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EPIGRAPH

Science may provide the most useful way to organize empirical, reproducible data, but its

power to do so is predicated on its inability to grasp the most central aspects of human

life: hope, fear, love, hate, beauty, envy, honor, weakness, striving, suffering, virtue.

Paul Kalanithi, When Breath Becomes Air
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ABSTRACT OF THE DISSERTATION

Exploring the Metaorganism:

Utilizing the microbiome to improve human health

by

Joanna Katherine Claire Coker

Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2022

Professor Karsten Zengler, Chair

Professor Victor Nizet, Co-chair

The essential role of microbiota in macroscopic organisms has led to a coining of
the term “metaorganism”, which encompasses a multicellular host organism and the
various microbial communities found within it. Humans depend on the many microbial
communities found within and around them to survive. However, reproducible and
mechanistic studies of these communities have remained frustratingly elusive in many

instances due to the challenges of replicating in vivo community behavior in an in vitro

Xvii



laboratory setting. This dissertation seeks to address this problem and demonstrate the
benefits for human health that can be obtained through microbiome studies. The first
chapters present the development of reproducible synthetic soil and skin microbial
communities, to be used for in vitro study of community dynamics and targeted
interventions on microbiome composition. Studies with these tools show that final
community diversity and composition can be modulated by minor adjustments in starting
inoculum, with certain organisms driving the final state of the community. This knowledge
of community dynamics can be used, for example, to support design of soil microbial
communities to increase agricultural plant growth in a sustainable fashion. Additionally,
growth of the skin community with cosmetics compounds probes the effect on these
compounds on skin microbiota, which has implications for development of skin
pathologies. Finally, a later chapter presents the use of a sialidase isolated from the gut
microbiome to reduce cardiovascular disease development in a humanized mouse model
by removing the sialic acid N-glycolylneuraminic acid from the endothelium. This study
takes a novel enzyme and applies it in a new way, seeking to use microbiome studies to
benefit the host organism on multiple levels. Together this body of work bridges the in
vitro and in vivo aspects of microbiome research to implement novel strategies for

partnering with the microbiome to support and advance human health.
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Chapter 1: The Microbiome and Human Health



1.1 Introduction

Communities help define function at every level of the tree of life, even—and
perhaps especially—the microbial one. The influence of communities stretches beyond
the individual levels of life, linking macroscopic host organisms and the individualized
communities of microscopic organisms they need to survive. Such interdependence has
led to the coining of the term “metaorganism”, to refer to multicellular hosts and the
microbial species that live within and around them[1,2]. Humans depend on microbial
communities as much as any other species, both within the body and without, which has
led to an explosion of research on microbial communities and the microbiome in recent
decades. With up to a hundred times more bacterial genes than human genes in the
human body, the microbial communities in our body are crucial to human life and play a
key role in human development and homeostasis[3]. The following chapter discusses
some of the most relevant microbiomes for human health, as well as difficulties in
researching and conducting experiments with these communities.
1.2 The human gut microbiome

The human gut microbiome is defined as the sum of genomic DNA of all microbes
inhabiting this environment. As in every natural ecosystem, bacteria in the human gut
influence the surrounding environment of their host. The human gut microbiota is involved
in many essential host functions, such as the processing of nutrients to bioactive
molecules like neurotransmitters, vitamins, and fatty acids and protection from
pathogens.[4] One of the most well-known examples of this is the breakdown of non-
digestible carbohydrates found in plants. As humans do not have the metabolic capability

to degrade these complex glycans in the gastrointestinal tract, they reach the colon to be



fermented by gut bacteria and lead to the production of short-chain fatty acids (SCFASs),
which patrticipate in the acidification of the digestive tract.[5] Through these and other
similar processes, the human gut microbiota has a major impact on the host’s physiology
in health and disease.

In addition to a greater number of genes and metabolic capabilities than the human
genome, the composition of the gut microbiome is also highly malleable.[3] Diet
surpasses the role of host genetics in shaping the gut microbiome through modification
of the nutritional environment of the bacteria populating the gut.[6—10] Given the influence
of the gut microbiome in human health, the ability to alter this microbiome through dietary
changes indicates that promoting a healthy microbiome has great potential to improve
human well-being and disease prevention and control. Glycans (i.e. carbohydrates) are
of major importance in determining the gut microbiome composition.[11] Glycans come
in many forms, from long polysaccharide chains that humans are unable to digest (e.qg.
cellulose, pectins, resistant starch), to oligosaccharide chains attached to proteins and
lipids, to individual mono- and disaccharides, such as glucose, lactose, or sialic acids.[11]
In this review, we detail how dietary glycans can shape the structure and function of the
human gut microbiota and the impact this has on human diseases. We start with an
overview of the broad impacts of carbohydrates on gut microbiota composition and
metabolic activity. We then focus on the role of sialic acids, a specific monosaccharide
class, in shaping the gut microbiome. Sialic acids are a prominent component of the
mammalian glycosylation system, and their interactions with the human immune system

make their impact on the gut microbiome of particular interest. This review of sialic acids,



the gut microbiome, and impacts on health will summarize recent research and suggest

directions for future studies.
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Figure 1.1 Structural composition of common poly- and oligosaccharides. Monosaccharide symbols
are represented as in the Symbol Nomenclature for Glycans (assignments for this figure provided in the
box).[12,13] The numbers between monosaccharides represent the glycosidic linkage. A) Fiber is a general
classification encompassing many types of dietary polysaccharides. Examples of the polysaccharides
cellulose, arabinoxylan, and inulin are provided here. B) Mucin-type O-linked glycans are host glycans
linked to serine or threonine (Ser/Thr) residues on mucin proteins. Like most mammal-derived glycans, they
are often tipped with sialic acids such as N-acetylneuraminic acid. An example structure is shown; many
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are short oligosaccharides found in human breast milk. HMOs are composed of a lactose base (a
disaccharide of glucose and galactose) with additional monosaccharides such as N-acetyl-D-glucosamine,
the sialic acid N-acetylneuraminic acid, or fucose attached. Three example structures are shown.



1.2.1 Broad impact of carbohydrates on gut microbiome structure and function
Human studies have repeatedly demonstrated that dietary changes modify the
relative abundance of major gut bacterial groups in a rapid and reversible manner.[14,15]
For example, low-carbohydrate, weight-loss, and animal-based diets reduce the
proportion of the butyrate-producing phyla Firmicutes and Actinobacteria,[15-17] while
high animal product consumption increases the proportion of Bacteroidetes and specific
Proteobacteria like Bilophila wadsworthia in the human gut.[15] Lifestyle urbanization and
Westernization are key factors influencing dietary behavior, with subsequent impacts on
the gut microbiome and potential harmful effects on human health.[18] A rural diet,
typically rich in host-indigestible carbohydrates like fiber, is associated with a higher
abundance of Prevotella and Xylanibacter spp., while an urbanized diet, which generally
contains more saturated fat and protein from animals, is associated with an increase of
Bacteroides spp. and a decrease of overall microbiome gene diversity.[19-21]
Interestingly, those Bacteroides-dominated, less diverse gut communities are associated
with a higher incidence of obesity and metabolic syndrome.[22] The loss of diversity and
shift from a Prevotella- to Bacteroides-dominated microbiome has been observed in non-
Western immigrants as early as nine months after moving to the USA.[23] These data
demonstrate the plasticity of the human gut microbiota in response to dietary
carbohydrate changes and the potential impact of these changes on human health.
Many studies examine the impact of plant carbohydrates in particular on the gut
microbiome. Diets with high resistant starch intake have been associated with increased
relative abundance of Firmicutes and particularly Ruminococcaceae family members,

while resistant potato starch specifically has been associated with increased



Bifidobacterium genera and wheat bran has been associated with increased
Lachnospiraceae family members.[14,16,24] A recent study also demonstrated rapid
modifications of the gut microbiota in mice fed raw versus cooked plant products, due to
the improvement of starch digestibility and degradation of plant-derived compounds
during the cooking process. Similar observations have been made in the human
population, showing that everyday nutritional habits can influence the gut microbiota.[10]

Within plant carbohydrates, dietary fiber is one of the most heavily studied groups.
Dietary fiber is generally defined as edible carbohydrate polymers, mostly from plants and
edible fungi, that are not digestible by human enzymes.[25] Examples include inulin,
dextrin, pectin, cellulose, resistant starch, arabinoxylans, and chitin (Figure 1.1A).[26]
Dietary fiber exists in soluble and insoluble forms, although some polymers can be soluble
or insoluble depending on conditions like cooking or food processing.[25] Although human
metabolism cannot digest fiber, the gut microbiome often contains many enzymes
capable of degrading these polymers and utilizing the sugars released for nutrition or
other metabolic processes.

Fiber passes mostly undigested through the small intestine and is fermented in the
colon by gut bacteria, leading to the production of SCFAs (Figure 1.2).[27] The SCFAs
acetate, propionate, and butyrate are the main metabolites produced during microbial
fiber fermentation, and they have multiple beneficial effects on the host.[18] Once
produced in the colon, SCFAs are rapidly absorbed by host epithelial cells, where the
great majority are directly used as an energy source. SCFAs that are not metabolized by
the gut epithelium (estimated as <10% of total SCFAs produced)[28,29] are then

transported through the portal circulation to the liver, where they can be incorporated by



hepatocytes and used as energy substrates or for the synthesis of glucose, cholesterol,
and fatty acids.[30]

A small fraction of the initial SCFAs will reach the main blood circulation and have
systemic effects, particularly on the immune system.[30] Notably, SCFAs downregulate
the production of pro-inflammatory cytokines by colonic macrophages[31] and promote
the differentiation of naive CD4+ T cells into immunosuppressive regulatory T cells
(Treg),[32,33] by binding to G-protein coupled receptors[34] or by inhibiting histone
deacetylases.[31,35,36] SCFAs derived by the gut microbiota from dietary fiber thus
participate in the homeostasis of the immune response, with a demonstrated protective
effect against inflammatory diseases, such as multiple sclerosis (MS),[35] inflammatory
bowel disease (IBD),[33] and allergic asthma,[37] as well as other pathologies, such as
infection[38,39] and carcinogenesis.[20] Colorectal cancer (CRC) is also known to be
linked with a gut microbiota dysbiosis characterized by decreased microbial diversity[40]
and an under-representation of SCFA-producing bacteria.[41] A high-fiber dietary intake
is associated with a lower risk of CRC,[42] while patients with CRC precursor lesions tend
to have lower fiber dietary intake than controls.[43]

However, not all studies have shown universal benefits from fiber intake. In a
recent study, Singh et al. supplemented the diet of toll-like receptor 5 (TLR5)-deficient
mice with fermentable fibers for six months, with the goal of demonstrating the beneficial
effect of such a diet on metabolic syndrome. While the authors observed some of the
expected effects (reduction of adiposity, amelioration of glycemic control), they also
observed that purified fiber supplementation induced icteric hepatocellular carcinoma in

40% of the TLR5-deficient mice.[44] These studies indicate that dietary supplementation



with such purified compounds may have a negative effect on some individuals, and that
large-scale enrichment of processed food with purified prebiotic fiber should be taken with
great caution.[45] For a more detailed discussion of the gut microbiota and specific health
effects of dietary fiber, we refer the reader to ref. 42.[46]

Mono- and disaccharide dietary sugars can affect gut microbiome composition,
with potential effects on human health. Fructose and glucose have been demonstrated to
specifically inhibit gut colonization by Bacteroides thetaiotaomicron, a mammal gut
symbiont associated with lean and healthy individuals, by silencing the Roc (regulator of
colonization) protein, which promotes competitive colonization in gnotobiotic mice.[47]
High fructose intake has also been associated with development of non-alcoholic fatty
liver disease (NAFLD) in humans[48] and mouse models.[49,50] The gut microbiome in
general plays a causal role in NAFLD development in mouse models,[51] and several
studies have established correlations between NAFLD and altered abundance of taxa,
such as Bifidobacterium,[52] Lactobacillus,[52,53] Bacteroides, and Ruminococcus.[54]
Supplementation of Lactobacillus rhamnosus in the gut microbiome of mice fed a high-
fructose diet to induce NAFLD resulted in decreased liver inflammation and NAFLD
disease development.[53] This finding highlights the potential regulatory effects of dietary
sugars in the small intestine on gut colonization by beneficial microbes. Later in this
review we will discuss in detail recent research on the effects of sialic acids, a biologically

important class of monosaccharides, on the gut microbiome and host health.
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Figure 1.2 Broad overview of carbohydrate digestion and host effects. Other effects are also possible
for each glycan. Generally beneficial and detrimental effects are represented by green and red arrows,
respectively. Most host digestion and nutrient absorption occurs in the small intestine. Microbes conduct

most of the nutrient degradation that occurs in the large intestine, with varying effects on host health and
function.
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1.2.2 Interplay of dietary fiber and host mucins in the gut microbiome

Although dietary glycans make up the majority of nutrients the gut microbiota
consumes, restriction of carbohydrates like fiber from the diet can push microbes to
consume glycans produced by the host instead.[55] The colon contains a mucus gel layer
composed of two parts: a loose luminal outer layer and a dense mucosal inner layer.[56]
The mucosal layer is composed mainly of host mucin proteins with regions of extensive
O-glycosylation (forming up to 80% of the total mucin mass) (Figure 1.1B).[57] Although
microbes do not penetrate the dense inner layer in healthy subjects,[39,58] microbial
degradation of the outer layer is thought to be a normal part of mucin turnover and
regeneration.[59] For a review of how gut microbiota interact with and degrade the colonic
mucosal layer, we direct the reader to ref. 56.[60] Here we focus on how diet can alter the
careful balance between gut microbiota and the host mucosal layer.

The section above discussed how the presence of complex polysaccharides, such
as fiber, in the diet strongly affects the gut microbiome composition. Many studies have
shown that fiber ingestion increases abundance of colonic bacteria capable of fermenting
fiber to SCFAS[9,14,17,24], with increased diversity of plant carbohydrates believed to
support greater community diversity.[61] Conversely, several studies have shown that a
lack of dietary fiber can push bacterial metabolism away from fiber degradation to mucin
degradation. Some organisms (e.g. Bacteroides thetaiotaomicron) degrade both fiber and
mucins and shift their metabolism to mucin degradation when dietary complex
polysaccharides are scarce.[55,62] Other organisms (e.g. Akkermansia muciniphila) are
able to degrade mucins but not fiber and experience expansion of their populations upon

complex polysaccharide scarcity.[39,63,64]
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Excessive mucin degradation is associated with increased intestinal
inflammation[65,66] and increased penetration of bacteria into the dense mucosal mucus
layer.[67] In gnotobiotic mice mono-colonized with B. thetaiotaomicron, a diet lacking
complex polysaccharides (including fiber) resulted in a thinner colonic mucus layer, an
increased proximity of colonic microbes to the gut epithelium, and increased expression
of the inflammatory marker REG3B.[62] Similarly, it has been shown that dietary fiber
deprivation increased the abundance of mucus-degrading bacteria like A. muciniphila and
Bacteroides caccae in mice, subsequently leading to an alteration of the intestinal barrier
and higher susceptibility to mucosal pathogens.[39,62] Demonstrating the specific and
essential role of the gut microbiome in mucus changes, antibiotic-treated mice fed a low-
fiber Western diet but transplanted weekly with gut microbiota from mice fed a high-fiber
chow diet had significantly lower mucus penetrability and higher mucus growth than mice
transplanted with gut microbiota from Western diet-fed mice.[68] These studies indicate
a lack of dietary fiber leads to changes in the gut microbiome that promote dysfunction
and increased microbial penetrability of the inner colonic mucus layer.

On the other hand, a recent study suggests potentially beneficial roles of microbial
mucus metabolism in ulcerative colitis (UC). Certain organisms are capable of producing
the SCFA n-butyrate from mucin degradation,[69] and n-butyrate as well as mixed SCFAs
have been shown to reduce colon inflammation in UC[70,71]. Yamada et al.[69] found
decreased mucinase activity and decreased levels of n-butyrate in the stool of UC
patients, but a significantly higher O-glycan-to-mucin protein ratio. Hypothesizing a
deficiency in mucin O-glycan utilization by gut microbiota, the authors assessed the

impact of feeding mice a mucin-enriched diet. After three weeks, they observed an
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increased a-diversity; increased relative abundance of Akkermansia, Allobaculum, and

Bacteroidales S24-7; increased cecal SCFAs; and increased colonic Treg and IgA*

plasma cells.[69] In the setting of UC, mucin degradation may therefore be an important

physiologic process to promote.

1.2.3 Impact of the monosaccharide sialic acid on gut microbiome structure and
function

Thus far, we have discussed the impact of broad dietary glycan classes on the gut
microbiome and host health, including how lack of fiber promotes microbial degradation
of host mucus glycans. Next, we focus on the impact of dietary sialic acids, a unique and
essential class of monosaccharides, on the gut microbiome and human health. Sialic
acids are essential to many physiological processes, play a large role in shaping both the
infant and adult microbiome, and allow exploration of how minor chemical modifications
in sugar structure can shape the microbiome. Although many authors have reviewed sialic
acids in the past, to our knowledge a comprehensive review focusing specifically on
dietary sialic acids and the gut microbiome has not been published. In the literature, “sialic
acids” is often used to refer to both the group and its most common member, N-
acetylneuraminic acid. In this review we will refer to N-acetylneuraminic acid by its
abbreviation Neu5Ac and reserve the term sialic acids for the group as a whole.

Sialic acids are acidic 9-carbon monosaccharides, derivatives of neuraminic acid,
and ubiquitous in all vertebrate glycosylation systems. Sialic acids often serve as the
terminal sugars in N-linked and O-linked vertebrate glycans that decorate cell-surface
proteins and lipids, and as such they are often some of the first monosaccharides

encountered in cell-cell interactions.[72,73] They play essential roles in immune system
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signaling, cell adhesion, membrane transport, and many other processes.[73-75] The
most abundant mammalian sialic acids are Neu5Ac and its close chemical cousin N-
glycolylneuraminic (Neu5Gc) acid (Figure 1.3A).[73] Humans cannot produce Neu5Gc
due to loss of the CMP-N-acetylneuraminic acid hydroxylase (CMAH) enzyme,[76-78]
and as such Neu5Gc is perceived as a foreign antigenic sugar by the human immune
system.[79,80] Sialic acids are present in our diet in N- and O-linked glycans from animal-
derived proteins, and Neu5Gc can be incorporated into human glycoconjugates following
ingestion of certain animal-derived foods rich in Neu5Gc, chiefly red meat.[81,82] Neu5Ac
and Neu5Gc have drastically different effects on human health, with Neu5Ac a natural
and beneficial component of human glycans and Neu5Gc an antigenic and pro-

inflammatory component.[83-87]

14



N VI

\H/ HO OH
0

Neu5Ac

e Terminal sugar of many extracellular
glycoconjugates

e Produced by humans and other mammals

e Present in human body through
biosynthesis/recycling of ingested Neu5Ac

® Heavily invovled in inhibitory immune

ksignaling in humans .//

B Sialic acid in glycans

Sialidase

| 2 HO OH COOH
ot
| OH
N-L e
Ho/\[( HO OH
o
Neu5Gc

e Terminal sugar of many extracellular
glycoconjugates

e Produced by many mammals, but not
humans

® Present in human body through recycling
of ingested Neu5Gc

o Activates immune signaling in humans
through anti-Neu5Gc antibodies

_.m —1 NanH, Nanl, NanJ, BtsA

‘ Free Neu5Ac

= Transporter

HO
2,7-anhydro-Neu5Ac

Extracellular space

- NanBCD, SatABCD, NanT, SiaT, SiaPQM

|

‘ Neu5Ac

NanA -

NanK

Cytoplasm

B ManNAc

ManNAc-6-P GlcNAC

Sialidase
NanH, NanJ, SiaBb2, BtsA

L a0

Sialic acid-containing
oligosaccharides

]

I GicNAC

RokA

@
o

Fructose-6-P

(e.g. HMOs)

Figure 1.3 Sialic acids overview and metabolism. A) Structures of the sialic acids discussed in this
review. Changes from the Neu5Ac structure are shown in red. Differences between Neu5Ac and Neu5Gc
with regards to human physiology are listed below those structures. Diamonds by Neu5Ac and Neu5Gc
structures depict the Symbol Nomenclature for Glycans symbol for each. B) Schematic of general Neu5Ac
metabolism in bacterial cells. Steps with multiple characterized enzymes (sialidase and transporter) have
protein names listed below the general enzyme name. Steps with one well-characterized enzyme have the
enzyme name next to the arrow. The exception is the conversion of Neu5Ac to ManNAc, which has 2 well-
characterized enzymes. Enzymes are color-coded based on function. References for enzyme functions:
NanAEE2KL, RokA, NagAB;[88] NanHIJ;[89] NanBCD;[90] NanT;[91] SiaBb2;[92] BtsA;[93] SatABCD;[94]

SiaT;[95] SiaPQM.[96]
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1.2.4 Sialic acid metabolism by gut bacteria

Human-associated bacteria, including gut microbiota, use sialic acids primarily as
either a nutrient source or as a signaling molecule to interact with their host.[97] For
example, given the role of Neu5Ac on host cells in inhibiting autoimmune signaling
through Siglec proteins,[98] some pathogens evade the immune system by prominently
displaying Neu5Ac on their cell surfaces.[99,100] For an extensive review of sialic acids
catabolism by human pathogens all over the body, we refer to ref. 87.[100] Bacteria can
synthesize sialic acids de novo or scavenge from the surrounding environment.[74,97]
Complete metabolism of sialic acids requires a sialidase to release the monosaccharide
from the glycan, a transporter protein to transport the monosaccharide inside the cell, and
a suite of intracellular enzymes to convert sialic acids into a sugar fed into different
metabolic pathways (Figure 1.3B).[74] Many common gut microbes contain genes for part
of or for this entire pathway, affecting their role in the gut microbial community, and
through that the community’s potential effects on human health.

The first full NeuSAc metabolism pathway was described in Escherichia coli in
1999[101] and the ability of E. coli to metabolize Neu5Ac has since been shown to be
important for gut colonization in mice.[102] The Nan gene cluster in E. coli encodes the
sialic acids uptake transporter NanT and three catabolic enzymes (NanA lyase, NanK
kinase, and NanE epimerase) that catalyze the conversion of Neu5Ac to pyruvate and N-
acetylglucosamine-6-phosphate. This is further metabolized through the N-
acetylglucosamine (GIcNAc) catabolic pathway (Figure 1.3B). Neu5Gc is transported and
catabolized by E. coli using the same NanT transporter and NanA lyase but producing

glycolate instead of pyruvate.[103] Similar Neu5Ac catabolic gene clusters with variations
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in the identity of sialic acid transporter were identified in 46 out of 1,902 bacterial genomes
examined in a 2009 study.[104] However, 91% of these 46 organisms were able to
colonize humans, indicating the ability to metabolize sialic acids is particularly valuable
for bacteria in human-associated niches. Nine of these organisms were gut commensals
(Anaerotruncus colihominis, Dorea formicigenerans, D. longicatena, Faecalibacterium
prausnitzii, Fusobacterium nucleatum, Ruminococcus gnavus, Lactobacillus sakei, L.
plantarum, and L. salivarius), while several others were known gut pathogens (E. coli,
Shigella (species unspecified), Salmonella enterica, Yersinia enterocolitica, Vibrio
vulnificus, and V. cholerae).[104] A similar analysis in 2015, of 4,497 genomes in NCBI
at the time, found that 5.9% of species contained genes for the full pathway of Neu5Ac
metabolism; again, these organisms primarily colonize humans or animals.[100] An
alternative Neu5Ac utilization pathway was identified in the gut commensal Bacteroides
fragilis (Figure 1.3B) and involves a putative sialic acid transporter from the MFS
superfamily (NanT), a non-orthologous Neu5Ac lyase (NanL), and two novel catabolic
enzymes, epimerase NanE3 and kinase RokA.[88] The nanLE2T gene cluster from B.
fragilis was further identified in many colonic bacteria from the Bacteroidetes phylum,
including B. vulgatus and Parabacteroides distasonis, but not in B. thetaiotaomicron,
which encodes a sialidase but lacks the nanLE2T genes to fully metabolize sialic
acids.[105] Other microbes like Clostridioides difficile or E. coli lack a sialidase but encode
a complete pathway to metabolize sialic acids.[106]

We analyzed the distribution of sialic acids utilization pathway and sialidase genes
across a reference set of 2,662 genomes representing ~700 species and ~200 genera of

bacteria from the human gut.[107] For genomic identification of genes encoding
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sialidases, Neu5Ac transporters, and catabolic enzymes (Figure 1.3B), we used a
subsystems-based approach implemented in the SEED platform.[108] Each reference
genome was assigned binary phenotypes reflecting the presence/absence of: (i) a
complete Neu5Ac utilization pathway; and (i) sialidase enzyme(s) (Figure 1.4).
Approximately 1,040 strains were predicted as Neu5Ac-utilizing strains, representing ~80
bacterial genera. Among these, a sialidase was identified in 40% of the strains, including
prominent colonic bacteria from the Akkermansia, Bacteroides, Bifidobacterium,
Clostridium, Flavonifractor, Parabacteroides, and Prevotella genera. Another subgroup
of strains that lack a sialidase but are capable of sialic acid utilization includes both human
gut symbionts such as Anaerococcus, Blautia, Escherichia, Eubacterium,
Faecalibacterium, Fusobacterium, and also a number opportunistic pathogens including
Clostridioides, Staphylococcus, and Streptococcus spp. Finally, ~100 strains from 27
microbial genera possess a sialidase but apparently lack the sialic acid utilization
capability. These include 18 Bacteroides strains (e.g. B. faecis, B. intestinalis, B.
thetaiotaomicron), 6 Porphyromonas strains, and 6 Coprobacillus strains. The high
prevalence of many of these strains in the gut microbiome suggests even strains that
solely release Neu5Ac from underlying glycans contribute to the overall sialic acid
degradation capability of gut communities.

These mixed catabolic capabilities fit with studies showing ingested complex
polysaccharides can be digested and metabolized by different gut organisms, in a
syntrophic or synergistic interaction network.[109] In support of this, recent studies of
Salmonella enterica and C. difficile showed that these organisms expand following

antibiotic treatment through scavenging of sialic acids liberated from ingested food by

18



other gut microbes such as B. thetaiotaomicron.[110] Colonization with B.
thetaiotaomicron lacking a sialidase inhibited C. difficile expansion in the mouse gut, while
feeding with exogenous Neu5Ac reversed these effects.[110] Similarly, Huang et al.[111]
showed that increased sialidase activity from B. vulgatus drives E. coli expansion in a
mouse model of colitis. Hence sialic acids released in the gut by one organism can be
scavenged and metabolized by other organisms lacking a sialidase, causing effects that
ripple through the metabolic network.

Although most research has been done on Neu5Ac, microbes can also act on
modifications of Neu5Ac or on other sialic acids (Figure 1.3A). Neu5Ac modified with an
O-acetyl group is generally resistant to release by sialidases. However, recent studies of
B. fragilis show the O-acetylesterase EstA removes 9-O-acetyl esterifications, allowing
sialidases to release these modified Neu5Ac molecules and promote in vitro growth of E.
coli.[112] Although not confirmed in vivo yet, this could provide another example of
bacterial interactions to share metabolic capabilities. Previous studies of the commensal
anaerobe Ruminococcus gnavus showed it cannot grow on unmodified Neu5Ac alone
and instead uses an intramolecular trans-sialidase to release 2,7-anhydro-Neu5Ac from
a2-3-linked sialic acids.[113] 2,7-anhydro-Neu5Ac is then selectively transported across
the Ruminococcus cell membrane and converted back to Neu5Ac for further
metabolism.[114] This strategy, which prevents other organisms from utilizing the
uncommon 2,7-anhydro-Neu5Ac, seems designed to conserve resources for R. gnavus
as opposed to the cross-talk seen in other sialic acid processing pathways. While the
major part of sialidase research focuses on Neu5Ac, some recent studies have examined

the activity of gut microbe sialidases on Neu5Gc. Zaramela et al.[115] reported the
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discovery of Neu5Gc-preferential sialidases from the gut microbiome of the Hadza hunter-
gatherer group,[6] with four out of the five selected Bacteroides sialidases displaying
preferential release of Neu5Gc over Neu5Ac in at least one of the tested conditions.
Further exploration of metabolism of these and other sialic acid modifications will

undoubtedly reveal more novel microbial strategies to harvest sialic acids.
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Figure 1.4 Genomic distribution of Neu5Ac utilizers and degraders in human gut microbiome
strains. The phylogenetic tree was constructed using concatenated sequences of universal ribosomal
proteins from approximately 2,600 human gut microbial genomes from the PATRIC genomic database[116]
by RAXML version 8,[117] then shrunk to genus representatives and visualized via iTOL.[118] Numbers
next to genera in the outermost level of the tree indicate the number of analyzed genomes per genus. Bars
adjacent to each genus indicate the proportion of genomes that contain genes for: a NeuS5Ac transporter
and full Neu5Ac catabolism pathway (gold bars); and one or more Neu5Ac sialidase genes (purple bars).

Genera mentioned in this review are shown in red text.
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1.2.5. Sialylated HMOs and the infant gut microbiome

The infant gut microbiome is thought to start developing in utero through fetal
ingestion of amniotic fluid.[119] Peri- and post-natally, the microbiota composition is
heavily influenced by mode of fetal delivery (vaginal versus Cesarean section) and infant
food source (breast milk versus formula).[119,120] Human milk oligosaccharides (HMOs)
represent a potent source of sialic acids (and other monosaccharides) that is unique to
the infant diet (Figure 1.1C). HMOs are a group of over 200 oligosaccharide structures
present in human breast milk, making up the third most abundant component of milk at
5-15 g/L (following lactose at 70 g/L and lipids at 40 g/L).[121] The composition and
overall amount of HMOs in breast milk varies by woman and by time since delivery.[122]
The majority of HMOs are not absorbed by the infant in the small intestine for nutrition,
but instead persist into the colon where they have a significant impact on infant health
(Figure 1.2).[123] For example, HMOs have been shown to directly inhibit infant gut
colonization by pathogens like enterotoxic E. coli, V. cholerae toxin, Campylobacter jejuni,
rotaviruses, and noroviruses.[124—-126]

HMOs in general, and sialylated HMOs (HMOs containing sialic acid) in particular,
also promote growth of particular beneficial microorganisms in the infant gut. Of the taxa
studied from the infant gut microbiome, only the Bifidobacterium and Bacteroides genera
have been shown to metabolize a broad range of HMOs.[127,128] The gut microbiome
of breast-fed infants is typically dominated by Bifidobacterium, representing up to 70% of
gut microbiota in breast-fed infants compared to 31% in formula-fed infants.[129] A study
of individual gut microbes in isolation showed that the sialylated HMOs 3’-sialyllactose

(3’SL) and 6’-sialyllactose (6’SL) specifically promoted growth of seven Bifidobacterium
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longum strains, as well as B. vulgatus and B. thetaiotaomicron.[128] 6’SL but not 3’SL
promoted growth of Lactobacillus delbrueckii, although L. rhamnosus did not show
appreciable growth on HMOs.[128] In particular, B. longum subsp. infantis is capable of
fully metabolizing all HMOs studied to date and of growing on Neu5Ac alone in vitro.[130]
The B. longum subsp. infantis genome contains a 43-kb gene cluster (HMO1) with 16
glycoside hydrolases and many oligosaccharide transport proteins, as well as two
sialidases, nanH1 in the HMO1 gene cluster and nanH2.[120,130,131] Intriguingly, B.
longum subsp. infantis appears to transfer oligosaccharides into its cytoplasm and digests
HMOs to monosaccharides within the cell;[120,132,133] by contrast other
microorganisms (e.g. Bacteroides and Bifidobacterium bifidum) are thought to break
down HMOs to di-/monosaccharides extracellularly and transport these components into
the cytoplasm.[120,134]

Other B. longum strains contain genes for specific portions of the sialic acids
catabolism pathway (Table 1.1). B. longum subsp. bifido can release monosaccharides,
including Neu5Ac, from HMOs but is unable to catabolize Neu5Ac, fucose, or N-
acetylglucosamine.[131] In contrast, B. longum subsp. breve can ferment these
monosaccharides but may or may not be able to release them from HMOs, in a strain-
dependent manner.[135,136] Bacteroides species also have variable sialic acids
metabolic capabilities (Table 1.1). Similar to Bifidobacterium, B. fragilis can cleave and
fully metabolize Neu5Ac from HMOs, while B. thetaiotaomicron can cleave but not
metabolize Neu5Ac.[105] Bacteroides and most Bifidobacterium species metabolize
HMOs through the same enzymatic pathways as host mucin glycan degradation.[105]

However, despite its facility at HMO digestion, B. longum subsp. infantis does not appear

23



to digest host mucins.[133] These results indicate dietary NeuS5Ac in HMOs is heavily
involved in shaping the infant gut microbiome by promoting -colonization of
Bifidobacterium and Bacteroides species, potentially laying the foundation of a life-long

synergy between host and gut microbes.
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Table 1.1 Summary of the ability of bacteria in the infant gut microbiome to

release and metabolize the sialic acid Neu5Ac from HMOs.

Genus Species Neu5Ac release | Neu5Ac metabolism
Bifidobacterium | Longum subsp. infantis + +
longum subsp. bifido + -
longum subsp. breve -[+ +
Bacteroides fragilis + +
thetaiotaomicron + -
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As in sialic acids metabolism, studies of sialic acids and the infant microbiome
focus primarily on Neu5Ac. Research on the effect of Neu5Gc on the infant microbiome
is virtually nonexistent. Studies in the past have not identified Neu5Gc in human breast
milk, although it is readily present in bovine milk.[129,137,138] However, a recent study
of human milk composition discovered that breast milk from all 16 mothers tested (split
between women who consumed cow’s milk and dairy-free almond beverages) contained
HMOs with Neu5Gc, indicating that diet-derived monosaccharides can be incorporated
into breast milk HMOs.[139] The presence of Neu5Gc in breast milk further adds another
possible mechanism for the development of anti-Neu5Gc antibodies, which appears in
infants within the first six months of life.[140] Anti-Neu5Gc antibodies drive a process of
chronic low-level inflammation called xenosialitis, which has been shown in animal
models to contribute to inflammatory pathologies, such as liver cancer,[86]
atherosclerosis,[87] and other autoimmune diseases.[98] Other possible mechanisms for
anti-Neu5Gc antibody development include the presence of Neu5Gc in commercial baby
foods and exposure to Neu5Gc on the surface of bacteria like non-typeable Haemophilus
influenzae.[83,140]

Isolating the impact of ingested HMOs containing Neu5Ac on the infant gut
microbiome is relatively simple, arguably simpler than in adults given the stereotyped
diets of infants. However, tying these changes to infant health outcomes is much more
difficult. A study in 2016 provides one of the most comprehensive experimental
investigations of this question. Researchers inoculated germ-free mice with a defined
microbial community of 25 strains isolated from the gut microbiota of a growth-stunted

Malawian infant.[141] Mice were then fed a typical Malawian diet with or without purified
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sialylated bovine milk oligosaccharides. Mice receiving the oligosaccharides treatment
showed significantly increased weight gain, lean mass, and long bone growth, compared
to the control group (caloric intake was equivalent between the groups). These effects
were not seen in germ-free mice treated with oligosaccharides, indicating the microbiome
plays a critical role in the health benefits observed. Similar results were seen in
gnotobiotic piglets.[141] Intriguingly, despite the gut microbiome-dependent nature of the
effects, the composition of the gut community was not significantly different between
oligosaccharides and control groups after treatment. However, significant transcriptional
changes were observed in B. fragilis and E. coli, including upregulation of genes in the
polysaccharide utilization locus of B. fragilis. The researchers also noted that the two B.
longum subsp. infantis strains included in the community failed to colonize in the gut
community in both the treatment and control groups, although strains of B. longum subsp.
breve, B. bifido, and B. catenulatum did colonize.[141] This is surprising given the ubiquity
of B. longum subsp. infantis in the gut microbiota of human infants and its superior abilities
to digest and metabolize HMOs. However, recent research indicates the ability of
bacterial strains to successfully colonize the infant gut is affected by many different
factors.[142] Follow-up studies on the mechanism of increased long bone growth with
sialylated oligosaccharide treatment indicated the effect came from decreased osteoclast
generation and activity, in a microbiota-dependent manner.[143] Much work remains to
be done to investigate the connections between the gut microbiome and infant health.
1.2.6. Sialic acids and the adult gut microbiome

In contrast to studies of infants and dietary sialic acids, where studies focus on

microbiome composition but often do not address direct health impacts, studies of adults
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and dietary sialic acids focus mainly on health impacts and rarely assess microbiome
composition. The ubiquity of sialic acids in mammalian glycoconjugates gives them a role
in many physiological and pathological processes, from brain development to immune
regulation, infections, heart disease, and diabetes.[73] Many of these pathological
processes have been associated with hypo-sialylation, or low Neu5Ac levels, of relevant
molecules. Several studies have therefore looked at the effect of exogenous Neu5Ac-
feeding on disease development and progression. Neu5Ac-feeding in apoE”’ mice (a
model of atherosclerosis through knockout of ApoE, a protein heavily involved in lipid
circulation and metabolism)[144] reduced atherosclerosis plaque area, as well as lipid
liver deposition, triglyceride and cholesterol levels, and expression of inflammatory
cytokines and intracellular adhesion factors in aorta endothelial cells and liver cells.[85]
In a different study, oral supplementation of the Neu5Ac precursor N-acetyl-D-
mannosamine in mice on a high-fat diet (to study type Il diabetes) resulted in a restoration
of IgG sialylation and preserved insulin sensitivity.[145] The mechanism of action in these
studies is unknown and changes in the microbiome were not investigated in either case.
However, given the established connections between the gut microbiome and
atherosclerosis and diabetes[146—148] and the impact sialic acids can have on the
microbiome, an investigation of gut microbiome composition in response to Neu5Ac in
these disease models would be intriguing.

The impact of dietary sialic acids on the adult gut microbiome is often difficult to
tease apart, given the varied diets of adults. In 2017, researchers analyzed the gut
microbiota of the Hadza people, a community living an ancestral hunter-gatherer lifestyle

in Tanzania, where diet composition is determined by seasonal food availability.[6] A
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longitudinal analysis revealed important modifications of the microbiome over the course
of a year, following shifts between dry and wet seasons that corresponded to periods of
meat- and plant-based diets, respectively. Metagenomic sequencing revealed both an
increased diversity and increased number (as reads per million) of carbohydrate-active
enzymes (including sialidases) in dry season samples, when the Hadza diet is dominated
by meat, a food rich in sialic acids.[6] A different study, focusing specifically on sialidases,
re-analyzed the Hadza data and found specific enrichment of an organism encoding a
sialidase to release Neu5Gc from glycans in the dry season samples.[115] Since Neu5Gc
is not made by humans, but is specifically enriched in red meat, this finding indicates that
a Neu5Gc-metabolizing microbe becomes more abundant in the Hadza gut microbiota
when levels of Neu5Gc increase in the diet.

The ability of non-human mammals to produce Neu5Gc, through the functional
CMAH enzyme that humans lack, has led to a great difficulty in studying the effects of
anti-Neu5Gc inflammation in animal models. However, researchers have been able to
work around this through the generation of Cmah”- animals that, like humans, produce
only Neu5Ac.[149,150] The presence of Neu5Gc in human glycoconjugates has been
implicated in numerous disease processes, such as liver cancer and
atherosclerosis.[86,87] Neu5Gc-feeding in mouse models deficient in Neu5Gc
exacerbates these diseases. Of particular interest, Cmah”’- knockout in a background
knockout of the low-density lipoprotein receptor (LdIr”) reproduces the human-specific
Neu5Gc deficiency in a classic atherosclerosis model.[87] Neu5Gc-feeding in this Cmah-
" LdIr”- mouse model demonstrated significantly more atherosclerosis plaque size and

necrotic core volume, compared to control groups.[87] Feeding of Neu5Gc in a Cmah™
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mouse model (without the LdIr’- deletion) showed distinct changes in the gut microbiome,
with Bacteroides, Barnesiella, Clostridium, Parabacteroides, Roseburia, and Turicibacter
significantly enriched compared to feeding with Neu5Ac.[115] Examining the effects of
Neu5Gc-feeding on the microbiome of the Cmah”- LdIr’- model and potential relationships
between these changes and atherosclerosis could further our current understanding of
the role the gut microbiome plays in cardiovascular disease.
1.3. The soil microbiome

Plant-microbiome interactions have been the focus of an increasing number of
studies in recent years, especially with the potential to optimize agricultural production
through the promotion of plant growth and soil health[151-153]. These studies clearly
show that plant microbiome communities are heavily influenced by the location of
microbial colonization on the plant[154—-156] and the host plant genotype[157,158]. Each
of these studies, some explicitly and some implicitly, are searching for what has been
termed the “minimal microbial community”, the minimal set of organisms required to
accurately reproduce natural community functions[159]. The number of community
microbes in studies ranged from wunder 10[156,157] to between 20 and
40[155,158,160,161], although some studies starting with a high number of microbes
reported that only a small number of organisms consistently colonized plant
sites[156,160]. In addition to loss of starting organisms, in vitro microbial communities
commonly lose a-diversity over time, compared to the starting community[162—-164]. The
vast majority of synthetic microbial communities are constructed with equal amounts of
each organism, although Bai et al.[155] compared an equal (1:1:1:1) ratio of four

represented phyla to an unequal ratio (1:1:1:0.25) but found the final community
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compositions were similar. However, it has recently been shown that starting ratios, even
in a simple co-culture, can have a significant effect on community growth and
composition[165,166]. To what extent equal ratios in the starting inoculum produce the
most reproducible and diverse synthetic community is still an open question[166]. When
generating soil communities, we hypothesized that synthetic community a-diversity could
be increased by adjustment of starting organism ratios, with higher levels of organisms
that decrease in abundance during growth of an equally-mixed community.

The scientific community has developed robust model systems for research in
animals, plants, and individual microbes[167,168]. These systems allow experiments to
be repeated and validated across research groups, leading to a body of research that
grows on the work of others. However, microbiome research currently lacks widely-
accepted reproducible model systems, despite the recognition that microbial communities
play a fundamental role in biological systems[151,169,170]. Indeed, host organisms and
their microbiota are often referred to as one meta-organism, requiring both parts of the
system to thrive[2,153,171]. Several groups have worked to develop reproducible
microbial systems, such as a microbial chemostat[172]; the Lubbock chronic-wound
biofilm model[173]; or in vitro gut systems incorporating microbes[174—176], most notably
the Altered Schaedler Flora community[177,178]. These systems address important
research questions about the interactions between microbes and their host environment.
However, they normally do not probe the mechanisms of host-community interactions,
particularly in plant-microbe communities under environmental perturbations.

To address specific questions pertaining to the inner workings of microbial

communities, researchers must be able to alter the presence and abundance of specific

31



organisms, introduce genetic alterations as necessary, and maintain strict control of
growth conditions like temperature, humidity, acidity, and light[153,159,179,180]. At
present, experiments with synthetic microbial communities are the only viable method to
design research studies within these constraints[153,156,181,182]. Although the use of
bioengineering tools to introduce specific changes in natural microbial communities
shows promise in this area[183-185], these systems still lack an ability to predict the
effect of engineering outcomes on the community as a whole[185]. The field of
microbiome research, and soil microbiome research in particular, would benefit from
development of a standardized synthetic community system to test hypotheses and
compare results.
1.4. The human skin microbiome

Human skin, the largest and most exposed organ in the body, harbors a diverse
microbiota that aids in defense against microbial pathogens and other skin
pathologies[186—188]. Disruptions to the skin microbiome have been associated with
multiple skin diseases, such as acne, atopic dermatitis, and seborrheic
dermatitis[186,189,190]. Furthermore, the use of topical products such as make-up[191],
deodorant[192], and skin care products have been shown to alter microbiome
composition and diversity for weeks after the time of application[193]. Understanding how
skin care products affect the skin microbiome, and through that their effect on skin health,
would support the development of personalized skin treatment regimens for microbiome
dysbiosis issues[186].

The composition of this microbial community is modulated by physical factors of

the skin microenvironment, such as pH, temperature, moisture, oxygen availability, and

32



topography[188,194,195]. The community is further influenced by microbial interactions
and intercellular metabolite exchanges, which help determine community structure and
function[186,188,195,196]. This suggests that establishing a synthetic representation of
this fixed skin microbiome could permit studies of the complex microbe-microbe, microbe-
metabolite and microbe-host interactions that govern skin and host health. A major barrier
to standardized studies of the skin microbiome is the lack of a reproducible in vitro system.
Despite being dynamically modified by multiple external and internal factors, studies
documenting skin microbiome composition across multiple body sites and time points
indicate that composition is largely represented by a select few “fixed”
organisms[194,197]. The recent advent of many reconstructed human epidermis models
(RHESs) that accurately represent the physiological complexities of skin, such as Epiderm,
Labskin, or NativeSkin, has allowed studies of the microenvironmental factors that
regulate skin microbial community structure[198,199]. However, as with the soil
microbiome, we still lack a robust, standardized microbial community that can be used to
probe the community dynamics of the skin microbiome[199].
1.5. Summary

Microbial communities impact human health in a wide variety of settings, from the
soil in which we grow our food to the digestion of that same food within our bodies.
However, studying these communities in controlled and reproducible settings is
exceedingly difficult given the countless factors that shape in vivo community
development. Developing standardized and reproducible tools to study these

communities is therefore essential to advance the current body of knowledge about the
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microbiome, just as standardized models have been irreplaceable for the study of
individual bacterial and mammalian organisms.

The following chapters in this thesis explore how such tools can be developed and
implemented to gain new knowledge of microbial communities, and furthermore to apply
knowledge gained from these communities to ameliorate human disease. Chapter 2
focuses on developing a standardized synthetic soil community that can be grown with
agricultural plants and uses this community system to probe the effect of starting inoculum
ratios on final community dynamics. Chapter 3 moves to developing a standardized skin
community to investigate skin microbial community dynamics, with an emphasis on
investigating the effect of chemicals found in cosmetics products on the skin microbiota.
Chapter 4 moves beyond in vitro community systems to apply an enzyme isolated from
the mouse gut microbiome to the treatment of cardiovascular disease. Together these
studies explore multiple levels of the human metaorganism and cover a broad range of
microbiome applications, from in vitro investigatory and screening tools to in vivo medical
treatment strategies.
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2.1 Abstract

Microbial soil communities form commensal relationships with plants to promote
the growth of both parties. Optimization of plant-microbe interactions to advance
sustainable agriculture is an important field in agricultural research. However,
investigation in this field is hindered by a lack of model microbial community systems and
efficient approaches for building these communities. Two key challenges in developing
standardized model communities are maintaining community diversity over time and
storing/resuscitating these communities after cryopreservation, especially considering the
different growth rates of organisms. Here, a model community of 17 soil microorganisms
commonly found in the rhizosphere of diverse plant species, isolated from soil
surrounding a single switchgrass plant, has been developed and optimized for use with
fabricated ecosystem devices (EcoFABs). ECOFABs allow reproducible research in model
plant systems, with precise control of environmental conditions and easy measurement
of plant-microbe metrics. The model soil community grows reproducibly in vitro between
replicates and experiments, with high community a-diversity achieved through growth in
low-nutrient media and adjustment of starting composition ratios for the growth of
individual organisms. The community additionally grows in ECOFAB devices and regrows
with a similar composition to unfrozen communities following cryopreservation with
glycerol, allowing for dissemination of the model community. Our results demonstrate the
generation of a stable microbial community that can be used with EcCoFAB devices and

shared between research groups for maximum reproducibility.
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2.2 Introduction

Here, we present the generation of a diverse, reproducible, and tunable synthetic
microbial community, composed of soil bacteria isolates obtained from switchgrass
agricultural fields. Using a picoliter liquid printer to allow precise control of the initial
bacterial inoculum, we tested over 20 community starting composition ratios to generate
a synthetic community with maximum robustness and a-diversity. We then used this
community to probe the effect of DNA from dead cells on sequencing composition results.
To further support the reproducibility of this model community, we additionally determined
a method for the cryopreservation of the community enabling it to be shared with other
research groups. The 17-member community can readily be applied to ECOFAB devices,
which allow reproducible research in model plant systems with precise control of
environmental conditions and easy measurement of plant-microbe metrics[180,200].
2.3 Results
2.3.1 Strain Selection

Our overall goal was to generate a stable, reproducible microbial community for
use with EcCOFAB devices to study plant-microbe interactions in the rhizosphere. To this
end, we selected 18 microbial strains isolated from the rhizosphere and bulk soil
surrounding a single switchgrass plant that span the typical diversity found in the
rhizosphere of grasses or food crops (Table 2.1). One strain was later eliminated to result
in a final 17-member community, described below. These strains were all from different
genera, to facilitate community diversity and ease of strain identification through 16S

rRNA gene sequencing in the final community. All strains can be grown axenically in vitro
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under aerobic conditions without shaking in liquid Reasoner’s 2A (R2A) media at 30 °C

(see Materials and Methods).
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Table 2.1 Strain isolates used in this study and examples of plants associated

with them in previous publications.

Genus Strain Associated plants?

Lysobacter OAES881 Nicotiana tabacum L, tomato,
pepper[201-203]

Burkholderia OAS925 Zea mays L, Betula, Equisetum,
Quercus, Senecio vulgaris, Triticum
aestivum, Zantedeschia, Coffea,
Saccharum officinarum, Zea mays L, Zea
mays L, Lolium multiflorum, citrus,
wheat[204-209]

Variovorax OAS795 Citrus, maize, tomato,
wheat[208,210,211]

Chitinophaga OAES865 Tomato, Oryza sativa L, Cymbidium
goeringii, ginseng[212-215]

Niastella OAS944 Hibiscus syriacus L, persimmon tree,
Populus euphratica, Korean
ginseng[216-219]

Mucilaginibacter | OAE612 Gossypium  hirsutum L, Angelica
sinensis, ginseng, Dokdo Island (S
Korea)[220-223]

Sphingomonas OAE905 Citrus, wheat, Oryza sativa L[208-
210,224,225]

Rhizobium OAE497 Citrus, Oryza sativa, Dioscorea alata,
Dioscorea esculenta[210,226,227]

Bradyrhizobium OAE829 Citrus, Vaccinium angustifolium, wheat,
Brazilian sugarcane[208,210,228,229]

Bosea OAE506 Zea mays L, Cyperus rotundus
L[230,231]

Methylobacterium | OAE516 Eucalyptus spp., Oryza sativa cv.
Dongjin and Lycopersicon esculentum L.
cv. Mairoku, maize[232—-234]

Arthrobacter OAP107 Ginkgo biloba L, Quercus ilex, Triticum

aestivum L (wheat)[235-237]
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Table 2.1 Strain isolates used in this study and examples of plants associated with
them in previous publications, continued.

Genus Strain Associated plants?

Mycobacterium | OAE908 Soil from Haikou (China), tomato, Oryza
sativa L. cv. Wusimi[238—240]

Rhodococcus | OAS809 Zea mays L, Oryza sativa L.[230,241]

Brevibacillus OAP136 Zea mays L, Lolium perenne, Pinellia
ternata, Nicotiana tabacum L, Gossypium
hirsutum[230,242—-245]

Paenibacillus OAE614 Solanum lycopersicum, Oryza sativa L,
wheat[246-248]

Bacillus OAE603 Zea mays L, Triticum aestivum L (wheat),
Lolium perenne, Nicotiana tabacum
L[230,237,242,244]

Pseudomonas | WCS417 Wheat, citrus, Zea mays L, Nicotiana

simiae tabacum L[209,210,230,244]

aReferences were found through PubMed searches (conducted on 8/17/2021) of

” 11}

“<genus> rhizosphere”, “<genus> soil isolation”, and/or “<genus> plant isolation”. Plant
scientific names are listed when included in the references; otherwise plant common

names are used.
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We assembled these strains into synthetic communities using a SCIENION
CellenONE liquid-handling robot printer (SCIENION US Inc., Phoenix, AZ) (Figure 2.1).
The CellenONE machine is capable of dispensing droplets from 300-450 picoliters. Liquid
samples can be taken up into the piezo dispense capillary (PDC), then dispensed in
individual drops of precise volume through a piezoelectric pulse. The machine can be
programmed to dispense drops from the PDC in specific locations or patterns on a target
of the operator’'s choosing. For the soil communities, individual strains in diluted liquid
culture were taken up from wells of a 96- or 384-well plate and dispensed to a target 96-
well plate with fresh liquid growth media. However, samples can also be dispensed to
targets such as 384-well plates, microscope slides, or agar plates. Use of this system
allowed the 18 strains to be combined in varying starting ratios by programming a different
number of starting drops per strain for each community. Individual strains were diluted to
an optical density at 600nm (ODeoo) of 0.025 for each experiment.

Following community assembly, communities were allowed to grow for up to 11
days. Growth was monitored through ODsoo. Community growth was halted at the desired
time point by freezing the communities at -20 °C. DNA was extracted from communities
by heating samples to 95 °C in a PCR machine for 10 minutes. 5ul of undiluted
supernatant from heated community samples was used to generate 16S rRNA gene
sequencing libraries. This method was confirmed to produce the same 16S sequencing
results as DNA extraction with a commercial DNA extraction kit (Qiagen PowerSoil Pro)

(Figure 2.2A-B).
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Figure 2.1 Schematic of synthetic rhizosphere community generation using a piezo dispense
capillary (PDC) device. Isolates were grown for 3-4 days in liquid R2A media, then ODsoo-normalized to
0.025 and loaded into individual wells in the probe plate. The PDC drew liquid up from one well of the probe
plate and dispensed a programmed number of drops in desired wells of the target plate. This process was
repeated for each isolate to result in a final mixed community. Communities were grown aerobically for the
desired amount of time, then analyzed for composition and diversity with 16S rRNA sequencing.
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Figure 2.2 Supplement to Figure 2.1 Comparison of boiling and conventional kit DNA extraction for
rhizosphere isolates (A-B). Isolates were mixed in equal amounts, as determined by OD normalization.
DNA was extracted either by heating to 95°C for 10 minutes in a PCR machine (boiling) or using a
conventional extraction kit (Qiagen PowerSoil Pro) (extraction). (n=3 per condition) A) Taxonomy of
samples through 16S sequencing. B) Comparison of a logarithmic transformation of mean relative
abundance values in boiling and extraction samples. Pearson’s correlation coefficient is shown on the plot.
Community diversity between assembly methods and media dilutions (C-D). C) Shannon diversity index of
machine-assembled and human-assembled communities from 4 different people (n=4-8 each). D)
Observed operational taxonomic units (OTUSs) for equally-mixed community grown in 1X, 0.2X, and 0.1X
R2A media for 3 days (n=8 each).
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2.3.2 Automated assembly of synthetic communities produces similar results to

hand assembly

The use of the picoliter printer to assemble synthetic communities was chosen to
increase throughput and to potentially reduce variability from human and calibration error
during pipetting. We therefore compared the diversity and composition of eight replicates
of an automated-assembly community (machine) to sixteen replicates of a hand-
assembly community (human) after 3 days of growth in 0.1X R2A media. The hand-
assembled communities were composed of 4-6 replicates each from 4 different lab
members. The growth rate and final ODeoo value was the same between machine- and
hand-assembled communities (Figure 2.3A). The [-diversity metric of Bray-Curtis
distance showed a significantly larger dissimilarity between communities assembled by
hand compared to machine for two of the four people (one-way ANOVA with Benjamini-
Hochberg FDR, * p<0.05 *** p<0.001) (Figure 2.3B). Similarly, a-diversity showed a
greater spread in hand-assembled than machine-assembled communities for two of the
four people (Figure 2.2C). These results indicate that community assembly with the
automated printer will, on average, result in less variability than community assembly by

different people.
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Figure 2.3 Community diversity with hand-assembly and media dilutions. A) ODeoo values of human-
assembled (human) and machine-assembled communities (machine) over 3 days (72 hours) of growth
(n=6-8 each). B) Bray-Curtis distance on 16S rRNA gene amplicon sequencing between replicates of the
human- and machine-assembled communities. C) ODsoo values of machine-assembled equally-mixed
communities in 1X, 0.2X, and 0.1X R2A media over 3 days (n=8 each). D) Observed OTUs (left) and
Shannon diversity index (right) of media dilution communities (Student’s t-test, * = p<0.05, **** = p<0.001).
E) Heatmap of taxonomy relative abundance of media dilution communities from 16S sequencing.
Taxonomic order was determined by PCoA clustering of the Bray-Curtis distance. Replicates for each
condition were merged with the Phyloseq command merge_samples(group = “Media_dilution”).
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2.3.3 Alpha-diversity of the synthetic soil community is enhanced through low-

nutrient conditions

We next sought to test if nutrient availability affected the growth of individual strains
within the community. We compared the growth and diversity of an equally-mixed
community of all 18 strains between 1X, 0.2X, and 0.1X R2A media (n=8 for each
condition) after 3 days of growth. As expected, total community growth was highest in 1X
media, followed by 0.2X and 0.1X media (Figure 2.3C). However, the a-diversity metrics
of observed OTUs and Shannon diversity index were lowest in 1X media and increased
as media dilution increased (Figure 2.3D, Figure 2.2D). Taxonomy analysis of 16S
sequencing data revealed that the Pseudomonas strain commonly grew to a high final
proportion of the final community, regardless of media dilution (Figure 2.3E). However,
the 0.1X communities displayed higher relative abundances of other, less-dominant
strains, such as Chitinophaga, Burkholderia, and Mucilaginibacter. Individual growth

curves of all organisms can be found in Figure 2.4.
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Figure 2.4 Supplement to Figure 2.3. Growth curves of individual rhizosphere isolates in 0.1X R2A

media.
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2.3.4 Alpha-diversity of the synthetic soil community is maximized through

adjustment of starting community ratios

We next sought to maximize community diversity through adjustment of community
starting ratios, meaning organisms were mixed in the starting community in ratios other
than 1:1. We tested 11 different starting ratios with and without Pseudomonas (22 ratios
total; Figure 2.5A). The exact calculations and ratios are provided in Tables 2.2-2.3.
Briefly, the ratios were calculated based on the change in relative abundance after 3 days
of growth from an equally-mixed inoculum. The starting relative abundance (SRA, relative
abundance in the inoculum), final relative abundance (FRA; relative abundance after 3
days of growth), and FRA/SRA ratio (FSR) values were applied with various equations to
try to design communities with high a-diversity. When designing the community
compositions, we hypothesized that starting with lower amounts of organisms with a high
SRA or FSR and higher amounts of organisms with a low SRA or FSR would increase a-
diversity (Figure 2.5A, “FSR-based” and “SRA-based” compositions). We also included 4
compositions with different starting amounts of an equally-mixed community (Figure 2.5A,
“‘Equal” compositions). For this study, two identical 96-well plates were assembled at the

same time with the picoliter printer and allowed to grow for 2 and 6 days, respectively.
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Table 2.2 Relative abundance values of organisms from an equally-mixed

community.
SRA? FRAP | F/S ratio (FRA/SRA)C

Lysobacter OAE881 0.029507 [0.160573 |5.44179057
Pseudomonas simiae WCS417 |0 139359 (0.570065 (4.09063447
Sphingomonas OAE905 0.000018 |0.000053 |2.8754562
Burkholderia OAS925 0.044979 |0.117325 |2.60846168
Rhizobium OAE497 0.001012 |0.001477 |1.45909576
Bacillus OAE603 0.363800 [0.137535 |0.37805086
Chitinophaga OAE865 0.044788 |0.007738 |0.17275925
Mucilaginibacter OAE612 0.023927 |0.002400 |0.10030911
Bosea OAE506 0.001536 |0.000085 |0.0554598
Rhodococcus OAS809 0.000219 |0.000012 |0.05523912
Paenibacillus OAE614 0.047480 |0.002502 |0.05269173
Niastella OAS944 0.016974 |0.000045 |0.0026626
Variovorax OAS795 0.024828 |0.000059 |0.00237307
Arthrobacter OAP107 0.250202 |0.000049 |0.0001968
Bradyrhizobium OAE829 0.001405 [0.000000 |0
Methylobacterium OAES516 0.001405 |0.000000 (O
Mycobacterium OAE908 0.000120 (0.000000 |0
Brevibacillus OAP136 0.000000 [0.000019 |0

aSRA = starting relative abundance; RA reported by 16S sequencing at time 0 of
an equally-mixed community.

bFRA = final relative abundance; RA reported by 16S sequencing after 3 days
growth of an equally-mixed community.

°F/S ratio = fold-change in relative abundance between time 0 and 3 days,
calculated as FRA / SRA
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Table 2.3 Equations for starting community ratios and number of CellenONE

printer drops per organism.
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Table 2.3 Equations for starting community ratios and number of CellenONE

printer drops per organism, continued.
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Table 2.3 Equations for starting community ratios and number of CellenONE
printer drops per organism, continued.
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3FSR = F/S ratio, as defined in Table 2.2. The minimum number of drops per organism
was set at 2.
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Figure 2.5 Community diversity with starting ratio adjustments and removal of relic DNA. A)
Representation of the 11 community starting ratios used in this study, as both relative (top) and absolute
(bottom) abundances. Descriptive names of the ratios are on the x-axis. For equal communities, all
organisms were added in equal but increasing amounts; the number refers to the number of drops released
by the printer for each organism. For FRA-based and SRA-based adjusted communities, the number of
drops for each organism was calculated as shown in Tables 2.2-2.-3. For communities without
Pseudomonas, Pseudomonas was not added. B) Shannon diversity index of each community ratio, 2 and
6 days combined. Communities without Pseudomonas are on top, communities with Pseudomonas on
bottom. Communities are shown in order of decreasing average Shannon index for communities without
Pseudomonas. (n = 4 each) C) PCA of robust Aitchison distance between communities with different
starting ratios. Symbols of communities with Pseudomonas have reduced opacity. GR = growth rate; RA =
relative abundance. D) Number of sequencing reads passing quality filtering per sample for PMA- and
mock-treatment conditions. E) PCA of Aitchison distance between PMA- and mock-treatment communities.
F) Heatmap of taxonomic composition of the 5 community ratios after 16 hours of growth. Sample order on
the x-axis was determined by hierarchical clustering of Bray-Curtis distance in the Phyloseq package. PMA-
treated (yellow) and mock-treated (red) communities are marked in the rug plot at the bottom of each
heatmap.
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In general, communities containing Pseudomonas grew to slightly higher ODesoo
values than communities without Pseudomonas (Figure 2.6). a-diversity, as measured by
Shannon index, was highest in the following communities without Pseudomonas: 2x
cutoff, in which organisms with FSR<0.05 received 2000 drops from the starting isolate
culture while organisms with FSR>0.5 received 2 drops; 3x cutoff, in which organisms
with FSR>1, FSR 0.05-1, and FSR<0.05 received 2000, 200, and 2 drops respectively;
RA (exp), in which the number of drops decreases exponentially with FRA; and RA
(linear), in which the number of drops decreases linearly with FRA (Figure 2.5B). Analysis
of robust Aitchison distance, as a metric of B-diversity, showed that 2- and 6-day
communities were significantly different from starting communities (Figure 2.5C; pairwise
PERMANOVA with Benjamini-Hochberg FDR correction, p = 0.0015). Communities also
separated between those with and without Pseudomonas (pairwise PERMANOVA with
Benjamini-Hochberg FDR correction, p = 0.001)

A well-known issue with genomics analysis is the inability to distinguish DNA from
dead cells or other extracellular sources (“relic DNA”) from live cell DNA after
sequencing[249-251]. To determine the effect of relic DNA on our synthetic community
samples, we compared untreated communities to communities treated with propidium
monoazide (PMA) to remove extracellular DNA prior to sequencing[251]. The
communities with the five highest a-diversity values from Figure 2.5B were chosen to
examine the effect of relic DNA. Four identical plates were prepared with the picoliter
printer, with plates collected as time points at 0, 16, 72, and 196 hours. Overall community

growth was not significantly different between communities (Figure 2.7A-B).
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16S rRNA gene sequencing of PMA-treated communities showed significantly
fewer reads passing quality filtration at the 0-, 16-, and 72-hour timepoints compared to
mock-treatment communities, although the gap decreased as time increased (Figure
2.5D). No difference was seen in the number of reads between mock- and PMA-treated
communities at 196 hours. PCA of Aitchison distance between the communities showed
a separation between the 0-hour and other timepoints (Figure 2.5E). PMA-treated
samples were significantly different from the mock-treated samples at 0, 16, and 196
hours, but not at the 72-hour time point (pairwise PERMANOVA with Benjamini-Hochberg
FDR correction, p = 0.001-0.005). Hierarchical clustering by Bray-Curtis distance near-
perfectly separated communities between PMA-treated and mock-treated samples,
regardless of starting community ratios (Figure 2.5F, rug plot). Taxonomy analysis shows
all mock-treatment communities had high relative abundance of Bacillus at 16 hours, an
organism with a low relative abundance in the 16-hour PMA-treated samples (Figure
2.5F). This was not observed at the 72- and 196-hour time points (Figure 2.7C-D). This
suggests that many of the Bacillus reads detected in the mock-treatment samples before
24 hours could come from nonviable cells (presumably either spores or dead cells), while

after 24 hours this is no longer the case.
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Figure 2.6 Supplement to Figure 2.5. Growth curves of communities with adjusted starting ratios.
Community growth was monitored through ODeoo for 6 days. A) Growth of communities without
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Figure 2.7 Supplement to Figure 2.5. Growth curves and taxonomic composition of PMA-treated and
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condition). A) Growth of communities that were not treated with PMA before sample collection B) Growth
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2.3.5 Community diversity dynamics are driven by presence of a few taxa

After determining that the highest a-diversity was observed in the 3x cutoff
community composition, we sought to determine if the presence of specific taxa was
required to generate this high-diversity community. For example, would there be a taxon
or group of taxa whose removal caused community diversity to decrease sharply? To
address this question, we started with the 3x cutoff composition and removed
combinations of one or more organisms from the starting community. The absolute
number of drops for the remaining organisms was left the same as before. We tested a
total of 18 combinations within the 3x cutoff community (Figure 2.8A). We compared
composition of the community with all 17 strains to the community with only “fast-growing”
strains (strains that received 2 drops during community assembly), only “slow-growing”
strains (received 2000 drops), and combinations that removed 1, 2, or 3 strains at a time,
or removed the fast-growing strains one-by-one without replacement.

We first examined the effect of the total number of strains on community a-
diversity, measured by Shannon diversity index (Figure 2.8B). There was a significant but
very weak positive correlation between the number of strains in the starting community
and final a-diversity (Spearman’s correlation coefficient R=0.157, p=0.002). However,
we were most interested in community combinations that deviated from the linear
regression trendline shown in Figure 2.8B. We therefore analyzed the composition of the
communities with 13 and more organisms for patterns that could explain large differences
in o-diversity between communities. Each of these communities contained a “base
community” of 14 organisms, with additional combinations of the fast-growing Lysobacter,

Burkholderia, and Chitinophaga strains (Figure 2.8C, x-axis).
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a-diversity varied significantly depending on the combination of 4 organisms
present in the community. The addition of Lysobacter or Chitinophaga to the base
community increased a-diversity, but the addition of Burkholderia did not. However,
adding both Lysobacter and Chitinophaga did not significantly increase diversity over
adding one of those organisms. Additionally, adding Burkholderia with Lysobacter or
Chitinophaga did not reduce diversity. These results indicate that community a-diversity

is not a simple additive effect of the individual organisms.
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Figure 2.8 Investigation of individual strains in community dynamics. A) Schematic of 18 tested
combinations of the 3x cutoff community, with each large square representing a different combination. Each
small colored square represents an individual strain (see bottom right legend). White squares with a red
border indicate the organism in that position was not included in that combination. For this experiment,
strains were divided into fast-growing and slow-growing strains as indicated. Sphingomonas was not
included in this experiment due to suspected contamination. B) The number of strains in each community
combination plotted against the Shannon diversity index (n = 3-8 per combination). A linear regression
trendline with 95% confidence interval is shown on the plot in red and blue, respectively. Spearman’s
correlation coefficient is reported on the plot (*** p<0.001). C) Shannon diversity index for combinations
with 13 or more strains. Communities are divided into groups based on the presence/absence of
Lysobacter, Burkholderia, and Chitinophaga (* p<0.05).
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2.3.6 Synthetic community is able to colonize the rhizosphere in ECOFAB system

To further our goal of developing a template for a model rhizosphere microbial
community, we integrated our community with the EcCoFAB device (https://eco-fab.org/),
an existing system developed for reproducible studies with plants[159,180,200].
Colonization of plants in ECOFAB devices by the rhizosphere isolates would show these
communities can be easily transferred to a current plant-microbiome system. To
investigate this, sterile Brachypodium distachyon Bd21-3 seedlings were transferred into
the EcoFAB device at 3 days after germination. 12-day-old plants were then inoculated
with an equally-mixed community, either with or without Pseudomonas, and allowed to
grow for 7 days (n=4-5). Rhizosphere community composition was then assessed with
16S sequencing and compared to the original inoculant.

Synthetic communities grown on plants were significantly different from the original
inoculant, as determined by Bray-Curtis distance (Figure 2.9A; pairwise PERMANOVA
with Benjamini-Hochberg FDR correction, p = 0.036). Communities with Pseudomonas
were not significantly different from communities without Pseudomonas. However, a
heatmap of relative abundance shows obvious changes in community composition
between the inoculant and rhizosphere communities collected after 7 days on the plant
(Figure 2.9B). Burkholderia, Rhizobium, and Mucilaginibacter increased in relative
abundance, while several other organisms decreased in relative abundance. The
increase in Burkholderia mirrors the presence of Burkholderia in the in vitro synthetic

communities.
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Figure 2.9 Community growth and composition with plant colonization and following
cryopreservation. A-B) An equally-mixed community was inoculated to 12-day old Brachypodium plants,
with or without Pseudomonas, and allowed to grow for 7 days. A) PCoA of Bray-Curtis distance between
rhizosphere communities grown on plants for 7 days (n=5 each) and original inoculant (n=1). B) Heatmap
of relative abundance of starting inoculum (Inoc.) and rhizosphere communities grown on plants for 7 days.
Rug plot indicates presence (black) or absence (red) of Pseudomonas in inoculant. C-D) An equally-mixed
community was preserved with 20% glycerol, 20% DMSO, or lyophilization and re-grown in R2A media (left
panel), MS media (middle panel), or PBS with 10% sucrose (right panel). Growth and composition was
compared to a community that was not frozen. C) Community growth measured through ODsoo. The
unfrozen control community is shown in red. (n = 1) D) Comparison of logio(relative abundance) from 16S
sequencing between frozen and unfrozen communities for each cryopreservation method. Each point
represents the logio(relative abundance) of an individual genus in the frozen vs unfrozen community.
Pearson’s correlation coefficient is reported for each comparison.

64



2.3.7 Cryopreservation allows for community re-growth that recapitulates original
community composition

To enable collaborative and comparable microbiome research, any synthetic
community must grow and act reproducibly between different researchers and research
institutions. We sought to determine which method of cryopreservation would best
preserve community fidelity to an unfrozen community, to facilitate distribution of the
synthetic rhizosphere community presented here to other research groups. We tested the
growth and composition of an equally-mixed community following three methods of
cryopreservation, compared to an unfrozen control community. The unfrozen community
was allowed to grow for 72 hours in three types of media (R2A media, MS media, or PBS
with 10% sucrose [the lyophilization medium]). Our cryopreserved communities were
frozen at -80 °C for 3 days after lyophilization, or with either 20% glycerol or 20% DMSO
as a cryopreservant. After freezing, the communities were subsequently grown for 3 days
in the same media as the unfrozen community.

Community growth was highest in R2A media and lowest in PBS with 10% sucrose
(Figure 2.9C). Comparison on log-transformed relative abundance values from 16S
sequencing shows large differences in community composition between cryopreservation
methods (Figure 2.9D). Lyophilization consistently produced the lowest Pearson’s
coefficient of determination (R? value) between frozen and unfrozen communities in all
media. Glycerol and DMSO showed similar high coefficients in R2A and PBS with 10%
sucrose media, although the DMSO coefficient was much higher than glycerol in MS

media (R?=0.74, compared to R?=0.20).
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2.4 Discussion

In this study, we sought to develop a method to assemble and manipulate a
synthetic soil community, while maintaining high levels of community a-diversity. Our
results demonstrate the advantages of using a liquid-handling robot system to prepare
synthetic communities. Direct comparison of hand-assembled and robot-assembled
communities showed that machine-assembled communities have a generally lower level
of dissimilarity than communities assembled by hand (Figure 2.3B). Examining
community a-diversity (Figure 2.3C), two of the four hand-assembly subjects produced
communities with a similar standard deviation to the machine-assembled communities.
However, the other two subjects produced communities with a larger standard deviation,
indicating the differences inherent between hand-assembly subjects. Machine-assembly
eliminates this source of variability in community production.

Other studies starting with a large number of community members[156,160]
reported a loss of detection of many organisms after the community was applied to plants.
Of our 17 starting organisms (excluding Pseudomonas), 11 were found consistently
throughout all experiments and timepoints. Pseudomonas simiae was excluded from our
later community experiments due to its tendency to proliferate rapidly in the community
and decrease overall a-diversity. Additionally, community a-diversity was substantially
increased by adjustment of starting organism ratios based on the growth rates of
community members. Starting ratios containing orders of magnitude more of slower-
growing organisms (2x cutoff and 3x cutoff) resulted in higher Shannon diversity index
values than the 4 equally-mixed conditions (Figure 2.5B). The increases in a-diversity

were seen even after 6 days of community growth. This indicates that synthetic
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community diversity can be increased over the diversity seen in typical 1:1 ratio
communities by determining the growth rate of individual members and adjusting the
starting ratios accordingly. As presented in this study, these ratios can also be determined
through calculation of relative abundance changes during growth of an equally-mixed
community.

In our 3x cutoff community without Pseudomonas, which displayed the highest a-
diversity of the tested starting compositions, we further investigated the specific
combination of organisms driving community diversity. We did not see a strong
relationship between a-diversity and the total number of organisms in the starting
community (Figure 2.8B). However, in communities with 14 or more organisms we noticed
a range of a-diversity. We therefore analyzed the changes in a-diversity with the presence
or absence of 3 specific fast-growing organisms in the community (Bukholderia,
Lysobacter, and Chitinophaga). Our results indicate that different combinations of these
organisms within the 3x cutoff community produce surprising non-linear diversity results.
The addition of Lysobacter or Chitinophaga to the 13-member base community resulted
in significant increases in a-diversity (Figure 2.8C), while the addition of Burkholderia did
not change the a-diversity. Adding both Lysobacter and Chitinophaga to the base
community resulted in a slight increase in diversity in most replicates, although this did
not reach significance. However, adding Lysobacter, Chitinophaga, and Burkholderia
together reduced diversity to levels similar to Lysobacter or Chitinophaga alone. These
results show that community a-diversity is not driven solely by additive effects of individual

community members. Interactions between organisms can alter the effect of individual
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microbes on diversity. How these interactions move beyond diversity to affect individual
organism metabolism is still an open question.

To address the potential influence of relic DNA on our sequencing results, we
tested the effect of PMA treatment on the community ratios with highest a-diversity. Our
results indicate that relic DNA can have a significant effect on sequencing results from
<24 hours of community growth. Significantly fewer quality sequencing reads were
detected in PMA-treated communities after 0, 16, and 72 hours of growth. However, the
taxonomy relative abundance values were similar from 72 hours out to 196 hours (8 days).
This indicates that while relic DNA can significantly alter sequencing results in our system
in short-term growth studies, this effect diminishes at later time points (between 24 and
72 hours).

After investigating and optimizing a-diversity for our synthetic rhizosphere
community, we next sought to display the utility of this community in a controlled model
microbiome system. We tested community colonization of the ECOFAB device, a system
designed for reproducible plant-microbiome system studies. The synthetic community
was able to colonize the rhizosphere of Brachypodium distachyon plants grown in the
EcoFAB device and was significantly different from the original inoculant after 7 days
growth on the plant (Figure 2.9A-B). The presence of Pseudomonas did not significantly
change the community in the EcCOFAB system, unlike what was seen in our in vitro
synthetic community system. The high relative abundance of Burkholderia in the
rhizosphere communities was similar to levels of Burkholderia seen in the in vitro
community, while other organisms had different relative abundance levels. These

differences were expected given the addition of the Brachypodium plant, which produces

68



factors that affect soil microbe growth and metabolism. Indeed, aspects of plant-
associated microbiomes have been shown to change rapidly in the natural environment
based on climatic factors[252]. Future studies will focus on improving the accuracy of the
in vitro by adding plant factors to the growth media.

We additionally determined the optimal method for community cryopreservation
and re-growth. Although sequencing results indicated a high correlation between the
glycerol and DMSO frozen communities and unfrozen community in PBS with 10%
sucrose, the low ODsoo values in this medium indicates this fidelity is likely due to a lack
of growth following thawing. Preservation of 20% glycerol and re-growth in MS media led
to similar growth by ODsoo as the unfrozen community, but sequencing results revealed
a poor correlation. However, glycerol preservation and re-growth in 0.1X R2A media
resulted in community re-growth that closely re-capitulated the unfrozen community in
both ODsoo and sequencing results.

Community reproducibility, diversity, and preservation are essential questions to
be addressed in the development of reproducible microbiome model communities.
Developing a defined and reproducible synthetic microbial community, accounting for
various starting organism ratios, and the ability to preserve communities for dissemination
are key elements to aid reproducible microbiome sciences. Additionally, we have shown
that our synthetic community can be used in ECOFAB devices to reproducibly study plant-
microbe interactions in the rhizosphere. The methods and workflows developed here can
be readily adapted for the design and study of other model communities and to

standardize microbiome research.
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2.5 Materials and Methods
2.5.1 Isolate selection

Isolates were selected from a collection obtained from the rhizosphere and soll
surrounding a single switchgrass plant grown in marginal soils described
elsewhere[253,254]. Isolates are available from the Leibniz Institute German Collection
of Microorganisms and Cell Cultures GmbH (DSMZ) under accession numbers DSM
113524, DSM 113525, DSM 113526, and DSM 113527.
2.5.2 Soil isolate growth conditions

Individual isolates were grown in 3-5mL liquid cultures of 1X R2A media (Teknova,
cat # R0O005) in 14-mL culture tubes in aerobic conditions, 30 °C, without shaking. Isolates
were allowed to grow for 5-7 days before diluting for community generation. 0.2X and
0.1X media was made by diluting 1X media with water purified by a Milli-Q water
purification system and vacuum-filtering through a 0.22uM filter. Growth curves for
individual isolates were conducted in 96-well plates. Isolates cultured in 1X R2A media
were diluted to a starting ODeoo of 0.05 in 200 uL of 0.1x R2A. Sterile R2A media served
as the negative control.
2.5.3 Synthetic community growth conditions

Communities were grown in 200uL of liquid R2A media in 96-well plates in aerobic
conditions, 30 °C, without shaking. To prevent condensation, each plate lid was coated
with 3mL of an aqueous solution with 20% ethanol and 0.01% Triton X-100 (Sigma, cat #
X100-100ML). Excess liquid was removed after 30 seconds and the lid was allowed to
air-dry for 30min under a UV light for sterilization. To further prevent condensation, plates

were set on 4 100mm-diameter Petri dishes (2 stacks of 2 dishes) filled with ~20mL water
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each to generate a humid environment around the plates. Optical density readings at
600nm, to normalize isolates and monitor community growth, were taken with a Molecular
Devices SpectraMax M3 Multi-Mode Microplate Reader (VWR, cat # 89429-536).
2.5.4 Synthetic community assembly using the CellenONE printer

Communities were assembled using a SCIENION CellenONE machine
(https://www.scienion.com/). Individual isolate cultures were ODesoo-normalized to 0.025
(after subtracting media blank), then transferred from a 384- or 96-well probe plate to a
96-well target plate using a CellenONE piezo dispense capillary (PDC) (size medium;
Scienion, cat # P-20-CM) with droplet size set to 390-420 picoliters. The number of drops
per isolate for each community was programmed by hand using the provided Scienion
software (v1.92). The number of drops per organism for each ratio can be found in Table
2.3. Droplet integrity was confirmed before and after each isolate spotting run using the
droplet camera and automated droplet detection. The PDC was cleaned between isolates
by flushing the PDC interior with 0.5mL water. 200 drops of R2A were added to negative
control wells as the last step in each experimental setup, to ensure no contamination
occurred due to incomplete flushing of the PDC between isolates. For the community
dynamics experiment, organisms receiving 2000 drops were added to communities with
a multichannel pipettor.
2.5.5 Treatment with PMA to remove relic DNA

PMA (Biotium, cat # 40013) was added to communities to a final concentration of
10uM directly prior to sample collection (PMA-treatment); 5uL water (mock-treatment)
was added to control communities. Communities were then incubated in the dark for 5

minutes at room temperature, then placed <15cm from a direct fluorescent light source
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and incubated on ice for 30min. Communities were then frozen at -20 °C until processing
for sequencing.
2.5.6 Plant colonization experiment

Brachypodium distachyon Bd21-3 seeds were dehusked, sterilized, and
germinated on 0.1X Murashige and Skoog (MS) basal salt mixture M524 plates, pH 5.7
(Phyto Technology Laboratories) in a 250 ymol/m? s=1 16-hr light/8-hr dark regime at 24
°C for three days. EcoFABs were sterilized as previously described[180], and seedlings
transferred to ECOFAB chambers filled with 0.1X MS at 3 days after germination. Twelve-
day old plants were inoculated with an equally-mixed community of 17 or 18 bacterial
isolates, as described above. To mix the community, the ODsoo Of each isolate was
measured, with the assumption that ODeoo of 1 is equal to ~10"9 CFU (colony-forming
units)/mL[161]. Isolates were combined at 105 CFU/mL per isolate in the final ECOFAB
volume. Plants were harvested seven days after inoculation. Microbial communities were
detached from the plant root by vortexing the root in 0.1 phosphate-buffered saline (PBS)
for 10 minutes at maximum speed, followed by centrifugation at 10000g, at 6 °C. DNA
was extracted by using the Qiagen DNeasy PowerSoil Pro kit according to manufacturer’s
instructions (cat # 47014).
2.5.7 Community cryopreservation and re-growth

All community members were ODsoo-normalized to 0.1 after 3 days of growth in 1X
R2A and mixed equally to a final estimated total CFU count of 7.2*10"8 CFU. The
community was then centrifuged (5000g, 5min) and resuspended in 4mL of 0.1X R2A
media. 250uL of the community was inoculated into 4mL of 0.1X R2A, MS media (RPI,

cat # M10200), or PBS + 10% sucrose (w/v) as the “unfrozen” control community. 500uL
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of the community was mixed with 500pL of either 40% glycerol, 40% DMSO, or PBS with
20% sucrose (w/v). The glycerol and DMSO stocks were frozen immediately at -80 °C.
The PBS with 10% sucrose stock was lyophilized on a Labconco FreeZone Plus Freeze
Dry System (cat # 7386030) and then stored at -80 °C. Stocks were thawed after 3 days
and 250uL of stock was inoculated into the same 3 types of media as the unfrozen
community. Samples from all communities were frozen at -20 °C after 3 days of growth
for 16S sequencing analysis.
2.5.8 DNA extraction and sequencing

DNA extracted with a kit was processed with the Qiagen DNeasy PowerSoil Pro
kit according to manufacturer’s instructions (cat # 47014). DNA extracted by boiling was
processed by thawing community samples, transferring 100uL to a PCR plate, and
heating the plate in a PCR machine at 100 °C for 10 minutes. 5uL of undiluted sample
was used as DNA input for the 16S rRNA gene amplicon library protocol. 16S libraries for
the cryopreservation, adjusted community ratios, PMA, and boil-extraction comparison
experiments were prepared using 515F-806R primers according to the Earth Microbiome
Project protocol[255] and sequenced on an lllumina MiSeq platform with a paired-end
150 V2 kit as previously described[256,257]. 16S libraries for the community dynamics
experiment were prepared using 341F-805R primers (F 5-CCTACGGGNGGCWGCAG-
3 R 5-GACTACHVGGGTATCTAATCC-3’) and sequenced on an lllumina MiSeq
platform with a paired-end 150 V2 kit. 16S libraries for the plant experiments were
prepared using 515F-806R primers and sequenced on an lllumina NovaSeq platform with
a paired-end 250 V2 kit. Shotgun metagenomics libraries for the human-/machine-

assembled experiment were prepared using 1ng DNA input and Nextera XT indexes and
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sequenced on an lllumina MiSeq platform with a paired-end 150 V2 kit. DNA sequences
generated through this study are available on the NCBI Sequence Read Archive
(BioProject ID PRINA807292).
2.5.9 16S rRNA sequencing analysis and statistical analyses

All 16S sequences were analyzed using QIIME2[258] (v2020-11). Paired-end
reads were joined using the “giime vsearch join-pairs” command and quality-filtered and
denoised (using default parameters) with Deblur[259]. Reads were trimmed as
appropriate for quality for each experiment (150bp for human-/machine-assembled,
cryopreservation, adjusted community ratios, and PMA experiments; 200bp for plant
experiment). a- and B-diversity was calculated using the “giime diversity” set of
commands, with alpha rarefaction used to determine an appropriate sampling depth.
Robust Aitchison distance was calculated using the DEICODE plugin[260]. Microbial
taxonomy was assigned to the filtered sequences with the “giime feature-classifier
classify-sklearn” command, using a scikit-learn classifier created from a custom database
of the 16S rRNA gene sequences for the isolates used in the study. Heatmaps and
relative abundance plots were generated using R[261] (v3.3.2) with the packages
dplyr[262], phyloseq[263], ggplot2[264], and scales[265]. B-diversity plots were generated
using QIIME2. All other plots were generated using GraphPad Prism 7 software. All code
used to process and analyze sequencing results can be accessed through Github at
https://github.com/jkccoker/Soil_synthetic_community.
2.5.10 Shotgun metagenomics sequencing analysis

Shotgun sequencing data were quality-filtered during adapter trimming with

Trimmomatic[266] (v0.36) using the settings “ILLUMINACLIP:NexteraPE-PE.fa:2:30:10
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LEADING:10 TRAILING:10 SLIDINGWINDOW:4:15 MINLEN:36”. Trimmed reads were
aligned to a custom database of community strain genomes using bowtie2[267] (v2.2.3)
using default settings. a- and B-diversity was calculated in phyloseq. B-diversity plots were
generated using phyloseq. All other plots were generated using GraphPad Prism 7
software.
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Chapter 3: A model synthetic skin microbial community allows investigation of

cosmetics chemicals and the skin microbiome
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3.1 Abstract

Human skin harbors diverse communities of microbes, the genomes of which
makes up the skin microbiome. These microbial communities work with host processes
to make up a first line of defense against pathogens and other skin disorders. Changes
in the skin microbiome have been associated with multiple skin pathologies, such as
acne, atopic dermatitis, or seborrheic dermatitis. Use of cosmetics, including make-up,
deodorant, and skin care products, has also been associated with changes in skin
microbiota. However, research into the impacts of these changes has been hampered by
a lack of reproducible in vitro model communities. Here we present a reproducible
synthetic skin community that can be assembled and grown in an efficient and high-
throughput manner. We show the final diversity and composition of this community can
be determined by minor adjustments in the starting inoculum. This system also allows the
growth of Cutibacterium acnes in an oxic community setting, although in monoculture C.
acnes is only able to grow in anoxic conditions. Finally, we use this community to assess
the effect of four compounds commonly found in skin cosmetics on community growth
and function. The detergents SLS, SLES, and rhamnolipid all decreased community
growth and caused similar changes in community composition. The amino acid derivative
creatine did not substantially alter community growth but did increase the relative
abundance of C. acnes in certain conditions. In summary, this synthetic community can
serve as a platform for reproducible in vitro skin microbiome investigations and as a first-

pass system to screen the effect of topical compounds on the skin microbiome.

77



3.2 Introduction

In this study, we have used a picoliter liquid printer to create a 9-member bacterial
community designed to represent the average human skin microbiome. We constructed
these communities using a Scienion CellenONE-X1 pico-liter printing microfluidic device
that uses piezo-electric technology to dispense pico-liter droplets at nanometer accuracy.
This method ensures that the communities generated are defined, down to the number
of cells added at the time of community construction, and highly reproducible. This
method also supports high-throughput community production, allowing the study of many
replicates relatively quickly and cheaply. We assemble communities from five different
starting inoculum proportions and use shotgun metagenomic sequencing to assess the
model community’s alpha-diversity and taxonomic composition in an investigation of
community dynamics. We then take one of these communities forward to test the effect
of four chemicals commonly found in skin cosmetics on microbial growth and composition.
This study both establishes a model skin microbial community that can be used for in vitro
investigations and demonstrates its utility in assessing the effect of cosmetics chemicals
on skin microbes.
3.3 Results
3.3.1 Selection and characterization of individual isolates

Although the composition of a healthy skin microbial community varies between
body sites and individuals[194,195], the community is typically dominated by a few broad
categories of microbes[194,197]. We therefore decided to construct a broadly
representative synthetic skin microbial community using 9 highly bacterial strains found

most frequently across most body sites[188,268]: Cutibacterium acnes (ATCC
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KPA17202), Staphylococcus epidermidis (ATCC 12228), Staphylococcus aureus (ATCC
SA113), Staphylococcus hominis (ATCC 27844, strain DM 122), Staphylococcus capitis
(ATCC 27840, strain LK 499), Staphylococcus warneri (ATCC 27836, strain AW 25),
Streptococcus mitis (ATCC 49456, strain NCTC 12261), Corynebacterium afermentans
(ATCC 51403, strain CIP 103499 [LCDC 88199]), and Micrococcus luteus (ATCC 4698).
We selected these strains as an initial starting point to construct the average skin
microbiome, with the potential to further modify it as needed to represent specific body-
site microbiomes.

We used OD600 based spectrometric measurements to characterize growth rates
of the strains in isolation in complex media (Brain Heart Infusion, BHI) (Figure 3.1).
Although the surface of the skin is exposed to oxygen, oxygen gradients in the skin allow
the growth of anaerobic bacteria such as [187,188,269]. We therefore tested growth in
both aerobic and anaerobic conditions for each strain. Aerobic growth was monitored for
72 hours, while anaerobic growth was monitored for 180 hours. All strains were able to
grow aerobically and anaerobically except C. acnes, which grew only anaerobically. S.
warneri grew to the highest maximum ODG600 in both conditions, while S. mitis and M.

luteus grew to the lowest maximum ODG600 aerobically and anaerobically, respectively.
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3.3.2 Combination of strains into a community

After characterizing the individual strains, we next sought to combine the strains
into a community that would reach a stable OD600 and maintain a reasonable level of
community diversity to model a diverse skin microbiome. We used BHI as the growth
medium because all strains were able to grow in that medium. The isolates were
combined into a community in a 1:1 ratio using a Scienion CellenONE liquid printing
machine in an aerobic setting. This machine allows printing of liquid droplets in the
picoliter size range with high precision and accuracy. Individual isolates were grown for 3
days in a liquid BHI culture, then diluted to OD = 0.065 after subtracting the value of blank
media. 80 nanoliters of each diluted isolate (200 drops of 400 picoliters each) was then
added to 200 uL of 1X or 0.1X BHI in a 96-well plate (n = 8 each). 80 nL of sterile BHI
was added to negative control wells (n = 8). The plate was then grown in an anaerobic
chamber maintained at 37 °C for 5 days, with OD600 readings taken approximately every
hour for the first 48 hr and a final reading at 118 hr.

The ODG600 readings showed very similar growth profiles within biological
replicates, but different profiles between 1X and 0.1X BHI conditions (Figure 3.2A). The
1X BHI condition OD600 rose sharply within the first 10 hr before decreasing and
maintaining a steady OD between 48-118 hr. The 0.1X BHI condition rose to a lower
maximum OD than the 1X communities and maintained a steady OD between 24-48hr,
but declined at some point between 48-118 hr.

We next conducted shotgun metagenomic sequencing of the 118-hr samples (n =
4 per condition) to assess community diversity and composition after 5 days of growth.

The Shannon diversity index, a metric of alpha-diversity, showed that communities grown
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in 0.1X BHI had significantly lower diversity than those grown in 1X BHI (Figure 3.2B).
This is in contrast to results seen in our previous research with soil microbes (Coker et al
2022, in revisions), showing that diluted media can increase diversity in some
communities. Analysis of the Bray-Curtis distance between samples showed a significant
difference between 0.1X and 1X BHI communities (Figure 3.2C). We therefore looked at
the taxonomic composition of the samples (Figure 3.2D). All communities in both
conditions contained reads from all isolates except C. afermentans, indicating that 8 of
the 9 starting isolates were able to survive and grow in the community. The 0.1X BHI
communities had higher relative abundance of C. acnes, while 1X communities had

higher S. aureus, S. epidermidis, and S. mitis.

82



A o8- - 1xBHI B 2.0q I C I .

-# 0.1x BHI y—l
0.10-
0.64 -~ Neg control 3 151 wi=es
. 8 — _
o £ %— 5 Media
ﬂSU4 § 1.0 S m W 0.1xBHI
(o] 5 5 ] @ 1xBHI
0.2+ 5 0.54 0.00
! ]
0.0 T T T T 1 0.0 T T 0.05- [ ]
0 24 48 72 96 120 %\ @ G2 o1 oo 02
Time (hr) \Aﬁ \_‘_‘b Axis 1 {90.3%)
o
D 0.1x BHI || 1x BHI
S. aureus
S. capitis
S. mitis Relative
abundance
C. acnes 0.500
M. luteus 0.031
0.002

C. afermentans
S. warneri

0.000
S. epidermidis - -

5. hominis

Figure 3.2 Combining isolates into a community in a 1:1 ratio. A) OD600 readings of communities
grown in 0.1X or 1X BHI in anaerobic conditions (n = 8 per condition). Readings were taken every hour, but
only every 5 hours are shown for clarity. B) Shannon diversity index of 1X and 0.1X BHI communities (n =
4 each). (Student’s t-test, p < 0.0001). C) PCA of Bray-Curtis distance of 1X and 0.1X BHI communities (n
= 4 each). (PERMANOVA, p = 0.032). D) Relative abundance of 1X and 0.1X BHI communities (n = 4
each).
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3.3.3 Optimizing community diversity through strain starting ratios

Previous work in our group showed that alpha-diversity can be increased in a
synthetic soil community by modifying the starting ratio of organisms from the traditional
1:1 combination (Coker et al 2022, in revision). We therefore generated community
inoculums with 4 different starting ratios and compared the results to the equally-mixed
(EM) community. The starting ratios were designed to have a lower amount of faster-
growing organisms and a higher amount of slower-growing organisms, based on data
from the isolate growth curves (Figure 3.1). The 2x and 3x cutoff starting proportions were
determined by growth rate; the GC slope adjusted (GCS) starting proportions were
determined by the slope of the isolate growth curve; and the GC time adjusted (GCT)
starting proportions were determined by the time to halfway through the growth curve
(Figure 3.3A). The absolute and relative proportions of the inocula are represented in

Figure 3.3A, and the exact starting amounts can be found in Table 3.1.
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Figure 3.3 Growth, diversity, and composition of skin community with varied starting ratios. A)
Relative and absolute abundances of starting inoculum for each starting ratio. Absolute abundance is
shown as the number of drops dispensed by the CellenONE printer. B) Growth profile of communities from
different starting ratios (n = 8 per condition), in 1X and 0.1X BHI. Communities were grown anaerobically
in 200 uL of liquid medium. C) Shannon diversity index of communities grown in 1X and 0.1X BHI (n = 4
per condition; Student’s t-test, *** p < 0.001, **** p < 0.0001). D) PCA of Bray-Curtis distances between
communities in 1X and 0.1X BHI. (PERMANOVA, p < 0.001) E) Heatmap of relative abundance of RPKM
of communities grown in 1X and 0.1X BHI. Community starting ratio is indicated in the rug plot below the
heatmap.
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Table 3.1 Starting drops of skin strains in five different community inoculum

ratios.
Organism Equal | 2x cutoff | 3x cutoff GCaslope GCatime
mix adjusted adjusted

C. 200 2000 200 835 10000
afermentans
C. acnes 200 2000 200 2000 10000
M. luteus 200 2000 2000 510 304
S. aureus 200 2 2 83 3
S. capitis 200 2 2 161 27
S. 200 2 2 242 7
epidermidis
S. hominis 200 2 2 178 9
S. warneri 200 2 2 54 6
S. mitis 200 2000 200 1472 319

a GC = growth curve
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Communities were constructed in the same manner and grown in the same
conditions as described for the EM community. The EM community grew to the highest
maximum ODG600 in both 1X and 0.1X BHI, but all communities displayed a similar final
OD600 (Figure 3.3B). The GCS community had the lowest maximum OD600 in 0.1X BHI
but the second-highest in 1X BHI. On the other hand, the 2x cutoff community had the
lowest OD600 in 1X BHI but the second-highest in 0.1X BHI. Alpha-diversity was
significantly different between the different starting ratios, with the highest diversity in the
EM communities and the lowest in the 2x cutoff communities (Figure 3.3C). Communities
were significantly different by Bray-Curtis distance between 0.1X and 1X BHI (Figure
3.3D).

When choosing a community for future studies, we evaluated factors of both alpha-
diversity and taxonomic composition. The EM community in 1X BHI had the highest
alpha-diversity, but it also contained the highest abundance of S. aureus of all
communities (Figure 3.3E). S. aureus is a common source of skin infection and has been
correlated with skin diseases such as atopic dermatitis (Khadka 2021, Domenico 2019,
Byrd). Furthermore, the EM community grew quickly to a high maximum OD600 in 1X
BHI but then dropped rapidly, suggesting the community undergoes rapid growth and
death in contrast to the steady state of the skin microbiome. We therefore decided to
pursue further experiments with the GCS community in 1X BHI. The GCS community has
a similar alpha-diversity to the EM community, but a lower abundance of S. aureus and a

more stable OD600 growth profile.
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3.3.4 Effect of cosmetics chemicals on community growth and diversity

Following optimization of the skin community diversity and composition with the
GCS community, we next sought to use this community to evaluate the effect of chemicals
commonly found in cosmetics on skin microbes. As investigation of the skin microbiome
has highlighted its role in skin health and dermatological conditions, the effect of skin
cosmetics on the microbiome has been increasingly studied[193,270,271]. However,
there is no unified system for testing the effect of compounds in skin products on the
microbiome. Synthetic communities offer a quick and cost-effective way to predict how
these compounds will affect skin microbes.

We therefore grew the GCS community in the presence of 4 compounds commonly
found in skin and personal hygiene products: sodium laurel sulfate (SLS, also known as
sodium dodecyl sulfate), sodium laureth sulfate (SLES), rhamnolipid (RL), and creatine
(Crt) (Figure 3.4A). SLS is an anionic detergent that produces the cleansing effect of
many soaps and shampoos and is commonly used as an inducing agent in models of
irritant contact dermatitis[272]. SLES is also an anionic detergent, thought to be less
harsh on skin than SLS, although it can still cause irritation[273]. Rhamnolipids are a
group of surfactants produced in various forms by several types of bacteria, most notably
Pseudomonas aeruginosa. Rhamnolipids are generally regarded as less toxic, more
biodegradable, and more environmentally-friendly than detergents like SLS and
SLES[274]. Creatine is a compound made naturally by the human body and involved in
energy homeostasis in cells[275]. Topical application of creatine is thought to improve
skin cellular health and decrease wrinkles[275-277]. To study the effect of these

compounds on the skin microbiome, each compound was added to the community in 2-
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3 concentrations (w/v) either at the point of inoculation (O hr of growth) or after 24 hr of
community growth, to simulate applying the compound to an established skin microbiome
(Figure 3.4A). The communities were then incubated aerobically for 72 hr before
processing for sequencing. Aerobic incubation was used because the area of the skin to

which products are normally applied is an oxic environment.
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Figure 3.4 Effect of skin product compounds on synthetic community growth and composition. A)
Schematic of skin compound experiment. Compounds were added at either time of inoculation (0 hr) or 24
hr post-inoculation; the time compounds were added is marked with a red arrow. Compounds were added
in 2-3 concentrations (w/v) (n = 4 per condition). Compound structures are shown on the right. B)
Community growth in the presence of the compounds, as measured by OD600. A black arrow marks the
time of compound addition for each plot. The growth profile of the community without any compounds
(Community alone; blue line) is provided on each plot for reference. C) Changes in community taxonomic
composition in the presence of rhamnolipid and creatine, as determined by shotgun metagenomic
sequencing. RPKM of the indicated compound and concentration (Creatine 0.1%, Rhamnolipid 0.5%),
added at Oh or 24h, is plotted against RPKM of the community alone. The gray dotted line represents no
change between communities (x = y). The blue line represents a linear regression of the community
comparison, with a 95% confidence interval indicated by the shaded gray area. RPKM is averaged between
the 4 replicates for each condition, with error bars representing the standard error of the mean. D) Growth
of C. acnes alone in the same conditions as the community was grown in, measured by OD600 (n = 4). E)
Volcano plot of RPKM fold-change between creatine or rhamnolipid (all concentrations combined) and
control community. Dotted gray line indicates fold-change of 0. Vertical red line indicates fold-change of 2.
Horizontal red linen indicates p-value = 0.05. Samples with significance below p < 0.05 are labeled.
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SLS prevented all microbial growth when added at time of inoculation or at 24 hr
post-inoculation, even at the lowest concentration of 0.05% (Figure 3.4B). SLES and RL
inhibited microbial growth in a dose-dependent manner when added at time of inoculation,
with SLES having a more severe effect than RL. SLES and RL prevented further microbial
growth upon 5% treatment at 24 hr, although 0.5% treatment did not have a strong effect
on growth. Creatine treatment did not cause strong and consistent changes in the growth
profile of the community. Microbial growth was lower in 0.01% at inoculation and 0.1% at
24 hr conditions, but these changes were not significant.

We next investigated the effect of these compounds on skin community
composition. We focused our investigation on the RL and Crt conditions, as these
compounds allowed substantial community growth in almost all treatment conditions. By
comparing the reads per kilobase million (RPKM) for communities treated with a
compound to the RPKM for the community alone, we were able to determine which
organisms increased or decreased in normalized abundance upon treatment (Figure
3.4C). Each plot also contains a dotted gray line, representing the line expected if there
are no changes between the communities (x = y), and a blue line with shaded gray area,
representing a linear regression of the data and a 95% confidence interval (ClI). Points
within the CI were considered to not change significantly between conditions.

Crt (0.1%) applied at Oh caused many changes in community composition,
although only the change in S. aureus places it outside the 95% CI. In contrast, when Crt
(0.1%) was applied at 24h, the only community change observed was an increase in C.
acnes RPKM. Remarkably, this increase in C. acnes occurred despite the aerobic growth

conditions. We tested the growth of C. acnes alone in the same aerobic conditions and
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saw no growth, as expected (Figure 3.4D). RL (0.5%) application also caused changes
in community RPKM composition, most notably a decrease in C. acnes and S. aureus
and an increase in S. warneri. The same changes were observed when applied at Oh and
24h. The composition changes observed with RL were similar to the changes observed
with SLS and SLES (Figure 3.5).

To confirm the statistical significance of these noted changes in community RPKM,
we tested for differential abundance using DESeq2[278]. DESeq2 analyzes raw
sequencing reads to test for differential abundance using a negative binomial distribution
and reports the logz fold-change in RPKM between tested conditions (in this case,
creatine vs control communities or rhamnolipid vs control communities) and a p-value for
each fold-change. Analyzing these results in a volcano plot showed that the C. acnes was
approximately 4-fold more abundant in communities grown with creatine (Wald test, p =
0.033) (Figure 3.4E). C. afermentans was also identified as significantly more abundant
in creatine samples, by approximately 2-fold (Wald test, p = 0.002). In contrast, S. aureus
and C. acnes were approximately 6-fold less abundant in rhamnolipid samples, while S.

warneri and S. hominis were 2-3 fold more abundant.
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Figure 3.5 Supplement to Figure 3.4. Changes in community composition in the presence of skin product
compounds. RPKM of the compound, concentration, and time of compound addition (as indicated by each
plot title) is plotted against RPKM of the community alone. The gray dotted line represents no change
between communities (x = y). The blue line represents a linear regression of the community comparison,
with a 95% confidence interval indicated by the shaded gray area. RPKM is averaged between the 4
replicates for each condition, with error bars representing the standard error of the mean.

95



3.4 Discussion

The skin microbiome is enormously important for skin health but extremely difficult
to study effectively. In this study, we developed a model synthetic skin community and
optimized its reproducibility, composition, and diversity in our in vitro system. We then
used this community to test the effect of four compounds commonly found in cosmetics
products on in vitro community growth and composition. Of the nine starting microbes,
eight can be reliably identified in all experiments through shotgun metagenomic
sequencing. C. acnes grew to a large proportion of the community in anaerobic
conditions, but surprisingly it was also able to grow (to a smaller proportion) in fully aerobic
conditions when mixed with other members of the community, despite the presence of
oxygen and the lack of hemin-Vitamin K supplementation usually required. We
hypothesize that the non-shaking conditions under which the communities were grown
allowed the microbes to form an oxygen gradient within each well, with less oxygen at the
bottom of the well. C. acnes, as an aerotolerant anaerobe, could then have been able to
grow at the bottom of each well. The community setting likely provided the supplemental
nutrients that have to be provided exogenously when C. acnes is grown in isolation.

Unlike previous findings that growing communities in nutrient-limited conditions
can increase alpha-diversity, we achieved highest alpha-diversity growing our community
in the complex rich growth medium of undiluted BHI. We also found that the amount of S.
aureus in the community could be changed by adjusting the starting inoculum proportions.
S. aureus is a common member of the skin microbiome, but its presence and an

imbalance of S. aureus and S. epidermidis has been associated with disease such as
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atopic dermatitis[189,279]. We therefore decided to pursue further experiments with the
GCS skin community, which contained a mid-level amount of S. aureus.

SLS, SLES, and RL are molecules included in skin products for their
detergent/surfactant properties, in order of decreasing harshness on skin. Treatment of
the skin community with the detergent SLS prevented all microbial growth even in very
small doses, as expected from previous work on the harsh effects of this detergent (refs
needed). Treatment with SLES also inhibited community growth in our in vitro setting,
although to a lesser extent than SLS. This indicates that although SLES is a “gentler”
compound than SLS, it likely still has an inhibitory effect on skin microbe growth.
Rhamnolipid also inhibited community growth, although to an even lesser extent than
SLES. All three of these compounds caused similar changes in community composition
profiles (Figure 3.4C, Figure 3.5), most notably a decrease in the proportion of S. aureus
and C. acnes and increase in S. warneri.

Strikingly, treatment with creatine increased the RPKM of C. acnes. C. acnes can
be both a commensal and pathogenic member of the skin community, depending on the
virulence factors carried by an individual strain[279,280]. This effect on C. acnes could
play a role in the advertised benefits of creatine in skin care products. Further
investigations are needed to confirm the health effect and mechanism of creatine
treatment on skin health and the microbiome.

In summary, the model synthetic skin community presented here can serve as an
efficient and high-throughput first-pass system to get an idea of the effect of compounds

on the skin microbiome. Promising compounds can then be further investigated through
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more developed ex vivo skin and/or animal models to further elucidate their impact on the
skin microbiome.
3.5 Materials and Methods
3.5.1 Isolate growth conditions

All strains were purchased from ATCC. Strains were streaked out on Brain-Heart
Infusion (BHI; Millipore Sigma 53286) agar plates prior to making glycerol stocks to
confirm purity of the individual organisms. Individual strains were cultured in sterile BHI
broth at 37 C, without shaking. 1X BHI was made as directed by manufacturer instructions
(37 g BHI powder in 1 L water). 0.1X and 0.2X BHI were made by diluting 1X BHI with
sterile water. For anaerobic conditions, BHI broth was anoxified by bubbling with N2 and
CO2, then the container was sealed and the headspace exchanged with N2 and CO2. L-
cysteine (Sigma Aldrich 168149) was added to final concentration 2 mM directly before
culturing. For C. acnes cultures, hemin and vitamin K (Spectrum Chemical Mfg Corp, 743-
23178) were added in a 1:100 dilution from the sterile stock directly before culturing.
3.5.2 Community assembly with CellenONE printer

Individual strains were diluted in BHI to an OD600 of 0.07 after subtracting the
blank reading. This OD was confirmed by eye to have 4-5 cells/drop using the CellenONE
camera. Aerobic optical density readings at 600nm, to normalize isolates and monitor
community growth, were taken with a Molecular Devices SpectraMax M3 Multi-Mode
Microplate Reader (VWR, cat # 89429-536). The diluted strains were loaded into a 384-
well “probe” plate, one strain per well. The CellenONE X1 liquid printer (SCIENION US
Inc., Phoenix, AZ) was programmed to pick up 30 uL from a well of the probe plate and

dispense the appropriate number of drops (see Table 3.1) in the appropriate wells of a
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96-well “target” plate, which was preloaded with 200 uL BHI/well. Droplet integrity was
confirmed before and after each spotting run using the droplet camera and automated
droplet detection. The PDC was cleaned between isolates by flushing the PDC interior
with 0.5mL water. 200 drops of BHI were added to negative control wells as the last step
in each experimental setup, to ensure no contamination occurred due to incomplete
flushing of the PDC between strains.
3.5.3 Community growth conditions

Communities were grown in 200 uL of BHI broth in 96-well plates, 37 C, without
shaking. To prevent condensation, each plate lid was coated with 3mL of an aqueous
solution with 20% ethanol and 0.01% Triton X-100 (Sigma, cat # X100-100ML). Excess
liquid was removed after 30sec and the lid was allowed to air-dry for 30min under a UV
light for sterilization. Also, to prevent condensation, plates were set on 4 100mm-diameter
Petri dishes (2 stacks of 2 dishes) filled with ~20mL water each to generate a humid
environment around the plates.

Community plates grown anaerobically were incubated in a vinyl anaerobic chamber
(Coy Lab Products) with an atmosphere of N2/CO2/H2 (85/10/5%). Plates were
maintained at 37 °C and underwent OD600 readings in a Molecular Devices SpectraMax
i3 spectrophotometer with a StakMax Microplate Handling System.

3.5.4 Community growth with cosmetic compounds

SLS, SLES, RL, and creatine compounds were obtained from Evonik Industries
(https://corporate.evonik.com/en). For compounds added at time of inoculation,
compounds were diluted to the indicated concentration (w/v) in 1X BHI and loaded into

the target plate prior to community spotting, 150 ulL/well. Communities receiving
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compounds at 24 hr post-inoculation were spotted into plain 1X BHI. For compounds
added at 24 hr post-inoculation, compounds were diluted to 4X the indicated
concentration in 1X BHI. 50 uL of 4X compound was then added to the appropriate wells,
bringing the well volume to 200 uL. 50 uL of plain BHI was added to communities that
received compounds at time of inoculation. All compound solutions were sterilized by
syringe-filtering across a 0.22 um filter before addition. Community plates were grown
aerobically for 3 days. Plates were then stored at -20 °C until processing for sequencing.
3.5.5 Shotgun metagenomics library preparation and sequencing

DNA was extracted from community samples using a Qiagen DNeasy PowerSoill
Pro Kit (Qiagen 47016) according to manufacturer's instructions with the following noted
change. Samples were heated for 10 min at 100 °C after addition of lysis buffer and prior
to vortexing. Following extraction DNA was quantified with Qubit dsDNA, high sensitivity
(ThermoFisher Q32851) and normalized to 0.2 ng/uL. Shotgun metagenomic sequencing
libraries were prepared using the Nextera XT DNA Library kit with 1 ng DNA input,
according to manufacturer’s instructions (lllumina FC-131-1096 and FC-131-2001).
Libraries were quantified using Qubit as above and normalized to 2 ng/uL for sequencing,
then sequenced on an Illumina MiSeq platform with a paired-end 150 V2 kit (Figure 3.2
and 3 data) or a paired-end 100 V2 kit (Figure 3.4-3.5 data).
3.5.6 Metagenomics sequencing analysis

Reads from raw FASTQ files were processed with Trimmomatic (v0.36) to remove
adapters and  trim low-quality base calls using the parameters
‘ILLUMINACLIP:NexteraPE-PE.fa:2:30:10 LEADING:10 TRAILING:10

SLIDINGWINDOW:4:15 MINLEN:36”. Trimmed reads were first aligned to the
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minikraken2 database to exclude possible contamination from non-community
organisms. Following this, trimmed reads were aligned to a custom database of
community strain genomes using bowtie2 (v2.2.3) using default settings and read counts
were transformed into RPKM. Alpha- and beta-diversity was calculated in phyloseq. Beta-
diversity plots were generated using phyloseq, and beta-diversity significance testing was
done in R with the package vegan. Volcano plots were generated in base R (v4.3.0) using
data from DESeq2[278]. All other plots were generated using GraphPad Prism 8 software.
Code used to process and analyze sequencing data can be found on Github
(https://github.com/jkccoker/Skin_synthetic_community/tree/main).
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Chapter 4: Removal of the endothelial non-human sialic acid Neu5Gc reduces

atherosclerosis
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4.1 Abstract

Cardiovascular disease (CVD) remains the leading cause of death worldwide,
despite decades of research and hundreds of drugs developed to combat it. Red meat
consumption is a major risk factor for atherosclerosis, the most common cause of CVD in
humans. Red meat is heavily enriched in the non-human sialic acid N-glycolylneuraminic
acid (Neu5Gc), which can be recycled by human enzymes to place Neu5Gc on our own
glycoconjugates. This Neu5Gc is enriched in the endothelium and invokes an
inflammatory response known as xenosialitis due to anti-Neu5Gc antibodies present in
all people. This inflammatory response significantly promotes atherosclerosis
development in a humanized mouse model with Neu5Gc-feeding and induction of anti-
Neu5Gc antibodies, recapitulating the human condition. The aim of this study is to
investigate the effect of removing endothelial Neu5Gc after consumption of a Neu5Gc-
rich diet in a mouse model. Removal of Neu5Gc with a Neu5Gc-preferential sialidase is
expected to reduce endothelial inflammatory responses and therefore decrease
atherosclerosis development. Here we show the Neu5Gc-preferential Sialidase26 (Sia26)
can be used to effectively remove Neu5Gc from the cell surface in vitro and in vivo. We
also establish intravenous injection as the optimal route of Sia26 delivery in this system
and show significantly decreased aortic Neu5Gc following Sia26 injection, with sialic acid
repopulation 24-48 hours after injection. Studies are currently ongoing to determine the
efficacy of long-term injection of Sia26 to reduce atherosclerosis in this model. If
successful, this will suggest an exciting new approach to atherosclerosis treatment in

populations with significant red meat consumption.
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4.2 Introduction

Red meat consumption has long been linked to an increased incidence of several
diseases, including cancer[281] and cardiovascular disease (CVD), the leading cause of
death worldwide[282,283]. In humans, CVD events are primarily caused by complications
of atherosclerosis, the narrowing of arteries from plaque buildup in artery walls[284].
Surprisingly, non-human mammals with risk factor profiles similar to humans only rarely
develop CVD due to atherosclerosis, including non-human primates and carnivores with
red-meat heavy diets[285—-287]. Atherogenesis is a multifactorial process, driven by a mix
of genetic, lifestyle, and physiologic factors[288], but the human-specific link between
CVD and read meat consumption remains an unanswered question[289].

The evolutionary loss of the CMP-N-acetylneuraminic acid hydroxylase (CMAH)
enzyme in hominins 2-3 million years ago rendered humans unable to produce the sialic
acid N-glycoylneuraminic acid (Neu5Gc)[286,290]. Sialic acids (Sia) act as the terminal
carbohydrate on most extracellular glycoconjugates[291,292] and are essential for
numerous cellular processes such as cell adhesion, immune system signaling,
embryogenesis, and brain development[292—294]. The loss of CMAH means humans can
only produce N-acetylneuraminic acid (Neu5Ac), in contrast to most mammals that can
produce both Neu5Ac and Neu5Gc. However, small amounts of Neu5Gc are found in
human tissues due to incorporation from foods containing Neu5Gc, particularly red
meat[295-297].

The Neu5Gc in human tissues has been implicated in many immune-related
conditions due to anti-Neu5Gc antibodies that all humans possess[298—-300]. Anti-

Neu5Gc antibodies have long been known to be involved in acute immune reactions,
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such as serum sickness and xenotransplant rejection[301-303], and have more recently
been associated with chronic inflammatory diseases such as cancer[297,304—-307] and
atherosclerosis[308,309]. A Cmah’ mouse model of atherosclerosis in a Ldlr"
background showed that feeding a Neu5Gc-containing diet to animals immunized against
Neu5Gc-containing glycans led to a significant 3-fold increase in atherosclerosis lesion
volume and 5-fold increase in necrotic core size, compared to mice immunized against
Neu5Ac or Neu5Gc-immunized mice without Neu5Gc feeding[308]. Furthermore, a
second study showed that the effect of dietary Neu5Gc on atherosclerosis can be
attenuated by feeding with Neu5Ac, to compete with the Neu5Gc for glycoconjugate
incorporation[309]. However, these studies did not address if removal of Neu5Gc after it
has been incorporated into endothelial glycoconjugates can attenuate atherosclerosis
development.

In this study, we investigate the potential of a Neu5Gc-prefential sialidase,
Sialidase26 (Sia26)[310], to attenuate atherosclerosis by removing Neu5Gc from
endothelial glycans. Sia26 is a microbial sialidase isolated from the gut microbiome of
Cmah”’- mice on a Neu5Gc-rich diet. We characterize the ability of Sia26 to remove cell-
surface Neu5Gc both in vitro and in vivo and optimize Sia26 dosing strategy in the Cmah-
I-LdIr"- mouse model. Studies are currently ongoing to investigate the ability of Sia26 to
attenuate atherosclerosis with regular injections in mice on a Neu5Gc-rich diet. This
experimental system models treatment of humans to reduce atherogenesis after
consuming a red meat-heavy diet. These studies investigate an exciting new avenue of

atherosclerosis treatment designed to help individuals with red meat in their diets.
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4.3 Results
4.3.1 Sialidase26 removes sialic acids in vitro and in vivo

All previous work characterizing Sia26 activity was done in vitro. We first confirmed
the Gc-preferential activity of Sia26 using the same assay reported in Zaramela et al[310]
(Figure 4.1A). We next investigated whether Sia26 could remove Neu5Gc from
mammalian cells in an in vitro cell culture system. Murine embryonic fibroblasts were
treated with increasing amounts of Sia26 (0.1-1 pg) or heat-inactivated Sia26 (1 pg) for
30 min. Treatment with Sia26 decreased cell-surface Neu5Gc in a dose-dependent
manner, with 1 pg removing about 25% (Figure 4.1B). The amount of cell-surface sialic
acid does not decrease linearly with treatment dose, which could indicate that not all sialic

acids are accessible to the enzyme in this system.

106



C 159 -

800- © 400{ © ©
= 2 00 g | =
3 o 10 [e)
D - 2 o
_ z
2D o 3 350 ) g S E .
S = 600 g2 R 23 --
03 = o 0 “35 5- .
n< =  300- & a
1]
400 © 100“
- 0
100 ol T T T \" Q',
O-T—_—I—|—I— Q@P I &2
Gc Ac o S 9 -«
.o’o &
N 2
Cid ®
B
3514 - IV
® 6 06 o o - 30
— -+« |P
- -
e 060 0 0 g 2° ~ sQ
. — S
Sia26 Heat-inactivated © 154
(n = 5) (n=3) ®
(7] 104
5-
L »
0 —

¥ T
O M O PP D ®
P P P LD N P

Minutes post-injection

Figure 4.1 In vitro and in vivo removal of sialic acids. A) Sia26 in vitro activity assay using 0.5ug. A mix
of LdIr-/- and Cmabh-/-LdIr-/- mouse plasma with similar amounts of bound Neu5Ac/Neu5Gc was used as
substrate (n = 3 independent replicates). B) Sia26 release of cell-surface Neu5Gc. Cultured MEF cells were
treated with increasing amounts of Sia26 for 2hr, then washed and treated with trypsin (n = 3 independent
replicates). The trypsin supernatant was collected and analyzed for Neu5Gc content. Heat-inactivated cells
were treated with 5ug Sia26 incubated at 100 °C for 10min. C) Sia26 release of in vivo aortic sialic acid.
CmahLdIr"- mice were injected IV with 50ug of Sia26. The thoracic aorta was collected 2hr later and
analyzed for sialic acid content (n = 3-5 each). D) Example of a dot blot for Sia26 from mouse plasma
samples. E) Sia26 plasma clearance following injection. Cmah--LdIr"- mice were injected with 50ug Sia26
via the IV, IP, or SQ route (n = 3 each). Plasma samples were collected at time of injection and out to
240min post-injection. A control group of mice was injected with 50ug heat-inactivated Sia26 IV; the
average signal from this group at each time point was subtracted from the experimental groups.
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We next sought to determine if Sia26 would have a similar effect on in vivo endothelial
sialic acid as in the in vitro cell culture system. Cmah”-LdIr’- mice were injected
intravenously with 50 pg active or heat-inactivated Sia26; the thoracic aorta was isolated
2 hr post-injection and analyzed for sialic acid content. Sia26 acutely reduced aortic sialic
acid by about 50%, a greater effect than observed in the cell culture system (although the
dose was also much larger) (Figure 4.1C). In this experiment the mice were not fed a Gc-
enriched diet, so no Neu5Gc was detected in the endothelium. These studies show that
Sia26 can remove sialic acids from the cell surface and from the endothelium in particular,
as would be required for removing endothelial Neu5Gc to prevent xenosialitis.
4.3.2 Intravenous injection provides optimal Sia26 dosing strategy

To determine the best way to administer Sia26 to mice, we injected WT mice with
50 pg Sia26 intravenously (IV), intraperitoneally (IP), or subcutaneously (SQ). Plasma
samples were collected at 1, 5, 15, 30, 45, 60, 90, 120, and 240 min after injection. Sia26
signal was determined via dot blotting and quantified by comparing to a standard curve
of purified protein; an example blot is shown in Figure 4.1D. Control mice were injected
IV with heat-inactivated enzyme, and the resulting background signal was subtracted from
the experimental data. As expected, results showed that IV injection produces the highest
peak levels of Sia26 in the blood, with peak levels detected on average at 45 min.
However, protein was detectable in the blood out to 240 min. IP and SQ injection showed
significantly lower levels of protein in circulation. We therefore decided to pursue all future

experiments with IV injections.
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4.3.3 Sia26 removes endothelial Neu5Gc in a dose-dependent manner

We next investigated the appropriate dose of Sia26 to acutely remove Neu5Gc
from the aortic endothelium. WT mice were injected with doses from 3-25 pg active Sia26
or 25ug of heat-inactivated Sia26 (“0 pg”, control condition). The thoracic aorta was
collected 2 hr post-injection and analyzed for sialic acid content. Sia26 acutely removed
sialic acids from the aorta in a dose-dependent manner, with up to 15 pmol of Neu5Gc
removed per microgram aorta (Figure 4.2A). The maximum removal achieved with the 12
Hg dose; there was no increase in sialic acid removal between 12 and 25 pg. Furthermore,
Sia26 preferentially removed aortic Neu5Gc over Neu5Ac (Figure 4.2B). This finding
supports the idea that Sia26 displays preferential Neu5Gc activity within the organism, as

well as in our in vitro assays.
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Figure 4.2 Neu5Gc-preferential activity of Sia26 in vivo. A) Sia26 release of aortic sialic acid at
increasing doses (pmol/mg aorta). WT mice were injected IV with increasing doses of Sia26 (n = 3 each).
The thoracic aorta was isolated 2hr post-injection and analyzed for sialic acid content. B) Sia26 release of
aortic sialic acid at increasing doses (% of Oug control group). C) Aortic sialic acid repopulation over time.
WT mice were injected IV with 12ug Sia26 (n = 3 each). The thoracic aorta was isolated at 2, 6, 24, or 48hr
post-injection and analyzed for sialic acid content. D) Urinary sialic acid levels following Sia26 injection. WT
mice were injected with 12ug Sia26 (n = 7) or vehicle (n = 3). Urine samples were collected from mice
before injection (Ohr) and 2hr post-injection. Urinary sialic acid is expressed as fold-change for each mouse
between 2hr and Ohr.
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We also wished to determine how much time was required for aortic sialic acid
levels to return to baseline levels following Sia26 treatment. WT mice were injected with
12 pg Sia26 and the thoracic aorta was collected at 2, 6, 24, and 48 hr post-injection.
Sialic acid levels were significantly lower at the 2- and 6-hr time points, although the level
had already begun to return to baseline between 2 and 6 hr (Figure 4.2D). Neu5Gc levels
were still below baseline at 24 hr, although the difference was not significant. Levels had
fully returned to baseline by 48 hr post-injection. Using this information, we decided to
inject mice twice a week with Sia26 in the long-term atherosclerosis experiments. This
experiment was repeated in Cmah”-LdIr’- mice on a Neu5Gc-rich diet for 4 weeks, but
aortic Neu5Gc was undetectable in all samples through HPLC (data not shown). The
presence of aortic Neu5Gc in this model has been well-established after 3 weeks of
Neu5Gc feeding with histology[308], indicating that HPLC of the whole aorta is not
sensitive enough to detect the small levels of Neu5Gc present in this model.

4.3.4 Sialic acid released by Sia26 is excreted renally

Previous work has shown the free sialic acids in circulation are rapidly excreted
by the kidneys[295,296,311]. We therefore measured free sialic acid levels in the urine of
mice injected with 12 pg of active Sia26 or vehicle. Urine was collected before injection
(O hr) and 2 hr post-injection for each mouse. Urinary sialic acid was significantly
increased following Sia26 injection, with on average 12-fold more Neu5Gc and 6-fold
more Neu5Ac in the urine for mice receiving active enzyme (Figure 4.2E). Urinary sialic

acid was not increased in mice that received the vehicle injection.
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4.4 Discussion

Neu5Gc is an inevitable presence in the average human diet. Many people will not
remove Neu5Gc-rich foods, such as red meat and certain dairy products[297], from their
diets. Indeed, red meat and dairy serve as important sources of protein and iron or
calcium for much of the world’s population. The consumption of high levels of Neu5Ac at
the same time as Neu5Gc can seemingly prevent Neu5Gc incorporation in host
glycoconjugates[309]. However, coordinating dietary sialic acid levels like this is not
straight-forward because most foods rich in Neu5Gc are not correspondingly rich in
Neu5Ac[295,297]. Additionally, the sialic acids must presumably be consumed at the
same time for Neu5Ac to effectively compete with Neu5Gc for absorption and
glycoconjugate incorporation. This study therefore sought to investigate the effect of
removing endothelial Neu5Gc after glycoconjugate incorporation, circumventing the need
for balancing dietary sialic acid intake.

Taking advantage of the Neu5Gc-preferential sialidase Sia26, this study first
characterized the ability of Sia26 to release Neu5Gc from the cell surface. Previous work
with Sia26 examined its overall activity and substrate preference[310] but did not examine
its efficacy in an in vivo cell surface setting. Sia26 was able to release Neu5Gc effectively
from the cell surface in an in vitro cell culture setting. It was also able to release Neu5Gc
effectively from aortic endothelium. Although the entire aorta was analyzed for sialic acid
guantification, sialic acids are localized almost exclusively to glycoconjugates on the cell
surface[293], indicating that the differences detected are overwhelmingly due to cell-
surface sialic acid. Furthermore, the Neu5Gc-preference was even more pronounced in

vivo (Figure 4.2A-B) than detected in the in vitro activity assay (Figure 4.1A). This could
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indicate there are conditions or factors inside the host body that support optimal Sia26
activity on Neu5Gc.

This study also investigated how quickly aortic sialic acid is repopulated following
IV injections of Sia26 in mice. Aortic sialic acid was acutely decreased following injection
and gradually increased, returning to baseline between 24 and 48 hr post-injection.
Endothelial sialic acid repopulation could be achieved by two possible mechanisms:
turnover of cell-surface proteins, resulting in new glycosylated proteins; or sialylation of
existing glycoconjugates by extracellular sialyltransferases, a process known as extrinsic
sialylation[312,313]. Either or both mechanisms could be driving aortic re-sialylation in
this model. The relatively low turnover rate of endothelial cells[314] and direct proximity
of the endothelial glycocalyx to the blood could indicate that blood-borne
sialyltransferases are more likely to contribute to aortic re-sialylation. However, many
more experiments would be needed to investigate this hypothesis.

The effectiveness of Sia26 at removing aortic Neu5Gc and lack of acute adverse
effects in the mice (data not shown) suggest that long-term treatment with Sia26 could
reduce atherosclerosis development by regularly removing endothelial Neu5Gc. Ongoing
follow-up studies to this work will address this question by injecting Cmah--LdIr’- mice on
an Neu5Gc-rich diet with active or heat-inactivated Sia26 twice a week for four weeks. A
comparison between the active and heat-inactivated enzyme groups will determine if
endothelial removal of Neu5Gc results in decreased atherosclerosis plaque development.
If successful, this work would provide a new therapeutic strategy to consider for cases of

human CVD driven at least partly by dietary red meat.
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4.5 Materials and Methods
4.5.1 Ethics Statement

The proposed use of mice in this project was approved by the University of
California San Diego (UCSD) Animal Subjects Committee. All procedures were approved
by the Animal Care Program and Institutional Animal Care and Use Committee, UCSD.
Human and macaque RBCs were purchased from BiolVT (https://bioivt.com/).
4.5.2 Mice and Cell Culture

Cmah”-LdIr’- mice were generated as described previously[308] in a congenic
C57BL/6 background and maintained in the UCSD vivarium according to Institutional
Review Board guidelines for the care and use of laboratory animals. All animals were fully
back-crossed and maintained on a 12-h light cycle and fed water and standard rodent
chow for ad libitum consumption. Animals used in experiments were age-matched and
placed on a Neu5Gc-rich soy-based HFD containing 20% anhydrous milk fat, 0.2%
cholesterol, and 0.25mg Neu5Gc per gram of chow or a Neu5Ac-rich soy-based HFD
containing 0.25mg Neu5Ac per gram of chow (custom diets from Dyets, Inc.). Neu5Gc-
rich chow and Neu5Gc-rich chow was made by adding purified porcine submaxillary
mucin (PSM) and edible bird’s nest (EBN) (Golden Nest, Inc.) as previously
described[297]. The amount of Neu5Gc and Neu5Ac in the PSM and EBN was
determined by HPLC as described below.

Murine embryonic fibroblast (MEF) cells were grown in Gibco Dulbecco's Modified
Eagle Medium (DMEM) with 10% FBS and 1% penicillin/streptomycin. For sialidase
treatment, 5x10e4 cells/well were seeded into 12-well plates. The following day cells were

washed 3x in DMEM without FBS or pen/strep. Purified Sialidase26 was added to wells
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with ImL DMEM and cells were incubated at 37 °C for 2hr. Cells were then washed once
with DMEM and treated with 0.25% trypsin/EDTA (Gibco™ 25200056). The trypsinized
sample was collected and spun down at 500 rpm for 5 min to pellet cells. The supernatant
containing cell-surface proteins was removed and frozen at -80 C. Samples were then
lyophilized on a Labconco FreeZone Plus 4.5 L Cascade Benchtop Freeze Dry System,
resuspended in 100uL H20, and processed for HPLC quantification as described below.
4.5.3 In vitro sialidase activity assay

0.5ug of Sialidase26 was incubated with equal amount of human-like Cmah~-LdIr-
I~ mouse serum and LdIr’- mouse serum for 1 hour at 37 °C. An additional 0.5 ug of each
enzyme was inactivated by heat for 10 minutes at 95 °C. The samples were kept at —20
°C until derivatization and analyzed by HPLC as described below.
4.5.4 In vivo sialidase detection

Injected sialidase was detected in plasma samples with an anti-6xHis antibody
through dot-blotting. Plasma samples were diluted 1:5 in PBS and 10uL was dotted on
nitrocellulose membrane (BioRad 162-0113) using a Bio-Dot vacuum blotting apparatus
(BioRad 1706545). The membrane was blocked with fish serum blocking buffer (Thermo
Scientific 37527) for 30min, then treated with a goat anti-6xHis antibody (1:2500,
Invitrogen MA1-21315-A488) in TBST for 30min. Following 3x3min washes in TBST the
membrane was treated with a donkey anti-goat secondary (1:14000, Licor IRDye 680LT,
926-68023) in TBST for 30min, followed by 3 more washes. The membrane was imaged
using a Licor Odyssey Infrared Imager. Image intensity was measured with ImageJ and

guantified by comparison to a standard curve of purified Sia26.
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4.5.5 Neu5Gc and control immunization

Pooled macaque and human RBC membrane ghosts were prepared as described
previously[315]. RBC ghosts were incubated at 100 °C for 10 min prior to injection to Kill
any potential microbial organisms. Cmah--LdIr’- male and female mice were immunized
as described previously[315]. Briefly, mice were injected once per week for three weeks
via intraperitoneal injection with 100uL of 1mg/mL macaque RBC ghosts (Neu5Gc: 1.71
nmol/uL, Neu5Ac: 0.093 nmol/uL) or control human RBC ghosts (Neu5Gc: undetectable,
Neu5Ac: 1.84 nmol/uL). The immunogen was mixed with an equal volume of complete
Freund’'s adjuvant (ThermoFisher 77145) for the first week and an equal volume of
incomplete Freund’s adjuvant (ThermoFisher 77140) for the subsequent weeks.
4.5.6 Serum lipoprotein, lipid, and inflammatory cytokine analysis

Blood samples were obtained by mandibular plexus bleeding and cardiac puncture
from mice fasted for 5h. Plasma lipoproteins in 25-uL pooled samples were separated by
size-exclusion chromatography using a polyethylene filter column (Sigma-Aldrich).
Cholesterol and triglyceride levels in whole plasma and in separated lipoprotein fractions
were measured by enzymatic kits (Sekisui). Multiplex inflammatory cytokine levels were
measured with Proinflammatory Panel 1 (mouse) kits (Meso Scale Diagnostics, LLC).
4.5.7 Quantification of sialic acid by HPLC in cell culture, aorta, plasma, and urine

To analyze total sialic acid (cell culture, aorta, plasma), aqueous samples were
acid hydrolyzed with glacial acetic acid (2M final in total volume 200 pL) for 3 hours at
80 °C to remove terminal Sias. This step was not done when analyzing free sialic acid
(plasma, urine). Samples were spin-filtered (Millipore Sigma Amicon Ultra-0.5 Centrifugal

Filter Unit; cat No. UFC5010BK) to remove cellular debris. Free sialic acids were then
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derivatized with DMB as described previously[316]. The DMB reagent was made as
follows: 14 mM DMB (1,2-diamino-4,5-methylenedioxybenzene, Sigma D4787), 18 mM
sodium hydrosulfite (Sigma 157953), 1.0 M 2-mercaptoethanol (Sigma M3148), and 40
mM trifluoroacetic acid (Sigma T6508), incubated with samples at 50 °C for 2.5 h. DMB-
derivatized sialic acids were analyzed on a Dionex Ultra3000 HPLC System using a
Phenomenex Gemini 5y C18 250 x 4.6-mm HPLC column, eluted in isocratic mode with
85% water, 7% methanol, and 8% acetonitrile and quantified by comparison to Neu5Ac
(Nacalai) and Neu5Gc (Inalco) standards.
4.5.8 Expression of Sialidase26 recombinant protein

Sialidase26 DNA sequence was ordered from Integrated DNA Technologies (IDT),
subcloned into a pET19b expression vector with a C-terminal 10xHis tag and N-terminal
truncation to remove any signal peptide sequence (predicted by SignalP 4.1, CBS), and
transformed into BL21(DE3) E. coli (MilliporeSigma) using established heat-shock
methods. Cells were grown to OD 0.6-0.8 (OD 600) in multiple 1 L cultures at 37 °C and
induced overnight at 25 °C with 1 mM isopropyl-B-D-1-thiogalactopyranoside (IPTG).
Harvested cells were resuspended in lysis buffer (50 mM HEPES pH 8.0, 50 mM NacCl,
and 1 mM TCEP (tris(2-carboxyethyl)phosphine hydrochloride))) with DNasel and hen
egg white lysozyme, lysed with a TS-Series cell disruptor (Constant Systems, Inc.) at 15
KPSI (Kilo-Pound per Square Inch), and spun for 45 minutes at 186,000xg with a Ti45
ultracentrifugation rotor (Beckman Coulter, Inc.) to remove cell debris. Purification was
performed as below and based on purification of a putative Bacteroides neuraminidase
as provided by the Protein Structure Initiative (BACCAC_01090, Joint Center for

Structural Genomics, to be published), with modifications to imidazole stringency based
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on the sialidase purified. Supernatant was loaded on a 5-mL HisTrap Ni affinity column
(nickel-charged columns for high resolution histidine-tagged protein purification) on an
Akta Explorer purification system (GE Healthcare Life Sciences) with 20-40 mM imidazole
added, washed with Running Buffer (50 mM HEPES pH 8.0, 300 mM NacCl, 40-60 mM
imidazole, 10% glycerol, and 1 mM TCEP), and eluted with Elution Buffer (20 mM HEPES
pH 8.0, 300 mM imidazole, 10% glycerol, and 1 mM TCEP). Samples were concentrated
using 10-30 kDa Amicon centrifugal filters (MilliporeSigma) at 1500xg to 1 mL and
desalted over a 5-mL. Desalting column using the Akta system into Desalting Buffer (20
mM HEPES pH 8.0, 200 mM NacCl). Resulting protein sample was diluted as needed for
functional studies.
4.5.9 Statistical analyses

All data were analyzed by Student’s t-test, 1-way ANOVA, or 2-way ANOVA and
presented as mean +/- SEM. Statistical analyses were performed using Prism (v8,
GraphPad Software).
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Chapter 5: Concluding Remarks
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5.1 Project summary

Microbiomes are present in almost every environment on Earth, even regions once
through unable to support life such as the ocean floor or dormant volcanos[317]. The
controlled study of such complicated communities comes with its own extreme
challenges. The laboratory is a poor replacement for the world outside, with many
microbes that thrive in nature unable to grow in research settings. Natural systems are
also incredibly intricate and interconnected, and we often struggle to identify and
reproduce the most important conditions for community development. Given these issues,
in vitro microbial communities are often difficult to reproduce and less diverse than natural
communities. We are still searching for the most effective methods to study the dynamics
of these communities that are imperative to human life.

The work presented in this dissertation aims to develop methods to address these
issues, and beyond that to demonstrate how discoveries from microbial communities can
be used to improve human health. A system was developed for the precise and
automated assembly of synthetic soil and skin microbial communities, allowing the high-
throughput assembly of reproducible in vitro communities for controlled studies. This
system allowed for the investigation of community dynamics through minute adjustments
in starting ratios and easy removal of individual organisms, revealing that some microbes
play a driving role in community development while others can be removed without
substantially altering the final community composition. Such synthetic communities can
also be used to predict what will happen in natural communities when conditions change,
as shown with the significant changes in skin community composition when treated with

compounds commonly found in skin cosmetics.
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Despite the difficulties of microbiome research, the discoveries made in this field
are often surprising and deeply impactful. Microbes frequently contain proteins with
capabilities scientists have only dreamed of, and certainly cannot engineer yet. Such is
the case with a microbial enzyme isolated from the gut microbiome, the first published
sialidase to preferentially act on the inflammatory sialic acid Neu5Gc instead of the more
common Neu5Ac[310]. Here this sialidase was applied to remove Neu5Gc from
endothelial glycoconjugates, to investigate its potential to treat cardiovascular disease
related to red meat consumption. The application of discoveries from the microbial level
of a metaorganism to impact the health and development of the host is at the heart of this
dissertation and all microbiome research.

5.2 Future directions in the microbiome landscape

From a certain perspective, all fundamental biological research uses models to
explain natural phenomena. Researchers go through countless iterations of constructing
a model, which can be as varied as a simple hypothesis or a complex computational
algorithm. They then modify and refine that model based on experimental data. This
process has occurred for decades for the most well-studied biological systems, such as
the organism Escherichia coli or biochemical processes like DNA replication. Their
models have gotten so accurate, they are now accepted as fact. However, this process
is still in its infancy for microbial communities.

Models of natural microbial communities will, by definition of a model, fail to
capture every aspect of the community. Current in vitro models still struggle with
fundamentals such as diversity and stability that are achieved effortlessly in nature. The

research presented in this dissertation provides methods for improving diversity, stability,
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and reproducibility in soil and skin community models, seeking to improve these models
so they can be one day be as reliable as our understanding of E. coli. However, much
work remains before this point. In the immediate future, developing models for other
environments, such as ocean or vaginal microbiota, would spread these findings to other
areas of microbiome research. Additionally, comparing changes observed in these in vitro
models against in vivo communities subjected to the same interventions would allow
validation and fine-tuning of these models.

The field of gut microbiome research in particular could benefit from development
of a model in vitro gut community. The gut microbiome is one of the most well-studied
microbiomes, both for its importance in human health and development and the relative
ease of collecting samples for sequencing. Many synthetic gut microbial systems already
exist, as discussed in previous chapters (see page 37 specifically). However, most of
these models are developed with the express purpose of inoculating a defined community
into an in vivo model. This approach addresses questions of host-microbe interactions,
but it does not allow for investigations into community dynamics, specifically microbe-
microbe interactions within the community. As demonstrated in this dissertation, an in
vitro model community can be used to determine the role of individual microbes in
establishing community diversity or to test the effect of specific interventions on major
community players. A model gut community, designed to recapitulate natural diversity
and stability but grown in vitro, would support a wide variety of studies to tease apart the
role of individual microbes within the gut.

A model such as this would also provide an opportunity to test the effect of

interventions like Sia26 before moving to in vivo models. Sia26 was isolated from the gut
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microbiome. The research presented here uses this gut microbial enzyme in host
circulation to release Neu5Gc after endothelial incorporation, as a proof of concept for the
benefits of removing Neu5Gc. However, Sia26 could also be applied in the gut to release
Neu5Gc from ingested food before it even reaches circulation, thereby preventing
endothelial incorporation from ever occurring. Delivering an active enzyme to the
gastrointestinal tract presents several challenges, most notably getting the enzyme past
the stomach without denaturation, but enrichment of a living microbe producing Sia26
would subvert many of these challenges. However, long-term enrichment of an organism
in an established gut microbiome is notoriously difficult. With an in vitro model gut
community, we could quickly and cheaply test many microbes and conditions, narrowing
down the approaches most likely to succeed in vivo. Similar studies can be carried out
with all types of in vitro model communities, as demonstrated here with the skin and soill
communities. These models can also serve as an important first check on the community
effect of adding microbes engineered to produce certain proteins or metabolites[183],
before moving to in vivo models.

Our understanding of the human metaorganism and the outsize role the microbial
world plays in human life is changing with astounding rapidity. As research in this field
explodes, we need reliable model community systems to test and refine our hypotheses
in vitro. The process of establishing new model systems is arduous, but the research in
this dissertation is driven by the belief that the benefits for future microbiome research will

be well worth the present input of time and effort.
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