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ABSTRACT OF THE DISSERTATION

Assembly of a model cheese rind microbiome

by

Brooke Anderson

Doctor of Philosophy in Biology

University of California San Diego, 2021

Professor Rachel J. Dutton, Chair

Many aged cheeses consistently develop a bloom of microbes at their surface, called a rind.
Proper development of the rind and the underlying cheese’s defining characteristics depends on
the specific assembly of a community of microbes at the rind. Oftentimes, the assembly process
of rind microbiomes as well as other relevant microbiomes is quite dynamic and results in a series
of different dominant community members, called a pattern of ecological succession. The specific
factors that shape a specific pattern of succession are only superficially understood. While
microbial communities serve as useful study models because of their rapid development in
comparison to, for example, a forest, the drivers of their successional patterns are primarily studied

observationally or theoretically using sequencing datasets. This dissertation explores the drivers

XV



underlying the pattern of succession that occurs during the aging of a natural rind cheese, through
both metagenomic investigations of rind microbiome development as well as in vitro
experimentation using a model community assembled from the cave-aged rind. We first find that
the overarching pattern of succession is driven primarily by two fungal species who modulate the
pH of the environment or inhibit population size. I further explore the mechanisms underlying
these activities and identify potentially novel mechanisms involved in both stimulation and
inhibition of community neighbors. We also show how segregated spatial organization of the rind
biofilm may explain why the effects of fungal species are stronger than those of bacteria. And
finally, we start to consider how bacteriophage might contribute to rind assembly dynamics, by
contributing genetic functions or by generating dynamic patterns at the strain level. I conclude
these studies with advice on how our findings can be followed up to further explore and identify
mechanisms involved in community assembly both of a cheese rind and potentially of other

medicinally-, environmentally-, and industrially-relevant microbiomes.
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CHAPTER 1. Introduction

1.1 Patterns of community assembly and underlying driving processes

Microbiomes exist in nearly every ecosystem on earth, from relatively quotidian microbial
consortia in the soil or in our guts to those associated with extreme environments like deep-sea
hydrothermal vents (Dick, 2019; Thompson et al., 2017). Many microbiomes impact the greater
ecosystem in which they exist and can be central to ecosystem functioning. After all, cyanobacteria
are predicted to be responsible for the Great Oxygenation Event, during which Earth’s atmosphere
accumulated sufficient oxygen to support respiring organisms like ourselves (Olejarz et al., 2021).
Even today, microorganisms living in the ocean and soil are key players in balancing atmospheric
and oceanic carbon, nitrogen, and oxygen levels (Bardgett et al., 2008; Fuchsman et al., 2019).

Communities of microbes assemble through a complex set of processes that unfold to
create myriad unique ecosystem characteristics. Microbiomes that interact with a host may develop
into a form that improves host health through the production of nutrients or vitamins or through
protection from disease; alternately, they may take on a form that contributes to a disease state, for
example by creating a favorable environment for pathogenic microbes (Akin and Borneman, 1990;
Kim and Kim, 2019; Lozupone et al., 2012; Vannier et al., 2019). Since it’s of medicinal and
environmental interest to support healthy microbiome-containing ecosystems, scientists are
devoting considerable effort to understanding how microbial communities assemble.

The dominant processes underlying assembly can be simplified into: 1) dispersal of
organisms into the ecosystem, 2) selection by the environment, and 3) interactions with
neighboring community members. In many communities, these processes are dynamic and thus
result in a temporal progression of dominant species within the environment, called a pattern of

succession. Primary ecological succession is a pervasive phenomenon in community assembly that



occurs when a new environment is first colonized by organisms. Microbial communities,
commonly assembling on experimentally-friendly time scales, provide a new frontier for studying
ecological succession.

Temporal changes occur in diverse microbiomes, such as in newborn and juvenile animal
guts (Burns et al., 2016; Koenig et al., 2011) and in fermented foods (Bertuzzi et al., 2018; Ercolini
et al., 2013; Spitaels et al., 2014; Wolfe et al., 2014), and over a wide range of time scales from
hours in the fermented milk product called kefir (Walsh et al., 2016), days in nectar microbiomes
(Herrera et al., 2008; Pozo et al., 2012), a summer’s worth of leaf and phyllosphere development
on trees (Redford and Fierer, 2009), and over seasons in aquatic microbiomes (Gilbert et al., 2012).
Many of these temporal patterns of community assembly have been revealed in detail through
sequencing studies that measure relative abundance of all community members at varying
taxonomic resolutions. However, due to the observational nature of most sequencing-based
studies, we lack an understanding of the drivers underlying these temporal patterns of community
assembly.

The microbiome that forms on the surface of an aged cheese, called the rind, is a model for
studying patterns of community assembly and its underlying driving processes, including
environmental selection and biotic interactions between microbes (Wolfe et al., 2014). For
example, a world-wide survey of cheese rind communities and their physicochemical environment
found that moisture was the most influential determinant of community composition, even more
so than pH or salt (Wolfe et al., 2014). Furthermore, culturing representative rind isolates in vitro
identified extensive interactions between rind microbes (Wolfe et al., 2014). Remarkably,
reproducing a cheese rind community by combining representative isolates on laboratory cheese

curd-based agar was able to mimic the pattern of succession that is observed in the rind of the



cave-aged cheese from which the model community was derived (Wolfe et al., 2014). This
indicates that the in vifro model community incorporates the components driving community
assembly and can facilitate investigations of its temporal pattern. Below I present a brief summary
of selected factors that are known to contribute to the assembly of a cheese rind microbial
community.

Abiotic environment dynamics. Cheese rind microbiomes are known to undergo
reproducible patterns of succession, often characterized by an early abundance of yeast species
and later abundance of coryneform bacteria and molds (Bertuzzi et al., 2018; Marcellino and
Benson, 1992; Petersen et al., 2002; Rea et al., 2007; Wolfe et al., 2014). Abiotic drivers of this
succession at the rind have been discussed before (Bertuzzi et al., 2018; McSweeney, 2004; Purko
etal., 1951). Fresh cheeses are typically acidic (around pH 5) due to the conversion of lactose into
lactate by microbes added to the milk. Upon cave aging, as early-colonizing, acid-tolerant
microbes form the nascent rind, lactate is consumed and macromolecular casein proteins are
broken down into amino acids, which are further metabolized to release ammonium. Thus as a
cheese ages, the pH rises to neutral or even alkaline conditions. So while the acidity of a fresh
cheese initially selects for acid-tolerant microbes, the metabolic activity of these early colonizers
raises the pH of the environment to allow acid-sensitive species to bloom.

Bacterial-fungal interactions. One valuable feature of many model cheese communities
is their inclusion of fungal species. Fungal members of microbiomes are likely to play important
roles in shaping complex communities (Abrego et al., 2020; Filion et al., 1999; Xu et al., 2021)
and have been recently shown to have the potential to influence community succession patterns
(Rao et al., 2021). Fungi are frequently identified members of animal- and plant-associated

microbiomes, and much attention has focused on mitigating the fungi in those systems that act as



pathogens. However, fungi are known to play far more complex roles in terrestrial biological
communities, including acting as mediators of nutrient transfer from plants or detritus to soil
microbes (Gorka et al., 2019; Kaiser et al., 2015; Kramer et al., 2016). More recently, studies have
revealed a diversity of mechanisms by which fungi can affect the growth of neighboring bacterial
species in the cheese rind environment, including cell dispersal along fungal filaments (Zhang et
al., 2018), amino acid cross-feeding (Morin et al., 2018; Pierce et al., 2021), siderophore sharing
that aids in iron acquisition (Kastman et al., 2016; Pierce et al., 2021), growth-impacting volatile
emissions (Cosetta et al., 2020), and antibiotic production (Morin et al., 2018; Pierce et al., 2021).

Bacteriophage. Viruses that infect bacteria, called bacteriophage, are a ubiquitous and
integral component of microbiomes. Through their various reproductive cycles, bacteriophage are
capable of shaping microbial community composition and function. Viral predation leading to cell
lysis selects for bacterial populations that encode resistance mechanisms or for cells with immunity
through super-infection (Hampton et al., 2020; Knowles et al., 2016). This understanding of lytic
selection has paved the way for phage therapy treatments of pathogenic bacterial infection (Gurney
et al., 2020; Kortright et al., 2019). Phage infection can also interfere with host gene sequence or
gene expression, resulting in metabolic reprogramming of cells that may additionally affect the
surrounding ecosystem (De Smet et al., 2016; Feiner et al., 2015; Hendrix et al., 2019; Howard-
Varona et al., 2020). Finally, temperate phage are often vectors for horizontal gene transfer,
enabling the spread of diverse functional genes among infected bacteria (Labrie and Moineau,
2007; Menouni et al., 2015; Zeidner et al., 2005).

While phage are found to be part of cheese rind microbial communities (Dugat-Bony et al.,
2020; de Melo et al., 2020), their diversity and dynamics in this environment have yet to be studied.

Fundamentally, how phage integrate into the process of community assembly, including both their



maintenance in a community by hosts as well as their role in the selection for certain microbial
strains over others, is still an open question in microbiology. This question is well suited for the
cheese rind microbiome system, combining characterization work to identify the distribution of
phage and their hosts in native, cave-aged cheese rinds as well as experimental work in in vitro
models to identify and predict host outcomes when challenged with phages.

A model system for studying community assembly. The following dissertation continues
with the previously introduced cheese rind from which an in vitro model was built to mimic its
pattern of succession (Wolfe et al., 2014). The cave-aged cheese is made in the natural rind style,
meaning that no microbes were introduced to the rind for maturation and the cheese is left mostly
undisturbed over its aging process. The model community derived from this cheese consists of
seven microbes: four bacteria and three fungi. Much of the in vitro experimentation using this and
other model cheese rind communities has considered how interactions unfold at single time points,
with minimal exploration into how interactions contribute to temporal patterns in a community.
This particular model community provides a system in which to dissect the factors that drive

patterns and processes underlying the assembly of a mixed-species community.



CHAPTER 2. Fungi play prominent roles in ecological succession of

a model cheese rind microbiome

2.1 Chapter Summary

Our lab previously developed a tractable model microbial community that demonstrates a
pattern of succession mimicking the native microbiome on which it is modeled (Wolfe et al., 2014).
Presumably, this means that the key drivers of this pattern of succession are also modeled in this
in vitro system, and so we set out to identify these drivers. We first assessed the contribution of
interactions between community members to the characteristic features of succession. From there,
we broke down the complete community into its simplest interacting parts. Pairwise co-culturing
identified a large number of strong interactions, where a neighboring community member altered
the growth of another species. Thirdly, we reconstructed the community and strategically removed
impactful neighbors to assess their importance to shaping succession in the community context.
We found that two fungal species in particular drive the characteristic pattern of succession and
can hypothesize their mechanisms of interaction within the community. Lastly, we used a
modeling approach, incorporating pairwise co-cultures, that quantitatively highlights how useful
our reconstruction approach is when considering how pairwise interactions behave in a community
context; while pairwise interactions can reveal the scope of possible interactions between microbes

in a community, as a whole they were shown to be poor predictors of community composition.

2.2 Deconstructing and reconstructing interactions in an in vitro model cheese rind
community

Introduction



In Chapter 1, I introduced the concept of succession, a temporal community assembly
phenomenon characterized by a series of different microbes dominating a microbial community.
There are likely many interacting factors underlying the succession of microbiomes, including
both stochastic and deterministic processes. Stochastic processes, including random fluctuations
in dispersal, growth, and death can contribute to temporal community dynamics (Brislawn et al.,
2019; Liu et al., 2020; Vass et al., 2020). These processes lead to ecological drift, wherein the
culmination of small random changes can drive unpredictable shifts in community composition.
However, many studies find that communities show highly reproducible assembly patterns,
suggesting that deterministic interactions between species and the environment as well as
interactions directly between species are likely to play an important role in shaping community
composition (Brislawn et al., 2019; Jackrel et al., 2020; Mdnnich et al., 2020). For example, the
composition of a flower’s nectar microbiome, affecting pollination success, is dependent on the
first microbes deposited by flower visitors (Morris et al., 2020; Toju et al., 2018). These early
microbial colonizers alter nectar biochemistry and compete with microbes that disperse into the
nectar later on (Tucker and Fukami, 2014).

Further investigation of what drives temporal patterns of microbiome assembly is
important in order to better predict, manipulate, or completely engineer microbiomes towards
desirable outcomes. It is often hard to measure the contributions of microbial interactions to
succession because microbiomes that exhibit such temporal dynamics are difficult to model and
manipulate in vivo (Cadotte et al., 2005). Cheese rind microbiomes are a model for studying
microbial interactions in a realistic in vitro ecosystem, and work in these systems has uncovered
extensive interactions between species (Wolfe et al., 2014). The reproduction of these

microbiomes in vitro has allowed for the study of interactions at different scales, from pairwise to



more complex communities, and thus has enabled the identification of important interaction
mechanisms including amino acid crossfeeding and iron acquisition (Kastman et al., 2016; Morin
etal., 2018; Pierce et al., 2021). Moreover, these studies have consistently revealed that fungi play
a large role in species interactions and shaping community structure.

Cheese rind microbiomes have been shown to undergo reproducible patterns of succession
(Bertuzzi et al., 2018; Marcellino and Benson, 1992; Petersen et al., 2002; Rea et al., 2007; Wolfe
et al., 2014). Previous work with a seven-member model community from the rind of a cave-aged
cheese found that, remarkably, the in vitro community exhibited a reproducible pattern of
succession that mimics the ecological succession observed in the native rind of the cave-aged
cheese from which the community was isolated (Wolfe et al., 2014). Much of the in vitro
experimentation using this and other model cheese rind communities has considered how
interactions unfold at single time points, with minimal exploration into how interactions contribute
to temporal patterns in a community. This model community provides a system in which to dissect
the factors that drive succession of a mixed-species community.

In this study, we systematically deconstruct and reconstruct a model rind community,
assessing the growth of individuals or pairs of microbes or more complex communities, to identify
the scope and role of interactions occurring in the community. In doing so, we are able to show
how both growth-stimulating and -inhibiting effects from a subset of species contribute
dramatically to the temporal dynamics of the complete community. In particular, we find that two
fungal members are dominant drivers of succession, emphasizing the importance of giving more
consideration to fungi in microbiome studies. Lastly, we use a modeling approach to quantify how

well pairwise interactions can predict the community composition and find that interactions not



accounted for by pairwise interactions alone contribute to community formation. This highlights
the necessity of studying microbial interactions in the context of more complex ecosystems.
Results

Ecological succession is shaped by microbial interactions. A seven-member model
community was previously isolated from the rind of a cave-aged, natural-rind cheese (Wolfe et al.
2014). This model consists of representatives of the dominant (>1% abundance) bacterial and
fungal genera found in the rind. Of the four total bacterial representatives, two are of the genus
Staphylococcus (S. xylosus and S. equorum) and two are of the phylum Actinobacteria
(Brevibacterium and Brachybacterium). Of the three total fungal representatives, two are
filamentous fungi (Penicillium and Scopulariopsis) and one is a yeast (Diutina catenulata,
formerly classified as Candida catenulata).

The model community, inoculated all together in equal starting proportions on cheese curd-
based agar media (CCA), exhibits a reproducible pattern of succession that mimics the ecological
succession observed in the native rind of the cave-aged cheese from which the community was
isolated (Wolfe et al., 2014). The model community’s dynamics are also consistent with the
reproducible pattern of succession previously reported using a nearly identical in vitro community
model in (Wolfe et al., 2014). This pattern of succession is characterized by two phases: the first
phase is dominated by early colonizing species (both Staphylococcus bacteria and the yeast
Diutina) which reach their maximum population size in the first three days of growth, then the
second phase includes membership by the late colonizing species (the Actinobacteria and the
filamentous fungi) which become significant or majority members of the community between 3
and 21 days of growth (Figure 1A, C, “community’). The growth dynamics underlying this pattern

of succession in the community includes a decline in viable cell counts of the early colonizers after



they reach their maximum population size, and the slow growth of the late colonizers, who
continue to grow or maintain their population by 21 days.

The pattern of succession observed could either be due to differences in the intrinsic growth
rates of individual species populations, or the specific pattern could arise from interactions
between species. Here we are defining interactions as changes in viable cell counts resulting from
the presence of other community members. To determine the importance of intrinsic growth rates
versus microbial interactions in shaping the characteristic pattern of succession during community
assembly, we compared the pattern of succession of the in vitro community to the expected pattern
of succession if there were no microbial interactions altering species growth in the community,
based on growth in isolation. The interaction-free succession was estimated by adding up the viable
cell counts of each species grown as a monoculture, then calculating the relative abundance of
each bacteria and fungus for each harvest time point. Our comparison revealed that interactions
contributed significantly to key features of the pattern of succession based on PERMANOVA
(pseudo-F 23 = 25.973, p < 0.01). Without microbial interactions, the second phase of succession
would be markedly different: the late-colonizing bacteria would not become abundant members
and early-colonizing Diutina and Staphylococcus species, plus Scopulariopsis, would remain more
abundant than what is observed in the community (Figure 1C). Microbial interactions thus
significantly contribute to the characteristic two-phased pattern of succession in the community.

Community interactions impose both net stimulatory and inhibitory effects. To assess
the scale at which community growth dynamics are affected by interactions, we compared the
number of colony forming units (CFUs) of each species grown in monoculture to their number in
the community. The community impacts the growth of each species at nearly every time point

measured (Figure 1B, D). Presence of a community alters the growth of each species differently,
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resulting in diverse interaction phenotypes that vary in direction, magnitude, and temporal
dynamics. The changes in viable cell counts when grown in the community versus in monoculture
can be over 10,000-fold. Overall, two species exclusively exhibit growth stimulation by the
community (viable cell counts at any given time point are higher when grown with the community
than at the same time point when grown as a monoculture), 4 species exhibit only growth inhibition
by the community (viable cell counts at any given time point are lower when grown with the
community than at the same time when grown as a monoculture), and a single species exhibits
both net stimulation and inhibition at different stages of community assembly.

The species that are most dramatically stimulated by the community are the late-colonizing
bacteria, Brevibacterium and Brachybacterium. While neither of these species grow particularly
well, if at all, in monoculture on cheese curd agar, in the community Brachybacterium is stimulated
to high cell counts by 21 days and Brevibacterium reaches peak cell counts much earlier, around
day 10 (Figure 1A). Dynamics of inhibition are extremely variable; even the most closely related
community members (two Staphylococcus species) show different changes in dynamics in the
presence of the community. The population size of S. xylosus is significantly inhibited at all time
points. S. equorum, on the other hand, is initially stimulated to a higher cell count in the community
condition compared to alone (Figure 1A, B). However, the community then imposes an inhibitory
effect on S. equorum, as by day 21 the viable cell count significantly declines by a factor of five.
This results in a smaller population size in the community as compared to monoculture.

While the growth of all three fungal species (measured as viable spore formation for
filamentous fungi) is reduced in the community as compared to monoculture, Penicillium is
impacted the least, with the community having no net effect on spore count by day 21 (Figure 1B).

In contrast, Scopulariopsis has a much slower rate of growth due to sustained inhibition of
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sporulation throughout community development, with viable spore counts reduced by 5- to nearly
900-fold over time. Most notably among inhibitory interactions in the community, Diutina exhibits
a particularly dramatic decline in viable cell counts after three days of growth in the community,
but maintains its carrying capacity in monoculture (Figure 1A). This implies that the community
kills off Diutina, either directly (i.e. antibiotic production) or indirectly (modulation of the
environment).

Many positive & negative interactions among pairwise co-cultures, and a subset of
community members are particularly strong interactors. Given the differences between growth
patterns in the community versus alone, we next aimed to identify the underlying interactions. We
grew co-cultures of all pairwise combinations of the seven species and calculated the fold-change
of population size in co-culture to population size in monoculture at the same time points (Figure
2). In 19/21 co-cultures, at least one interacting partner affected the growth dynamics of the other,
and from the 42 total species growth curves obtained in these pairwise co-culture experiments, 27
showed growth dynamics that were significantly different from alone (from Wilcoxon Rank-Sum
test of pairwise co-culture versus monoculture for each time point, for at least one time point a test
p <0.05 ; see Methods for more on interpreting our statistical tests). There are equal numbers of
stimulatory and inhibitory interactions: out of those 27 cases where one species significantly
affected the population size of the other, 13 were stimulatory and 13 were inhibitory, as measured
by a significant change in total colony-forming units alone versus with the partner (Wilcoxon rank-
sum test, considered significant if test p < 0.05). Only one interaction was mixed, where a species’
population size was either stimulated or inhibited by its partner depending on the time point

measured.
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The complete set of pairwise interactions reveal fungi to be prolific interactors. Among the
28 interactions that are significantly stimulatory (where each measured time point is considered an
individual interaction), 18 scenarios were a fungus stimulating another species (Figure 2B, top).
Similarly for the 20 total interaction phenotypes demonstrating significant inhibition of population
size, 15 scenarios were a fungus inhibiting growth of another species (Figure 2B, bottom).

While the network plots in Figure 2A might suggest that interactions tend to get stronger
over time, it should be noted that interpretation of these results sometimes shows the net effect of
a pairwise interaction over time; for example, since Brachybacterium does not grow at in
monoculture, even small additions to population size between days 10 to 21 will appear as a bigger
fold-change at day 21 compared to day 10. In contrast, when assessing how growth rates change
between pairwise co-cultures and monocultures, the magnitude of growth effects tended to be
strongest between days 0-3. Only for Penicillium is the magnitude of its effects on partner species
growth maximized later in succession, between days 10-21 (Suppl. Fig. 3). It should be noted that,
due to the uncertain relationship between fungal vegetative cell growth and sporulation, growth
rates of filamentous fungi (measured here by spore production) were not included in this analysis.

The three fungi together with the bacterium S. xylosus are the community members that
most frequently affect the population size of other species (Suppl. Fig. 1). The majority of
interactions in which Diutina, Scopulariopsis, or S. xylosus have a strong significant effect are
stimulatory. In contrast, nearly all interactions with Penicillium as a partner are inhibitory. In fact,
Penicillium inhibits five out of six fellow community members. Only Brachybacterium 1is
uninhibited, and instead is variably stimulated by Penicillium (Suppl. Fig. 2).

Stimulation is predominantly driven by deacidification. Among all stimulatory pairwise

interactions, Brevibacterium and Brachybacterium are the most frequently and strongly affected
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by growth with a partner. Interestingly, both Brevibacterium and Brachybacterium are stimulated
by the same three species: Diutina, S. xylosus, and Scopulariopsis (Figure 2C, Figure 2A top). The
stimulation of these Actinobacteria is extreme: Diutina can stimulate Brevibacterium growth rate
up to 140,000-fold, and Brachybacterium growth 19-million-fold. To a lesser but still significant
extent, S. equorum is also stimulated by Diutina and Scopulariopsis (up to 10-fold increase in
viable cell counts), but not by the other Staphylococcus species.

The stimulation of Brevibacterium, Brachybacterium, and S. equorum by these species is
correlated with these partners’ activity towards deacidifying the cheese medium (Suppl. Fig. 4).
pH is known to be an important selective force in cheese rind aging (McSweeney, 2004). Fresh
cheeses are typically acidic (around pH 5) due to the conversion of lactose into lactate by microbes
in or added to the milk (Bintsis, 2018; Fox et al., 1990). Upon cave aging, as early-colonizing,
acid-tolerant microbes form the nascent rind, lactate is consumed and macromolecular casein
proteins are broken down into amino acids, which are further metabolized to release ammonium
(Bonaiti et al., 2004; Fox and Wallace, 1997; Karahadian and Lindsay, 1987). Thus, as a cheese
ages, the pH rises to neutral or even alkaline conditions. So while the acidity of a fresh cheese
initially selects for acid-tolerant microbes, the metabolic activity of these early colonizers raises
the pH of the environment to allow acid-sensitive species to bloom.

Early-colonizing cheese yeasts have been found previously to deacidify media and
correspondingly stimulate growth of Actinobacteria like Brevibacterium (Mounier et al., 2008;
Purko et al., 1951). In line with these earlier findings, the Actinobacteria in our model community
exhibit slow or no growth in monoculture on CCA at pH 5, but both grow rapidly on CCA adjusted
to pH 7, confirming that they are both sensitive to the acidic conditions of fresh cheese (Figure

3A). pH dynamics of pairwise co-cultures show further correlation between medium
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deacidification Actinobacterial stimulation. These pairwise co-culture show that not only the yeast
Diutina but also the bacterial early colonizer S. xylosus as well as the late-colonizing filamentous
fungus Scopulariopsis are able to deacidify the media and stimulate growth of acid-sensitive
species. Penicillium also deacidifies the media but does not result in stimulation of these
Actinobacteria, suggesting that additional inhibitory mechanisms are in effect. Consistent with the
observations of stimulatory interactions being related to acid sensitivity, these same pairwise co-
cultures at pH7 showed a dramatic reduction in stimulatory interactions (Figure 2B).

To investigate the role of each of the early-colonizing deacidifying species (Diutina and S.
xylosus) in stimulating the acid-sensitive Actinobacteria, we repeated the community growth
experiments (a) without Diutina, (b) without S. xylosus, and (c) without either. Overall, exclusion
of the yeast Diutina had a much more dramatic effect than exclusion of just S. xylosus (Figure 3B).
Exclusion of Diutina reduced the population size of Actinobacteria through day 10, correlating
with reduced deacidification in the early community. However, both the pH and Actinobacterial
colony counts reached the same as in the complete community by day 21, suggesting that other
community members may have compensated for the stimulatory role of Diutina by the end of the
experiment. In contrast, excluding S. xylosus from the community either had no effect or slightly
increased Actinobacterial growth, suggesting that the stimulatory role indicated by pairwise co-
cultures is completely compensated by others in a community throughout the experiment.

Excluding both Diutina and S. xylosus from the community had longer-lasting effects,
especially for Brevibacterium which exhibited thousand-fold decrease in viable cell counts in the
modified community when compared to the complete community, even at day 21 (Figure 3B). The
apparent compensation in the single-species dropout communities compared to the far more

dramatic change in the double-dropout community suggests that Diutina and S. xylosus may have
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partially redundant roles in stimulating late colonizing Actinobacteria. The difference in pH
between a community excluding Diutina versus a community excluding both early deacidifiers is
not significant at any time point (p > 0.05), suggesting either that timing of deacidification matters
or that mechanisms other than acidity prevent Brevibacterium from reaching a larger population
size in the double drop-out community. Altogether, results from pairwise co-cultures and these
drop-out communities indicate that deacidification early in succession is the dominant mechanism
for stimulating late colonizers in the community.

pH-independent processes are predominantly inhibitory and reflect numerous
pairwise interactions. In contrast to stimulatory interactions, of which were largely eliminated at
pH 7, most of the strongest (10-fold or more decrease in co-culture compared to alone) inhibitory
pairwise interactions at pH 5 are also strongly inhibitory at pH 7 (Table 1). Penicillium was
revealed to be a strong and prolific growth inhibitor in pairwise co-cultures at both pH 5 and pH
7, and complete community effects on species growth frequently mimics the growth seen in these
co-cultures (Figure 2A, Figure 2B bottom). The inhibitory effects can be even more clearly seen
in the double dropout community that lacks stimulation by early deacidifiers Diutina and S.
xylosus: in this condition, both Scopulariopsis and Brevibacterium may be inhibited in a way that
is similar to when grown in pairwise co-culture with Penicillium (Figure 3B & Suppl. Fig. 5).

To assess whether inhibition by Penicillium was contributing to growth suppression in the
complete community, model communities were grown with or without Penicillium. Each other
member grew significantly better when Penicillium was left out of the community, particularly at
day 10, with a range of 1.5- to 15-fold increases in growth as compared to when grown in the

complete 7-member community that includes Penicillium (Figure 3B, Suppl. Fig. 6).
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Together, deacidification by early colonizers and inhibition by Penicillium constitute
dramatic growth effects in shaping community assembly. To assess whether any additional growth
effects, unrelated to these dominant drivers, occur in the community, a model community without
Penicillium was inoculated on pH 7 medium. In contrast to the community effects seen in Figure
1D, where the complete community at pH 5 imposed strong inhibitory or stimulatory effects on
constituent members, the Penicillium drop-out community at pH 7 resulted in non-significant and
relatively minor effects on member growth (<10-fold change compared to monoculture growth at
pH 7) (Figure 3C). Overall, many members growing in this community grew more similarly to
their monoculture growth at pH 7, consistent with our findings from pairwise co-cultures that
deacidification dynamics and inhibition by Penicillium are the dominant drivers of community
succession. While not quantitatively significant, this pH 7 Penicillium dropout experiment still
revealed changes in CFUs that were up to 10-fold higher or lower than in monocultures.
Qualitatively, these remaining interactions may reflect more subtle but still significant growth
effects that occurred in pairwise co-cultures at pH 5 or pH 7: for example, numerous small
interactions stimulating Brachybacterium in late community growth, and inhibition of S. equorum
by S. xylosus (Figures 2A, 2B).

Discussion

Our foundational understanding of the processes that drive succession has been almost
exclusively laid down by macroecologists studying forest and field plant communities (Chapin et
al., 1994; Cooper, 1923). Such studies have highlighted the importance of environmental factors
driving community changes: selection for a set of organisms who modify the environment which
then selects for a new set of organisms. Microbiologists pursuing drivers of microbial community

succession have often worked off of this idea of succession being driven by environmental
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remodeling and selection. For example, (Enke et al., 2019) reframes this in terms of assembly
modules, where primary specialist degraders produce nutrients that can be metabolized by
secondary generalists.

By breaking down the model community in this study, we also identify that environmental
modulation in the form of deacidification to be a critical mechanism for stimulating late-
colonizing, acid-sensitive Actinobacteria. Abiotic drivers of cheese rind succession — including
deacidification of the rind through consumption of lactate and amino acid breakdown — have been
reported previously (Bertuzzi et al., 2018; McSweeney, 2004; Purko et al., 1951). While the yeast
Diutina predominantly serves in this role as an early deacidifier, other species are capable of slower
deacidification and stimulation of Actinobacteria; therefore, community succession is slowed
down but not completely derailed by even the most significantly stimulating community member.
While this supports the theory that deacidification is the predominant driver of stimulation in the
community, interestingly, a double drop-out community lacking early colonizers revealed a
conditionally important role for S. xylosus in stimulating Brevibacterium that is unrelated to
deacidification.

The additional important driver of succession that we identified is inhibition by a late
colonizer. Despite extensive pairwise interactions among community members, a late colonizing
Penicillium fungus was found to be the most impactful driver of the second phase of succession.
The Penicillium strain used in this model community is a prolific inhibitor, and community growth
effects on Staphylococci and fungal members qualitatively reflect the inhibitory effects seen with
Penicillium in pairwise co-cultures. The dominance of Penicillium inhibitory interactions over the
pairwise growth effects of other community partners makes sense whether this inhibition is caused

by nutrient limitation or antibiosis.
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By deconstructing the model cheese rind community to survey the scope of interaction
phenotypes, we have learned fundamental principles that allow us to better predict its assembly
dynamics. For example, filamentous fungal species take a number of days to start spore production,
which is particularly notable since sporulation is often correlated with secondary metabolite
production (Calvo et al., 2002; Kosalkova et al., 2009). This delay allows species that are sensitive
to fungal antibiotics a chance to grow up in early community formation. Such a feature is
particularly important in this cheese rind community, where Diutina plays an outsized role in
stimulating late colonizing bacteria before it is killed off by Penicillium. Early arrival of
Penicillium, which additionally inhibits the growth of most other community members, could
impair characteristic microbiome succession. This potential example of priority effects is worth
exploring, if experimental difficulties regarding sequential inoculation of microbial species to an
established solid-surface biofilm could be addressed.

While microbial interactions are often portrayed as intrinsically stimulatory or inhibitory,
the reality is that interaction phenotypes can be extremely variable depending on ecosystem
parameters such as nutrient availability or strain ratio (Gao et al., 2021; Hoek et al., 2016; Pacheco
et al., 2019). Further, myriad interaction mechanisms can occur simultaneously between two
species, but our growth assays only report the net outcome of various mechanisms of interaction.
In the case of Penicillium interacting with Brevibacterium, variability in growth dynamics between
replicate cultures seems to indicate a knife’s-edge balance between negative and positive
interactions. When cultured with Penicillium, Brevibacterium either may be killed off or may
recover, as seen in Suppl. Fig. 5. We can trace this to pairwise co-culture phenotypes, where
Penicillium may or may not stimulate the growth of Brachybacterium depending on the replicate

(Suppl. Fig. 2). These net growth phenotypes seem to reflect the deacidification potential of
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Penicillium coupled with its inhibitory capacity, where stimulation often wins out for
Brachybacterium but inhibition wins out in interactions with Brevibacterium. Fungi have been
found to interact with bacteria through multiple mechanisms of interaction that can be either
positive or negative (Pierce et al., 2021). The extensive range of growth phenotypes that we
observe here is telling of how much more there is to learn about the parameters that determine the
ultimate impact of fungi on neighboring species.

Our community reconstruction approach is a useful complement to pairwise growth assays
by highlighting how pairwise interactions frequently fail to predict community growth phenotypes.
The two-phase assembly dynamics of this community are largely determined by two fungi: a yeast
that stimulates late-colonizing bacteria through environmental deacidification and a filamentous
fungus that imposes potent inhibition later in community development. Fungi have previously been
found to serve as impactful chemical engineers of their environment (Akin and Borneman, 1990;
Dutton and Evans, 1996; Whiteside et al., 2019; Worrich et al., 2017) and their dominant role here
in driving succession underlines the importance of addressing the role of fungal members in other
microbiomes, such as the human gut (Rao et al., 2021). The specific inter-microbial phenotypes
we demonstrated may be relevant not just to solid fermented foods like cheese rinds or aged meats
(Capouya et al., 2020; Dordet-Frisoni et al., 2007); skin is another acidic, protein-rich, and solid-
substrate environment, where Brevibacterium, Staphylococcus, Diutina, and other genera also
found in cheese rinds may coexist and interact (Grice and Segre, 2011; Ming et al., 2019).
Filamentous fungi closely related to those in this model are also relevant as human or plant
pathogens (Cuenca-Estrella et al., 2003; Luciano-Rosario et al., 2020). Further investigation into

the mechanisms of interaction between members of the cheese rind experimental model system
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may elucidate more widely-applicable processes underlying microbial interactions and
microbiome formation.
Methods

Media preparation. Cheese curd agar (CCA) medium was prepared as previously
described (Cosetta and Wolfe, 2020), except pH of the medium was adjusted before autoclaving.
For preparation of CCA at pH 5, pH was adjusted with a hydrochloric acid solution. For CCA at
pH 7, the medium was adjusted using a sodium hydroxide solution.

For counting colonies in petri dishes, plate count agar with milk powder and salt (PCAMS)
was prepared as previously described (Cosetta and Wolfe, 2020). Fungal species were selected for
by supplementing PCAMS with chloramphenicol at a final concentration of 20 ng/mL. Bacterial
species were selected for by supplementing PCAMS with cycloheximide after autoclaving for a
final concentration of 200 ng/mL. All plates were stored at 4 degC in dark.

Strain selection and preparation. All bacterial and fungal strains were isolated from a
natural rind cheese as described previously (Wolfe et al., 2014). Representative isolates of each
abundant bacterial and fungal genera (>1%) were selected for the in vitro model. Since there were
regularly at least two clearly distinguishable species of Staphylococcus isolated from different
batches of this natural rind cheese, isolates of the two most commonly present species, S. equorum
and S. xylosus, were selected.

In preparation for culturing, each bacterial and yeast strain was precultured to late log phase
in liquid LB medium, shaking. Cells were pelleted, washed with PBS supplemented with 20%
glycerol, then resuspended in fresh PBS-20% glycerol. Filamentous fungal isolates were streaked
on CCA medium and grown in the dark at 15 degC for 7 days. Spore mats were scraped up using

PBS-20% glycerol. All cell stocks were distributed into aliquots and stored at -80 degC. To
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quantify cell stocks, aliquots frozen for at least 24 hours were thawed, serially diluted, and plated
on PCAMS medium to measure colony-forming units per milliliter of strain stock.

In vitro culturing. Strain stocks with quantified densities were thawed and serially diluted
to 200 CFUs per 1 uL. For each culture inoculum, 1 uL of each required diluted strain was added
to a master mix then PBS was added to bring the final volume of each inoculum to 10 uL. 96-well
plates of CCA were inoculated using 10 uL of master mix. For a single replicate, 3 separate wells
were each inoculated with 10 uL of the same master mix for harvest after 3, 10, and 21 days. 10
uL of master mix was mixed with 190 uL PBS, and 100 uL was plated on both PCAMS-
cycloheximide and PCAMS-chloramphenicol and then stored at 23 degC in the dark to for “day
zero” quantification of each species in a master mix. Once day zero plates were grown and counted,
day zero CFUs for each species were multiplied by two to account for the plating dilution.

Inoculated 96-well plates were left at room temperature in a dark closet overnight so that
inocula dried completely. The following day (day 1), plates were covered with a sterile [ Aeraseal
film] (to maintain moisture and reduce inter-well contamination) and then plates without their lid
were placed inside a plastic bag made humid with a damp towel. On day 2, the humid bag
containing plates was transferred to a 15°C incubator. Coplating effects have been observed where
volatiles from some species, trapped in the humid bag, can affect the growth of others. To avoid
this, Penicillium was never inoculated in the same plate with Brevibacterium or Brachybacterium
unless as part of a community.

Destructive sampling of biofilms to monitor species abundance was performed on days 3,
10, and 21 after inoculation. Aeraseal film over samples to be harvested was aseptically cut and
removed. A sterile toothpick was used to remove each biofilm along with its medium and then

each sample was homogenized in 1 mL PBS using a microtube pestle. Resuspended samples were
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serially diluted in PBS and then plated on either nonselective PCAMS or on two selective PCAMS,
supplemented with either cycloheximide or chloramphenicol, if the sample contained a mix of both
bacteria and fungi. Plates were grown in the dark in a 23 degC incubator for 3 days and then moved
to a benchtop exposed to light so that Brevibacterium and Brachybacterium could develop
distinguishing pigmentation. Colonies of each species were counted once all species were grown
enough to be distinguished, and CFUs per sample were back-calculated using the dilution factor
and the ratio of resuspended sample volume to plating volume.

Measuring pH of in vitro cultures. Pairwise co-cultures were sampled destructively as
detailed before. For the pairwise coculturing experiment, the relative pH of each sample,
homogenized in PBS, was measured using a MI-410 pH probe (Microelectrodes, Inc.). To assess
the pH trend over time for each culture, the pH of an uninoculated agar well was homogenized in
PBS and measured and then each resuspended sample pH was subtracted for “ApH” as shown in
Supplemental Figure 4. For a direct measurement of sample pH in the community reconstruction
culturing experiment shown in Figure 3B, pH was measured prior to harvest and homogenization
of samples, as follows: the pH probe was sterilized with 70% ethanol, then the bulb of the probe
was just submerged under the surface of the biofilm, approximately 1 mm deep, for sample pH
measurement. Statistical comparisons of replicate community pH values displayed in Figure 3B
were performed at each time point using ANOVA with post-hoc analysis by Tukey’s Honest
Significant Difference method, both tests run using the R ‘stats’ package (version 3.6.3).

Analysis of culture data. All analysis was performed using R version 3.6.3 (2010). For
each culture, replicate experiments were clustered by constituent species and time point. Much of
the data followed non-normal sampling distributions. As such, the non-parametric Wilcoxon Rank-

Sums test (also known as the Mann—Whitney U test) as implemented in the R ‘stats’ package was
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used to compare population sizes of species grown in different culture conditions at the same time
point or in the same culture condition but at different time points. Samples were considered
significantly different when the test p < 0.05. We note that such statistical tests are meant to be
exploratory, and given the number of comparisons it is not reasonable to account for concerns of
multiple testing. Our goal with this analysis is to identify potential trends, rather than strict
hypothesis testing (for nuanced discussion of exploration versus hypothesis testing, see
(Tredennick et al., 2021)). However, as a simple heuristic, we make 6 tests per co-culture, meaning
that for a threshold of p < 0.05, we expect about a 25% chance of one or more false positives per
co-culture, and so we might expect 5 or 6 co-cultures to present one or more false positive
interactions; this is far less than the 19 co-cultures that show interactions.

Dropout communities on CCA pH 5 were performed in an experiment separate from
pairwise co-cultures. The population size of each species in these communities was compared
using Kruskal Wallis tests at each time point, as implemented in the R ‘stats’ package. For tests
that reject the null hypothesis that population sizes at a time point were equivalent across the
communities structures tested, post-hoc analysis was performed using Dunn’s Test as implemented
in the R package ‘dunn.test’ v. 1.3.5 (Dinno, 2015), with correction for multiple comparisons using
the Benamini-Hochberg adjustment.

Species data for each time point in each culture was summarized using median CFUs.
Relative abundance of species grown in a community was summarized as the median of relative
abundances within an experimental replicate. Fold-change in population size was calculated by
taking the median of ratios taken between two conditions that were part of the same experimental
replicate. Growth rates were calculated assuming exponential growth between two adjacent time

points within a replicate. Networks of pairwise effects, with edges scaled by median fold-change
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in population size between pairwise co-culture and monoculture (transformed for edge width by
formula 2*log;o(fold-change)), were constructed in Cytoscape (Shannon et al., 2003). Data to
reproduce these networks is available on github. The full reproducible code is available on Github
at https://github.com/DuttonLab/Anderson et al Succession.

Figures
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Figure 2.2-1. Community- versus alone-growth patterns.

(A) Experimental schematic demonstrating monocultures and complete community cultures, with
each circle representing a well in a 96-well plate. 200 CFUs of each species were inoculated in
triplicate either alone or, for the community, in equal proportions. After 3, 10, and 21 days, one
replicate well was harvested. Experiment was repeated for n = 5. (B) Growth dynamics of each
community member grown as monocultures or in the complete community. Points represent
replicate measurements and the lines connect median values for each time point. (C) Median
relative abundance of all seven Bayley members grown together in vitro (left) or of the interaction-
free community predicted from summing monoculture data (right). (D) Fold-change in growth of
each species in the community versus as monoculture for each collected time point. Fold-change
of Diutina at day 21 is negative infinity due to division by zero, and is marked by a non-finite bar.
Asterisks denote significance according to Wilcoxon rank-sum tests comparing community to
alone CFUs of each species at each time point (* p < 0.05 ; ** p <0.01 ; *** p <0.001 ;n=4 -
5).
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Figure 2.2-2. Interaction effects in pairwise co-cultures.

(A-B) Network display of significant stimulatory (top) or inhibitory (bottom) pairwise interactions
at all measured time points on CCA pH 5 (A) or CCA pH 7 (B). Arrows show the impact of the
start-arrow “neighbor” species on the end-arrow “target” species, with the width of the connecting
edge scaled by the log-fold-change in growth with a partner versus in monoculture at a given time
point. ND = no detectable colonies of the end-arrow species in co-culture. (C) Fold-change
comparing growth in co-culture with one partner or with the complete community to growth in
monoculture on CCA pH 5. Each cluster of 3 bars show the growth impacts at day 3, 10, and 21,
left to right. Asterisks denote significance according to Wilcoxon rank-sum tests comparing co-
culture CFUs to alone CFUs of each species at each time point (* p < 0.05; ** p <0.01; *** p <
0.001;n=4-)5).

28



B pH 7

Stimulatory interactions. o §opn
day3 day 10 day 21 4 \ \

OO0 O

Inhibitory interactions
day3 day 10 day 21
O8 @

\
Brevibacterium

C Ll
® 10 o

10° %
£ 10" E
% 10' 10° ® "
§ 2 10* 3 10 I
3 10° T——vl—lv——nlm—'é 10 1 107 g
2 .
8 .
€
®
§ z ! | |

i S I |

10"

q" 2 o
% —¥
“
-~
E2
B
wnnued
3333
—= o
— A
——— M.
3

R
.Qﬁ%
\
%
o
%’%

~
A
N
%

29



Figure 2.2-3. Growth effects in community reconstruction.

(A) Brevibacterium and Brachybacterium growth on CCA pH 5 or CCA pH 7. (B) Brevibacterium
and Brachybacterium growth in the complete community consortium or in communities that lack
one or two model species, all grown on CCA pH 5. Large points show the median colony-forming
units in a drop-out community, calculated from n=3 replicates plotted in surrounding small points.
(C) Fold change in growth in a community without Penicillium on CCA pH 7 compared to growth
alone on CCA pH 7. Each cluster of 3 bars show the growth impacts at day 3, 10, and 21, left to
right. Lack of asterisks indicates no significant (p < 0.05) difference in population size between
the two conditions, according to Wilcoxon rank-sum tests comparing community to alone CFUs
of each species at each time point.
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Supplemental Figures
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Supplemental Figure 2.2-1. Summary of pairwise interaction phenotypes affecting the target
species (A) or caused by each neighbor species (B).

For each species in a co-culture, if the ratio between its co-culture and monoculture population
sizes is greater than 1 at all significant time points, it counts as the co-culture neighbor species
having a stimulation effect on the target species. If the ratio between co-culture and monoculture
population sizes is less than 1 at all significant time points, it counts as the neighbor species having
an inhibitory effect on the target species. If the ratio between co-culture and monoculture
population sizes is greater than 1 at one significant time point but less than 1 at another, it’s
assigned the mixed effect category. (A) The number of growth-affecting neighbors is determined
by counting up co-cultures where the target species demonstrates any significant change in co-
culture population size when compared to its monoculture population size at the same time point.
(B) The number of target species showing growth effects is determined by counting up co-cultures
where the neighbor species induces any significant change in the target species’ co-culture
population size when compared to monoculture at the same time point.
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Supplemental Figure 2.2-2. Co-culture growth curves.

Growth curves (as measured by colony-forming units at days 3, 10, and 21 of growth) alone (outer
diagonal of single curves under their corresponding genus-species name) or of both microbes when
grown in co-culture (gridded crosses). Points show colony-forming units measured in 5 replicate
pairwise co-culture experiments (actual replicate CFUs measurements for any species in culture,
n = 3-5). Lines summarize median CFUs for a species at each time point.
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Supplemental Figure 2.2-3. Magnitude of focal species effects on growth of their co-culture
partners for each measurable time frame.

Magnitude of effect on growth was determined using the absolute value of the difference between
the growth rate of a partner species in co-culture with the focal species and its growth rate in
monoculture, in the same replicate experiment and in the same time frame. Growth rates were
calculated assuming exponential growth between adjacent time points within an experimental
replicate (days 0, 3, 10, 21). If the calculated difference in growth rates was positive, then the
species effect was considered stimulatory, marked by triangle-shaped points. Absolute differences
in partner growth rates are plotted for each co-culture, organized by the species in co-culture with
the partner and by each growth period between sample harvests.
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Supplemental Figure 2.2-4. Growth and pH curves of Actinobacteria grown with other
community members.

Growth (top) in terms of colony forming units and change in measured pH from starting medium
pH (bottom) of sample cultures of (A) Brevibacterium or (B) Brachybacterium grown alone, with
a partner, or in the complete community on CCA pH 5.
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Supplemental Figure 2.2-5. Growth of model species on CCA pH 5 in monoculture, in co-
culture with Penicillium, or in a double dropout community without early deacidifers.

Each line connects CFU counts from the same experimental replicate (n = 3 for pairwise co-culture
and dropout community; n = 5 for monoculture).
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Supplemental Figure 2.2-6. Growth and pH curves of Actinobacteria grown with other
community members.

Growth (top) in terms of colony forming units and change in measured pH from starting medium
pH (bottom) of sample cultures of (A) Brevibacterium or (B) Brachybacterium grown alone, with
a partner, or in the complete community on CCA pH 5.
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Supplemental Figure 2.2-7. Growth curves of each species in drop-out communities and in
the complete community when grown on CCA pH 5.

Colony forming units of each species measured at inoculation (day 0) and from community
harvests at day 3, 10, or 21. Points mark replicate growth measurements (n = 3) and lines connect
median measurement.
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Table

Table 2.2-1. Significant pairwise interactions at pH 5 and pH 7.

Significance was determined according to Wilcoxon ranked sums tests comparing community to
alone CFUs of each species at each time point (* p < 0.05 ; ** p <0.01 ; *** p <0.001 ;n=4 -
5). Fold-change compares species growth in the co-culture condition to species growth alone on
media at the same pH.

level of level of intx direct. | median fold- | intx direct. | median fold-
target source day |signif. (pH5) | signif. (pH7) (pH5) change (pH5) (pH7) change (pH7)
Brevibacterium |Penicillium 21 * * neg 0 neg 0.01932241
Diutina Penicillium 21 * ** neg 8.93E-06 neg 0
Scopulariopsis  |Penicillium 21 * * neg 3.90E-04 neg 0.001408105
Brevibacterium |Penicillium 10 * ** neg 0.004342013 neg 9.75E-06
Brevibacterium |S. equorum 21 * neg 0.006264706
Penicillium Diutina 3 ** neg 0.029323308
Diutina Penicillium 10 ** ** neg 0.036440678 neg 0
Scopulariopsis  |Penicillium 3 * * neg 0.1 neg 0.214876033
Scopulariopsis  |Diutina 10 ** ** neg 0.121818182 neg 0.430379747,
S. equorum S. xylosus 10 * *x neg 0.164733581 neg 0.111538462
S. equorum Penicillium 10 * neg 0.232589016
S. xylosus Diutina 3 * neg 0.276190476
S. xylosus Penicillium 21 * * neg 0.32 neg 0.7125
S. xylosus Penicillium 10 ** neg 0.326086957
Diutina Scopulariopsis 21 * neg 0.393501805
Penicillium Diutina 10 *x neg 0.444444444
Penicillium S. equorum 3 * neg 0.551948052
Penicillium Brachybacterium 3 ** neg 0.563909774
Scopulariopsis  |Diutina 21 * neg 0.609375
Diutina Brevibacterium 21 ** neg 0.709821429
Scopulariopsis  |S. xylosus 10 * pos 1.545454545
Scopulariopsis  |Brachybacterium| 10 * pos 1.639344262
Diutina S. equorum 21 * pos 1.708333333
Diutina S. xylosus 21 * pos 1.851686508
Diutina S. xylosus 10 * pos 1.909090909
S. xylosus Scopulariopsis 21 * pos 2.177777778
S. xylosus Scopulariopsis 10 ** pos 3.231884058
S. equorum Diutina 10 * ** pos 4.200928751 neg 0.763779528]
S. equorum Scopulariopsis 3 ** pos 7.361111111
S. equorum Scopulariopsis 10 * pos 12.76394052
Brevibacterium |S. xylosus 3 ** pos 13.5483871
S. equorum Diutina 3 ** pos 15.58441558
S. equorum Diutina 21 ** pos 19.34131737
S. equorum Penicillium 3 ** * pos 31.80124224 pos 4.048846269
Brevibacterium |Scopulariopsis 21 * ** pos 220 neg 0.221428571
Brevibacterium  (S. xylosus 10 *x pos 1012.820513
Brevibacterium |Diutina 3 * pos 1285.359801
Brachybacterium |Diutina 3 * pos 1800
Brevibacterium |Scopulariopsis 10 ** ** pos 2181.818182 neg 0.332129964
Brachybacterium|Scopulariopsis 10 * * pos 3633.333333 neg 0.713043478]
Brevibacterium |Diutina 21 ** pos 5471.698113
Brevibacterium  (S. xylosus 21 * pos 8532.186459
Brachybacterium (S. xylosus 10 * pos 62916.66667
Brevibacterium |Diutina 10 * pos 231118.8811
Brachybacterium|Scopulariopsis 21 ** pos 800000
Brachybacterium|S. xylosus 21 ** * pos 10363636.36 pos 1.618811881
Brachybacterium|Diutina 10 * * pos 11333333.33 pos 1.783453957
Brachybacterium|Diutina 21 ** * pos 16500000 pos 2.608391608;
Diutina Brevibacterium 10 * pos 1.977777778
Diutina Brachybacterium| 10 * pos 1.886792453
Diutina Scopulariopsis 10 * neg 0.396226415
S. equorum S. xylosus 21 ** neg 0.153571429
S. equorum Brevibacterium 3 * pos 2.381148479
Brevibacterium |Brachybacterium| 21 ** neg 0.492156863
Brachybacterium (S. equorum 21 * pos 1.482517483
Brachybacterium|Penicillium 10 ** neg 0.051470588]
Penicillium Brevibacterium 10 * pos 1.233333333
Penicillium Brachybacterium| 21 * neg 0.661971831
Penicillium Scopulariopsis 10 * pos 1.672354949
Scopulariopsis  |S. xylosus 3 * neg 0.347107438
Scopulariopsis  |S. xylosus 21 * neg 0.385964912
Scopulariopsis |S. equorum 10 * neg 0.117647059
Scopulariopsis __|Penicillium 10 * neg 6.35E-04]
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CHAPTER 3. Phage dynamics and persistence in a cheese rind

microbiome

3.1 Chapter Summary

In the previous chapter we showed how interactions between bacteria, fungi, and the cheese
environment shape overarching patterns of microbial succession at the rind. Using the natural-rind,
cave-aged cheese from which the in vitro community in Chapter 2 was built, in this chapter we use
metagenomic sequencing to explore an additional component of the microbial community as yet
ignored: bacterial viruses, called bacteriophage. This time course investigation into the diversity
of rind bacteriophage during cave-aging reveals a reproducible succession of phage across three
different batches, including phage sequences predicted to infect “wild” bacteria which are not
added to cheeses as starters. Many of the phage sequences were found to persist not only between
sequentially-prepared batches but even over years of the cheese’s preparation, as found by
comparing the phage in a metagenome from the mature cheese prepared six years after the initial
time course study. Genetic diversity and composition of phage may reveal functional roles for

bacteriophage in cheese rind microbiome succession.

3.2 Characterizing phage dynamics in cheese rind metagenomes
Introduction

Numerous modern sequencing studies have characterized the spatiotemporal distribution
of bacteriophage (bacteriophage or phage) populations across different ecosystems. Many of these
studies come from environments where communities are well-mixed and experience frequent
disturbance. Despite the chaos of aquatic environments, many phage in bodies of water

demonstrate seasonal trends matching the seasonal dynamics of their hosts (Arkhipova et al., 2018;
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Chow and Fuhrman, 2012; Kavagutti et al., 2019; Luo et al., 2017). Phage population dynamics in
human guts, while highly individual-specific, also match the stability of the bacterial microbiome
composition (Draper et al., 2018; Shkoporov et al., 2019). It’s unclear how findings about phage
composition and dynamics in these high-disturbance environments are applicable to microbial
communities that assemble on solid substrates with less disturbance, such as those in the soil or on
living or nonliving surfaces.

Phage are rapidly-evolving microbes, with proliferate reproduction and an extraordinary
capacity for genetic recombination. At least partly due to these features, shotgun metagenomic
sequencing finds that a majority of bioinformatically-identified phage genomes are novel based on
comparison to databases of sequenced phages (Luo et al., 2017). But despite the vast diversity of
phage sequences, some extremely similar and even identical phage sequences can be identified
even when sampling the same environment a year apart (Draper et al., 2018; Emerson et al., 2012;
Kavagutti et al., 2019; Luo et al., 2017; Shkoporov et al., 2019). Understanding the extent to which
phages are evolving in natural ecosystems is of vital importance to predicting microbiome
composition and implementing phage therapy-based treatments.

During microbial colonization of a new ecosystem, microbiome composition often
undergoes a pattern of succession as the environment is modified by metabolic processes of early
colonizers and becomes selective for other microbial species. How phage are integrated into the
process of community assembly, including both their maintenance in a community by hosts as well
as their role in the selection for certain microbial strains over others, is an open question in
microbiology. Approaching this question must combine characterization work to identify the
distribution of phage and their hosts in existing microbiomes as well as experimental work to

identify and predict host outcomes when challenged with phages.
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The microbial biofilms that grow on the surface of aged cheeses, called cheese rind
communities, provide a semi-natural microbiome system that is relatively controllable and
demonstrates consistent taxonomic dynamics (Wolfe et al., 2014). While phage are found to be
part of cheese rind microbial communities (Dugat-Bony et al., 2020; de Melo et al., 2020), their
diversity and dynamics in this environment have yet to be studied. Here we characterize the phage
community over a time series of cheese rind development for three batches of the same cheese.
Our goals in this study are a) to assess the reproducibility of the phage community in this cheese
rind across batches of the same cheese, b) assess how phage dynamics compare to bacterial host
dynamics, c¢) to compare phage community composition from the same cheese produced six years
apart, and to d) examine genetic changes in phage sequences, both during the course of rind
succession and over six years of cheese production.

Results

Characterization of the phage population in a natural rind cheese. Cheese rind samples
from 3 separate batches (batches A, B, and C) that were collected after 1, 21, 41, 61, and 81 days
of aging were coassembled into contiguous sequences (hereafter referred to as “contigs”) (see
“Methods™). 224 total contigs were predicted to originate from bacteriophage genomes, up to 120
kbp (Figure 3.2.1A). A small portion of contigs were predicted to be full or nearly-full phage
genomes, as indicated by CheckV’s quality assessment (Figure 3.2.1B), and a total of 15 sequences
are predicted to be prophage sequences integrated into a bacterial genome. Many contigs marked
as low-quality are likely phage genome fragments. Eight phage sequences, from lengths 18-121
kilobase pairs, were marked as 95-100% complete: five predicted to infect Staphylococci, two

predicted to infect Klebsiella, and one predicted to infect a Lactococcus bacterium.
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Most of the phage sequences collected from the time series study were predicted to infect
Staphylococcus bacteria, when measured as a summation of phage sequence lengths to eliminate
bias based on contig size (Figure 3.2.1C). Many of these Staphylococcus phage sequences were
found to have good matches in CheckV’s reference database of high-quality phage sequences, and
thus completeness could be assessed using an AAl-based method (Figure 3.2.1D).

Phage sequences that did not have a good database hit were assessed for completeness
using a comparable HMM profile. The majority of predicted Actinobacteria phage sequences (72%
of total Actinobacterial phage nucleotides) had to be assessed based on HMM profiles or couldn’t
be assessed at all (Figure 3.2.1D). This indicates that, despite searching against a reference
database of high-quality virus sequences sourced from both NCBI Genbank and publicly available
metagenomes, these Actinobacteria-infecting phage sequences lack quality representation in
public datasets.

Reproducible phage succession across batches of a natural rind cheese. Relative
abundance of phage, bacterial, and fungal metagenome-assembled genomes (hereafter, “MAGs”)
were determined as detailed in “Methods.” Triplicate time series data allowed for a more careful
curation of MAG binning according to coverage trends of each contig over time within a replicate.
The relative composition of phage sequences at each time of aging was very similar across the
three batches sampled, and phage community composition became more similar after 41 days
(Supplemental Figure 3.2-1, Supplemental Figure 3.2-2). Phage dynamics follow closely with the
dynamics of their putative hosts so that as the relative abundance of Lactobacillales decrease, so
do phage infecting Lactobacillales, and as the relative abundance of Actinobacterial genera
Brevibacterium and Brachybacterium increase, so do phage infecting Actinobacteria (Figure

3.2.2). Lactobacillales and Proteobacterial phage are notable in that their relative abundance
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compared to other phage is greater than the relative abundance of Lactobacillales or Proteobacteria
compared to other bacteria.

Persistent phage sequences in a natural rind cheese. The rind from the same cheese was
sampled six years after the time series experiment. The sampled cheese rind was aged to maturity
(and so hereafter referred to as the “mature sample”) and therefore we expected it to be most
comparable to late-stage (day 81) rind samples from the earlier time series study. Reads from the
mature sample were mapped to the set of 224 curated phage contigs from the cheese rind time
series, and 78 contigs were found to map with non-zero read depth, probability of wrong mapping
<= 0.05 (mapQ >=13), and reads mapping across >= 50% of the contig (Figure 3.2.3). These 78
contigs were binned using the phage MAG assignments from the time series, and 11 out of the 16
MAGs containing persistent phage contigs were found to be more than 70% complete as measured
by total nucleotides in the MAG (Figure 3.2.3D). Four of these 11 likely persistent phage MAGs
are predicted to infect Actinobacteria, and six are predicted to infect Staphylococci, in concordance
with proportions observed in day 81 rind phage communities.

Genetic changes in cheese rind phage. The dominant sequence variants for phage contigs
present in each time series sample or in the mature sample were aligned and compared for changes
in the genetic sequence. Multiple phage sequences showed a pattern of succession in the dominant
sequence variant over the time series samples (data not shown). Overall, persistent phage
sequences from the mature sample were very similar to the sequences from the time series (96.5%-
100% 1identity), but many of the persistent phage sequences from the mature sample were more
different from time series variants than the differences between sample variants from the time
series (Supplemental Figure 3.2-3). Sequence variants from the mature sample tended to be slightly

more similar to the sequence variants found after the start of succession (21+ days).
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Discussion

The presented analysis establishes a population of phage sequences from a time series study
of three batches of a natural rind cheese. 42 phage MAGs were identified over the course of rind
community succession, with temporal relative abundances matching the relative abundance of
predicted host bacteria. This curated set of phage sequences was then used to compare the phage
community of the same cheese prepared six years after the initial time series, and 11 phage MAGs
were found to be persistent phage in this rind microbiome.

Drawbacks of using short-read shotgun sequencing for identifying phage populations
include fragmented phage genomes and uncertainty in phage-host pairing. Genome binning into
MAGs was aided by time series trends of contig coverage, and increased sequencing depth would
improve the utility of this technique. While host prediction is done very conservatively in this
analysis, there are methods for more specifically matching phage sequences with potential
bacterial hosts. For example, it is a common practice to improve upon phage-host pairing by
matching host CRISPR spacers or tRNA integration sites with phage sequences (Arkhipova et al.,
2018; Kavagutti et al., 2019; Somerville et al., 2019). An analysis of CRISPR spacers per bacterial
MAG would be an appropriate method for assessing infectious history, though it cannot prove
active cell infection during rind aging.

CheckV’s algorithm for assessing phage completeness compares phage sequences to a
modern and extensive database of high-quality, publicly available phage genomes. The method
that CheckV must use for assessing sequence completeness depends on its ability to find a related
phage sequence in its database; thus, the method used by the package can serve as a proxy for
sequence novelty. From the curated set of phage from time series rind sampling, phage predicted

to infect rind Actinobacteria, in particular, are under-represented among high-quality phage
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genomes. This suggests that cheese rinds are a reservoir of novel phage sequences with potentially
novel functions, and that Actinobacterial phage require more sequence-based exploration and
characterization.

Our results show that, like in other dynamic microbiomes (Draper et al., 2018; Emerson et
al., 2012; Kavagutti et al., 2019; Luo et al., 2017; Shkoporov et al., 2019), phage population
dynamics closely track with those of their bacterial hosts. While the resolution of time-sampling
in this study is not fine enough to detect boom-bust patterns of abundance expected from lytic
phage lifecycles, the overall positive correlation trend between phage abundance and
Staphylococci or Actinobacteria (encompassing genera Brevibacterium and Brachybacterium)
suggests that the most abundant phage infecting these bacteria are not lytic. In contrast, the higher
relative abundance of Lactobacillales- and Proteobacteria-infecting phage to host bacteria relative
abundance may suggest more active lysis among these bacterial groups, though the relative nature
of our sequenced samples make this a difficult point to prove. Some studies aim to build more
evidence of lysis versus lysogeny by measuring the proportion of prophage marker genes in phage
sequences or phage MAGs (Labonté et al., 2015; Luo et al., 2017). Recent tools also aim to
distinguish between lytic versus lysogenic phages (Kieft and Anantharaman, 2021; Kieft et al.,
2020).

Almost all phage MAGs (10/11) that persist in this community are not predicted to infect
bacteria that are used as “starters” in the cheese-making process; rather, these bacteria and their
phage likely arrive through cheese-cheese dispersal in the cave where cheeses age and develop
their rind. This allows for a sort of passaging of phage and their hosts over time. Despite six years
of this passaging, relatively few mutations were acquired by the persistent phage; the most

divergent phage sequences from the mature sample shared 96.5% nucleotide identity with
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dominant sequence variants in the time series samples. Further exploration of the sites of these
mutations may provide insight into selective forces for phage within the cheese rind microbiome.
Methods

Metagenome processing and assembly. Raw fastq files from Illumina paired-end
sequencing were quality controlled and adapters trimmed using FastQC v0.11.9 [Andrews S.
(2010). FastQC: a quality control tool for high throughput sequence data. Available online at:
http://www.bioinformatics.babraham.ac.uk/projects/fastqc] and Trimmomatic v0.39 (Bolger et al.,
2014), respectively. All time series samples from 3 batches of cheese were coassembled using
metaSPAdes v3.14.0 with k-mer sizes set to 33, 55, 77, 99, and 127 (Nurk et al., 2017). All contigs
with length at least 3 kilobase pairs were used for downstream analysis.

Phage characterization. VirSorter2 v2.1 (Guo et al., 2021a) was used to predict phage
sequences from the complete coassembly, using the dsDNAphage and ssDNA settings to select
for bacteriophage. For curation, a modified version of the VirSorter2 SOP for viral identification
was followed (Guo et al., 2021b). the 273 contigs identified by VirSorter2 were first run through
a taxonomic classifier, Kraken 2 v2.0.8 beta (Wood et al., 2019), which was equipped with a
custom database including cheese isolate genomes. 35, or just under 13% of the total predicted
phage contigs, were classified as eukaryotes, a rate of error in phage prediction expected by
VirSorter2 (Guo et al., 2021a).

After eliminating the eukaryotic sequences, the remaining 238 phage contigs were run
through CheckV v0.7.0 (Nayfach et al., 2021) and contigs that are unlikely to be viral (i.e. many
host genes identified but no viral genes identified by CheckV) were also removed from the phage
set, leaving 224 total phage sequences for further investigation. CheckV also determines the length

of phage sequences from prophage integrated into host contigs. These prophage sequence lengths
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were used when considering prophage sequence lengths; otherwise, the length of the contigs from
phage sequences not predicted to be integrated prophage was used.

Measuring abundance. Sequencing reads were mapped to the curated set of phage
sequences using Bowtie2 v2.4.2 (Langmead and Salzberg, 2012). Coverage (average number of
reads mapping across the length of a contig) tables for each contig were generated using SAMtools
v1.12. Phage contigs were binned by coverage and kmer similarity using CONCOCT vl1.1.0
(Alneberg et al., 2014) as implemented through Anvi’o v6.2 (Murat Eren et al., 2015). Bins were
manually refined using temporal coverage trends and assessment of completeness by CheckV.
Complete prophage or phage sequences with direct terminal repeats were assigned their own bin.
A total of 42 phage MAGs were defined, 55% of which were classified by CheckV as “high-
quality” or “complete.” Abundance of each MAG at each timepoint in a batch was calculated by
taking the mean coverage of all contigs in the MAG bin.

To measure abundances of all community microbes, sequencing reads were mapped to all
coassembled contigs and all contigs binned into MAGs, all in the same manner as for the predicted
phage set of contigs detailed before. To obtain abundances of only cellular microbes within the
community, the 224 contigs predicted to be phage were removed from the dataset and then
abundances of each cellular MAG was calculated by taking the mean coverage of all contigs in the
MAG bin.

Taxonomic classification. All cellular contigs in the coassembly were assigned taxonomy
using Kraken 2, equipped with a custom database containing genomes from cheese rind isolate
bacteria and fungi. Phage contigs were classified by their putative host; those contigs that were

unclassified by Kraken 2 were assigned their putative host using the top hit of a Blastx (Altschul
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et al., 1990) search of the nucleotide sequence. All MAGs were assigned a taxonomy or putative
host taxonomy by applying the most frequent taxonomic classification among classified contigs.

Identifying persistent phage. A sample of mature cheese rind from the same type used in
the time series sequencing study, but six years later, was subject to shotgun sequencing. Illumina
paired-end reads were mapped to the set of 224 phage contigs identified in the time series data
using Bowtie2. A phage contig was considered present in the mature sample if reads mapped with
non-zero average read depth, mapQ score >= 13, and if reads mapped along 50% or more of the
contig length. The 78 phage sequences passing these thresholds make up the set of persistent
phage.

Sequence variant analysis. The dominant sequence variant from each sequenced sample
(individual time series samples and the mature sample) was called using simple variant calling
with beftools v1.12, with a max read depth of 5000 (L1, 2011). Low-quality calls <20 were filtered
out, text format of the calls were indexed, indels normalized and those within 5 basepairs of each
other were filtered out, and then resulting consensus sequences were generated. Consensus
sequences of the same contig across the samples were aligned using MAFFT v7.475 (Katoh and
Standley, 2013). Alignments were imported into Geneious Prime 2010.2.6 for visualization, and
percent identity matrices comparing sequence variants of each contig across samples were
exported for summary visualization in R v3.6.3. Heatmap of sequence identity, comparing the
mature sample persistent phage variant sequences to the time series sample sequences, was
generated using the ggplot package (Wickham H (2016). ggplot2: Elegant Graphics for Data
Analysis. Springer-Verlag New York. ISBN 978-3-319-24277-4, https://ggplot2.tidyverse.org).

Figures
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Figure 3.2-1. Curated phage contigs from time series cheese rind coassembly.

(A) distribution of predicted phage or prophage contig lengths from all 224 curated phage contigs.
Prophage distinction predicted by CheckV. (B, D) Assessment of phage contig completeness (B)
and portion of nucleotides per putative phage host (D) sorted by the method used by CheckV to
assess sequence completeness. AAl-based assessment of completeness is used when a reasonable
match to database viruses was found. HMM-based methods were used when no good database hit
was identified for the phage sequence and instead compares contig length with the length of
database viruses that contain a similar set of HMMs. DTR = direct terminal repeats, indicating a
circular genome. (C) Sum total of nucleotides from curated phage contigs grouped by their
predicted host.
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Figure 3.2-2. Abundance over time of microbial MAGs from 3 cheese batches.

Each row shows the relative abundance of contigs contained in phage, bacterial, or fungal MAGs
within each replicate batch (A, B, or C) of cheese rind sampled at different times in the cheese
aging process.
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Figure 3.2-3. Persistent phage in a natural cheese rind.

(A-C) Mapping characteristics of the curated set of 83 persistent phage contigs, showing (A)
average number of reads and (B) average quality of read mapping across each contig and (C)
percentage of each contig’s base pairs that have non-zero mapped reads. (D) Persistent MAGs
assessed by comparing MAG size from time series phage bins (right clustered bars, sum of binned
contig lengths) to the cumulative length of the persistent contigs in each bin (left clustered bars).
Predicted host assigned using the most common classification among phage contigs in a bin.
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Supplemental Figure 3.2-1. Abundance over time of predicted phage contigs from 3 cheese
batches.

Each of 224 curated phage sequences is shown in rainbow colors, scaled by relative read coverage
of contigs at each time point in each replicate batch.
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Supplemental Figure 3.2-2. Clustering phage contigs by presence/absence in each sample.
Each of 224 curated phage sequences represented in rows is shaded by their mean coverage in each
sample, coverage values normalized by sample and non-zero values logl0-transformed. Time
series sample names under each column are encoded as “BTS” followed by two numbers
representing days of rind aging and letter “A”, “B”, or “C” denoting replicate batches. Clustering
of cheese samples was done using a matrix of presence or absence of phage contigs in each sample.
Heatmap was made using heatmaply version 1.2.1.
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Supplemental Figure 3.2-3. Percent identity between dominant sequence variant of
persistent phage contig versus time series sequence variants.

78 curated persistent phage sequences represented in rows are colored by their percent identity to
the dominant sequence variant of the same contig in each time series sample. Time series sample
names under each column are encoded as “BTS” followed by two numbers representing days of
rind aging and letter “A”, “B”, or “C” denoting replicate batches. Heatmap was made using
heatmaply version 1.2.1.
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CHAPTER 4. Zooming in and out on community assembly

processes

4.1 Chapter Summary

We have so far characterized the succession of bacteria, fungi, and bacteriophage in a
cheese rind microbiome. Using an in vitro model of this cheese rind, in Chapter 2 we showed that
deacidification of the cheese by community members stimulates the growth of late-colonizing
bacteria, and that inhibition by Penicillium is responsible for the loss of the yeast Diutina. In
Section 4.2, we further explore these influential pairwise interactions that shape the pattern of
succession, with the future goal of identifying mechanisms. Recognizing that these interactions
are occurring in a spatially-structured biofilm, in Section 4.3 we lay a technical groundwork for
examining the organization of microbes within the cheese rind biofilm. Preliminary images
indicate that non-filamentous microbes are largely unmixed and spatially segregated from each
other, suggesting that some community members may not co-exist closely enough in space for

their interactions with each other to occur in the community.

4.2 Interaction mechanisms between microbes in a cheese rind microbiome
Introduction

While environmental pH modulation has been neatly shown to drive interactions outside
of cheese microbiomes, the understanding of how such dynamics affect complex community
assembly is still minimal (Herschend et al., 2018; [lhan et al., 2017; Ratzke and Gore, 2018; Ratzke
et al., 2020; Tripathi et al., 2018). The change in cheese rind community pH over cheese aging,
rising from pH 5 to almost pH 8, is possible due to the nutrient environment of fresh curd consisting

of high protein and low fermentable carbon. The metabolic contributions to deacidification of the
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cheese rind have been minimally explored, and is commonly attributed to consumption of lactate
(McSweeney, 2004). Also likely to contribute to rind deacidification is production of ammonium
as a byproduct of amino acid catabolism (Curtin and McSweeney, 2004; Frohlich-Wyder et al.,
2019). Here I present an initial investigation into the contributions of a volatile-mediated
mechanism of cheese rind deacidification towards stimulating cheese rind community members.

Even as neutralization of rind pH works to stimulate species growth and increase rind
microbiome diversity, Penicillium sp. strain JBC was shown to broadly inhibit the population size
of community members. Species of the fungus Penicillium are well-known for products of their
secondary metabolism, including the antibiotic penicillin (Kumar et al., 2018). Here we pursue
possible antibiotic-mediated community interactions involving Penicillium, particularly the
mechanism of inhibition against Diutina catenulata strain 135E, and consider the scope of its
antibiotic capabilities against other cheese rind-associated fungi.
Results

Cheese rind deacidification through volatile organic compounds. The model cheese
rind system uses 96-well plate-based growth assays for a relatively high-throughput assessment of
the growth of cheese rind microbial communities. While some level of variability is to be expected
among non-laboratory adapted microbes, there came a point at which years of growing the
bacterium Brevibacterium sp. strain JBS5 in monoculture revealed two distinct alternate growth
patterns: one in which the growth rate was slow and relatively constant over the 21-day experiment,
and a second in which rapid exponential growth occurred between days 3 and 10 and a population
maximum was reached between days 10 and 21.

I noticed that the second, rapid growth phenotype was correlated with growing

Brevibacterium monocultures in the same 96-well plate with Penicillium sp. strain JBC. Given
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previous work using a cheese rind microbiome system showing that fungal volatiles can shape
community composition (Cosetta et al., 2020), I wondered whether Penicillium volatiles were
sufficient to stimulate rapid growth of Brevibacterium. After 10 days of sharing airspace, I found
that Penicillium volatiles were capable of stimulating Brevibacterium growth, where cheese
medium alone could not (Figures 4.2.1A, 4.2.1B). Interestingly, when I measured the pH of the
medium, it was apparent that these Penicillium volatiles had increased the pH of the neighboring
medium. Furthermore, I noticed that our positive control for Brevibacterium growth, on CCA pH
7 medium, had increased the pH of its neighbor medium as much as it had increased medium pH
in situ (Figure 4.2.1C).

Since deacidification was shown to be an impactful driver of rind community development
(Chapter 2), I tested all community members for their ability to increase medium pH through
volatile production with the experimental set-up shown in Figure 4.2.1D. Penicillium,
Brevibacterium, and Scopulariopsis were all capable of significantly raising the pH of CCA pH 5
through volatile compounds within 5 days of growth (Figure 4.2.1E). Additional mechanisms of
deacidification, other than through basic volatile compounds, are apparently at play: some of the
largest in situ pH increases derive from species that don’t produce deacidifying volatiles, including
Staphylococcus species and Brachybacterium (Figure 4.2.1F). Also notable is that while Diutina
was found to be a rapid in situ deacidifier of pH 5 CCA media, it is apparently not contributing to
volatile-based deacidification nor deacidification much beyond pH 7 (Figure 4.2.1E-F).

Inhibition of Diutina catenulata strain 135E by Penicillium sp. strain JBC. Culturing
Diutina with Penicillium results in a die-off of Diutina catenulata strain 135E (Supplemental
Figure 2.2-2). Plate-based assays show that Penicillium creates a diffusible molecule that can

prevent Diutina growth (Figure 4.2.2A). Production of this molecule is approximately correlated
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with Penicillium sporulation, as a zone of inhibition in Diutina growth is strongest when Diutina
is plated at the onset of Penicillium spore production (Figure 4.2.2A). Furthermore, fluorescence
in situ hybridization of Penicillium-Diutina co-cultures show deformed and fragmented Dituina
cells at the top of biofilms, with the affected region increasing over time (Supplemental Figure
4.2-1).

The Penicillium sp. strain JBC genome, assembled from Oxford Nanopore sequencing
reads using Canu (Koren et al., 2017), was annotated using the fungal version of the secondary
metabolite predictor antiSMASH (Blin et al., 2019). 46 biosynthetic gene clusters (BGCs) were
predicted, but few were good matches to known gene clusters. One of these good matches is a gene
predicted to synthesize naphthopyrone, a family of molecules that includes fungal pigments (Xu
et al., 2019). Another gene, with the closest match to database genes (86% nucleotide identity), is
predicted to synthesize a cyclic depsipeptide called fungisporin. Fungisporins have previously
been extracted from Penicillium strains with activity against yeasts (Oppong-Danquah et al.,
2020), but antifungal activity has not been directly attributed to this family of mycotoxins.

Without any clear molecular targets, we attempted a crude extraction of the active
compound responsible for killing Diutina using a number of culturing (liquid mat vs. agar) and
extraction (filtration vs. chemical extraction) methods. Extract activity was evaluated by applying
extract to antibiotic discs on top of a freshly inoculated lawn of Diutina (for small volumes of
concentrated extracts) or by soaking agar plates with 0.1-1 mL of extract before inoculating a dilute
lawn of Diutina (for unconcentrated culture filtrates). Only fresh (unfrozen) liquid culture filtrate
was able to inhibit Diutina growth, though this result is difficult to reproduce (Figure 4.2.2C). It

should be noted that while zones of inhibition on PCAMS are visible, preliminary pairwise
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cocultures of Dituina and Penicillium on PCAMS do not exhibit the same level of Diutina death
as when grown on cheese curd-based agar medium (data not shown).

Interactions between cheese rind-associated fungal strains. In light of widespread
inhibition by Penicillium revealed by in vitro pairwise cocultures (Chapter 2), we further explored
the scope of inhibition between fungal species at the cheese rind. In addition to preventing the
growth of Diutina, Penicillium was found to inhibit the growth of the other cheese rind-associated
yeast in the screen, Debaryomyces sp. strain 135B (Figure 4.2.2B). Despite also inhibiting the
growth of Scopulariopsis sp. strain JB370 in pairwise coculture (Figure 2.2.2), no clear zone of
inhibition was visible in these assays.

In vitro streak inhibition assays were performed to look at the effect of other cheese rind-
associated fungal species on Diutina. The growth-inhibiting phenotype by Penicillium sp. strain
JBC may not be common to other Penicillium species; Penicillium sp. strain SAM created no zone
of inhibition greater than can be expected from competition alone, and Penicillium sp. strain #12,
while possibly inhibiting Diutina in the 5-day preculture, does not inhibit to the same scale nor
follow the same pattern of inhibition over preculture time. This assay also revealed that growth of
Diutina is inhibited when plated against Scopulariopsis sp. strain JB370 that had been precultured
for 5 days, but not when this Scopulariopsis had been precultured for 0 or 2 days (Supplemental
Figure 4.2-2). This may reflect the small inhibitory phenotype observed in pairwise coculture
(Figure 2.2.2).

These in vitro streak assays were further expanded to assess the effects of many of our
cheese rind-associated fungal isolates against each other. Interestingly, among all other streak
pairs, Geotrichum species were the most frequently and strongly affected by other fungi, after

Diutina and Debaryomyces (Supplemental Figure 4.2-3). Geotrichum, while considered
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filamentous fungal molds, share biological features with yeasts (Morel et al., 2015). All of these
target species were affected by the same set of fungi: two Penicillium strains, JBC and #12, and
two Scopulariopsis strains, JB370 and 165-5.

From this expanded all-versus-all interactions panel, Debaryomyces was often found to
produce colonies that resisted inhibition by other fungi (Supplemental Figure 4.2-4A). To assess
whether this might be due to a polyclonal glycerol stock of Debaryomyces, cells from resistant
colonies and cells from the surrounding lawn were both streaked out to select for isolate clones.
These isolate clone strains, called “pRes” and “pWT,” along with a single isolate colony from the
original glycerol stock of Debaryomyces, were tested as targets for a streak assay against all fungal
sources. The pRes strain grew much better in the vicinity of fungal source precultures than the
pWT strain, reinforcing that the pRes strain is resistant to fungal growth inhibition (Supplemental
Figure 4.2-4B). That pRes is globally more resistant, regardless of the source fungus, suggests a
non-specific mechanism of improved resistance. Furthermore, multiple target streaks of pWT,
specifically against Geotrichum or Penicillium sp. strain JBC or #12, eventually grew resistant
colonies, indicating a high rate of mutation for resistance (Supplemental Figure 4.2-4B, right).
Discussion

In this section we pursued mechanisms of stimulation and inhibition identified to be
influential in the pattern of succession of a cheese rind. We identified an unexpected method of
stimulation through deacidifying volatile compounds, and further exploration of inhibition by
Penicillium indicates that this cheese rind isolate may be synthesizing novel antifungal compounds
under specific conditions.

Our discovery that volatile compounds, produced by a subset of cheese rind bacteria and

fungi, are capable of deacidifying cheese sets up an additional role for microbial volatiles in

62



directing community assembly. While the study by (Cosetta et al., 2020) found that primarily
Vibrio was stimulated by fungal volatiles, and in fact through acidic volatiles, the experiments
presented in this section reveals a stimulative role for fungal volatiles that is presumably mediated
by alkaline volatiles. Work in other systems has identified pH-increasing volatile compounds with
biological effects, such as triethylamine and ammonia (Jones et al., 2017; Vylkova et al., 2011).
While these studies identified deacidifying volatiles from yeast strains, the cheese rind-associated
yeast Diutina was not found to produce deacidifying VOCs, despite its central role in early in situ
deacidification of the cheese rind community model as presented in section 2.2.

Despite 46 predicted BGCs in the Penicillium sp. strain JBC genome, few were annotated
and even fewer matched well to known gene clusters. There is increasing interest in exploring
fungal secondary metabolites (Keller, 2019) and cheese rind-associated species may be a vast
source of bioactive molecules (Pierce et al., 2021). The antifungal activity against Diutina and
Debaryomyces is of particular interest since to the best of our knowledge there are no antifungals
identified that are specifically active against yeast.

Methods

Volatile-based deacidification assay. Two 35-cm petri dishes were placed within a larger
90-mm petri dish. 1 cm? squares of CCA medium were cut out using a sterile exacto knife and
placed into the smaller petri dishes. 10 uL of diluted frozen glycerol stocks was spread evenly
across a CCA square to plate 2,000-10,000 CFUs, then agar was dried under a flame. Small petri
dish lids were discarded, large petri dish lids were parafilmed on, and then experiments were
incubated at 21 °C in the dark. pH was measured with an ethanol-sterilized micro pH probe,

submerging just the glass bulb of the probe into the medium.
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In vitro streak assay. Source species being tested for activity were inoculated from
glycerol stocks at the top of PCAMS “OmniTray” plates, unless otherwise noted. Glycerol stocks
were diluted 1/10X with 1X PBS, then 30 uL of source stock was spread in a ~1 ¢cm band along
the long edge of the plate using a sterile toothpick. If co-inoculating the target species being tested
for susceptibility, source streaks were let to dry before proceeding. For source preculturing, plates
were lidded and stored in the dark at room temperature (~23 °C). To add target species, 10-uL.
streaks of target species glycerol stocks (diluted 1/10X with 1X PBS) were added perpendicular
to the source species using a sterile toothpick, taking care to get close to but not touch the source
species. Plates were lidded and grown at room temperature in the dark.

Metabolite extraction techniques. For liquid cultures of Penicillium, spores from a
glycerol stock were added to a 250-mL flask with 40 mL 0.5X LB + 1% skim milk and grown at
room temperature in the dark, without shaking, for 4 to 6 days (after onset of sporulation).
Optionally, a target species was precultured in the medium for 1-2 days with shaking before adding
Penicillium spores along with a supplemental 5 mL 2% sterile skim milk solution. To obtain the
culture filtrate, the culture was strained through a sieve to remove the mycelial mat. For sterile raw
culture filtrate, the liquid medium was transferred to a 50-mL falcon tube, centrifuged to pellet any
remaining cells, then the aqueous layer was filtered through a 0.22 pum filter. To perform
extractions, strained culture medium was transferred to a flask and an equal volume of organic
solvent (ethyl acetate: EtOAc; acetonitrile: AcN) added and mixed on a rotary shaker for 10
minutes. The organic layer was transferred to a fresh flask, and the organic extraction repeated.
The organic layer was dehydrated over sodium sulfate and then dried under air and resuspended

in methanol.
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For agar-based extractions, Penicillium spores were spread on PCAMS plates and grown
into a fungal for 4 to 6 days. For extractions, fungal mats were removed by scraping with 1 mL of
1X PBS. For “freeze-and-squeeze” agar extractions, plates were stored at -20 °C overnight then
thawed the following day and liquid filtered through a 0.22 pum filter. For chemical extraction,
scraped agar was cut up using an exacto knife and transferred into a 50-mL tube. A scraper was
used to further break up the agar. 20 mL of organic solvent or 1X PBS was added to agar and
samples placed in an ultrasonic bath for 30 minutes to extract. Tubes were centrifuged to pellet
agar and then the liquid layer was transferred to a new tube. Fresh solvent was added to the agar
and the extraction process repeated. The PBS-based extracts were filtered through a series of 0.45
um then 0.22 pum filters. The organic extracts were dehydrated over sodium sulfate then dried
under air and resuspended in methanol.

Figures
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Figure 4.2-1. Deacidification through volatile compounds.

(A-B) Growth of Brevibacterium sp. strain JBS on CCA pH 5, either sharing airspace with
uninoculated CCA pH 7 (A) or CCA pH7 inoculated with Penicillium sp. strain JBC (B).
“Uninoc.” is short for “uninoculated.” (C) Growth of Brevibacterium sp. strain JB5S on CCA pH
7, sharing airspace with uninoculated CCA pH 7. (D) Experimental schematic for (E-F). X marks
the plate where a cheese rind-associated microbe is inoculated. (E) change in pH of CCA pH 5
medium through volatiles produced by species growing on neighboring CCA pH 7 for 5 days. (F)
In situ change in pH of CCA pH 7 after 5 days of species growth.
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Figure 4.2-2. Susceptibility to inhibition by Penicillium sp. strain JBC.

(A-B) Screen of target species against Penicillium sp. strain JBC precultured to different ages (A)
or for 5 days (B) before plating target species. (C) Effect of 1 mL Penicillium culture filtrate on
colony size of Diutina catenulata 135E, filtrates from liquid cultures of Penicillium grown for 4
days or 6 days. Control = no filtrate added.
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Supplemental Figures

Supplemental Figure 4.2-1. Biofilm structure of cocultures containing Penicillium sp. strain
JBC and Diutina catenulata strain 135E.

Vertical cross-sections of in vitro rind biofilms that were inoculated on CCA pH 5 with 200 CFUs
of each fungal strain and cultured for 10 days (A) or for 21 days (B) before harvest and processing
(see methods in section 4.3). Biofilm cross-sections are oriented so the cheese medium is at bottom
and the air interface of the biofilm is at the top in each panel. Diutina cells were hybridized in situ
with a fluorophore-labeled DNA probe (Ccatl1344-CyS5, see Table 4.3.3) targeting a unique section
of the 18S rRNA subunit (cyan channel). Fungal cell wall matter autofluorescence is shown in the
yellow and red channels.
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Supplemental Figure 4.2-2. Fungal effects on Diutina catenulata 135E.

Growth of vertical Diutina streaks tested against source fungal strains marked at top. Source strains
were inoculated at the same time as Diuitna (“coinoculated”, top) or they were precultured for 2
or 5 days before inoculating target Diutina streaks.
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Supplemental Figure 4.2-3. Fungal effects on Geotrichum strains.
Growth of vertical Geotrichum streaks tested against source fungal strains marked at top. Source
strains were precultured for 5 days before inoculating target Geotrichum streaks.
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Supplemental Figure 4.2-4. Fungal effects on Debaryomyces sp. strain 135B.

Growth of vertical Debaryomyces streaks, from frozen stock of the yeast (A) or from single
colonies isolated from a streak in panel A (B), tested against source fungal strains marked at top.
Source strains were precultured for 5 days before inoculating target Debaryomyces streaks. (A)
Pictures show four-day growth of Debaryomyces. Crosses mark combinations in which resistant
colonies have been observed previously. (B) The pWT isolate was taken from a lawning portion
of a streak, and the pRes isolate was picked from a fatter, “resistant” colony. Complete panel
pictures were taken two days after streaking the target Debaryomyces. Right panel shows the
development of resistant colonies against source strain GEO15, picture taken 19 days after target
streak inoculation.
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4.3 Spatial organization of a cheese rind biofilm
Introduction

Many relevant biofilms, including those involved in medicine, that exist in the
environment, or are developed for industries, live in a spatially organized structure. We know that
these structures may be layered according to the physicochemical needs of the biofilm species,
such as in the case of a Winogradsky column or microbial mats (Krumbein et al., 2003). As
microscopy techniques have advanced, microbiologists have taken a closer look at multi-cellular
spatial structures. Use of fluorescent genetic markers has revealed that the organization of
microbial biofilms also reflects the interactions between microorganisms, such as competition
(spatial segregation) or cooperation (spatial intermixing) (Estrela and Brown, 2013; Momeni et al.,
2013; Nadell et al., 2010; Venters et al., 2017).

A complex biofilm community is likely to show spatial phenotypes characteristic of both
physiochemical needs of the community and species interactions. This is evident in the spatial
structure of human dental plaque which, through the use of microbe-specific fluorescent probes,
shows zones of layering that can be attributed to niche chemical requirements in addition to regions
of close association between co-aggregating species (Mark Welch et al., 2016). Spatial structure
can also in turn interfere with interactions between pairs of microbes in a community, through
imposing higher-order interactions or providing physical protection (Estrela and Brown, 2018;
Harcombe et al., 2014; Testa et al., 2019). It is evident that understanding spatial organization is
important for contextualizing microbial interactions within multi-species communities.

In this Chapter, we use the in vitro model community studied in Chapter 2 to build
protocols for uniquely identifying each bacterial and fungal isolate within the spatial context of a

lab-grown multi-species biofilm and we suggest future avenues for using these techniques.
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Results

Alternate protocols for fluorescently labeling bacteria and fungi. Fluorescent in situ
hybridization (FISH) protocols were optimized for each isolate bacteria and fungi making up the
in vitro rind community model. In brief, FISH protocols follow a process where microbial cells
are chemically fixed, enzymatically permeabilized as necessary, dehydrated, then incubated with
nucleotide-based probes that hybridize to specific sequences in the cell. For fluorescence-based
microbial taxonomic identification, unique regions of the small subunit ribosomal RNA are
targeted with a complementary DNA probe conjugated to a fluorescent molecule.

Universal prokaryotic and eukaryotic probes were used to optimize FISH protocol
parameters, including pre-hybridization treatments and hybridization conditions (Table 4.3.1).
Pure cultures of each species, ideally at mid-log stage to maximize ribosomal content, were
prepared to optimize parameters for all bacteria and fungi. The ultimate goal was to build a
protocol that will simultaneously allow the labeling of all bacteria and fungi in the community, for
combinatorial labeling and spectral imaging (CLASI-FISH) of multi-species biofilms (Valm et al.,
2012).

The bacteria making up the studied model community are all gram positive species: two
Staphylococcus species and two Actinobacterial species of genera Brevibacterium and
Brachybacterium. Since the thick peptidoglycan layer of gram-positive species can impede probe
entry into cells, lysozyme permeabilization is a valuable enzymatic pre-treatment. This was
effective for the Actinobacteria tested, but since many Staphylococcus species are well-known for
having lysozyme-resistant cell walls (Bera et al., 2005), a staphylolysin treatment was tested. For

S. xylosus strain BC10 and S. equorum strain BC9, no enzymatic treatment was found to improve
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the fluorescent signal, while S. succinus strain BC15 was resistant to any labeling regardless of
fixation or enzymatic permeabilization treatment.

For increased fungal signal, a chitinase pre-treatment was found to be particularly
beneficial for increasing permeabilization of and probe binding to Diutina, and as an added feature
it was found to significantly decrease autofluorescence of Scopulariopsis, a phenomenon that has
been documented before (Baschien et al., 2001). When performing FISH on both bacteria and
fungi at the same time, the order of enzymatic pre-treatments before hybridization was found to
matter: treating bacterial cells with lysozyme before chitinase treatment, but not chitinase before
lysozyme, resulted in lysed cells, suggesting that permeabilization with lysozyme rendered
bacterial cells sensitive to the chitinase solution.

Filamentous fungi are particularly difficult to label using fluorescent probes that bind to
ribosomal RNA sequences. One problem is the minimal effectiveness of using DNA-based probes.
Multiple studies have found that peptide nucleic acid (PNA) probes, which contain a peptide
backbone in place of a phosphate backbone for binding sequences of nucleosides, have had wider
success in labeling fungi (Shinozaki et al., 2011; Teertstra et al., 2004). This may be because mold
cell walls can have high lipid contents, with (Rogers et al., 1980) reporting Penicillium charlesii
as having up to 37.5% lipid content in its cell wall. While PNA probes more successfully hybridize
to small subunit ribosomal RNA sequences in filamentous fungi, they reveal inconsistent labeling
throughout filaments. These inconsistencies take two forms: one seems to be related to whether
filamentous are truly whole or alive, in that both nuclear staining and FISH fluorescence is
correlated with visible cytoplasm (Lee, 2011); the second inconsistency is intracellular, wherein

probe signal is punctate or fades along the length of a filament moving away from the growing tip,
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suggesting that ribosomes are located specifically within fungal filaments (Supplemental Figure
4.3-1).

Since the ultimate goal was to develop a single protocol for simultaneous labeling of all
bacteria and fungi, the fungal-specific and bacterial-specific protocols were strategically combined
to create a “universal protocol.” By systematically swapping protocol-specific parameters and
measuring average fluorescence of labeled pure cultures, optimal universal conditions for
hybridization could be achieved (Table 4.3.2).

Stabilizing structure of cheese rind biofilms. While chemical fixation of pure cultures is
fairly straightforward, fixation of in vitro rind biofilms proved to be a challenge. Biofilms without
filamentous fungi were not adhered to the surface of cheese curd-based agar, and as a result cells
would diffuse away from the biofilm into the aqueous fixative. Agarose also failed to adhere to
the medium and so attempts to embed in agarose disrupted the biofilm. When biofilms included
filamentous fungi, the biofilm adhered to the medium, but since filaments tend to be hydrophobic,
formaldehyde solution cannot evenly enter these biofilms for fixation. Formaldehyde vapor
fixation is a technique that has been used previously for preserving the conidial structure of
filamentous fungi for scanning electron microscopy (Kim, 2008). Using this simple method, the
structure of biofilms without molds was maintained and biofilms with molds were evenly more
evenly fixed and spore layers maintained.

To look inside of biofilms, sections are sliced for fluorescent imaging on slides. Traditional
methods of sectioning samples (paraffin wax for microtomy, optimal cutting temperature fluid for
cryosectioning) were found to be unsuitable as the porous structure of rind biofilms (particularly
those including molds) lead to crumbling sections. I turned to polymerizing resins which were

used for visualizing dental plaque samples (Mark Welch et al., 2016). Glycol methacrylate (GMA)
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is allowed to infiltrate a fixed biofilm sample before a polymerizing agent is added to solidify the
sample for sectioning. These hard resin samples can be successfully sectioned using an
ultramicrotome equipped with a sharp glass edge, though samples thicker than those that this
sectioning technology can produce (>4 um) may be desirable for 3-dimensional rind structure.
After sectioning, sections mounted onto slides are submitted to enzymatic permeabilization and
FISH as described before.

Spatial structure of in vitro cheese rind biofilms. /n vitro cheese rind biofilms are
characterized by a thick mat of bacterial and yeast cells that build up to approximately 150 pm
above the cheese surface, with mold hyphae growing into the cheese medium, through the mat of
yeast and bacterial cells, and then above this mat or at least another 150 um, where they sporulate.
We hypothesized that fungal filaments might be able to transport medium nutrients further from
the cheese surface and so biofilms containing molds might build up a taller mat of bacteria and
yeast. However, biofilms consistently grew to be 120-150 um tall, with no measurable difference
between communities containing or lacking mold species (Figures 4.3.1, Figure 4.3.2).

Low initial inoculation density (200 CFUs of each species across a 96-well plate agar
surface) leads to clusters of bacteria connected by yeast (Figures 4.3.1, Figure 4.3.2, Figure 4.3.4).
These clusters, particularly at the surface of the cheese, suggest the formation of microcolonies
that run up against each other. If biofilms are grown from an initially dense inoculation (2 million
CFUs of each species across a 96-well plate agar surface), this microcolony-like structure is no
longer visible; instead, we observe a more layered structure (Figure 4.3.4). The order of layering
reflects the temporal pattern of succession of this community, shown in Figure 2.2.1, with early-
colonizing Staphlyococcus species and Diutina at the bottom and late-colonizing Brachybacterium

and filamentous fungi at the top.
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Discussion

The presented protocol in this section allows for fluorescent identification of specific
bacterial and fungal species from a cheese rind. This technique provides valuable context for
microbiome interactions. Preliminary results indicate that bacterial species in particular are
spatially segregated, either as microcolonies or in layers, with limited opportunities for direct
interspecies bacterial interactions. This may contribute to the findings in Chapter 2 that
successional dynamics of this in vitro community are primarily driven by fungal members of the
community. Increased physical contact between fungi and bacteria, or fungi and other fungi, may
contribute to their dominant role in affecting community growth.
Methods and Protocols

Preparation of pure cultures for FISH protocol testing. 2-mL liquid cultures in LB
should be grown up with aeration. Once grown to mid-log, cells should be pelleted and washed
with 1X phosphate buffered saline (PBS). For filamentous fungi, frozen spore stock is spread
across a PCAMS plate and left to grow at room temp in the dark for 5 days. Filaments are gently
removed from the plate using 1X PBS and a cell scraper, then filaments should be pelleted using
slow centrifugation, and PBS removed. For any bacteria or fungi, then suspend cells in 1 mL 4 °C
4% paraformaldehyde (PFA) from a fresh ampule. Leave cells to fix in PFA for 8 hours. Pellet
cells in centrifuge pre-cooled to 4 °C then wash twice using 4 °C 1X PBS. Resuspend cells in -20
°C 50% EtOH (v/v) and store cells at -20 °C for use.

Optimal bacterial FISH protocol for gram-positive cheese rind isolates. The optimal
protocol for bacterial FISH is modified from (Pernthaler et al., 2001). Samples dried onto slides
should first be subject to enzymatic pre-treatment: 2 mg/mL lysozyme (stored at -20 °C then

thawed) should be applied over the sample (e.g., 25 uL lysozyme solution over a 1uL spot of fixed

77



cells) let to incubate at 37 °C for 10 minutes. All incubations done at temperatures higher than
room temperature should be done in a lidded container made humid with a kimwipe or paper towel
moistened with water. Wash off the lysozyme solution using cold 50% ethanol, then immediately
proceed to a cold ethanol dehydration series: immerse slides in cold 50%, then 80%, then 100%
ethanol for 3 minutes each. Let slides dry before continuing on to hybridization. Freshly prepare
hybridization buffer (final 20% formamide, 900 mM NaCl, 0.01% sodium dodecyl sulfate (SDS),
20 mM Tris-HCI1 pH 7.5). 1 uL of probe (5 uM working concentration) should be added for every
100 uL hybridization buffer. Cover sample with well-mixed hybridization solution (e.g., 25 ulL
hybridization solution over a 1uL spot of fixed cells) and incubate in humid box for 3 hours at 46
°C. During hybridization, prewarm wash buffer (225 mM NaCl, 20 mM Tris-HCI pH 7.5, 1/100
volume 5 mM EDTA) to 46 °C. After 3 hours of hybridization, use wash buffer to rinse probes off
slides (into formamide waste) and then cover samples with fresh wash buffer. Incubate samples in
wash buffer at 46 °C for 15 minutes, then repeat washing process, including incubation. Slides
should be protected by mounting in VECTASHIELD Antifade Mounting Medium and sealing
coverslips with nail polish.

Optimal bacterial FISH protocol for gram-positive cheese rind isolates. The optimal
protocol for fungal FISH is modified from (Teertstra et al., 2004). Samples dried onto slides should
first be subject to enzymatic permeabilization: 2 mg/mL lysozyme (stored at -20 °C then thawed)
should be applied over the sample (e.g., 25 uL lysozyme solution over a 1uL spot of fixed cells)
let to incubate at 37 °C for 10 minutes. All incubations done at temperatures higher than room
temperature should be done in a lidded container made humid with a kimwipe or paper towel
moistened with water. Wash off the lysozyme solution using cold 50% ethanol, then let slides dry.

Then incubate samples similarly with chitinase (1 mg/mL in 1% SDS - 1X PBS, adjusted to pH
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5.5) at 30 °C for 10 minutes. Wash off the chitinase solution with cold 50% ethanol then
immediately proceed to a cold ethanol dehydration series: immerse slides in cold 50%, then 80%,
then 100% ethanol for 3 minutes each. Let slides dry before continuing on to hybridization. Freshly
prepare hybridization buffer (100 mM NacCl, 0.5% sodium dodecyl sulfate (SDS), 25 mM Tris-
HCI1 pH 9). 1 uL of probe (5 uM working concentration) should be added for every 100 uL
hybridization buffer. Cover sample with well-mixed hybridization solution (e.g., 25 uL
hybridization solution over a 1uL spot of fixed cells) and incubate in humid box for 1 hour at 54
°C. During hybridization, prewarm TE buffer (10 mM Tris-HCI pH 9.0, I mM EDTA) to 46 °C.
After hybridization, use the wash buffer to rinse probes off slides and then cover samples with
fresh wash buffer. Incubate samples in wash buffer at 54 °C for 20 minutes, then repeat washing
process, including incubation two times more. Slides should be protected by mounting in
VECTASHIELD Antifade Mounting Medium (Vector Labs) and sealing coverslips with nail
polish.

Probe design for cheese rind isolates. Bacterial 16S rDNA sequences were acquired by
colony PCR (27f and 1492r primers) and sanger sequencing. Fungal 18S rDNA sequences were
acquired by extracting DNA using the PowerSoil DNA Isolation Kit (QIAGEN), then amplifying
two regions of the 18S sequence (NS1 & NS4 primer pair, NS3 & NS8 primer pair) and submitting
for sanger sequencing and assembling the two PCR-amplified regions into a single sequence using
Geneious 10.2.6 (https://www.geneious.com). Bacterial strain-specific probe sequences were
designed at sites with at least two mismatches along 18- to 22-nucleotide lengths of the 16S rDNA
sequence. In silico probe hybridization and specificity for target versus off-target community 16S
sequences was tested using mathFISH (Yilmaz et al., 2011). Fungal strain-specific probe

sequences were taken from positions along the 18S rDNA sequence where fungal species-specific

79



probes had already been designed. Of two probes designed to bind at different rDNA sites, the
most specific (not hybridizing to pure cultures of other species) or brighter-fluorescing of two
probes was used going forward (Table 4.3.3). It should be noted that, if hybridization is specific,
both probes can be used to nearly double the fluorescent signal from cells. While DNA-based
probes work well for all bacteria and for the yeast Diutina, they were minimally effective at
labeling filamentous fungal species. Instead, peptide nucleic acid (PNA) probes were ordered for
labeling Penicillium and Scopulariopsis.

In vitro cheese biofilm culturing. Strains selected for in vitro model biofilms were the
same as used in Chapter 2. Stocks were grown up in LB, washed, aliquoted, and stored at -80 °C
in PBS-20% glycerol or, for molds, scraped up from a CCA plate then aliquoted and stored at -80
°C in PBS-20% glycerol. Cell stocks were quantified through stock dilution and colony counting.
For inoculation, stocks were diluted to 200 CFUs / 1 uL then 1 pL of each species for a community
mixed together. Cell mixes were inoculated on CCA pH 5 in 96 well plates. Cell mixtures should
be additionally diluted if necessary and plated on 90-mm petri dishes to count the inoculation size
of each species. Plates were lidded and left to dry overnight at room temperature. On day 1 plates
were sealed with an Aeraseal film and placed in a bag with a damp paper towel to maintain
moisture. On day 2 bags containing plates were moved to 15 °C and grown in the dark.

Biofilm processing for spatial analysis. [f measuring community composition, replicate
biofilms should be harvested and plated for colony forming units as described in Section 2.2,
“Methods.” After harvesting biofilms to use for cell counts, the 96-well plate is flipped upside-
down over an OmniTray base containing 10 mL 4% PFA from a fresh ampule. Apply parafilm
around the two plates to seal them, then tightly tape down the connected plates to the chemical

fume hood surface to ensure the seal. Samples are vapor-fixed for at least 3 hours, then biofilms
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with their cheese agar plug are carefully removed using an appropriately curved tool, e.g. we use
a cuticle pusher. Excess cheese is removed using an Exacto knife, leaving 1-2 mm agar under the
biofilm. Transferred samples to individual microcentrifuge tubes containing 1 mL cold 50%
ethanol, then store at 4 degC at least overnight.

For embedding, fixed samples are first trimmed to fit into resin molds (approximately 2-3
mm wide and 5-7 mm long). Samples are then subject to dehydration by transferring samples into
cold 80% ethanol then cold 100% ethanol for ~2 hours each at 4 °C. Then, samples are transferred
to Technovit 8100 infiltration solution and incubated at 4 °C for 6-8 hours. Mold should be pre-
cooled to 4 °C, and all next work should be done on a cold surface (we use Lab Armor Beads
cooled to 4 degC). Infiltrated samples are transferred into mold wells and then polymerization
solution is mixed up, pipetted into wells to cover samples, and quickly covered with small
polyethylene sheets for a hermetic seal. The mold is wrapped with a paper towel to soak up any
condensation, and samples in the mold are left at 4 °C overnight to polymerize. After polymerizing,
samples should be stored hermetically at room temperature, or at 4 °C in the presence of a

dehydrating substance.
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Figures

Figure 4.3-1. Biofilm structure of in vitro cheese rind.

Biofilms were grown for 12 days on CCA pH 5 before processing. Biofilm slice images are
oriented according to labels. Large slice was imaged using green and red filters, illuminating
autofluorescence of bacteria and fungi. Inset image, zooming in on the region outlined in red,
shows bacteria nuclei stained with DAPI (blue channel), and autofluorescence of fungal cells in
the green and red channels. Yeast are egg-shaped and molds look like empty tubes.
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Figure 4.3-2. Biofilm structure of in vitro cheese rinds.

12-day old communities grown from an inoculation of ~200 CFUs each of 4 bacteria, 1 yeast, and
two molds (full community) (A) or of just the 4 bacteria and 1 yeast (community without molds)
(B). Biofilm slice images are oriented so that the cheese medium is at the bottom and the air
interface of the biofilm is at the top. Green channel shows fungal autofluorescence, blue channel
shows the nucleic acid stain DAPI. Dense DAPI staining indicates a cluster of bacterial cells.
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Figure 4.3-3. Biofilm structure and species-specific labeling of in vitro cheese rind without
molds grown from a dilute initial inoculation.

Biofilms were grown for 12 days on CCA pH 5 before processing. Biofilm slice images are
oriented so that the cheese medium is at the bottom and the air interface of the biofilm is at the
top. Approximately sequential slices shown in the four biofilm images were each subject to FISH
using a single species specific probe equipped with a Dy490 fluorophore (green channel). The
target species for the probe is labeled under each slice. Blue channel shows DAPI nucleic acid dye.
Dense DAPI staining indicates a cluster of bacterial cells.
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Figure 4.3-4. Biofilm structure and species-specific labeling of in vitro cheese rind grown
from a dense initial inoculation.

Biofilms were grown for 10 days on CCA pH 5 before processing. Biofilm slice images are
oriented so that the cheese medium is at the bottom and the air interface of the biofilm is at the
top. Approximately sequential slices shown in the four panels were each subject to FISH using a
single species specific probe equipped with a Dy490 fluorophore (green channel). Target species
for the probe is labeled at the bottom of the panels. Red and yellow colors show autofluorescence
of fungal species. Blue channel shows DAPI nucleic acid dye.

Supplemental Figure
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Supplemental Figure 4.3-1. Fluorescent labeling of filamentous fungal SSU ribosomal RNA.
A universal eukaryote PNA probe EUK109, conjugated to the fluorophore TAMRA, was used to
label Scopulariopsis sp. strain JB370 (A) and Penicillium sp. strain JBC (B), visible in the red
channel. The nucleic acid stain DAPI highlights nuclei in blue. Brightfield microscopy shows the
structure of fungal filaments and spores.
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Tables

Table 4.3-1. Optimization of labeling protocols for bacteria or fungi.

Optimal for Optimal for Universal

Step to optimize Parameters tested Notes most bacteria most fungi Protocol
early-log
Pure culture growth stage  mid-log X X

late-log/stationary
2% paraformaldehyde

4% paraformaldehyde Fresh ampules recommended X X X
Chemical Fixative Actinobacteria in particular fluoresced

100% ethanol well following ethanol fixation X

50% ethanol X X

Lysozyme X X

Stapholysin

. chitinase only increases hybridization of
Enzymatic Treatment o
fluorescent probes in Diutina, but has an

added benefit of decreasing

Chitinase autofluorescence of Scopulariopsis X X
Ethanol dehydration series
room temp
temperature
-20 degC X X

must maintain humidity entire time to
prevent much evaporation &
1-3 hours concentration of hybridization solution X X X
O/N
.01 nM
Probe concentration .05 nM X X
.1nM
sodium citrate (denaturant)
dextran sulfate (5%) markedly increased yeast signal X

Hybiridization time

Hybridization buffer adjuncts

Table 4.3-2. Optimization of a universal protocol for simultaneous labeling of bacteria and
fungi.

success of hybridization variable in protocol
buffer component bacterial DNA probe protocol fungal PNA probe protocol notes
. 0% - +
formamide
20% + +
NaCl 100 mM - +
900 mM + +
DS 0.01% + + 0.01% SDS retains better
0.5% + + surface tension
Tris buffer 20 mM, pH 7.5 + -
25 mM, pH 9 + +
temperature 46 degC + -
54 degC + +

cells highlighted in gray mark parameters used in universal protocol
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Table 4.3-3. List of probe sequences tested in this study.

Target Probe name Probe sequence (5'-3') better probe probe aliases position reference probe Off-target hits?
Penicillium sp. st. JBC JBC1342 AGGGCCGAGGTCTCGTTC * Baker, Brett J. et al. 2004

Penicillium sp. st. JBC JBC1070 ACGGGTCATTATAGAATCCCGT pen-3 Wu, Zhihong et al. 2003 cross-hybridizes to Diutina
Scopulariopsis sp. st. JB370 Scop1342 GCAGGTTAAGGTCTCGTTC * Baker, Brett J. et al. 2004

Scopulariopsis sp. st. JB370 Scop1070 ACGCGTCAAATAATAACATCGT * Wau, Zhihong et al. 2003

Diutina catenulata st. 135E Ccat1344 TAGCGGATAAGGTCTCGTTC * Baker, Brett J. et al. 2004

Diutina catenulata st. 135E Ccat1067 GGCCAAAGAGGTCCGCGCCCG * Wu, Zhihong et al. 2003

Staphylococcus equorum st. BC9  StaphBC9-272 CGGCTACGTATCGTTGCCTT

Staphylococcus equorum st. BC9  StaphBC9-375 CTCCGTCAGACTTTCGTCC *

Staphylococcus xylosus st. BC10  StaphBC15-377 CTCCGTCAGGCTTTCGC *

Brevibacterium sp. st. JBS BRE845 TCTCTCTGTACCAGCCA * Kolloffel, Beat et al. 1997

Brevibacterium sp. st. JB5 BreviJB5-600 AAGCGTTGCGTTTCCACAGC

Brachybacterium sp. st. JB7 pB2023 TCACGAGGATGGGCCACTG * Bracb2 Kyselkova, Martina et al. 2008
Brachybacterium sp. st. JB7 BrachyJB7-600 AGCCTCGGGTTTTCACGGC Kyselkova, Martina et al. 2008

all prokaryotes EUB338 GCTGCCTCCCGTAGGAGT Amann, R.l. et al. 1990

all eukaryotes EUK1209 GGGCATCACAGACCTG Lim, E.L. et al. 1993
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CHAPTER 5. Conclusion

5.1 Future Directions
Mechanisms of pH-mediated growth stimulation

Work towards investigating how environmental pH modulation affects community
assembly shows that carbon sources (Ilhan et al., 2017; Ratzke et al., 2020), media buffering (Ilhan
et al., 2017), and microbial metabolic capacity (Herschend et al., 2018; Ratzke and Gore, 2018)
all contribute to determining pH dynamics and microbial community structure. During the cheese
aging process, the change in rind pH, rising from pH 5 to almost pH 8, is thought to rely heavily
on lactate-consuming species and is possible due to the nutrient environment of fresh curd
consisting of high protein and low fermentable carbon. This neutralizing scenario increases
diversity at the rind over time, as more microbes are adapted to a pH near neutral than to an extreme
pH (Thompson et al., 2017; Tripathi et al., 2018).

Further investigation into mechanisms of deacidification reveal increased complexity in
pH-related stimulation. For example, in Chapter 4.2 1 identified volatile-based mechanisms of
deacidification. Volatile compounds released by cheese microbes have been found to be only
selectively stimulating of other cheese microbes (Cosetta et al., 2020). Whether the deacidifying
volatiles produced by Brevibacterium sp. strain JBS, Penicillium sp. strain JBC, and
Scopulariopsis sp. strain JB370, identified here, would instead generally stimulate acid-sensitive
microbes through raising medium pH should be tested. Following up with headspace analysis
might determine whether produced volatiles are the same for each identified producer, and whether
these compounds are a more simple and general base (e.g. ammonia) or more complex (e.g.

triethylamine as in (Jones et al., 2017)).
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In the context of succession, it’s unclear what the role of volatile-mediated stimulation
might be. We showed in Chapter 2.2 that deacidification by Diutina early in community succession
is particularly important for stimulating late-colonizing Actinobacterial species. As Diutina was
not found to deacidify cheese medium through volatile production, an alternative mechanism of
pH-related stimulation must occur. Preliminary work studying the stimulative interaction between
Diutina catenulata strain 135E and Brevibacterium sp. strain JBS suggests that Brevibacterium
might be limited by amino acid acquisition under acidic conditions (data not shown), potentially
due its encoded extracellular proteases being acid-sensitive (Tokita and Hosono, 1972). Follow-
up studies performed on solid cheese medium, buffered at pH 5 and supplemented with amino
acids, may reveal a more specific mechanism of stimulation for acid-sensitive cheese rind
microbes.

Fungal antibiosis

Due to the potential of a bioactive molecule from Penicillium sp. strain JBC having specific
activity against yeast, further work in assessing the scope of Penicillium sp. strain JBC inhibition
against yeasts other than Diutina and Debaryomyces, such as taxonomically related Candida yeasts
or skin-associated yeasts of the genus Malassezia, may point towards a novel anti-yeast molecule.
Sequencing the genome or transcriptome of resistant Debaryomyces clones may help validate
mechanisms of inhibition, though non-specific resistance to fungal competition in combination
with a high rate of resistance mutation suggests a non-specific mutation mechanism such as
chromosomal duplication (Petersen and Jespersen, 2004). Lastly, work is ongoing to extract and
chemically characterize the active antifungal compound. With a lack of success in extracting the
compound from spent medium, in situ approaches such as imaging mass spectrometry are

underway.
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Patterns of bacteriophage succession

Across three batches of developing cheese rinds, we found a clear and consistent pattern
of bacteriophage succession that closely matched host bacterial succession. This suggests a
prevalence of lysogenic phage within the cheese rind microbiome, though our coarse time course
sampling may not be able to catch clear boom-bust cycles that are characteristic of a lytic phage
infectious lifecycle. Further work to match more specific phage-host pairs, through the use of
manual binning and CRISPR spacers, may provide more information about the potential role of
bacterial strain selection through phage lysis. Future time-course studies of cheese phage would
benefit from single-celled sequencing or chromosome capture techniques that can accurately
assign phage to their infected bacterial hosts.

Initial investigation into phage succession dynamics at a sequence level showed potential
successional patterns of dominant phage sequence variants. This may be due to selection for
specific host-phage pairs over succession, or may be related to functional selection as the cheese
rind environment changes over the aging process. Closer examination of the frequency of these
variants over succession and their functional potential may reveal more understanding of the
dynamics of microbiome succession. Incorporating similar sequences found in the mature rind
sample that was sequenced 6 years, serving as an uncontrolled “passaging” of this community over
a long period of time, may additionally contribute to understanding the selective pressures
affecting cheese rind phage.

Development and characteristics of natural rind cheese biofilms

In Chapter 4.3, we presented a technical method for visualizing the distribution of bacteria

and fungal cells in a cheese rind biofilm. We found that cell populations tended to be segregated,

either in microcolonies if the cheese surface is initially colonized sparsely, or in layers if a dense
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layer of cells is inoculated. Future applications of this technique may be used to assess how
predictable is the spatial structure within a cheese rind, how spatial structure develops over time,
and how comparable the spatial structure of an in vitro cheese rind is to the cave-aged cheese rind
that the model is derived from. This technique can also be expanded to other cheese rind

community models by designing new species-specific probes.

5.2 Concluding remarks

The presented dissertation set out to investigate drivers of community assembly in a model
natural rind cheese microbiome. Contributing to this end, in Chapter 2 we presented a study
revealing the key microbial interactions underlying the pattern of succession, using an in vitro
model of this microbiome. We found that fungal members of the community in particular are
influential in driving temporal dynamics of community formation, almost entirely through
environmental modulation and antibiosis. In particular, this emphasizes the importance of
including fungal species in other model microbial communities that represent microbiomes with
medical, environmental, or industrial value. In Chapter 4.2, we followed up on mechanisms
underlying these interactions that influence succession, and identified one of probably multiple
mechanisms for media deacidification as well as a novel potential anti-yeast interaction.

While our in vitro model community was able to reveal factors that drive the overarching
taxonomic pattern of succession, our simplified model lacks strain and, for the large part, even
species-level resolution. Metagenomic studies of the native cheese rind from which the model was
taken indicate considerable diversity within the dominant genera. An underexplored component of
cheese rinds that is likely to contribute to strain- and species-level dynamics within the community

are bacteriophage. To provide a foundation for future investigations of the role of phage in
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directing the assembly of cheese rind microbiomes, in Chapter 3 we identified phage within
previously-existing time course metagenomes spanning the rind development of the native cheese.
We found that the phage community was highly reproducible between batches prepared within a
short time frame, even among distinct phage strains, but that many very similar phage sequences
could also be identified from the same style of cheese prepared many years later. This indicates
that community assembly is fairly deterministic and selects for specific microbial members.
Moreover, such findings could be useful for studying the evolution of phage-bacterial interactions
in a semi-natural system.

Lastly, we recognize that our findings are occurring in a spatially-structured biofilm
environment. One of the more difficult features of studying ecology in a microscopic system is the
difficulty in discerning the “lay of the land.” In Chapter 4.3, we adapted techniques previously
used to visualize the spatial organization of microbes in dental plaque (Mark Welch et al., 2016)
to our model natural rind cheese microbiome. While a protocol was identified for labeling fungi
concurrently with bacteria, further work finding visible probe targets that are distributed across
filaments is needed. Nonetheless, we found that microbes within cheese rind microbiomes tend to
be spatially segregated, limiting the types of microbial interactions that may be occurring in a
multi-species community. Further exploration of the spatial organization of the cheese rind biofilm

may reveal trends that correlate with processes and patterns of community assembly.
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