strain colonization. Using two isolates from
the same genus (Pseudomonas), we expected that competition would drive an inverse relationship
in relative abundance between the priority treatments. Pseudomonas is one of the most diverse
bacterial genera 58, so perhaps the lack of an inverse correlation in our study suggests that these
isolates may not directly compete for niche space within this system. Host regulation or
intraspecific competition may act as stabilizing forces that are preventing priority effects from
being observed with these two Pseudomonas isolates 2021,

Overall, by alternating the initial bacterial environment that frog embryos were exposed to,
we saw differences in microbiome community structure. This was true for our experimental
inoculations and between pond and lab raised samples. Differences in environmental conditions,
and, therefore, the available bacteria in environmental source pools, contribute to intraspecific
variation in bacterial community diversity across different populations of amphibians 35365960, We
saw consistency in the effective number of species between tadpole and egg samples raised in the
same environments, as in prior work 61, Because host regulation of bacteria is likely a less active
component in early embryo microbiome assembly 62, this suggests the effective number of species
could be driven by microbe-microbe interactions, potentially even at the tadpole stage.
Additionally, relocating experimental tadpoles to a natural or semi-natural environment would
provide a greater pool of bacteria within the environment, which may lead to alterations in
composition ©9,

In addition to acquiring bacteria from environmental source pools, some species receive
symbionts through vertical transfer from parents. Whether this transpires broadly in frogs remains
unknown, however, there is support for this idea from prior studies ¢2-¢4. Hughey et al. (2017), for
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example, found that eggs and adult skin of the neotropical glass frog H. colymbiphyllum harbored
similar bacterial communities, even without continued paternal care. The overlap in ASV identity
between our egg-adult and tadpole-adult samples in our data provides support for this idea.
Additionally, within our differential rearing samples, we saw distinctions in microbiomes based on
parentage at the egg and tadpole stage in both the lab and pond environments, suggesting that
priority given to vertical transmitted bacteria or genetics may play a consistent role in shaping
bacterial community composition. When coupled with prior research suggesting that amphibian-
associated bacteria are relatively rare in the environment 65, it is possible that many of the egg-
associated bacteria may originate from parents in our study system. Rinsing the eggs used in our
inoculation experiment may have diminished any priority advantages provided to parentally
transferred bacteria, facilitating the observation of priority effects in our probiotic inoculum.

Our study builds on earlier work that identified hatching as a critical developmental period for the
microbiome 2866, and improves our understanding of colonization by bacterial taxa during early life
2767, Priority effects may be a viable method of increasing the relative abundance of target taxa in
future applied studies, but should also be taken into consideration when raising captive bred
animals ¢7, and in studies seeking to understand intraspecific microbiome variation 8. Continuing to
empirically test priority effects across systems will be crucial to developing a thorough
understanding of how and when priority effects impact microbiome composition and ultimately
increase the ability of applied projects seeking to leverage the functional potential of the
microbiome.
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Conceptual diagram describing overview of the experimental design. A) Differential Rearing
Experiment: Amplexed pairs of adult spring peepers were obtained in the field. Pairs were then left
to breed in containers located in either the lab or the field. A subset of eggs were collected from
each environment for processing and a subset were left to hatch into tadpoles. Lab eggs were
reared in well plates and field eggs in mesh enclosures. Tadpoles were later collected and
processed. B) Inoculation Experiment: Eggs were collected from breeding pairs and rinsed with
sterilized water. Overnight broth cultures were created from plated stock cultures and used to
inoculate eggs in well plates. On the second day, the initial inoculum was removed and replaced
with a community inoculum made from broth cultures of five plated isolates. Eggs remained in the
second inoculum until they developed into free-swimming tadpoles. Tadpoles were then collected
and the experiment concluded.

Figure 2
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NMDS ordinations of whole egg and tadpole samples from the differential rearing experiment.
Communities differed based on life stage, rearing location, and parentage in terms of A) Bray-curtis
and B) Jaccard distance matrices.
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Figure 3
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Figure 4
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and adult skin swabs from the differential rearing experiment. B) Relative abundance plot of ASV
overlap between whole body tadpoles and adult skin swabs from samples in the inoculation
experiment. ASVs representing isolates are labeled with the isolate letter.
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Figure 5
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Figure 6

Bray-Curtis
1.5
1.0
0.51
Treatment
o - \N
é <+ Comm
Z 0.0 - 5’1
- P2
0.5
-1.01
2 -1 0 1

NMDS1
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Figure 7
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Abstract:

Host-associated microbial communities are nearly ubiquitous and essential to the growth and
development of a variety of host organisms. The assembly of these communities on hosts is the result of
a combination of factors, including host-specific factors and environmental availability of symbionts. In
the case of some species, such as Ambystomatid amphibians, symbionts essential to development are
quickly acquired during embryonic development in the environment, while other species may have
symbionts horizontally transferred from parents. Unlike most other vertebrate taxa, many amphibians
undergo metamorphosis, facilitating drastic physiological changes. While it is understood that
metamorphosis impacts the composition of amphibian-associated microbial communities, we do not
have a complete understanding of these impacts among amphibians occurring in close proximity. To
more thoroughly characterize the bacterial communities associated with amphibians, and to understand
how these communities vary across species and development, we collected eggs from five locally
occurring amphibians and whole-body samples from tadpoles and juveniles from four of these species.
Additionally, we reared one species, spring peepers (Pseudacris crucifer), in outdoor 1000L mesocosms
to determine how stochasticity among habitat patches may affect the microbiome of conspecifics.
Through 16S rRNA gene amplicon sequencing, we found distinct bacterial communities across
amphibian species and development. Additionally, we observed differences in community composition
among mesocosms for our mesocosm-reared spring peeper tadpoles. The results of this study serve to
deepen our understanding of natural shifts in amphibian-associated bacterial communities over time,
that begin very early in development with variation in the bacterial communities associated with
embryos. This study also highlights the role of stochasticity and environmental source pools in the
development of the bacterial communities among individuals within a species.

Introduction:

Microbes are nearly ubiquitous and have adapted to live in a great diversity of environments. Among
these environments, host-associated microbial communities, or "microbiomes", are of great scientific
interest due to their functional significance for their hosts. Microbiome composition influences host
behavior, health, and physiology across a variety of host taxa. Microbiome composition, however, is
influenced by host ecology, health, and developmental stage, as well as the environment. Despite the
functional importance of the microbiome, we are still developing a thorough understanding of the
factors that influence community composition across the life span of the host.

Dispersal and selection (as defined in 1) are two of the major factors influencing macro ecological
community assembly and stability, and these factors appear to apply to host-associated microbial
communities as well. Studies investigating the role of environmental source pools in host microbiome
composition have highlighted how bacterial dispersal from the environment may affect the composition
of host-associated communities 27*. Additionally, differences in community composition between
cohabitating species and between species and their environment showcase how selection by the host
influences which taxa are present within the microbiome >®. In amphibians, for example, hosts can be
extremely selective in which bacteria they accumulate from the environment® and host specific traits
lead to the development of species specific microbiomes’. Even within cohabitating conspecifics, traits
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such as host genetics 8° and physiological changes %13 can act to influence the composition of the
microbiome.

Environmental source pools are a determining factor in microbiome development. Large changes in
environmental conditions, such as changing seasons, relocation to captivity or geographic gradients
have been associated with differences in microbiome composition4-¢, Small changes in environmental
conditions, however, may also impact microbiome composition. In the field of ecology, mesocosms are
often employed as a semi-controlled way to mimic natural environmental conditions, however
stochasticity in colonizing taxa can cause equivalent habitat patches to develop different communities.
In the case of macro-ecological communities this may be controlled through mesh netting or other
barriers, however it is more difficult for researchers to control the effects that stochasticity may have on
the microbial communities within mesocosm environments, leading to potential consequences in
studies examining host-associated microbiomes.

Host-associated microbiomes often play important roles in host development. To acquire symbionts
critical to development, some species vertically transfer critcal symbionts to offspring -2, while others
may quickly accumulate symbionts from the environment during early development?°. For organisms
that produce large, aquatic egg masses, like those of the wood frogs in this study, it may be difficult for
all embryos to access oxygen 2. The embryos of the spotted salamander, Ambystoma maculatum,
overcome this challenge by associating with the green algae, Oophila amblystomatis %2. O.
amblystomatis is well studied within the A. maculatum system; however, it has also been found
associated with frog embryos, including wood frogs and northern red-legged frogs (Rana aurora), and
other salamander species, including northwestern salamanders (A. gracile). It has not been idenftified
previously in Jefferson salamander eggs 2223. As most work within the O. amblystomatis symbiosis
system has been done with the ambystomatid salamanders for which it is named, our understanding of
host specificity within this system remains insufficiently studied 22724,

Amphibians are relatively unique among vertebrates as most undergo metamorphosis, resulting in
drastic developmental changes. In many amphibians, this transition is marked by a keratinization of the
skin 2528, 3 shift in diet 27, and a transition from an aquatic to a more terrestrial lifestyle. These
physiological and lifestyle shifts make frogs an interesting study system in which to explore changes in
microbiome composition. Prior surveys have shown that bacteria inhabiting the amphibian gut shift
along with changes in diet and development 28. For those bacteria present on the skin, the transition
from tadpole to juvenile presents a similar shift as the skin environment changes, influencing host-
microbe interactions 13262 |n the case of the fungal pathogen Batrachochytrium dendrobatidis, for
example, the keratinization of the skin following metamorphosis allows the fungus to expand from the
mouthparts of tadpoles to the skin of juvenile frogs 2°. Additionally, changes in host ecology, such as
moving from an aquatic to a terrestrial lifestyle changes which bacteria are available in the host
environment, and ultimately impact the composition of the host-associated microbial communities.

In this study, we characterized the bacterial communities associated with Virginia amphibians. First, we
wanted to understand how frog associated communities shift over the course of development as hosts
mature from embryos into juvenile frogs and if patterns in community structure could be observed
between species across development. Second, we wanted to understand how bacterial communities
associated with these species are initially structured among eggs, including potential associated with O.
amblystomatis. Lastly, we sought to determine if stochasticity associated with minor environmental
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differences may lead to observable differences in bacterial community composition among conspecifics
by raising spring peeper tadpoles in an outdoor mesocosm experiment.

Methods:

Egg Collection:

From March through April 2022, we collected eggs of five amphibian species from two field sites located
in Blacksburg, Virginia, USA: wood frogs (Lithobates sylvaticus, n=6), American toads (Anaxyrus
americanus n=6), gray treefrogs (Hyla versicolor, n=8), and Jefferson salamanders (Ambystoma
jeffersonianum, n=8)). A sample consisted of 10 eggs from a single, naturally-laid clutch. In addition,
spring peeper (Pseudacris crucifer, n=12) eggs were collected by placing amplexed pairs overnight in
buckets with pond water. Eggs were collected by hand using a new pair of gloves for each collection
point, placed into sterile 50ml tubes, gently rinsed twice with 50ml sterile DI water, and then stored on
ice until returned to the lab. In the lab, eggs were rinsed once more, drained of excess water, and stored
at-70 C.

Tadpole and juvenile collection:

For frog species aside from spring peepers (which were raised in pond enclosures and mesocosms),
tadpoles (Lithobates sylvaticus, n=9, Bufo americanus n=9, Hyla versicolor, n=10) and juvenile
metamorphs (Lithobates sylvaticus, n=8, Bufo americanus, n=9, Hyla versicolor, n=13) were collected
from our two field sites. Tadpoles were collected using sterile gloves and a dipnet and were placed into
a sterile 1 L Nalgene container along with water from the site. In the lab, tadpoles were weighed,
examined to determine developmental stage (Gosner 1960), rinsed and flash frozen in 1.5 ml
microcentrifuge tubes using a slurry of dry ice and ethanol. Juveniles (Gosner stage >44) were collected
in individual sterile petri dishes and stored on ice until brought to the lab. In the lab, juveniles were
weighed, rinsed and flash frozen as above. Frozen samples were stored at -70 C until DNA extraction.

Pond enclosure and mesocosm study

In March 2022, 1000L cattle tank mesocosms at Virginia Tech (Montgomery County, VA) were rinsed and
filled with ~500L of dechlorinated city water. Tanks were then seeded with 300g of dried mixed
hardwood leaves and 1L of zooplankton and phytoplankton collected from a pond near the site. Tanks
were then left covered with mesh lids to allow for the development of a semi-natural pond habitat.

These types of mesocosms have commonly been used to mimic pond environments in ecological studies
(30,31)_

Additionally, two mesh field enclosures (46L x 24W x 22H) were placed in a nearby pond. These
enclosures were seeded with 50g of dried mixed hardwood leaves. To acquire eggs for the field
enclosures, at the end of March, three amplexed pairs of spring peepers were collected at Kentland
Farm. Individual pairs were collected by hand using a new set of sterile gloves for each pair. Upon
collection, pairs were placed into sterile, lidded, five-gallon buckets with ~3 cm of water from the
collection site that were tilted to ensure both wet and dry areas were available. The following morning,
buckets were checked for the presence of eggs. We transferred eggs from each bucket to falcon tubes to
ensure that all clutches would be represented in both enclosures. Eggs (n=50/enclosure) were placed in
each enclosure. To characterize the initial egg bacterial communities, a subset of eggs from the buckets
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(10/clutch, n=3) were collected in sterile 1.5 ml microcentrifuge tubes and placed on ice until transfer to
-70 Cin the lab.

To acquire eggs to seed the mesocosms, in April, 2022, we collected four additional amplexed pairs of
adult spring peepers at Kentland farm. We collected eggs from these pairs as above. Eggs were pooled
together, randomized into sets of 50, and then gently placed within one of five cattle tanks (n=50/tank)
and each tank was covered with a mesh lid. To characterize the initial egg bacterial communities, a
subset of eggs from these pairs (n=4) were collected as above.

In May 2022, we collected six tadpoles from one of the field enclosures using sterilized dipnets.
Tadpoles were placed in a 1 L Nalgene container along with pond water and stored on ice until returned
to the lab. Once in the lab, tadpoles were weighed, examined to determine developmental stage 32,
rinsed with ~20 ml sterile water and flash frozen as above.

Mesocosms were monitored daily to check for free-swimming tadpoles. Five weeks later (May), six
tadpoles were collected from each tank using sterilized dipnets (total n=24). Tadpoles from each tank
were placed in 1 L Nalgene containers along with tank water and placed on ice until they were taken to
the lab to be processed as above. Additionally, styrofoam floats were placed in each tank in preparation
for emerging juveniles.

In June, ~1 month after sampling tadpoles, juvenile metamorphs began to emerge in the mesocosms.
Juveniles were collected as they emerged, with the final juvenile sampled in July. Using sterile gloves
and dipnets, juveniles were collected (n=7) and transferred to individual petri dishes on ice. Upon
arriving in the lab, juveniles were weighed, rinsed with ~20 ml of sterile water and then flash frozen
within 1.5 ml microcentrifuge tubes as with the tadpole samples.

Sample DNA extraction, amplification, and sequencing:

DNA extraction from whole body amphibians and eggs was conducted using the DNeasy blood and
tissue extraction kit (Qiagen, Inc, Valencia, CA, USA). We followed the manufacturer’s protocols,
including a 1 hr pretreatment with 180 pl of enzymatic lysis buffer followed by a 30-minute incubation
with proteinase k at 70 C. Prior to pretreatment incubation, whole body amphibian and egg samples
were mechanically ground with a sterile pestle (Fisher Scientific, Waltham, MA). Due to size, the gray
treefrog and wood frog eggs were mechanically ground in sets of 10, and then 500 pl of the
homogenized mixture was used in DNA extraction. We targeted the V4 region of the 16S rRNA gene and
used the 515F and barcoded 806R primer pair developed by Caporaso et al.33 for amplification. Each 25
ul PCR reaction contained 0.5 pl of each primer, 9.5 ul ultra clean PCR grade water, 12.5 pl Promega
Master Mix, and 2 ul genomic DNA. The thermocycler settings were: 3 minutes at 94 C, then 34 cycles at
94 Cfor45s,50 Cfor60s, 72 C for 90 s, and final extension for 10 minutes at 72 C. Reactions were run
in triplicate for each sample, along with a negative control that did not contain DNA template.
Triplicates were combined after PCR. The combined PCR products were quantified using a Qubit 2.0
fluorometer (Thermo Fisher Scientific, Waltham, MA). The samples (total n=137 were split across two
sequencing runs. Each pooled sample for sequencing contained 200ng of DNA from each sample in the
pool. We cleaned the two pooled samples using the QlAquick PCR purification kit according to
manufacturer instructions (Qiagen, Inc., Valencia, CA, USA). Sequencing was done on an lllumina MiSeq
instrument using a 250 base-pair single-end strategy by the Molecular Biology Core Facilities of the Dana
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Farber Cancer Institute at Harvard University (Cambridge, MA, USA). Raw sequence data are available
upon request.

We processed our sequence data using the Qiime2 34 pipeline, including demultiplexing, denoising, and
dereplication. We denoised our sequences using DADA2 35, with the quality score set at 11. After this
step, the two amplicon sequence variants (ASV) tables from our runs were merged. Any ASVs with with
less than 0.01% of reads across all samples were filtered out. The final table for our 137 samples
contained a total of 828 unique ASVs. We assigned taxonomy to the ASVs with scikit-learn and the SILVA
taxonomic classifier version 138 36, We constructed a tree with a midpoint root using RAXML 37, We
imported tables into R v4.1.0 for further processing, including filtering out any ASVs that were not
bacteria, any ASVs identified as chloroplasts or mitochondria, and any ASVs that could not be identified
at the phylum level. Prior to statistical analysis, one sample containing only three reads was removed.
We created an additional dataset for the egg samples only that retained the chloroplast reads, as some
amphibian embryos develop a symbiotic relationship with algae and we wanted to screen for that.

Statistical Analysis:

All statistical analyses were conducted in the R environment. To evaluate differences in bacterial
community composition among the four species for which we had samples from all life stages (wood
frogs, spring peepers, toads, gray treefrogs), we first converted raw ASV count data to relative
abundances. Next, we investigated differences in community composition due to species and life stage
using 1000 permutation PERMANOVA (function: Adonis2; package Vegan v2.6-4 38) analyses on Bray-
Curtis (relative abundance) and Jaccard (presence/absence) distance matrices, and visualized these data
using NMDS ordinations. To determine if egg samples showed greater within-life stage similarity than
tadpole or juvenile samples, we analyzed differences in dispersion between life stages (function
Betadisper; package Vegan). Bray-Curtis and Jaccard based PERMANOVA analyses were also applied to
understand compositional differences within our egg samples based on species and also for individual
species based on life stage (results in supplement).

For our spring peeper samples, we similarly used PERMANOVA analyses on Bray-Curtis and Jaccard
matrices to understand differences in community structure due to mesocosm ID. Mesocosm IDs were
set as follows: cattle tanks 1, 2, 3, and 4 or pond enclosure 1.

To gain a better understanding of differences in: (1) bacterial communities across species and life stages
among frog samples, (2) species egg samples, and (3) between spring peeper tadpoles raised in different
environments, we used three alpha diversity metrics: richness (the number of ASVs per sample), Faith’s
phylogenetic diversity, and the effective number of species (Hill numbers, derived from the Shannon
diversity index). Species richness and Shannon diversity were calculated using phyloseq 3°. The effective
number of species was calculated using the equation [exp(Shannon diversity)]*°. We used the picante
package to calculate Faith’s phylogenetic diversity values. To determine if we could observe differences
in species richness among our sample groups, we used an ANOVA [function Anova; package car v3.1-1]
on a negative binomial linear model. Similarly, effects on phylogenetic diversity and the effective
number of species were examined using ANOVAs run on generalized linear models with a log link.

For our egg stage specific analyses, we used an egg only table containing all five species in which
chloroplasts were not removed. Differences in community composition were determined using Bray-
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Curtis and Jaccard distance matrices to perform PERMANOVA analyses. We used this same table to
determine if the algal symbiont Oophila amblystomatis could be associated with our egg samples.

To understand whether local amphibian eggs possessed a shared group of core taxa (ASVs consisting of
at least 0.01% relative abundance found on at least 75% of target samples), we used the microbiome
package.

Results:

Our whole-body frog samples possessed between 32-284 ASVs. The observed number of ASVs
phylogenetic diversity, and effective number of species associated with frogs differed by species, life
stage and the interaction between the two(Anova |[Species richness] species: Pr(>Chisq) < 2.2e-16, life
stage: Pr(>Chisq) < 2.2e-16, interaction: Pr(>Chisq) < 2.2e-16; [phylogenetic diversity]species: Pr(>Chisq)
< 2.2e-16, life stage: Pr(>Chisq) = 1.466e-12, interaction: Pr(>Chisq) < 2.2e-16; [Effective number of
species] species: Pr(>Chisq) < 2.2e-16, life stage: Pr(>Chisq) < 2.2e-16, interaction: Pr(>Chisq) < 2.2e-16)
(Figure 1).

The bacteria associated with local frogs differed in relative abundance and the identity of taxa due to life
stage, amphibian species, and the interaction between the two ([Life Stage] Bray-Curtis: R2=0.16129, F=
22.901, Pr(>F) =0.001 | Jaccard: R2=0.15133, F= 24.426, Pr(>F) = 0.001; [amphibian species] Bray-Curtis:
R?=0.20881, F= 19.766, Pr(>F) = 0.001 | Jaccard: R?= 0.26505, F= 28.522, Pr(>F) = 0.001; [interaction]
Bray-Curtis: R2= 0.22493, F= 10.646, Pr(>F) = 0.001 | Jaccard: R2=0.22739, F= 12.235, Pr(>F) = 0.001)
(Figure 2, 3). Additionally, frog egg samples were significantly less dispersed in terms of both relative
abundance and presence/absence of taxa compared to both tadpoles and juveniles (TukeyHSD |
[eggs/tadpoles] Bray-Curtis: p= 5.83e-5, Jaccard: p= 2.2e-6; [eggs/juveniles] Bray-Curtis: p= 0.0372,
Jaccard: p=2.39e-4) (Figure S1).

Among frog and salamander samples, species richness found on eggs ranged from 48-213 ASVs. Egg
communities differed based on amphibian species in bacterial relative abundances and
presence/absence (Bray-Curtis: R?=0.61482, F= 13967, Pr(>F) = 0.001 | Jaccard: R?>= 0.66273, F= 17.193,
Pr(>F) = 0.001) (Figure 4A,4B). Proteobacteria was the phylum with the highest relative abundance on all
egg samples , followed by Bacteroidota and Cyanobacteria before differentiating based on amphibian
species (Proteobacteria: Jefferson salamander 83%, Gray Treefrogs 78%, Spring peepers 53%, Toads
65%, Wood Frogs 70%; Bacteroidota: Jefferson salamander 12%, Gray Treefrogs 14%, Spring peepers
23%, American Toads 10%, Wood Frogs 7%; Cyanobacteria: Jefferson salamander 3%, Gray Treefrogs
3%, Spring peepers 16%, Toads 17%, Wood Frogs 21%) (Figure 4C). Among the Cyanobacteria, we
identified 3 ASVs that corresponded to Oophila amblystomatis within our wood frog and Jefferson
salamander samples (Figure S2). Our egg samples harbored 15 bacteria that could be considered core to
their bacterial communities. These ASVs belonged to phylum Proteobacteria (13/15 ASVs) and
Bacteroidota (2/15 ASVs). These core ASVs represented 21% of the total community relative abundance
across all eggs and ranged from 10-41% on individual amphibian species(Figure S3).

Limiting analysis to just our spring peeper samples, the relative abundance and identity of taxa present
within the microbiome differed by life stage (Bray: R?=0.37355, F= 13.715, Pr(>F) = 0.001 | Jaccard:
R?=0.35243, F=12.518, Pr(>F) = 0.001). Spring peeper life stages also differed in species richness,

74



phylogenetic diversity and the effective number of species (species richness: Pr(>Chisq)=2.2e-16,
phylogenetic diversity: Pr(>Chisq)=2.2e-16 effective number of species: Pr(>Chisq)=7.229e-12). Further
subsetting our data to include only our reared tadpole samples, mesocosm ID influenced both the
relative abundance and presence/absence of taxa with or without the inclusion of the pond enclosure
samples ([no enclosure] Bray-Curtis R?=0.72782, F=16.713, Pr(>F) = 0.001 | Jaccard: R?=0.6321, F=
10.738, Pr(>F) = 0.001; [enclosure included] Bray: R?=0.66274, F=13.1, Pr(>F) =0.001 | Jaccard:
R2=0.52072, F=7.243, Pr(>F) = 0.001) (Figure 5). The number of observed ASVs, phylogenetic diversity,
and the effective number of species also differed by mesocosm ID (species richness: Pr(>Chisq) = 2.397e-
14) (phylogenetic diversity: Pr(>Chisq) = 7.731e-09) (effective number of species: Pr(>Chisq) < 2.2e-16)
(Figure 6). These differences in alpha diversity remained significant with the removal of the enclosure
samples.

Discussion:

The results of this study serve to emphasize the impacts of species and life stage on the bacterial
communities associated with amphibians. Hatching and metamorphosis are major developmental
events in terms of changing host physiology and also microbiome development #4142, Changes in host
physiology, such as the transition from egg jelly to tadpole skin or the keratinization of skin as tadpoles
metamorphose into juvenile frogs, may contribute to these compositional differences in the
microbiome. Similarly, differences in host ecology, physiological characteristics, and genetics contribute
to differences among host species, leading to differences in microbiome composition 71343, With this in
mind, we expected to see similarities at the phylum level between species within developmental stages.
Belden et al. (2015), for example, saw Proteobacteria as the dominant phyla in skin communities
consistently across different frog species in Panama and Virginia. Among our tadpole samples, however,
we did not observe any consistently dominant bacterial phyla, suggesting a potentially strong influence
of individual host species characteristics. Because this study uses whole body samples, it is unclear
whether these differences are driven by bacteria from a particular body site. Based on the dominance of
Proteobacteria in prior work, we could speculate that compositional differences are due to gut
communities, however, confirming this would require additional work. Similarly, metamorphosis did not
lead to easily observable patterns at the phylum level, nor a significant change in disp ersion compared
to tadpole samples.

Within this study we also sought to develop a broader understanding of egg-associated communities
across locally co-occurring species. Compared to later life stages, the bacterial communities within our
egg samples were the least dispersed in terms of relative abundance and presence/absence of taxa.
This results supports the idea that egg jelly and young embryos may be a relatively open niche for
bacterial colonists 1°. Looking across species at the phylum level, eggs communities were consistently
dominated by Proteobacteria and Bacteroidota. That we see differences among species, however,
suggests that some degree of specificity influences egg colonization scenarios. Adult frogs may supply
embryos with initial suitable bacteria to mitigate some of the potential challenge associated with
acquiring environmentally rare taxa ¢, however demonstrating vertical transmission of functionally
important bacteria would require further research 444>,

We saw evidence of Oophila amblystomatis present within our wood frog eggs, but, unexpectedly, only
at extremely low relative abundances within our Jefferson salamander eggs??. It is well known that O.
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amblystomatis associates with the A. maculatum salamanders for which it was named, and it is
hypothesized to associate with other members of the genus Ambystoma?%?*. It may be the case that our
Jefferson salamander egg samples were collected prior to the effective establishment of O.
amblystomatis, that our methods were not efficient to accurately assess the presence of
O.amblystomatis *8, or that the Jefferson salamanders present at our sample site do not strongly
associate with O. amblystomatis. That we did find evidence of O. amblystomatis within our wood frog
eggs, supports prior research and the idea that large egg mass producing amphibians can mitigate
potential oxygen issues through the use of algal symbionts?2-24,

Environmental bacteria are likely an important source pool for host-associated microbiome composition
in many host taxa 2!>%. In the field of amphibian ecology, many researchers employ the use of
mesocosms to retain a semblance of the natural environment. Field enclosures (Bletz, Perl, et al., 2017;
Walke et al., 2021) and mesocosms3%48 have been used in studies of the amphibian microbiome to study
shifts in microbial community structure over time in the presence of natural environmental source

pools . Our tadpoles that were raised in cattle tanks developed a simplified microbiome relative to those
raised in pond enclosures. Mean ASV richness in the cattle tanks was 62, relative to 98 in the field
enclosures. There were also community structure differences in the microbiomes of tadpoles between
our cattle tank and mesh pond enclosure environments. In mouse model systems, studies disregarding
differences gut composition due to mouse vendor sources may result in difficulty reproducing results>®.
Deciphering if these differences in community composition had functional consequences between cattle
tanks and enclosure reared tadpoles was beyond the scope of this study, however, these concerns may
be of interest in future projects.

In addition to broad environmental source pool differences, stochastic processes such as priority effects
can also cause otherwise equivalent habitat patches to develop different communities >34 We set up
our cattle tanks concurrently with the same materials to create equivalent environments for our
tadpoles, yet we saw differences in the microbial communities associated with tadpoles even from
different tanks. Speculating on the differences between tadpoles raised in different tanks, priority
effects may have served as the driver of microbiome composition in this system at the level of host or
tank 56,

Overall, this study joins the growing body of literature highlighting the complexity of factors that
contribute to microbiome composition. The data presented reinforce our understanding of species level
differences in amphibian microbiomes (eg. Belden et al., 2015), as well as the impact of developmental
transitions on microbiome structure (eg. Kohl et al., 2013; Kowallik & Mikheyev, 2021). Additionally,
priority effects may be a driving factor in intraspecific differences in microbiome composition after
accounting for any differences in environment. As we continue to study the interplay between these
factors, we can better understand and predict how a given set of circumstances may shape host-
associated bacterial communities.
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Synthesis:

In my dissertation, [ sought to develop a greater understanding of the basic ecological question:
How do communities form and change over time? As our understanding of the functional roles of
microbial communities increases [1-4], the ability to direct the formation and maintenance of these
communities will similarly increase in importance [5,6]. Priority effects, though gaining popularity
[7], represent a relatively untapped mechanism with which we can potentially shape both
environmental and host microbiomes. Not only does my dissertation research serve as a proof of
concept for directing microbiome composition through priority effects, but it also provides
empirical evidence that these methods are effective across two host species, albeit with certain
caveats. Additionally, my studies provide information on the interplay between parentage and
environment in affecting the microbiome during vertebrate development [8-10].

In chapters one and two, I showed that it is possible to observe priority effects during embryonic
colonization of two amphibian species. Priority effects are expected to occur when fitness
differences between taxa are low and stabilizing forces are absent[11]. If one species is
comparatively more fit than the other and resource requirements are similar, the less fit species
will be excluded. Stabilizing forces are processes that increase negative interactions between
conspecifics, which can include mechanisms such as intraspecific competition or frequency-
dependent predation[12]. The initial colonist may inhibit [13] or promote the growth of subsequent
taxa [14], however much of the research concerning priority effects focuses on inhibitory
relationships [15]. In chapter 1, eggs (in vivo) and broth (in vitro) were inoculated with either
Acinetobacter or Stenotrophomonas as priority taxa. While Acinetobacter saw an increase in relative
abundance due to priority in both the in vivo and in vitro experiments, Stenotrophomonas only saw
an advantage due to priority in the in vitro scenario. In both scenarios, however, we observed an
impact of priority effects on ultimate community composition, as well as coexistence between
isolates.

Interestingly, priority effects are often described as opposing the coexistence of taxa (e.g. [15,16]
despite the facilitation of subsequent colonizing taxa being a potential outcome. In the case of non-
homogeneous host-associated microbiomes, however, this dichotomy may miss the many
circumstances in which priority effects lead to differential relative abundances of colonizing taxa or
community level shifts. Early arriving taxa may gain advantage in abundance through niche
preemption without consuming all available space or resources. Subsequent colonists may not be
able to invade the primary colonist in areas it has already dominated, but there still opportunities
for subsequent taxa to persist at significantly lower abundances. In this scenario, which may
describe the outcomes in chapters 1 and 2, we would not only see priority effects, but also the
coexistence of multiple taxa. Inhibition through priority effects will continue to be a relevant
process in studies of microbial community assembly, however attention must also be directed
towards proportional shifts in community abundances due to priority effects, even though these
shifts may be more difficult to detect.

Through the inoculation experiments in chapters one and two, I show that priority effects hold
promise as a potential method of increasing the relative abundances of target bacteria. Not only
was this method successful in two different host species with different bacterial isolates, the
outcomes from chapter one demonstrate consistent shifts in community composition based on the
initial taxa. Janthinobacterium lividum, well known for its ability to inhibit the amphibian pathogen
Batrachochytrium dendrobatidis [17], may be suited to probiotic applications taking advantage of
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priority effect scenarios based on the relative abundance increase seen in the chapter two
inoculations when given priority. For both in vivo inoculations in chapter one, Acinetobacter and
Stenotrophomonas showed consistent outcomes from being given priority. Experimentation would
still be needed to determine if individual isolates can take advantage of being given priority in each
host species, however once identified, these results suggest that community outcomes may be
relatively consistent.

While my inoculation experiments showed that the relative abundances of individual isolates can
be increased through priority effects, it is unknown how permanent these changes are. In chapter
one’s first inoculation experiment, embryos exposed to isolates had no access to the initial isolate
after the first 24 hours. For the Acinetobacter isolate, relative abundances were increased at the
conclusion of the experiment, 4-5 days later. One explanation for this is that early colonizing
bacteria may prime the host immune system in its favor [14,18]. There is, therefore, reason to
believe that community structure might remain over the course of development.

At the time of sampling in my inoculation experiments (shortly after hatching--extremely early in
development), the regulatory mechanisms of the host may be limited. As development progresses,
host organisms may begin to regulate members of the microbiome through additional mechanisms,
such as the production of skin peptides [19] or through physiological changes associated with shifts
in microhabitat use [20]. Additionally, within these experiments, tadpoles were collected
immediately after hatching, and did not have access to a natural diet, which would likely impact
microbiome structure [21]. Even if maintained throughout the tadpole stage, microbiome
composition would need to be maintained through metamorphosis, which can include skin
keratinization [22,23], dietary shifts [24] and a shift to a terrestrial lifestyle rather than an aquatic
one. Because I used bacteria that originated from the skin of adult frogs [25], these developmental
changes may be less impactful than if environmental bacteria had been used.

The consequences of transferring experimentally inoculated tadpoles to environments that are
greater sources of bacterial taxa are an interesting consideration. First, prior research [26] and
unpublished studies within the Belden lab have indicated that the bacteria that are associated with
amphibian skin are relatively rare within the environment. It is, therefore, possible that established
bacteria from inoculation experiments would not be competing with a constant deluge of
potentially successful bacterial colonists. Second, data from my third chapter has shown that, under
a whole-body analysis, differences in microbiome composition at the phylum level that are host-
species specific can exist for amphibians across development. While it cannot be concluded if these
phylum level differences are present in the skin, gut or both in my whole-body samples, it implies a
degree of specificity within host-species. Spring peeper microbiomes from this dissertation and
other work [27] are consistently dominated by Proteobacteria, for example. Host organisms, either
through active processes like diet [21], skin sloughing (cite) or antimicrobial peptide secretion [19]
or more passive processes like skin composition (e.g. pH, moisture content, keratinization, etc.) or
habitat use [27,28], are likely filtering out unsuitable taxa from the environment and maintaining
suitable symbionts [26]. Choosing taxa that occupy the skin of adult frogs, therefore, should
increase the likelihood that increased abundances of target taxa on tadpoles are retained if raised in
a more natural, bacteria rich environment. In future studies, I hope to explore the longevity of these
changes. Specifically, in natural or semi-natural settings, do the bacteria given priority remain over
time, do community level impacts remain if the abundance of priority taxa wane over time, or do
the impacts of priority effects become undetectable as tadpoles develop?
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A recurring question in my research centers on the importance of environmental vs vertical
transmission. Prior studies have also provided insight into this question, however our
understanding of vertical transmission remains unclear [8,10]. While not the focus, | attempted to
address this question in chapter two. First, [ investigated the impact of parentage on the
microbiome. Specifically, [ attempted to determine if I could identify differences in microbial
community structure between eggs from different parents. The results from this showed under
identical environmental conditions, parentage led to microbiome compositional differences in eggs
and tadpoles from both the lab and pond environments. While this provides support for parental
transmission, it is unknown to what degree these differences are determined by family genetic
structure rather than parental transmission. I also investigated the degree of overlap in ASVs
between adults and eggs, finding a high presence of adult ASVs present among egg samples,
providing some support for vertical transfer of microbes.

The research results presented in my dissertation improve our ability to understand and
manipulate the amphibian microbiome. The external embryonic development of the amphibian
system facilitated my ability to perform embryonic inoculations, however the conclusions drawn
from this study can be applied to other host-associated communities. Experimental investigations
of priority effects on host-associated communities using individual microbes are rare, although
studies continue to appear in different systems, such as investigating bacterial strain exclusion in
ticks and rhizosphere symbiont growth in wheat [13,29]. Strain level diversity within conspecific
hosts may be facilitated by priority effects, as has been proposed in bees [30] and demonstrated in
ticks [13]. Studies investigating early life microbial exposure have also shown lasting effects on host
health and development [31-34], persisting through host generations in some cases [35].
Understanding more specifically how individual bacteria contribute to observed outcomes in these
systems may be facilitated by selective inoculations of individual isolates during critical
developmental periods. Systems in which the microbiome is well-studied and is of low relative
complexity, such as those found associated with honey bees, would lend themselves well to
understanding microbial priority effects, particularly between strains of closely related bacteria
[30,36-38]. Though ecology rarely has firm laws [39], empirically investigating priority effects in a
variety of systems will continue to be key in understanding when colonization history matters, and
its relative importance in the establishment of host-associated microbial communities.
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Supplementary Methods:

Adult skin microbiome data:

D. ebraccatus samples (N=35) from a 2012 survey of the skin bacterial microbiomes of 3
Panamanian frog species (1) were re-analyzed to provide insight into which bacterial
isolates to use for the present study. Sample collection, processing and sequencing
information are provided in the original study (1). Forward 250bp reads (16S rRNA gene
amplicons) were used. The Qiime2(2) pipeline was used to re-process the data, including
demultiplexing, denoising, and dereplication. To denoise the sequences, we used DadaZ2 (3)
with a quality score of 11. Any reads with a frequency less than 0.01% across all samples
were removed. Scikit-learn (4) was used to apply taxonomy to sequences through the use
of the SILVA taxonomic classifier (5). We constructed our tree using RAxML (6) and rooted
the tree at its midpoint. Final tables from Qiime2 were imported into the Rv4.1.0 (7)
environment for further processing. Any ASVs that could not be identified at the phylum
level, as well as any mitochondria or chloroplast sequences, were removed. Our final table
contained 469 unique ASVs across 35 samples.

Statistical Analysis and results:

All statistical analyses were completed within the R environment (v4.1.0). Our analysis was
limited to genera that were represented by isolates available within our culture library.
Two of our isolates with the highest relative abundance on the skin of adult frogs belonged
to the genera Acinetobacter and Stenotrophomonas (1). To examine the potential
relationship between Acinetobacter and Stenotrophomonas ASVs within the skin
communities of wild adult frogs, we first grouped ASVs at the genus level. We then used
Spearman’s rank correlation to determine if a relationship existed between these two
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genera across our samples. Looking across our field samples, Acinetobacter and
Stenotrophomonas relative abundance within the community are inversely correlated
(Spearman’s S= 59909, Rho=-0.509, p = 2.44e-05) (Fig S1).

Frog breeding and egg collection:

The adults used for the first experiment were from the F1 generation from adults initially
collected in Panama. Adults were housed in groups of four, separated by sex, unless chosen
for breeding. We placed 10 female and 12 male frogs into a 50W x 50L x 90H cm breeding
enclosure with a simulated rain system at midday. All frogs were handled with new sterile
gloves. In the evening, amplexed pairs were collected and placed in Ziploc bags containing
50 ml of sterile spring water for the remainder of the night. The next morning, two pairs
had produced sufficient eggs (>40) for the experiment. All adult frogs were returned to
their enclosures while the eggs were relocated to the laboratory.

For the second experiment, five females and seven males from the F2 generation were
placed within the breeding enclosure at midday. That night, we moved amplexed pairs to
individual tanks (10W x 10L x 15H cm) containing a single potted plant (Epipremnum
aureum) and artificial pond water. We collected eggs from one pair the following morning
using sterilized forceps and relocated them to the laboratory.

Co-culture amplification:

The 25 pl PCR reaction consisted of 2.5 pul DNA, 5 ul of each primer, and 12.5 pl 2x KAPA
HiFi HotStart ReadyMix. Thermocycler conditions were as follows: 95 °C for 3 minutes,
then 25 cycles of 95 °C for 30 seconds, 55 °C for 30 seconds, and 72 °C for 30 seconds; and
then final extension for 5 minutes at 72 °C. PCR product was cleaned using AMPure XP
beads according to manufacturer’s instructions. As we sequenced these at Vassar College
on an [llumina iSeq 100, we completed a second PCR reaction to add Illumina index
sequences and sequencing adapters from the Nextera Index kit to our amplicons. For that,
the 25 pl PCR reaction consisted of 12.5 pl 2x KAPA HiFi HotStart ReadyMix, 2.5 pl Nextera
XT Index 1 primer, 2.5 pl Nextera XT Index 2 primer, 5 pl PCR grade water and 2.5 ul DNA.
A unique set of indices was used for each sample. Thermocycler conditions were 95 °C for 3
minutes, then 8 cycles of 95 °C for 30 seconds, 55 °C for 30 seconds, 72 °C for 30 seconds;
and final extension at 72 °C for 5 minutes.
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Supplemental Figure 1: Prior field survey data from the skin bacterial community of adult
D. ebraccatus suggests an inverse relationship in relative abundance between the genera
Acinetobacter and Stenotrophomonas. The plot shows the relative abundances of
Acinetobacter (teal) and Stenotrophomonas (mustard) with all other genera in gray. Each

bar represents a single, wild-caught frog in Panama.
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Supplemental Figure 2: Alpha diversity metrics across treatments (exp 1). Neither (A)
ASV richness, B) phylogenetic diversity nor (C) the effective number of species differed

between treatments.
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Supplemental Figure 3: NMDS ordinations of overall community differences between our

treatments (exp 1). (A) Relative abundances of ASVs within communities differed in

response to our treatments, however (B) the presence/absence of taxa within communities

did not.
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