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Abstract
Corrinoids as Model Nutrients for the Study of Soil Bacterial Interactions
by
Zoila I. Alvarez-Aponte
Doctor of Philosophy in Microbiology
University of California, Berkeley

Professor Michiko E. Taga, Chair

Microbial communities inhabit nearly every ecosystem on Earth and have large effects on their
environment, including impacts on crucial processes like host health and global nutrient cycling.
Understanding the biotic and abiotic factors that influence the structure and function of these
communities is crucial for predicting their continued impacts on a changing planet. A challenge
to studying microbial communities in detail is their complexity. These communities often contain
hundreds to thousands of species that are growing and metabolizing different compounds,
making it challenging to deduce how individual species impact one another or how particular
nutrients may affect the functioning of a community.

The model nutrient approach poses a solution to the challenges of studying microbial community
interactions. Corrinoids, the vitamin B12 family of enzyme cofactors, are synthesized by bacteria
and archaea and required by organisms in all domains of life for different metabolic processes.
Genomic analysis and microbial co-culture studies have shown that these nutrients are shared
among microbes. Further, bacteria have preferences for specific corrinoids that affect their
growth and may lead to corrinoids impacting community structure. For these reasons, the
corrinoid model is ideal for studying interactions among bacteria across multiple scales,
spanning molecules to communities.

In Chapter 1, I present a review of corrinoid biology across scales of increasing complexity,
summarizing knowledge recovered over the last century that informs the model nutrient
approach. At the molecular scale, corrinoid biology spans enzymes, transporters, regulatory
riboswitches, and an elaborate biosynthesis pathway. These components give rise to corrinoid
diversity and preferences for different corrinoids observed at the organismal scale. At the
organismal scale, defining the categories of “producer,” “dependent,” “independent,” and
“provider” is the genomic and experimental basis for characterizing and predicting interactions.
These definitions contribute to the community scale, where nutrient sharing can be studied in co-
cultures of producers and dependents, and different corrinoids have been shown to impact
community structure. These scales come together to enable the study of microbial interactions
and continued research will enable expansion into new scales.



In Chapter 2, I applied the model nutrient approach at the organismal scale through the isolation
of bacteria from a soil environment and characterization of producers, dependents, and
independents. The results revealed a bias for Bi2 among isolates; tested producers all synthesized
Bi2 and dependents preferred it over other corrinoids. Further, a set of producers were classified
as providers after corrinoid was detected in culture supernatants. These observations, combined,
led to the hypothesis that these isolates may interact via corrinoid sharing in their native
environment. As part of this research, I evaluated the phylogenetic dispersion of producer,
dependent, and independent traits among sequenced bacteria and found that corrinoid
metabolism can be predicted from taxonomy for around half of the genera studied.

In Chapter 3, I applied the model nutrient approach at the community scale with a focus on co-
cultures and three-species consortia. Comparison of the monoculture growth of corrinoid-
dependent isolates to their growth in co-cultures showed that the outcome of competition is
predictable based on corrinoid preferences when preferences are sufficiently distinct. As part of
this work, I tested interactions between producers and dependents to evaluate whether these
isolates interacted by sharing corrinoids, a hypothesis generated in Chapter 2. While producers
supported dependent growth by sharing B12, interactions in co-culture were not easily predictable
based on monoculture growth of dependents provided with producer supernatant. Finally, tests in
tri-cultures showed that dependents compete for the corrinoids made available by producers.
Despite emergent properties arising, results were consistent with corrinoid-based interactions
being the predominant interaction in these consortia. Together, Chapters 2 and 3 illustrate the
applicability of the model nutrient approach in individual bacteria and small communities and
establish a system in which interactions can be further tested.

In Chapter 4, I pivot to a diversity, equity, inclusion, and belonging project focused on the
qualifying exam experience of graduate students. The Inclusive Excellence in Quals Prep (IEQP)
pilot program focused on increasing support for students as they go through their qualifying
exam by creating a support network and providing structure during the preparation process. The
program’s effectiveness was evaluated through a series of surveys presented here. IEQP was
demonstrated to be effective in its first year, with peer mentorship identified as a key component.
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1. The corrinoid model for dissecting microbial community
interactions across scales
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States of America

* These authors contributed equally to this work.
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California, Berkeley, 111 Koshland Hall, Berkeley, CA 94720, United States of America. taga@berkeley.edu

Under review at Annual Review of Microbiology
Abstract

Microbial communities in different environments have significant impacts on global nutrient
cycling and the health of host organisms. However, the complexity of microbial communities
makes it difficult to investigate how the interactions between numerous microbial species, each
with distinct features and metabolic capabilities, impact global processes. In this review, we
describe the corrinoid model for investigating microbial community interactions across scales,
from individual microbes to complex natural communities. Corrinoids, the cobalamin family of
organometallic cofactors, are required for numerous metabolic processes across all domains of
life but are produced only by a fraction of bacterial and archaeal species. This structurally
diverse set of shared nutrients influences community structure in different ways. Knowledge
about corrinoid biology at each scale informs and reinforces a robust model that can be expanded
to increase our understanding of microbial communities.

1.1 Introduction

Microbial communities inhabit nearly all of Earth’s environmental and host-associated niches.
They are key drivers of Earth’s biogeochemical cycles, the health of agricultural crops, digestion
in animals, and the human immune system. The complexity of these communities leaves much to
be discovered about how they function: how do numerous individual microbes, each with distinct
genetically encoded capabilities, interact with one another to form communities capable of
impacting global processes?

One key aspect of microbial communities that governs their function is nutrient-sharing
interactions. Many microbes rely on metabolic byproducts of other community members for use
as carbon, nitrogen, and energy sources and use amino acids or cofactors produced by others to
fulfill their metabolic needs (1-3). Interactions between microbes shape their communities, and
in turn, influence the surrounding environment (4). Understanding how the metabolic capabilities
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of individual microbes influence these interactions will be a key to harnessing the potential of
microbial communities to address global challenges such as climate change.

In this review, we focus on corrinoids — the cobalamin family of cofactors — which have emerged
as a model for studying nutrient-sharing interactions within microbial communities (5—7). This
model is particularly beneficial for investigating the mechanisms that drive community structure
because it can be applied across scales of complexity. At the molecular scale, production and use
of corrinoids and the genes, enzymes, and regulatory systems that control them can be dissected
in specific organisms. At the organismal scale, corrinoid-specific metabolic capabilities influence
how microbes grow in different conditions. At the community scale, corrinoid-based interactions
collectively shape community structure and function. We present the corrinoid model as a
framework for dissecting microbial interactions and community structure across scales.

1.2 Corrinoids as a model nutrient

1.2.1 Structurally diverse corrinoids are produced by different microbes and have been
detected in communities

Cobalamin (vitamin Bi2) was first discovered a century ago as an essential component of the
human diet (8, 9). A cobalt-containing modified tetrapyrrole, cobalamin functions as a cofactor
that harnesses the reactivity of the central cobalt ion to perform radical-based and methyltransfer
reactions (10, 11) (Fig. 1.1A). Unlike other vitamins, cobalamin is produced only by certain
bacteria and archaea (11-13). Also unusual is that while some microbes produce cobalamin,
others produce variants with different lower ligands — collectively known as cobamides — that
can carry out the same chemical reactions (14) (Fig. 1.1B). Cobamides are a subset of corrinoids
that are distinguished by the presence of an upper and a lower axial ligand and are active as
enzyme cofactors. Here, we use the term corrinoid to include cobamides and late precursors such
as cobinamide (Cbi), while the term cobamide specifically refers to the active cofactor form (Fig.
1.1A).

Reactions catalyzed by cobamide-dependent enzymes include those involved in methionine
synthesis, carbon and nucleotide metabolism, reductive dehalogenation, natural product
biosynthesis, and methanogenesis (15—18). Diverse corrinoids have been detected in various
host-associated and environmental samples, indicating they are widely used metabolites (19)
(Fig. 1.1C). Nonetheless, cobalamin and Cbi are the only commercially available corrinoids;
other corrinoids must be purified from bacterial cultures for use in experimental studies (20).

1.2.2 Corrinoids are shared nutrients

Similar to other cofactors such as thiamin, biotin, and folate, corrinoids are produced only by a
fraction of the microbes that require them, indicating that they are shared among microbes (21—
23). Genomic analyses of different sets of bacteria have all concluded that those predicted to be
capable of de novo corrinoid biosynthesis (“producers”) are a minority of the species present in a
particular environment and across bacteria as a whole (Fig. 1.1D). The largest bacterial genome
dataset evaluated for corrinoid production and use to date estimated that 86% of sequenced
bacterial species require corrinoids and of these, less than half are predicted corrinoid producers
(23). Experimental studies of co-cultured microbes have demonstrated sharing of corrinoids
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between producers and dependent microbes (24—33). The mechanisms of corrinoid sharing at the
community scale are unknown but are an active area of research.
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Figure 1.1. Corrinoids as a model nutrient. (A) The chemical structure of cobalamin. Cobinamide (Cbi)
is an incomplete corrinoid that lacks part of the nucleotide loop including the lower ligand. Upper ligands
(Adenosyl, Methyl, Cyano, and Aquo) are shown in the square. (B) Cobamide lower ligands and the the
structural categories to which they belong (14, 34-38) The name of the lower ligand is given below each
structure and the abbreviated cobamide name is shown in bold lettering for those that are included in
other parts of this figure. (C) Corrinoid diversity as measured in different environments (19). (D) Fraction
of genomes that were classified as corrinoid producers in different studies. Only studies that used
genome-resolved methods are included. The environment is shown on the left and the number of genomes
assessed is shown in parentheses. Shelton, 2019 differentiated the non-producer category into dependents
and independents (23). (E) Corrionid-dependent growth of Escherichia coli, (F) Bacteroides
thetaiotaomicron, and (G) Akkermansia muciniphila illustrate different corrinoid preferences (39).



1.2.3 Corrinoid preferences are reflected by differential growth and metabolism

Just as humans are metabolically primed to use cobalamin more readily than other corrinoids,
most microbes have corrinoid preferences that are reflected in their growth (39). For example,
Escherichia coli and Bacteroides thetaiotaomicron can use all or some tested corrinoids but vary
in the relative concentrations required to support growth (Fig. 1.1E, F). An exception is
Akkermansia muciniphila, which does not exhibit corrinoid preferences because it remodels all
cobamides to a single form (40) (see section 3.5) (Fig. 1.1G). The corrinoid preferences observed
in laboratory cultures suggest that the combinations of corrinoids in different environments can
have distinct impacts on bacterial growth and metabolism (19, 39) (Fig. 1.1C).

1.3 The molecular scale: corrinoid biosynthesis, dependence, and specificity

Environmental corrinoid diversity can influence microbes at the molecular level in multiple
ways. It is thought that microbial corrinoid preferences are due to the specificity with which
cobamide-dependent enzymes, transporters, adenosyltransferases, and regulatory systems
interact with particular corrinoids (36). These molecular factors are discussed separately in this
section.

1.3.1 Cobamide-dependent enzymes are diverse in their functions

Cobamide-dependent enzymes are found in all domains of life and are involved in diverse
metabolic processes (15—18). While the lower ligand can impact binding and reactivity, the upper
ligand (Fig. 1.1A) is the part of the molecule involved in catalysis. Cobamide-dependent
isomerases, typically involved in fermentation, use cobamides with a 5’-deoxyadenosyl upper
ligand to generate a radical to initiate carbon skeleton rearrangements and other reactions (15,
18). Methyltransferases use cobamides to transfer methyl groups from a methyl donor to a
substrate, transiently generating a cobamide with a methyl group as the upper ligand
(methylcobamide) during each catalytic cycle (15, 18). These enzymes include methionine
synthase, the most widespread cobamide-dependent enzyme, and multiple enzymes involved in
methanogenesis and other one-carbon metabolisms (23). A third cobamide-dependent enzyme
class uses cobamides with no upper ligand, instead directly using the cobalt ion to facilitate
catalysis (16). These enzymes include reductive dehalogenases, involved in the detoxification of
aromatic and aliphatic chlorinated organic compounds, and epoxyqueuosine reductase, which
performs the final reaction in the synthesis of queuosine, a modified nucleoside in tRNA (16,
41).

The Bi2-dependent radical S-adenosylmethionine (B12-rSAM) enzymes represent a fourth class
of cobamide-dependent enzymes. Bi2-rSAM enzymes enlist two cofactors, SAM and a
methylcobamide, to catalyze a variety of reactions (42). More than 200,000 predicted Bi2-rSAM
enzymes have been found, predominantly in bacterial genomes (42). For most, the substrate,
product, and catalytic mechanism are unknown (17). Known reactions are functionally diverse
and include the biosynthesis of vitamins, cofactors, and antibiotics, as well as protein post-
translational modifications (17, 42). In the 20 years since the Bi2-rSAM enzymes were first
characterized (43), much progress has been made towards understanding this novel enzyme



class. However, the structure, chemistry, cobamide preferences, and metabolic functions of most
B12-rSAM enzymes remain to be elucidated.

Cobamide preferences have been studied in several enzymes. In vitro studies have shown that
methylmalonyl-CoA mutase (MCM) orthologs from different organisms have different cobamide
preferences (36, 44, 45). These studies have shown that Even small differences in lower ligand
structure can greatly impact corrinoid-enzyme binding (36). Further, MCM orthologs from
different bacteria and from humans have distinct binding affinities for different cobamides,
suggesting that certain sequence differences between orthologs exist that confer distinct
preferences (36, 37). Other examples of corrinoid preference in enzymes have been observed for
MetH, glutamate mutase, ethanolamine ammonia lyase, and 2-methyleneglutarate mutase (45—
49). These observations highlight the influence of cobamide structure on enzyme function and
implicate cobamide preferences in enzymes as major contributors to preferences at the
organismal scale.

1.3.2 Biosynthesis of corrinoids results in diverse structures

De novo corrinoid biosynthesis in bacteria requires approximately 30 genes (11, 50). The first set
of steps involves assembling uroporphyrinogen III, a precursor shared with other tetrapyrrole
biosynthesis pathways (11, 50). These steps are followed by corrin ring synthesis via either an
anaerobic or aerobic route (11, 50). The cobalt ion is installed prior to ring modifications in the
anaerobic pathway and after completion of these modifications in the aerobic pathway (11, 50).
Adenosylation at the upper (B) ligand position occurs next to form adenosylcobyric acid (50).
Finally, nucleotide loop assembly is followed by the attachment of the lower (a) ligand to form
the cobamide (11, 50). Some archaea are known to make corrinoids using biosynthesis genes
homologous to those from the bacterial pathway, but all the enzymes involved have yet to be
characterized (51-55).

The diversity of cobamides produced by different organisms stems from the ability to synthesize
and attach different lower ligand bases (Fig. 1.1B). Unlike the purine and phenolic bases, which
have other roles in metabolism, the benzimidazole bases are thought to be specific to cobamides
and have enzymes dedicated to their production. 5,6-dimethylbenzimidazole (DMB), the lower
ligand of cobalamin, is synthesized aerobically from a flavin cofactor by the BluB enzyme (56—
58). One quarter of sequenced bacterial genomes contain b/uB homologs (23), suggesting
widespread production of cobalamin, though it is not known how many are non-functional
pseudogenes, as recently characterized in a Roseovarius species (32). The anaerobic biosynthesis
of DMB requires the bzaABCDE or bzaFCDE genes, responsible for conversion of the purine
precursor 5-aminoimidazole ribotide to DMB (59, 60). The three intermediates in this pathway,
5-OHBza, 5-OMeBza, and 5-OMe-6-MeBza, are also found as lower ligands, and organisms that
produce these cobamides have the corresponding sets of bza genes in their genomes (59) (Fig.
1.1B and C).

Approximately 13% of bacterial species are predicted “salvagers” that import corrinoid
precursors and use them as building blocks to make cobamides (23, 61). This strategy is thought
to reduce the cost of biosynthesis. The genomes of salvagers contain an incomplete corrinoid
biosynthesis pathway, lacking one or more initial steps but possessing genes for later steps in the
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pathway (23). Experimentally, salvagers are defined by the ability to grow and produce a
cobamide when certain precursors such as 5-aminolevulinic acid or Cbi are available (7, 23, 26,
61-64). a-ribazole, the activated form of DMB, can also be salvaged to form cobalamin when
late steps in the pathway are absent (65). Cbi and a-ribazole have been detected in environments
such as soil, animal gastrointestinal tracts, and ocean waters, suggesting they are available for
uptake by salvagers (19, 32, 66, 67).

1.3.3 Corrinoid uptake is an active process

Efficient corrinoid uptake from environments with limiting corrinoid concentrations requires
active transport. The Btu(B)FCD system is the most widespread corrinoid uptake system in
bacteria (68), consisting of the ABC-type transport complex BtuFCD and, in Gram-negative
bacteria, the TonB-dependent outer membrane transporter BtuB (11, 69-71). In vitro studies of
E. coli BtuB show that it interacts with the corrin ring, and thus is not specific for corrinoids with
particular upper or lower ligands (72, 73). Likewise, a Bacillus subtilis strain that overexpresses
btuFCD imports cobamides and Cbi non-specifically (47). An alternative ECF-type transporter
coupled with the corrinoid-specific substrate-binding protein CbrT was found to transport
corrinoids in Lactobacillus delbrueckii (74). Additionally, the nonspecific transporter BacA can
transport cobalamin bidirectionally in Mycobacterium tuberculosis (75, 76). It remains unknown
whether these transporters are specific for particular corrinoids.

Research on corrinoid uptake in Bacteroides species has introduced additional components of the
Btu system. BtuG is an outer membrane protein that binds cobalamin and cobinamide with
remarkably high (femtomolar) affinity and is thought to transfer extracellular corrinoids to BtuB
for transport (77, 78). BtuH is a cobalamin-binding protein found in Bacteroides that has no
known function but is often encoded in operons containing BtuB (79). BtuM, an inner membrane
protein in Thiobacillus denitrificans, has the ability to transport cobalamin and is thought to
decyanate it (80).

The influence of transport on corrinoid preferences has been studied mostly in Bacteroides
species. Most human gut Bacteroides genomes contain multiple btuB paralogs with highly
divergent sequences, suggesting they may be specialized for different corrinoids (68). These
paralogs can confer corrinoid-dependent competitive advantages for cells grown with different
corrinoids (see section 5.2).

1.3.4 Adenosylation occurs following uptake

Adenosylation is a step in biosynthesis that readies corrinoids for catalysis by enzymes that use
cobamides with a deoxyadenosyl upper ligand (adenosylcobamides, Fig. 1.1A) (16). The
reactivity of adenosylcobamides, which uniquely enables them to facilitate radical chemistry,
also makes the upper ligand labile, dissociating readily upon exposure to light (46, 81). Thus, the
most common form of cobalamin in the environment is hydroxocobalamin (OHCb]) (82).
Cyanocobalamin, the vitamin form of cobalamin, has a more stable cyanide ion as the upper
ligand (Fig. 1.1A).



Most bacteria adenosylate imported corrinoids via one of three types of adenosyltransferases,
which vary in sequence and bind substrates in different conformations. These enzymes, present
in 76% of sequenced bacterial species, have been mostly studied in Salmonella enterica, which
encodes all three classes: CobA, EutT, and PduO (23, 83). CobA is involved in the de novo
synthesis of AdoCbl, while EutT and PduO are co-expressed with adenosylcobamide-dependent
enzymes required for the metabolism of specific substrates (83). An additional function of
adenosyltransferases is that of chaperones that deliver the adenosylcobamide to cobamide-
dependent enzymes (83, 84), which may explain their genetic association with specific
cobamide-dependent metabolic processes.

The ability of bacteria to use diverse corrinoids suggests adenosyltransferases can act on many
different corrinoids, but this has yet to be verified. In support of this inference, corrinoids with
different lower ligand structures can be recovered in their adenosylated form from a B. subtilis
btuFCDR overexpression strain cultured with cyanated corrinoids (47). Further, mutations that
increase expression of the adenosyltransferase BtuR enable E. coli to grow more robustly with a
less-preferred corrinoid (85). These observations suggest that bacteria can adenosylate diverse
corrinoids, and that adenosylation may play a part in defining bacterial corrinoid preferences.

1.3.5 Remodeling enables conversion of different cobamides to a preferred form

Corrinoid-dependent organisms are reliant on the corrinoids available in their environment,
which could pose a vulnerability if their preferred corrinoids are unavailable. Thus, some
bacteria, archaea, and microalgae have developed cobamide remodeling as a strategy to make
use of any available cobamide, regardless of its structure, while avoiding the metabolic burden of
de novo biosynthesis. Remodeling involves removing a portion of the nucleotide loop, including
the lower ligand, and replacing it with a different lower ligand (61, 86). The three remodeling
enzymes characterized to date are each unique in their sequence, structure, reaction catalyzed,
and substrate specificity (61). CbiZ hydrolyzes the amide bond in the nucleotide loop and is the
most widespread, found in diverse bacteria and archaea (86, 87). CbiR, which hydrolyzes the
ribose-phosphate bond in the nucleotide loop, was discovered in A. muciniphila, and homologs
are present in a number of bacterial species (40). Following the CbiZ or CbiR hydrolysis
reaction, additional enzymes involved in the final steps of corrinoid biosynthesis are required to
rebuild the cobamide with a more favorable lower ligand. A third remodeling function has been
discovered in Vibrio cholerae. A variant form of CobS, an enzyme required for the final step in
corrinoid biosynthesis, is involved in “direct remodeling” by both removing and replacing the
lower ligand in a cobamide (88, 89). The differences among the three remodeling enzymes
suggest that each evolved independently from the others (40), highlighting the importance of
lower ligand structure on bacterial fitness. A fourth remodeling enzyme likely exists in algae but
has not been identified (90), further reinforcing microbes’ need to obtain corrinoids that function
robustly in their metabolism. The ability of microbes to alter corrinoid structure could impact
environmental corrinoid profiles.

1.3.6 Regulation of corrinoid-dependent processes is mediated by riboswitches

Bacteria rely on a fine-tuned and rapid regulatory mechanism to respond to changing corrinoid
availability. Riboswitches, segments of mRNA that regulate gene expression by directly binding
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to an intracellular metabolite, are the predominant method of corrinoid-responsive regulation in
bacteria (91, 92). Most corrinoid riboswitches are involved in maintaining homeostasis by
reducing the expression of genes that become unnecessary when corrinoids are present in excess,
such as those involved in corrinoid transport, biosynthesis, and corrinoid-independent redundant
pathways (92-95).

While most riboswitch classes are defined by their ability to recognize a single molecule with
high specificity, corrinoid riboswitches have the unique ability to respond to corrinoids with
different lower ligand structures (47). Two corrinoid riboswitch classes are defined by their
affinity for corrinoids with either a large (5’-deoxyadenosyl) or small (methyl, cyano, and aquo)
upper ligand (93, 96, 97). Likewise, riboswitches can be classified into two subclasses based on
their affinity for different lower ligands. The “promiscuous” subclass responds equally to Cbi
and to cobamides with various lower ligands, while the “semi-selective” subclass responds only
to certain cobamides and displays preferences for specific lower ligands (47). For one riboswitch
studied in depth from Priestia megaterium, the corrinoid responsiveness is tuned to the
preferences of the organism’s cobamide-dependent enzyme (47). This suggests that bacteria have
evolved to maintain a delicate balance between regulation and function in order to respond to
different corrinoids in their environment.

Though the majority of corrinoid riboswitches repress gene expression to maintain homeostasis,
a riboswitch that activates gene expression in response to corrinoids was recently discovered.
This riboswitch responds preferentially to Cbi and regulates the expression of cobT, a gene
required for activating the lower ligand before attachment to a precursor derived from Cbi (98).
Thus, the riboswitch is tuned for maximal activation in response to a CobT substrate. Additional
corrinoid riboswitches have been found upstream of unknown genes and genes involved in
processes not known to use corrinoids (95), suggesting there is more to learn about corrinoid-
based regulation and function.

1.4 The organismal scale: Defining ecological roles of individual organisms

The corrinoid-specific metabolism an organism encodes at the molecular scale influences growth
and metabolic capabilities at the organismal scale. In this section, we use the categories of
“dependent,” “independent,” and “producer” as a framework for nutrient interactions between
species. Each of these roles can be defined genomically based on the presence or absence of
specific genes, and experimentally based on the results of laboratory growth assays (99). A new
subcategory of producers, “providers,” has been differentiated by the ability to release corrinoids
to the extracellular environment (31, 99, 100). While corrinoid metabolism is common to

organisms in all three domains, it has been most extensively characterized in bacteria.
1.4.1 “Dependents” use but cannot synthesize their own corrinoids

Dependents are defined as organisms that carry out corrinoid-dependent processes but cannot
synthesize corrinoids. While the term “auxotroph” refers to organisms with an absolute
requirement for a nutrient they are incapable of synthesizing, the dependent category additionally
includes those for which the nutrient expands the organism’s metabolic capabilities. Dependents
can be characterized genomically based on the presence of one or more genes encoding
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cobamide-dependent enzymes and absence of a complete set of genes necessary for biosynthesis
(23). Experimentally, they can be defined as organisms that grow or carry out a particular
metabolic process only when a corrinoid is provided (99). Corrinoid dependence is widespread,
including most eukaryotes and approximately half of bacterial species (11, 23). Corrinoid
“salvagers” are a subset of dependents that import and use corrinoid precursors to synthesize
cobamides (see section 3.2).

Dependence can vary based on which cobamide-dependent reactions an organism carries out.
First, some organisms encode corrinoid-dependent functions that are not essential, but enable
them to access certain resources when corrinoids are available (23, 101). This is the case for the
catabolism of ethanolamine, propanediol, and certain amino acids, which are not available in all
environments, but having the ability to use them as a nutrient source represents an opportunity
for niche expansion (102). In addition, corrinoid-independent alternatives exist for some
corrinoid-dependent pathways such as methionine synthesis and ribonucleotide reductase (23,
103—-106). Compared to some cobamide-dependent enzymes, the cobamide-independent
alternatives can be less resilient because of an inability to function under certain stress conditions
(107-111). This suggests an evolutionary tradeoff between reliance on external corrinoids or
corrinoid-independent alternatives that function in limited conditions. Finally, the cobamide-
dependent epoxyqueuosine reductase QueG, which catalyzes a post-transcriptional tRNA
modification, can be inactivated without an observable growth phenotype in E. coli (41), despite
its presence in over half of sequenced bacterial species (23). Given that bacteria exist that lack
cobamide-dependent enzymes except QueG (23), QueG may have an unknown but important
role under environmental conditions that are not mimicked by laboratory culture.

Organisms with no cobamide-dependent enzymes and no biosynthesis pathway are considered to
be corrinoid-independent (23). They can be defined genomically by the absence of cobamide-
dependent enzymes and biosynthetic genes, and experimentally by growth without added
corrinoid and the absence of corrinoid production (99).

1.4.2 “Producers” synthesize corrinoids de novo

Corrinoid producers are defined genomically as encoding a complete biosynthesis pathway, and
experimentally, by detecting corrinoids in microbial cultures without corrinoid supplementation
(23, 99). Until recently, all genomically predicted producers were found to encode one or more
cobamide-dependent enzymes in their genomes (23); the one exception is a soil archaeal
metagenome-assembled genome (112). Many producers have corrinoid uptake genes which
presumably allow them to circumvent the energetic burden of corrinoid biosynthesis by
importing corrinoids when available and downregulating biosynthesis (68).

Corrinoid producers typically synthesize a single corrinoid, though some produce two or more,
including organisms that produce different corrinoids under different conditions. An example of
the latter is Propionibacterium freudenreichii, which synthesizes the corrin ring via the anaerobic
pathway and the lower ligand DMB via the oxygen-dependent synthase BluB (113, 114). This
leads to production of [Ade]Cba under anoxic conditions and cobalamin under microoxic
conditions (113—115). Because corrinoid structure can depend on the growth condition, it



remains unknown which corrinoids microbes produce in their natural communities where
conditions differ from laboratory culture.

In the laboratory, most producers can attach non-native lower ligands, including synthetic lower
ligands, when they are added to growth media. This process is known as guided biosynthesis and
was initially developed for production of commercially unavailable corrinoids (20, 66, 116).
Guided biosynthesis can enable a producer to synthesize a corrinoid that functions more
efficiently for its metabolism than its native corrinoid (117). Conversely, guided biosynthesis can
result in production of a corrinoid that does not efficiently support metabolism, resulting in
growth arrest (35, 118-120). Because DMB has been detected in soil (82), and DMB and other
benzimidazoles have been found in multiple environments, it is possible that guided biosynthesis
occurs in natural environments (121). Thus, production of free lower ligand bases, coupled with
guided biosynthesis by producers, may influence the structures of corrinoids produced in
microbial communities.

1.4.3 “Providers” are the subset of producers that share corrinoids with other microbes

Producers are the only source of corrinoids for dependents, yet the corrinoids they synthesize are
not always available to other community members. Experiments with producer bacteria isolated
from marine and soil environments found that only a subset of producers release corrinoids into
culture supernatants or support dependent growth in coculture (99, 100). These producers form
the novel subcategory of “providers” (31, 99, 100). Corrinoid providers likely play a key
ecological role because they sustain dependents in communities.

The mechanisms of corrinoid release from provider cells remain unknown. Bacteriophage lysis
has been proposed as a general mechanism of releasing intracellular nutrients, based on the
ability of phage lysates to robustly support the growth of certain amino acid auxotrophs (122)
and the temporal correlation between prophage induction of a marine Roseovarius and corrinoid
providing to Colwellia (32). Additionally, the general transporter BacA was recently found to be
capable of transporting cobalamin bidirectionally, suggesting it could mediate corrinoid release
(75). Finally, it is possible that corrinoids leak out of cells or are actively exported, possibly to
protect cells from harmful buildup of corrinoids or to support the growth of a mutualistic partner
(123). When corrinoid providing is part of a co-evolved mutualism, specific partners may trigger
corrinoid release through chemical or physical signals (25, 28).

1.5 The community scale: Corrinoid-based interactions among microbes in
laboratory cocultures and natural communities

While 86% of all sequenced bacterial species are predicted to use corrinoids (23), only 21% to
53% are predicted producers across different environments (Fig. 1.1D) (22, 23, 68, 95, 112, 124,
125). This disparity suggests that few producers support the majority of the community through
corrinoid production and release. Without access to corrinoids, many corrinoid-dependent
bacteria would presumably cease to fulfill their ecological roles. Thus, it stands to reason that
corrinoid-sharing interactions are essential for microbial community function. Corrinoid sharing
has been studied in co-cultures and in multi-member communities.
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Research on corrinoids at the molecular and organismal scales has enabled genomic predictions
and hypotheses about corrinoid-based interactions at the community scale. Metagenomic
analyses of soil, ocean, and skin microbial communities have revealed that producer species are
relatively scarce, while dependent species abound (Fig. 1.1D) (22, 23, 68, 82, 95, 112, 124-126).
While the focus of these studies is on ratios of species, more work is needed to understand the
relationships between producers and dependents in different environments. The low ratio of
producer to dependent species, which means an even lower ratio of providers to dependents,
suggests that on average, each provider supports the corrinoid-dependent metabolism of several
dependents. However, these studies analyzed corrinoid metabolism at the species level but did
not account for the population size of each species. While a minority of bacterial species are
corrinoid producers, it is possible that these species are present in high abundances in certain
environments. Future research should elucidate the ratio of producer to dependent cells in
communities.

1.5.1 Corrinoids are shared between producers and dependents in coculture

Laboratory co-cultures have demonstrated that corrinoid sharing occurs between pairs of
microbes (24, 27, 29, 31). Several algae-bacteria co-cultures provide examples of corrinoid-
mediated symbioses; bacteria provide a corrinoid to algae in exchange for nutrients such as fixed
carbon or other B vitamins (25, 28). Bacteria have also been shown to provide corrinoids to other
bacteria, which can have implications for environmentally relevant processes such as
methanotrophy and bioremediation by allowing for growth of corrinoid-dependent organisms
responsible for carrying out these processes (27, 30, 33). In addition to interactions between
producers and dependents, two recent examples provide evidence of cooperation between
salvager and dependent microbes. One study used engineered E. coli strains to show that a
salvager could provide cobalamin to a dependent and support its growth (26). A second study on
marine bacteria showed that two bacterial strains, one that provided a-ribazole and another that
provided Cbi, cooperated to support each other’s growth and that of a corrinoid-dependent
diatom (32). These examples of cooperation by sharing corrinoids and corrinoid precursors
illustrate that corrinoid sharing can occur between two microbes and suggest it could be an
important feature of interaction networks in complex communities.

1.5.2 Microbial communities are shaped by corrinoid preferences

Given that the growth of individual bacteria is influenced by corrinoid structure (39) (Fig. 1.1E,
F, G), an outstanding question is whether corrinoids can influence bacterial growth in the context
of a community. It stands to reason that an increase in abundance of a certain corrinoid could
alter the composition of a community by conferring a growth advantage to the microbes that
prefer it. One study presented functional links between corrinoid transport and competition
between bacteria (68). When mutants of B. thetaiotaomicron containing a single btuB paralog
competed in media containing different corrinoids, clear corrinoid-specific advantages were
conferred by different bruB paralogs (68). In Bacteroidetes, bfuB homologs are highly divergent
and are often found on mobile genetic elements (68, 127), suggesting that genetically sampling
diverse btuB homologs among a population is advantageous. These observations suggest that
competition for corrinoids is important for shaping gut microbial communities.
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Recent studies have shown the effects of adding corrinoids to different microbial communities,
though most have focused only on the impact of adding cobalamin. In ocean mesocosms,
cobalamin addition altered community composition at the phylum level (128). In mice,
cobalamin supplementation resulted in a dramatic decrease in Bacteroidetes and had minimal
effects on other taxa in the gut (129). Additional studies that compared cobalamins with different
upper ligands found that the upper ligand can also affect community composition, particularly
Bacteroidetes levels (130, 131). Dramatic changes in the abundance of Bacteroidetes are
consistent with the observation that organisms in this phylum are broadly corrinoid-dependent
(23). Further, decreases in Bacteroidetes upon the addition of cobalamin may reflect a low
preference for this corrinoid. The impact of adding cobalamin may be due to gut environments
containing relatively low levels of cobalamin and other benzimidazolyl cobamides (19, 66, 67),
though the corrinoid composition of the gut environments in these studies were not measured.

To date, one study has investigated the impact of lower ligand diversity on microbial
communities (112). In microcosms derived from a grassland soil, where cobalamin is the most
abundant corrinoid, the addition of corrinoids other than cobalamin resulted in a significant but
transient shift in the bacterial 16S community composition. Similarly, in enrichment cultures
derived from the same soil, 20% of microbial orders were influenced by corrinoid treatment
(112). These results indicate that soil microbial communities respond to corrinoids not already
present in their environment but recover from these perturbations over time. The marked effect
of adding different corrinoids highlights the influence of corrinoid structure on bacterial growth,
even in a complex community where numerous metabolic processes occur. Corrinoid amendment
studies showcase the importance of corrinoids for bacterial growth and validate the utility of
corrinoids as model nutrients. Building on this knowledge by dissecting how corrinoid addition
influences individual microbes that shape the community could lead to future applications of
corrinoids as tools to modulate community structure and function.

1.6 Corrinoids as a model for interaction studies across scales

In this review, we have demonstrated how the molecular, organismal, and community scales
build on each other to provide a framework for understanding nutrient sharing interactions.
Figure 1.2 illustrates how the model nutrient approach contributes to the understanding of
microbial community interactions across scales of complexity. Using the corrinoid model,
characterization of corrinoid production and use at the molecular scale enabled the development
of the producer/dependent framework, which in turn serves to define interactions at the
community scale. Thus, the corrinoid model has begun to generate a deeper understanding of
microbial community interactions. Outstanding questions remain at each scale that represent
areas for future research.

At the molecular scale, the ability to make sequence-based predictions about an organism’s
corrinoid preferences remains elusive. Although clear patterns have been observed in the
structure-function relationships between corrinoid structure and binding to enzymes, identifying
specific sequence motifs that confer these corrinoid preferences has not yet been achieved.
Developing tools to predict corrinoid preferences for cobamide-dependent enzymes, transporters,
and riboswitches will enable better predictions of metabolic interactions and ecological roles in
communities.
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At the organismal scale, many microbes encode both a cobamide-dependent enzyme and its
cobamide-independent counterpart — for example, both methionine synthase genes metE and
metH are found in 43% of bacterial genomes (23) — but the advantage of having both is
unknown. Biochemical studies have shown that the cobamide-dependent methionine synthase is
more efficient than its independent counterpart, and loss of METE confers a fitness advantage in
the alga Chlamydomonas reinhardtii, suggesting a tradeoff between reliance on an externally
supplied corrinoid and use of an inefficient enzyme (107, 132). Alternatively, it may be
beneficial to have more than one enzyme capable of performing the same function. Additionally,
while bacterial corrinoid biology is well characterized, knowledge about archaeal corrinoid
biology lags behind, despite genomic evidence that archaea may represent a large proportion of
corrinoid producers (133, 134).

Additional questions remain regarding the evolution of nutritional dependence that may be
answered by continued investigation of corrinoid production and dependence. How the roles of
producer and dependent emerge and are maintained are complex questions that require further
study. The evolution and maintenance of nutritional dependence is supported by the Black Queen
hypothesis, which suggests that the loss of the corrinoid biosynthesis pathway may be favored
when corrinoids are made available by producers (135), though it is still not known how
corrinoids are released from cells. Likewise, corrinoid structural diversity can be explained by
the nutrient encryption hypothesis (136), which proposes structural diversification as a way to
limit other organisms from accessing a nutrient. The impact of diverse corrinoids on community
structure also requires further study. Ongoing work suggests that corrinoids could be used to
modulate microbial communities by leveraging bacterial corrinoid preferences to promote or
inhibit growth of specific organisms. Probing interaction mechanisms in increasingly complex
synthetic consortia will be an important step toward this goal.

While application of the model nutrient approach at the three scales we have presented has
offered extensive knowledge about microbial interactions, we have yet to apply the model to
understand the effects of interactions beyond the community level. Microbial community
interactions are known to impact the ecosystem scale by influencing host health and global
nutrient cycling (Fig. 1.2). Future work across scales will likely reveal how corrinoid-based
microbial community interactions impact host and ecosystem processes, expanding the corrinoid
model to new scales.
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Figure 1.2. The corrinoid model increases understanding of nutritional interactions across scales.

Acknowledgements

We thank Bernhard Kréutler, Eleanor Wang, and Kenny Mok for pointing us to foundational
literature. We thank members of the Taga Lab for helpful discussions and Kenny Mok, Eleanor
Wang, Dennis Suazo, Farrah Sherdil, and Zachary Hallberg for critical reading of the manuscript.
This work was supported by NIH grant R35GM 139633 to MET.

14



2. Phylogenetic distribution and experimental
characterization of corrinoid production and dependence in
soil bacterial isolates

Zoila I. Alvarez-Aponte,! Alekhya M. Govindaraju,' Zachary F. Hallberg,' Alexa M. Nicolas,!
Myka A. Green,' Kenny C. Mok,! Citlali Fonseca-Garcia,!* Devin Coleman-Derr,'-* Eoin L.
Brodie,>* Hans K. Carlson,? and Michiko E. Taga'*

! Department of Plant & Microbial Biology, University of California, Berkeley, Berkeley, CA, USA

2 Climate and Ecosystem Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA
3 Plant Gene Expression Center, USDA-ARS, Albany, CA, USA

4 Department of Environmental Science, Policy and Management, University of California, Berkeley,
Berkeley, CA, USA

Corresponding author: Michiko E. Taga, Department of Plant and Microbial Biology, University of
California, Berkeley, 111 Koshland Hall, Berkeley, CA 94720, USA. taga@berkeley.edu

Published in The ISME Journal, 2024
Supplementary tables can be found with the published manuscript online at
https://doi.org/10.1093/ismejo/wrac068

Abstract

Soil microbial communities impact carbon sequestration and release, biogeochemical cycling,
and agricultural yields. These global effects rely on metabolic interactions that modulate
community composition and function. However, the physicochemical and taxonomic complexity
of soil and the scarcity of available isolates for phenotypic testing are significant barriers to
studying soil microbial interactions. Corrinoids—the vitamin B2 family of cofactors—are
critical for microbial metabolism, yet they are synthesized by only a subset of microbiome
members. Here, we evaluated corrinoid production and dependence in soil bacteria as a model to
investigate the ecological roles of microorganisms involved in metabolic interactions. We
isolated and characterized a taxonomically diverse collection of 161 soil bacteria from a single
study site. Most corrinoid-dependent bacteria in the collection prefer Bi2 over other corrinoids,
while all tested producers synthesize Bi2, indicating metabolic compatibility between producers
and dependents in the collection. Furthermore, a subset of producers release Bi2 at levels
sufficient to support dependent isolates in laboratory culture at estimated ratios of up to 1,000
dependents per producer. Within our isolate collection, we did not find strong phylogenetic
patterns in corrinoid production or dependence. Upon investigating trends in the phylogenetic
dispersion of corrinoid metabolism categories across sequenced bacteria from various
environments, we found that these traits are conserved in 47 out of 85 genera. Together, these
phenotypic and genomic results provide evidence for corrinoid-based metabolic interactions
among bacteria and provide a framework for the study of nutrient-sharing ecological interactions
in microbial communities.
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2.1 Introduction

Microorganisms engage in metabolic interactions that collectively define ecological networks in
communities (4). Microbial interactions can be key mediators of community function, and
disruptions to interactions can restructure whole communities (137, 138). Thus, it is crucial to
disentangle microbial interactions and generate a predictive understanding of nutritional
influences on communities and, in turn, on the environment.

Experimental and computational studies have shown that microorganisms commonly lack the
ability to synthesize all of the metabolites they require (1, 139). For example, many
microorganisms are unable to synthesize certain cofactors and amino acids, and therefore must
acquire these nutrients from other organisms in the environment (5, 140, 141). As a consequence,
microbial communities are composed of “producer” and “dependent” organisms that synthesize
and require a given nutrient, respectively. The complexity of microbial communities is due, in
part, to this network of interactions arising from interdependence among microorganisms that
produce and require a range of different nutrients. Such interdependence may develop because
loss of biosynthesis genes can be evolutionarily favored in contexts where required nutrients are
abundant in the environment or can be acquired from other microorganisms (107, 135).

Investigating the molecular mechanisms and community impacts of nutritional interactions is
challenging for many reasons. First, many microbial communities are functionally diverse and
contain numerous metabolites that are produced, used, and chemically transformed by
community members. Second, while some metabolic capabilities can be inferred from genomic
data, these analyses currently lack spatial and temporal resolution, making it difficult to predict
how interactions among community members may be impacted by the metabolic activities of a
single microbe. Third, because most microorganisms have not been isolated in pure culture
(142), metabolic predictions of the uncultured majority have yet to be confirmed. The challenges
common to microbiome studies are amplified in soil due to its taxonomic diversity, physical and
chemical heterogeneity, and environmental fluctuations, as well as disturbances due to animal or
human activities (143—145). Nonetheless, generating mechanistic knowledge of nutrient cycling
in soil communities is essential because of their broad impacts on the health of our planet (146,
147). We address these challenges by studying the ecological roles of microorganisms in relation
to one class of model shared nutrients in a collection of newly isolated soil bacteria.

We took a reductionist approach to investigate nutrient production and dependence by focusing
on corrinoids as a representative class of shared metabolites. Corrinoids are produced by a subset
of bacteria and archaea and include the vitamin Bi2 (cobalamin) family of cobalt-containing
cobamide cofactors and their biosynthetic precursors (Fig. 2.1A). Corrinoids are required
cofactors for methionine synthesis and propionate metabolism in most eukaryotes, and
additionally are used by prokaryotes for other diverse processes such as mercury methylation,
natural product biosynthesis, nucleotide synthesis, and numerous carbon and nitrogen
transformations (7). Corrinoid-sharing interactions between producer and dependent
microorganisms have been observed in laboratory co-cultures of bacteria (27, 30, 33), bacteria-
microeukaryote pairs (28, 100, 148), and in higher-order consortia (149), and are thought to be
prevalent in the gut microbiome (141).
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Computational predictions further support the hypothesis that corrinoids are broadly shared, as
37% of sequenced bacterial species are predicted corrinoid producers and 49% are dependents
(23). The remaining 14% are predicted not to produce or use corrinoids, fulfilling their metabolic
needs via corrinoid-independent pathways, and are therefore considered “independents” (Fig.
2.1B) (23). Given that dependents and producers coexist in the same environments (22, 112,
126), we hypothesize that many sharing interactions have yet to be described.

An aspect of corrinoids that influences their function as shared nutrients is their structural
diversity (Fig. 2.1A), which has been shown to impact function: microbial preferences for
particular corrinoid structures are apparent in their differential growth responses to corrinoids (7,
90). Distinct groups of corrinoids have been detected in a variety of host-associated and
environmental microbial communities, suggesting that microorganisms encounter diverse
corrinoids in nature (19). Because most corrinoids are not commercially available, nearly all
research on corrinoids has been performed only with Bi2 (7). Given that some microorganisms
require corrinoids other than Bi2 (35), it is likely that novel bacteria that could not have been
isolated on Bi2 will be culturable on other corrinoids.

In this study, we investigated the impact of corrinoid structure on bacterial growth and isolation
from a California annual grassland soil. We generated a diverse collection of soil bacterial
isolates and experimentally confirmed that all three predicted corrinoid metabolism categories —
producer, dependent, and independent — are represented in the soil microbial community. Further,
the structure and amount of corrinoid released by some producers is compatible with the
requirements of corrinoid-dependent isolates, suggesting that corrinoid sharing can occur
between these bacteria in soil. A broad analysis of bacterial genomes revealed that it is possible
to classify some bacterial taxa as corrinoid producers, dependents, or independents based on
phylogeny alone. Our results provide an ecological framework for understanding nutritional
interactions in soil through the lens of corrinoids.

2.2 Results

2.2.1 Generating a collection of 161 bacterial isolates from soil

To generate a collection of soil bacterial isolates with a diversity of corrinoid requirements, we
performed the limiting dilution method (150) in 384-well plates containing media with one of six
different corrinoids (Fig. 2.1A) or no corrinoid. The isolation was performed in two rounds (Fig.
2.2, Nov 2019 and Apr 2021). In the first isolation, 8,064 inoculated wells yielded only 2.4% of
wells with detectable growth. 16S rRNA gene sequencing of the resulting cultures revealed that
78% were clonal. In the second isolation round, 8,064 wells were inoculated and 37% contained
detectable growth, yet only 5.8% of cultures were clonal. By statistical metrics alone, we
expected 80% of cultures to be clonal when 30% of wells contained detectable growth. These
results suggest that smaller soil inocula lead to more clonal cultures, possibly because cell
aggregation is more prevalent in soil than in the gut environment, where the same method led to
the statistically predicted result (150). 20 phyla were found in the total collection (Fig. 2.3), but
after selecting clonal cultures, reviving them from frozen stocks, purifying, and archiving, our
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collection contained 161 bacterial isolates, representing four phyla, which were used for
subsequent analyses (Fig. 2.2).
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Figure 2.1. Diversity of corrinoid lower ligands and metabolic roles. (A) Chemical structure of
cobalamin (B12), lower ligands of other corrinoids used in this research, and 3-letter abbreviations. From
the top, 2-methyladeninylcobamide (2MA), 5-hydroxybenzimidazolylcobamide (SOH),
adeninylcobamide (ADE), and cresolylcobamide (CRE). Cobinamide (CBI), shown on the left, is an
incomplete corrinoid that does not contain a lower ligand. (B) Corrinoid metabolism categories include
producers, dependents, and independents. Producers may release corrinoids (dashed line). These
categories can be assigned based on experimental results, denoted with superscript E, and genomic
analysis, denoted with superscript G, as summarized in the table. *In principle, producers® are defined
based solely on the presence and completeness of the biosynthesis pathway, but all corrinoid producer®
genomes examined thus far encode one or more corrinoid-dependent enzymes (23).
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Figure 2.2. Overview of the experimental procedure. Soil bacteria were isolated by the limiting

dilution method on media containing different corrinoids. Growth was detected based on ODsoo and clonal
isolates were distinguished from mixed cultures by 16S rRNA gene sequencing. After several purification
steps, the final isolate collection contains 161 clonal isolates, of which 92 were successfully characterized

as corrinoid producer®, dependent®, or independent®.
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Figure 2.3. Phylum classification of microbes cultured by the limiting dilution method. Data are
shown from [llumina sequencing of amplicons of the 16S V4-V5 region in the second isolation batch.
5.8% of these zOTUs were found to be in clonal wells, while the majority of wells contained two or more
zOTUs.

The isolate collection is dominated by the phyla Proteobacteria and Actinobacteria, with fewer
representatives from the Firmicutes and Bacteroidetes phyla (Fig. 2.4). This is similar to the
relative abundances observed in bulk soil, where Proteobacteria and Actinobacteria are the
dominant phyla (151-153). Of the 161 isolates, 23% (37 isolates) were considered to be novel
species (154). The collection comprises 31 genera and 121 unique 16S rRNA gene sequences,
with 11 genera each represented by a single isolate and three genera represented by 18 or more
isolates. Despite this diversity, we have not sampled the bacterial diversity in this soil
exhaustively (Fig. 2.5).

2.2.2 Taxonomic and phenotypic characterization of the isolate collection

To investigate whether there were phylogenetic trends for the observed phenotypes, we
constructed a phylogenetic tree of the isolate collection annotated with the characteristics of each
isolate (Fig. 2.4, Supplemental Table 4). We did not observe strong phylogenetic trends in the
time required for each isolate to reach saturating growth, except that some clades of
Proteobacteria contained only fast-growing isolates. Similarly, we did not observe a correlation
between phylogeny and the corrinoid used for isolation. An exception was a clade of producers
within Proteobacteria, all Sphingomonas, that were isolated on B12. The number of isolates
recovered in B12, 5OH, and 2MA was higher than the number of isolates in the no corrinoid
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(NOC) condition, while ADE, CBI, and CRE led to the recovery of fewer isolates than NOC
(Fig. 2.4).

2.2.3 Classifying corrinoid metabolism phenotypes in the isolate collection

We experimentally classified each isolate as a corrinoid producer, dependent, or independent. We
first assessed growth in the presence and absence of corrinoid. Isolates that stopped growing
following serial transfer into media without corrinoid were classified as dependentsE. Isolates
that could grow in the absence of corrinoid were tested for corrinoid production using an E. coli-
based corrinoid detection bioassay (20) to distinguish producers® from independents® (Fig. 2.1B;
see Materials and Methods). Based on these results, all three categories are represented in the
isolate collection, with the majority (64%) classified as producers®, and 14 (15%) classified as
dependents® (Fig. 2.4). The abundance of producersF in our collection contrasts with genome-
based predictions that dependents outnumber producers across bacteria and specifically in soil
(23, 112, 155).

To investigate potential phylogenetic trends in corrinoid metabolism categories, we overlaid the
experimentally determined corrinoid phenotypes onto the phylogenetic tree (Fig. 2.4). At the
phylum level, we observed mixed phenotypes. For example, all three categories are represented
among characterized Actinobacteria and are interspersed across several clades. In contrast, in the
Proteobacteria the corrinoid phenotypes are largely consistent with phylogeny. Most
Proteobacteria clades are composed of only producer isolates, aside from one clade containing
genera Phenylobacterium and Caulobacter that is composed of only dependents, while in a few
other clades the phenotypes are interspersed. Thus, while trends are seen in some closely related
isolates, large-scale phylogenetic trends in corrinoid phenotype are not apparent.

2.2.4 Corrinoid metabolism is conserved in a subset of genera, enabling taxonomy-based
metabolic predictions

Although we did not observe strong phylogenetic trends for corrinoid metabolic categories in our
isolate collection, we hypothesized that trends might exist across the bacterial domain at large.
The existence of strong phylogenetic patterns for corrinoid metabolic categories would enable
the prediction of corrinoid metabolism based solely on phylogeny, and having an isolate
collection would allow us to confirm these predictions. We analyzed our previously published
corrinoid metabolism classifications for over 11,000 bacterial species (23) to distinguish between
the competing hypotheses that 1) corrinoid production, dependence, and independence show
strong phylogenetic trends, enabling predictions of corrinoid metabolism based on taxonomy, or
2) corrinoid metabolism categories are phylogenetically interspersed, making it impossible to
infer corrinoid-related ecological roles based solely on taxonomy. In our previous study, trends
were not apparent at the phylum level except in the Bacteroidetes, which were nearly all
dependents© (23). Therefore, we aimed to evaluate trends at lower taxonomic levels, starting
with the genus level.

We searched for phylogenetic trends among the 85 genera in our dataset and classified each
genus as producerS, dependent® or independent® when possible. A corrinoid metabolism
category could be assigned with high confidence for 47 out of 85 genera (Fig. 2.6, Supplemental
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Table 5). In the remaining 38 genera, a single corrinoid metabolism category does not
predominate, so corrinoid metabolism classifications could not be made.

Phylum

[ Actinobacteria (55)
[ Firmicutes (18)
[l Protecbacteria (82)

[ Bacteroidetes (6)
Time to saturating growth
B 240 (62)
Il 48nh 48)
[ 168 (25)
[ ] 336h (26)
Isolation corrinoid

B 812 (34)
B 2va26)
B s0H (33)
B ~oE (18)
B crE(13)
[ cBi(14)
[l No corrinoid (23)

» B %

Ow

Corrinoid phenotype
[ ] Dependent® (14)
[l Producer (59)

Y Independentt (19)
O Inconclusive (19)
Bootstrap

0.8
0.85
0.9
0.95
1

Figure 2.4. Overview of the isolate collection. A phylogenetic tree was built from the full-length 16S
rRNA gene sequences of the isolates. The six- to seven-character ID is shown for each isolate. Light
purple circles show bootstrap values above 0.8. Rings from the inside out show, for each isolate, (1)
phylum as identified by SILVA taxonomy, (2) time to saturating growth determined from growth curves,
(3) the corrinoid used in the isolation medium, and (4) the experimentally determined corrinoid
metabolism category. Isolates with no symbol on the fourth ring were not tested due to slow or
inconsistent growth. Numbers in parentheses correspond to the number of isolates belonging to each
category.
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Figure 2.5. Collector’s curve for the final isolate collection. The curve shows that our isolation effort
was far from saturating the bacterial diversity of this soil.

To evaluate trends across higher taxonomic levels, we mapped the genomic predictions onto a
phylogenetic tree constructed from the full 16S rRNA gene sequences of the type species for
each genus (Fig. 2.6, Fig. 2.7). As expected, five of the six Bacteroidetes genera were predicted
to be dependent® and the sixth Bacteroidetes genus (Porphyromonas) has a small percentage of
independent® species. We observed phylogenetic trends at levels higher than the genus level in
some cases. The Actinobacteria form two distinct clades, one dominated by producers® (clade I
in Fig. 2.6) and the other by independents® (clade II). No Actinobacteria genera were classified
as dependents®, although some genera have low percentages of dependent species. All genera in
one Proteobacteria clade are classified as producers© (clade III), with the notable exception of
Bartonella, which has undergone genome reduction (156) and is classified as independent®.
However, other Proteobacteria clades were mixed, aside from a few sister taxa that share
corrinoid genotypes in some instances, such as Bradyrhizobium and Methylobacterium which are
both producersS and Xanthomonas and Lysobacter, which are both dependents®. For phyla that
had fewer genera, the few classified genera were independent®. This may be due to a bias in the
dataset, which is composed of over 90% cultured bacteria. Because cultured bacteria tend to have
larger genomes and fewer auxotrophies than uncultured bacteria (139), they are less likely to be
corrinoid-dependent. Future analysis of metagenomes may reveal more dependence among phyla
with fewer sequenced representatives.

Upon comparing the genomic classifications to our experimental results for the isolate collection,
we found that 19 isolates belong to genera for which genomic classifications were possible. All
isolates except one matched the genomic classification (Fig. 2.6). The exception was a
Mesorhizobium isolate that was predicted to be a producer® but found to be independent®,
suggesting either that it is not capable of synthesizing a corrinoid or did not produce a detectable
amount under our growth conditions. The confirmation of our genomic classifications with
experimental data from our isolate collection lends support to the phylogenetic predictions made
for certain genera.
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Figure 2.6. Genome-based predictions of corrinoid metabolism at the genus level. The phylogenetic
tree was built from the full-length 16S rRNA gene sequences of the type species of 85 genera from the
dataset in Reference (23) that met our cutoff by having 20 species or more. The first two columns show
the phylum and the number of species analyzed for each genus, respectively, which total 10 phyla and
4,720 species. The next three columns show the percent of species in each genus predicted to belong to
each corrinoid metabolism category. A corrinoid-specific genotype is indicated if 95% or more species in
a genus belong to the same category. The columns labeled Experimental characterization show the
number of isolates in the collection found to belong to each category based on experimental results. The
unpruned tree that was used to generate the figure is shown in Fig. 2.7 and sequences obtained from the
NCBI Reference Sequence database can be found in Supplemental Table 3.

25



Borreliella burgdorferi
.Treponema medium
'{ Treponema peruense
ETreponema succinifaciens
_[—Il:ep}onemaglljini ’ .
eptospira borgpetersenii
_‘|:Lepiospira integrrogans
Chryseobacterium gleum
Flavobacterium aquatile

—
‘@ -| Pedobacter heparinus
-| Porphyromonas asaccharolytica

Bacteroides fragilis ‘
Prevotella melaninogenica

Hypnocyclicus thermotrophus
llyobacter polytropus
_:Psychrilyo acter atlanticus
{—Eetol;actleerium cetr‘ h
= usobacterium polymorphum
—‘|:Fusobaclen‘um ﬁugiealu?n
Mycoplasma mycoides
*'l Mycoplasma leachii
‘l:Mycuplasma capricolum
> Mycoplasmopsis bovigenitalium
':Mycoplasmcpsis agalactiae
Metamycoplasma hominis
'I:Metam coplasma alkalescens
—— Clostridium butyricum

L—Butyrivibrio fibrisolvens
Selenomonas

T e

P 1s polymyxa
Geobacillus stearothermophilus

1 =

Lysinibacillus boronitolerans
Bacillus subtilis
Fsmphy\uwwus aureus

Lactobacillus delbrueckii
*'l Enterococcus faecalis

Gloeomargarita

Streptococcus pﬁtcl"ngoﬁeosra

Thermosynechococcus vestitus
Acaryochloris marina

_|_ ;
jor
_[—geh_la‘locmoopidelgh rrq?jcartyi
scillochloris trichoides
=
i
Cor i

Streptomyces albus
Amycolatopsis orientalis
—Col b ium diphth
L—Gordonia bronchialis
S Rhodococcus rhodochrous
'L_rﬁuwwli asler_oldefs .
= colicibacterium fortuitum
L ycobacien
_r:
——

hococcus sphagnicola

Splruﬂna mal
-| Synechococcus elongatus
—-l Cyanobium gracile
Parasynechococcus marenigrum
T prochlorococeus marinus

Chloroflexus aurantiacus

Mycobacterium tuberculosis
Propionibacterium freudenreichii
Nocardioides albus
Micromonospora chalcea
Nocardiopsis dassonvillei
Bifidobacterium bifidum
Actinomyces bovis
Cellulomonas flavigena
Arthrobacter globiformis
Demequina rhizosphaerae
Leifsonia aquatica
:Micmhaclenurn lacticum

Calidithermus chliarophilus
EOcaanilhermus profundus
_[ Thermus aquaticus

Deinobacterium chartae

|_ CDsinnooccus wulumugiensis

ﬁsinnoo:r:\clus r:idiodurans
itrosophilus alvini
'_:erraiin.?pior tergarcus
Hydrogenimonas thermophila
Campylobacter fetus
‘:A\iaroobacter c?(aerophi\us
= Helicobacter pylori
‘:'\L\(ollinell_a succinogenes

prowazekii

Sphingomonas paucimobilis
[_:Sphingohium yanoikuyae

L‘:Nnvpsphingohium capsulatum
Sphingopyxis macrogoltabida

Bradyrhizobium japonicum
r _:Methylnbacte rium organophilum

Devosia riboflavina
.I Paracoccus denitrificans
Mesorhizobium loti

Rhizobium leguminosarum
Brucella melitensis
7.|:Ema|fer adhaerens

Bartonella bacilliformis

Xanthomonas campestris
I' __:L sobacter enzymogenes

eisseria gonorrhoeae

4

Cupriavidus necator

-Achromobacter xylosoxidans

Variovorax paradoxus
~1Acidovorax facilis

Burkholderia cepacia
_':Paraburkhnldena graminis
— Thioalkalivibrio versutus

—Legionella pneumophila
—Pseudomonas aeruginosa

i

L—Marinobacter nauticus
Halomonas elongata
7EPsychrobacter immobilis
Acinetobacter calcoaceticus

Pseudoalteromonas haloplanktis
Shewanella putrefaciens

LL Aeromonas hydrophila
] -l—whnn onas hy.
-| Pantoea agglomerans

Figure 2.7. Phylogenetic tree of all type species used to generate the pruned tree in figure 2.6.

gl
Citrobacter ?reundn
Eﬁréat_lahmarcescens
ebsiella pneumoniae
1 f

Enterobacter cloacae

26

bootstrap

0.8
0.85
0.9
0.95



2.2.5 Corrinoid preferences of dependent isolates reveal diverse corrinoid use capabilities

Our observation that the corrinoid used for isolation did not correlate with phylogeny (Fig. 2.4)
led us to investigate the corrinoid preferences of the 14 dependent isolates in our collection. We
measured growth in media containing a range of concentrations of different corrinoids and
calculated the corrinoid concentration that resulted in half-maximal growth (ECso); the corrinoid
with the lowest ECso is considered the most preferred (Fig. 2.8A and Fig. 2.9). The corrinoid
used for isolation was not the most preferred corrinoid in many cases, likely because the
corrinoid concentration in the isolation medium was in 100- to 1,000-fold excess of isolate
requirements (Fig. 2.8B). Further, despite our previous finding that most corrinoids other than
B12 have not been detected in this soil (19), we found that all of the isolates can use at least one
corrinoid in addition to B12, with B12 preferred by almost all isolates. ADE, CRE and CBI could
not be used at any of the tested concentrations by some isolates. These were the same corrinoids
in which we recovered the lowest numbers of isolates, suggesting that only some isolates can use
the complete corrinoids ADE and CRE as cofactors or salvage CBI to make a complete corrinoid
under our experimental conditions (62—64).

2.2.6 B12 is the main corrinoid produced by isolates in the collection and it is only provided
by a subset of producers

Given that dependents need to obtain corrinoids from producers in their community, we sought
to determine whether there is compatibility between the corrinoids produced and required by
isolates in our collection. To that end, we extracted corrinoids from cultures of 12 fast-growing
producers and analyzed them by HPLC. We detected a corrinoid by HPLC in 11 of these
producers. The other isolate showed no corrinoid signal when re-tested with the E. coli bioassay
and was reclassified as inconclusive. Comparison with authentic standards revealed that B12 was
the dominant corrinoid synthesized by the 11 tested producers (Fig. 2.10A).

Although it is unknown to what extent dependents acquire corrinoids directly from producer
cells, a recent report showed that some producers cultured in the laboratory can release
corrinoids into the growth medium (100). We used the E. coli-based bioassay to quantify the
corrinoids in culture supernatants and cell pellets of the 11 producer isolates. Seven of the
producers were found to be “providers” (100) — producers for which corrinoids were present in
the culture supernatant — while corrinoids were detected exclusively in the cell pellet fraction in
the remaining four producers (Fig. 2.10B). The amount of provided corrinoid ranged from 1.3 to
21% of the total corrinoid, and the provided amount did not correlate with the total amount of
corrinoid produced. The concentrations of provided corrinoid are 1 to 1,000 times higher than the
ECso values calculated for the dependents (Fig. 2.8B, Supplemental Table 6), suggesting that
these isolates have the capacity to provide sufficient or excess corrinoid to all of the dependents
in our collection. Thus, our measurements of corrinoid production and providing, in the artificial
conditions of laboratory culture, coupled with prior genomic studies (23, 112), support our
hypothesis that corrinoid sharing can occur within the communities of this soil.
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Figure 2.8. Corrinoid dependence in the isolate collection. (A) Representative dose-response curves
belonging to isolate 2MA 012. Lines show non-linear fit for each corrinoid (n=2). Dotted line marks the
ECso for each corrinoid and the ECs is shown when one was obtained. (B) The corrinoid concentrations
resulting in half-maximal growth (ECso) are shown for all 14 corrinoid-dependent isolates on the six
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lower bound of the confidence interval could not be determined, respectively. The phylum each isolate
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28



2MA_012
v

0.2
s
3
a
O 0.1
x
]
=

0.0 =

10 10+ 10 102 10" 10° 10" 102
[Corrinoid] (nM)
50H_017
0.2+
v

s
3
&£ 0.1
o
x
©
=

0.0+

10 104 102 102 10" 10° 10" 102

[Corrinoid] (nM)

5OH_028

T T T T T 1
105 10 102 102 10" 10° 10" 102
[Corrinoid] (nM)

B12_004
0.8
[
S 0.6+ .
8
8 T
.
x 04 ",
S v
0.2 i
0.0

T T T T T T T 1
10 105 104 10 102 10" 10° 10" 102
[Corrinoid] (nM)

CBI_018

0.0 === T T =TT 1
10 10+ 10 102 10" 10° 10" 102
[Corrinoid] (nM)

0.2

0.1+

Max ODg,

0.0

2MA_018

10 10 10 102 10" 10° 10" 10?2

[Corrinoid] (nM)

50H_020

10 10 10 102 10" 10° 10" 102

[Corrinoid] (nM)

50H_036

2MA_036_A

105 10% 10 102 107" 10° 10" 10
[Corrinoid] (nM)

50H_024_A

T T T T T T T 1
105 10 10 102 10" 10° 10" 102
[Corrinoid] (nM)

50H_039

T T T T T T T 1
10 104 10 102 10" 10° 10" 102

[Corrinoid] (nM)

B12_063

-0.05

T T T T T T T 1
J 10 10% 10 102 10" 10° 10" 102

[Corrinoid] (nM)

CRE_019

10 104 10 102 10" 10° 10" 102
[Corrinoid] (nM)

0.0

T T T T T T T 1
10 10 10 102 10" 10° 10" 102
[Corrinoid] (nM)

CBI_002

T T T T T T T 1
10 105 104 103 102 10" 10° 10" 102

[Corrinoid] (nM)

RN

2MA
50H
ADE
B12

CBI

CRE
NOC

Figure 2.9. Dose-response curves for all tested dependents reveal widespread preferences for B12.

The corrinoid used for isolation is shown in purple, and the no corrinoid condition is shown in gray. ECso

values calculated from these curves are shown in Figure 2.8B.
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Figure 2.10. Corrinoid production and providing in the isolate collection. (A) HPLC analysis of
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second complete corrinoid. (B) Quantification of corrinoids in the cell pellet (intracellular) and
supernatant (extracellular) fractions of each isolate as detected by an E. coli-based corrinoid bioassay. The
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replicates, respectively. n.d., extracellular corrinoid was not detected.

2.3 Discussion

Microbial nutritional interactions play pivotal roles in establishing community structure and
function. Characterizing and predicting the ecological roles of microorganisms as nutrient
producers and dependents can contribute to the understanding of microbial interaction networks
and their influence on the whole community. Here, we investigated the ecological roles of
microorganisms by overlaying experimental and computational approaches. We were able to
characterize specific functional roles of bacteria by focusing on a single class of model nutrients,
corrinoids, the sharing of which is thought to be widespread in microbial communities (7, 22, 23,
126). The importance of corrinoids for soil bacteria has long been recognized (155, 157-159).
Here, we report the first systematic isolation and characterization of soil bacteria on corrinoids
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other than B12, allowing us to consider the ecological roles of corrinoid producers and
dependents in the context of soil microbial ecology.

Microorganisms typically have preferences for different corrinoids that are reflected in their ECso
values (7, 36, 90). These preferences result from corrinoid transport efficiency, the affinity of
corrinoids for the enzymes that use them, and what corrinoid dependent processes are in use (36,
68, 160). Corrinoid preferences, combined with the availability of corrinoids in a given
environment and competition for corrinoids in the community, can impact microbial fitness (7).
After experimentally determining the preferences of the corrinoid-dependent bacteria in our
collection, we found that our isolates have considerably lower ECso values for their preferred
corrinoids than bacteria for which ECso measurements have previously been reported, indicating
lower corrinoid concentrations are required for growth (20, 40, 68, 161). The ECso values of our
isolates are comparable to those of aquatic algae (90, 162), some of which live in environments
with corrinoid concentrations in the picomolar range (134) (Fig. 2.8B and Table 2.1). The ability
to use corrinoids at low concentrations could be a useful adaptation to the soil environment
where corrinoids may be limiting due to the physical heterogeneity of soil microbial
communities, long distances between cells, and fluctuations in water content throughout the year,
which make nutrient availability highly variable (144, 163, 164).

All of the dependent isolates were able to use corrinoids that have not been detected in this soil
(19). The concentration of corrinoid chosen for the isolation media was four-fold higher than the
highest ECso and over 16,000-fold higher than the lowest ECso we measured, which explains
why isolates were often recovered in their non-preferred corrinoid and why we detected no
taxonomic trends in the corrinoid used for isolation. Despite the presence of excess corrinoid in
our isolation media, we recovered fewer corrinoid-dependent isolates than expected (112, 155),
which may be due to corrinoid-dependent bacteria having additional nutrient dependencies not
satisfied by our isolation medium or requiring specific partners for their survival. Indeed, in an
analysis of auxotrophies in gut microbiome genomes, most predicted B12 auxotrophs had at least
one other vitamin auxotrophy, (140) and among a set of marine isolates 10/13 B12 auxotrophs
were also auxotrophic for at least one other B vitamin (165).

When considering how our classifications of corrinoid metabolism fit into the context of soil
microbial ecology, we must consider functional diversity (166). A contemporary question
regarding microbiome function relates to whether groups of microorganisms with shared
functions are composed of phylogenetically close organisms or unrelated organisms that share
similar metabolic capabilities. Traits such as photosynthesis, methanogenesis, maximum growth
rates, and response to soil wet-up tend to be strongly correlated with phylogeny, while others,
such as use of specific carbon sources, have weak or no phylogenetic signals (167-169). Here,
we found some phylogenetic trends in corrinoid traits, but overall, the distribution of these traits
is patchy across the phylogenetic tree, suggesting that gene loss has occurred at various
evolutionary points, possibly due to the frequent emergence of corrinoid dependence and
independence (135), or that horizontal gene transfer (HGT) is important in sustaining corrinoid
biosynthesis and use. Indeed, corrinoid uptake genes in human gut Bacteroidetes are commonly
found on mobile genetic elements (127), and Salmonella typhimurium and Lactobacillus reuteri
biosynthesis genes are thought to have been acquired by HGT (11, 170). The evolutionary
history of corrinoids should be explored further to identify which processes have impacted the
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biosynthesis and use of these cofactors. Using our isolate collection, we were able to carry out
the crucial step of validating some genus-level predictions because seven of the genera for which
we predicted a genotype were represented among the isolates (Fig. 2.6).

Table 2.1. Known ECsp values for bacteria and aquatic eukaryotic algae.

Domain Organism B12 ECso | Reference

Bacterial Akkermansia muciniphila 56.1 pM Mok 2020

Bacterial Escherichia coli AmetE ~0.1 nM Mok 2022

Bacterial Bacteroides thetaiotamicron <0.4nM | Degnan 2014 Cell Host

Microbe

Bacterial Clostridium difficile ~1 nM Shelton 2020 J Bacteriol

Eukaryotic | Bi2dependent mutant of 28 pM Helliwell 2016 Curr Bio
Chlamydomonas reinhardtii

Eukaryotic | Karenia mikimotoi 13.1 pM Tang 2010 PNAS

Eukaryotic | Aureococcus anophagefferens 3.49 pM Tang 2010 PNAS

Eukaryotic | Rhodomonas salina 0.36 pM Tang 2010 PNAS

Eukaryotic | Fibrocapsa japonica 0.28 pM Tang 2010 PNAS

Eukaryotic | Chattonella marina 0.19 pM Tang 2010 PNAS

Eukaryotic | Prorocentrum minimum 0.02 pM Tang 2010 PNAS

Eukaryotic | Pavlova lutheri ~ 18 pM Helliwell 2016 Curr Bio

Eukaryotic | Ostreococcus tauri <70 pM Helliwell 2016 Curr Bio

Eukaryotic | Amphidinium carterae <70 pM Helliwell 2016 Curr Bio

Eukaryotic | Thalassiosira pseudonana <70 pM Helliwell 2016 Curr Bio

Eukaryotic | Aureococcus anophagefferens <70 pM Helliwell 2016 Curr Bio

Eukaryotic | Lobomonas rostrata <70 pM Helliwell 2016 Curr Bio

Eukaryotic | Euglena gracilis <70 pM Helliwell 2016 Curr Bio

The characterization of this isolate collection provides key insights about corrinoid-based
microbial interactions in soil. We found that dependent isolates were all able to use B12, with
most preferring it, and the producers we characterized all synthesize B12 under laboratory
conditions, indicating compatibility between corrinoid production and preferences of the
dependents. Because oxygen availability is highly variable in soil, and corrinoids other than B12
and ADE are found primarily in anoxic environments, it is possible that these producers
synthesize other corrinoids under anoxic conditions. However, the observation that B12 is the
major corrinoid found in this soil (19) suggests that most corrinoid producers synthesize B12 in
their native environment. Among the producers, however, only some release corrinoid into
culture supernatants, suggesting that the corrinoid provider role is fulfilled by a distinct subset of
producers (100). Based on our observation that these providers release corrinoids at levels
sufficient to support many dependents in laboratory cultures, we speculate that a small fraction of




the community disproportionately provides corrinoids to the dependents. In a similar vein, we
previously found that amino acid auxotrophs can be supported by producers at a ratio of over
40:1 (122). Because corrinoid release cannot be predicted from genomes, it is necessary to
combine genotypic predictions of corrinoid production with phenotypic characterizations when
studying interactions. This collection of isolates assembled from the same study site will enable
further investigation of corrinoid-based interactions via culture-based studies. For example, the
mechanisms of corrinoid release, partner specificity in interactions, and competition for
corrinoids among dependent isolates can be explored. Focusing on corrinoids simplifies
community interactions to only one nutrient and does not take into account other possible
interactions that are prevalent in the soil environment, including those involving other shared
nutrients (171, 172) or cross-domain interactions (153), which may be affected by environmental
fluctuations in the native environment (163). Nonetheless, focusing on this important class of
shared nutrients enabled us to study the diversity of metabolic capabilities that may be
prototypical of interactions among soil bacteria and provides a framework to expand the study of
other nutrient-sharing interactions.

2.4 Methods

2.4.1 Isolation of bacteria from soil by the limiting dilution method

We collected soil samples from top 10 cm of an annual grassland at the Hopland Research and
Extension Center in Hopland, CA (39.004056 N 123.085861 W) in November 2019 and again in
April 2021 to increase the total number of isolates. Site characteristics and soil physicochemical
properties for our sampling site were previously documented (151, 173). Soil pH, determined by
preparing a slurry with 1 part soil to 2 parts deionized water and measuring (n=3) with an Orion
Star A111 pH Meter (Thermo Scientific, Waltham, MA, USA), was 5.87 + 0.42 in November
2019 and 6.28 + 0.07 in April 2021.

To separate microbial biomass from the soil, we resuspended 2.5 g of soil in 25 ml phosphate
buffered saline with 2.24 mM sodium pyrophosphate (Alfa Aesar, Heysham, England), stirred for
30 minutes, and allowed the slurry to settle for 15 minutes before diluting the supernatant. All
isolations and subsequent growth steps were performed using a modified VL60 medium (pH 6.0)
(174) (Supplemental Table 1), amended with 0.1 g/L each of xylose, xylan, N-
acetylglucosamine, and glucose, as well as 10 nM Bi2 (B12), 2-methyladeninylcobamide (2MA),
5-hydroxybenzimidazolylcobamide (SOH), adeninylcobamide (ADE), p-cresolylcobamide
(CRE), or cobinamide (CBI) when indicated. Cultures were grown at room temperature unless
otherwise noted. The corrinoids 2MA, 5OH, and ADE were produced by guided biosynthesis in
Propionibacterium acidi-propionici and CRE in Sporomusa ovata; extracted from bacterial
cultures; and purified as previously described (20, 118). We conducted a most probable number
(MPN) count to determine the soil slurry dilution required to reach growth in approximately 30%
of wells, a density that is expected to yield 80% clonal cultures, based on a Poisson distribution
and previously reported isolations from human stool samples (150). 80 pl aliquots of the soil
solution diluted in each medium were dispensed into the wells of 384-well plates using a Biomek
liquid handler (Beckman Coulter, Indianapolis, IN, USA). Three plates per corrinoid condition
were inoculated, and an uninoculated plate was prepared for each condition, for a total of 28
plates. Plates were covered with BreatheEasy (Diversified Biotech, Dedham, MA, USA)
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membranes for this and all subsequent steps, and incubated statically at room temperature for 44
days. Despite using the MPN calculation to determine the dilution, a surprisingly low number of
wells showed growth in the isolation from soil collected in November 2019 (2.4%). Cultures
from wells in which the ODeoo (measured on a Tecan Spark plate reader (Grodig, Austria))
exceeded 0.29 were transferred into fresh medium at the end of the initial incubation and grown
for up to 40 days. The cultures were then split into two portions, one stored at -80°C in 25%
glycerol and another prepared for sequencing. The full 16S rRNA gene was amplified by PCR
from each well with primers 27F and 1492R (175) (IDT, Coralville, lowa, USA) and DreamTaq
polymerase (Thermo Scientific). PCR purification and Sanger sequencing of all amplicons using
the same primers was done at the UC Berkeley DNA Sequencing Facility. Sanger sequence
trimming with a 0.01 error probability cutoff and de novo assembly of reads were performed on
Geneious Prime (2022.1.1). Cultures with a single, high-quality 16S rRNA gene sequence were
considered clonal.

Prior to the second isolation from soil collected in April 2021, the soil sample was stored at 4°C
for one month, brought to 20% moisture from an original 3.33 + 0.58% with sterile deionized
water, and incubated for one week. After diluting the soil and dispensing into 96-well plates, the
plates were incubated at room temperature for 49 days. The percentage of wells showing growth
was much higher than in the previous isolation round (37% of total wells). Therefore, high-
throughput sequencing of the 16S rRNA gene V4/V5 region was performed as previously
described (176) with 600 bp v3 reagents. This step allowed us to select wells containing a single
amplicon sequence variant, which were assumed to be clonal cultures. To determine the total

phyla represented across all wells, 16S rRNA gene sequences were searched against the RDP
database (release 8.0) (177) (Fig. 2.3).

Liquid cultures prepared from glycerol stocks were purified by streaking on 2X modified VL60
solidified with 14 g/L Difco noble agar (BD, Sparks, MD, USA). Nystatin (63 ng/ml) was added
to the medium in cases where fungal contamination was observed. Cultures were serially purified
by streaking until all observed colonies were of uniform morphology. For each isolate, liquid
cultures inoculated from a single colony were stored at -80°C in 40% glycerol. After purifying,
the identity of each isolate was confirmed by a second round of Sanger sequencing.

We identified 23 sequences with higher than 99% pairwise identity to a sequence in an
uninoculated well. These were considered potential contaminants and removed from the dataset.
After removal of isolates with chimeric sequences, the final collection is composed of 161
isolates.

Growth curves were generated to classify isolates into groups based on the time they required to
reach saturating growth (24, 48, 168, or 336 hours). [solates were inoculated from glycerol
stocks into 96-well plates in triplicate and grown for 168 hours at 28°C, shaking at 800 rpm in a
plate shaker (Southwest Science, Roebling, NJ, USA), and separately at room temperature with
no shaking. Growth curves were generated by measuring ODeoo at 0, 6, 12, 24, 36, and 48 hours,
and every 24 hours until 168 hours for the shaken cultures and 216 hours for standing cultures.
Because isolates grew more consistently in the shaking condition, cultures were shaken at 28°C
for all subsequent steps.
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2.4.2 Experimental characterization of isolates as corrinoid producers, dependents, or
independents

To determine whether isolates were dependent on corrinoids for growth, isolates in the 24-, 48-,
and 168-hour groups were inoculated into 96-well plates with 200 ul of media containing the
corrinoid used for isolation. Following growth to saturation, each culture was diluted into two
wells, one amended with the same corrinoid and the other with no corrinoid, using a multi-blot
replicator that transferred approximately 3 ul per well (V&P Scientific, San Diego, CA, USA).
Cultures were serially passaged three additional times into the same media to eliminate corrinoid
carryover. ODsoo was measured before and after each passage. Isolates that did not grow
reproducibly in media with corrinoid were not pursued further (24 isolates). Isolates that
continued to grow in media with corrinoid but stopped growing after being transferred into
media with no corrinoid were classified as dependents®, while those that continued to grow in
both conditions were considered to be either producers® or independents® (Fig. 2.1B).
Superscript E is used to distinguish experimental results from genomic predictions (superscript
G, discussed below). To evaluate the effect of corrinoids on the growth of isolates, we calculated
the corrinoid-specific growth enhancement as logz [1+((OD with corrinoid — OD no corrinoid)/(OD no
corrinoid) )] (178) and determined a threshold for corrinoid dependence based on the growth of
bacteria isolated in the no corrinoid condition that also underwent serial transfer (maximum
value obtained from the equation plus standard deviation). If two or three of the three replicates
were classified as corrinoid dependent, corrinoid dose-response assays were performed to
confirm dependence and determine the corrinoid preferences of each isolate. For dose-response
curves, isolates were pre-cultured in media with 10nM corrinoid, followed by a second pre-
culture step in media with no corrinoid, and inoculated into 12 different concentrations of each
corrinoid (ranging from 10 nM to 2.4 fM). Final ODs were measured and curves were fitted
using a four-parameter non-linear fit on GraphPad Prism (v9.5.1) to determine each ECso.

To distinguish producers® from independents® (Fig. 2.1B), 100 ul of each culture were collected
at the end of the fourth passage with no corrinoid addition and lysed by incubating at 98°C for 20
minutes. An E. coli-based corrinoid detection bioassay was conducted as previously described
(20) to determine the presence or absence of corrinoid in each sample. Data were processed to
yield a “growth due to corrinoid” metric by subtracting growth due to methionine (as measured
by the AmetEAmetH control strain) from growth of the AmetE bioassay strain and normalizing to
growth of the wildtype E. coli strain. An isolate was characterized as a producer® if the
normalized result was greater than or equal to 2 or if the ODgoo of the AmetE bioassay strain was
greater than or equal to 0.1. Conversely, an isolate was characterized as a non-producer, and thus
an independent®, if the normalized result was less than 2 and the E. coli AmetE ODeoo was less
than 0.1. Our method was validated using a set of previously isolated soil bacteria (179) that
were genomically predicted to be corrinoid producers (Supplemental Table 2). Isolates that
repressed growth of E. coli (2 isolates), grew to an ODeoo less than 0.1 (7 isolates), or for which
the three replicates or results for the dependence and production were inconsistent (11 isolates)
were deemed inconclusive.

Data processing and analysis were performed using Python 3.7 on Jupyter Notebooks (version
6.2.0) and all code is on GitHub under DOI: 10.5281/zenodo.10815172.
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For further characterization of producers, we grew 1 L cultures of each in VL60 medium with no
corrinoid and 200X amino acids and extracted corrinoids as described previously (20). Corrinoid
extracts were analyzed by high-pressure liquid chromatography (HPLC) on a 1200 series HPLC
system equipped with a diode array detector (Agilent Technologies, CA, USA) and compared to
authentic corrinoid standards using Method 2, as described previously (35).

2.4.3 Genus-based predictions of corrinoid metabolism

We used a previously developed dataset (23), which reports predictions of corrinoid biosynthesis
and dependence for 11,436 bacterial species, and used these existing predictions to further
genomically characterize bacterial species into the producer®, dependent®, and independent®
categories. Species that were previously classified as very likely, likely, or possible producers
were considered producers® (23). Corrinoid-dependentS species were defined as those previously
classified as very likely or likely non-producers that also had at least one corrinoid-dependent
function, regardless of whether their genomes encoded specific corrinoid-independent alternative
enzymes (23). Corrinoid-independentS species were defined as those that were likely or very
likely non-producers and had no corrinoid-dependent functions. After classifying each species,
we grouped all species into their respective genera (JGI IMG taxonomic metadata was
downloaded on July 18, 2023, to update any reclassified genomes). To establish a reliable cutoff
for our predictions, we chose genera containing 20 species or more and made a genomic
classification when 95% or more of the species in a genus corresponded to the same category.

2.4.4 Phylogenetic tree building

The phylogenetic tree of the isolates was constructed from full-length 16S rRNA gene sequences
(Fig. 2.4). Isolate taxonomy assignment and tree building were done using the Silva Alignment,
Classification, and Tree (ACT) service (180). To determine whether isolates were likely novel,
we used BLAST to search assembled sequences against the NCBI Reference Database using
Geneious (2022.1.1). If the pairwise identity between the isolate sequence and the top hit was
lower than 98.6%, we considered the isolate to be novel (154).

The genus level phylogenetic tree was generated using the full-length 16S rRNA gene sequences
for the type species of each genus (85 species) and 35 additional type species that were added for
context and later pruned (Fig. 2.6, Fig. 2.7, Supplemental Table 3). A MUSCLE (181) alignment
and FastTree (182) were used to generate the tree on Geneious (2022.1.1) using default settings.
Tree pruning and annotation for both trees were performed on iTOL (183).
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Abstract

Bacterial interactions in microbial communities are crucial for the structure and functioning of
the environments they inhabit. Studying how bacteria interact is key for generating a predictive
understanding of these communities. Using a model nutrient approach enables the study of a
subset of interactions involving a single nutrient class and can shed light on general interaction
mechanisms. Here, we focus on corrinoids, the vitamin Bi2 family of enzyme cofactors, to study
nutrient competition and nutrient-sharing interactions in co-cultures and tri-cultures. We used
bacteria that were previously isolated from a grassland soil and were characterized as corrinoid-
dependent (require corrinoids but cannot synthesize them) or corrinoid providers (synthesize and
release corrinoids). We report that the outcomes of competition for different corrinoids are
predictable based on monoculture growth characteristics. We also found that corrinoid producers
can support the growth of corrinoid-dependent bacteria in coculture and can influence the
outcome of competition between dependents in triculture. Producer-dependent interactions were
predictable for only one of our two producers, likely due to emergent properties of these
interactions. We analyzed the metabolic capacity encoded in the genomes of these bacteria and
found that corrinoids are the main metabolite driving their interactions. These results highlight
the utility of the model nutrient approach to characterize and predict interactions in bacterial
consortia of increasing complexity.

3.1 Introduction

From soils to the human gut, microbial communities shape processes crucial for human health
and for the health of the planet. A growing area of interest is in predicting how different biotic
and abiotic factors impact microbial communities (184—188). Interactions between microbes are
strong determinants of community structure and function, with single microbes or single
metabolites having the ability to impact the whole community (178, 189—-192). Thus,
understanding how microbe-microbe interactions occur and are regulated is crucial for our
understanding of whole communities. However, microbial communities encompass complex
networks with many metabolites being produced and consumed at a given time, making it
difficult to observe and disentangle specific interactions (193—196).

Applying a model nutrient approach, the focus on interactions involving a single shared nutrient,

allows for the mechanistic study of specific microbial interactions, while setting aside other
interactions that could have confounding effects, as described in Chapter 1 and previously (7).
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Corrinoids, the vitamin B2 family of cofactors (Fig. 3.1), are a useful model nutrient for several
reasons. First, they are predicted to be shared, based on genomic data showing an estimated 86%
of sequenced bacteria require corrinoids yet only 36% have the complete biosynthesis pathway
(23). They have also been shown to be shared in bacterial co-cultures (7, 27, 31-33). Second,
they are required enzyme cofactors for many metabolic processes that are relevant in different
environments, from carbon and nitrogen metabolism to reductive dehalogenation (23, 197).
Third, bacteria have distinct preferences for different corrinoids that impact their growth and
metabolism (39). These characteristics, combined with thorough computational and experimental
characterization of corrinoid biosynthesis and use, give us the ability to study corrinoid
metabolism and corrinoid based interactions in microorganisms. The investigation of bacterial
interactions through the reductionist lens of a model nutrient can enhance our ability to predict
how different bacteria may cooperate and compete in consortia of different sizes.

Lower ligands of
other corrinoids
in this research

N_N
<'NL?\|/ (2MA)
v

NH,

A ﬁo N OH
OC-)P“O : <’® (50H)
_\ N
OH |

Figure 3.1. Cobalamin (B12) (left) and lower ligands of 2-methyladenine cobamide (2MA) and 5-
hydroxybenzimidazole cobamide (SOH) (right). The three-character code used for each corrinoid is in
parentheses next to its corresponding lower ligand.

As reported in Chapter 2, we previously isolated bacteria from a California grassland soil and
characterized their corrinoid metabolism, gathering information necessary for application of the
model nutrient approach to soil communities. After classifying isolates as “producers” and
“dependents,” we observed that corrinoid-dependent bacteria in our isolate collection preferred
B12 but had the capacity to use different corrinoids to various extents. The low corrinoid
concentrations required for growth of these soil isolates, compared to bacteria from other
environments, suggest that soil contains a relatively low concentration of bioavailable corrinoid
to which soil microbes have adapted (39, 112). If bioavailable corrinoids are limiting, dependent
bacteria in soil might need to compete for these nutrients. Because different corrinoids can
greatly influence the growth and metabolism of bacteria (39), it stands to reason that competition
between dependents is shaped by the identity and amount of corrinoid present. Thus, we
hypothesized that the outcome of competition can be predicted based on monoculture growth in
consortia where competition for corrinoids is the predominant interaction.
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All the corrinoid producers tested in Chapter 2 synthesize B12 in monoculture. Of this set, all
contained intracellular B12 but only a subset of producers had detectable amounts of B12 in
culture supernatants, indicating B12 release into the extracellular environment. We labeled this
subset as “corrinoid providers” — producers capable of providing corrinoids to dependents (99,
100). Some producers provided B12 at levels exceeding the requirements of the dependents,
leading us to postulate that these providers would support the growth of dependents in coculture.
Further, we hypothesized that the extent to which each provider could support dependents would
be predictable based on the amount of extracellular corrinoid detected in monoculture.

Table 3.1. Data collected previously on the four isolates used in this study.

Previously Corrinoid

published metabolism
Isolate | ID Taxonomy category Extracellular corrinoid
Cal9 | CRE 019 | Caulobacter sp. | Dependent N/A
Ca24A | 5SOH 024A | Caulobacter sp. | Dependent N/A
Pr24B | 5SOH _024B | Priestia sp. Producer 0.12 £ 0.002 nM T

(1.3% of total corrinoid)
Mel2 | NOC 012 | Mesorhizobium | Producer 4.0 +0.82 nM
opportunistum (19% of total corrinoid)

" These corrinoid concentrations were measured in medium supplemented with additional amino acids,
which results in increased producer growth. The concentrations in the medium used here are presumed to
be lower.

Here, we characterized corrinoid-based interactions among four bacterial isolates identified in
Chapter 2 (Table 3.1). We found that the outcome of corrinoid competition between pairs of
dependent bacteria could largely be predicted from differences in their growth in monoculture,
with the dominant microbe determined by the corrinoid concentration. We also found that
providers could support the growth of dependent bacteria in coculture. When grown in tri-
cultures, producers could support the growth of both dependents and the dependents competed
against one another. Further, we sequenced the whole genomes of these bacteria and found that
corrinoids were the main nutrient predicted to be shared between producers and dependents.
Knowledge about corrinoid sharing and competition among soil bacteria contributes to better
comprehension of pairwise bacterial interactions and enhances our understanding of how
corrinoid diversity may impact microbial community dynamics at a large scale.

3.2 Results

3.2.1 Dependent isolates compete for corrinoids

Because corrinoid-dependent bacteria are uniquely influenced by corrinoid structure and
concentration (39), we hypothesized that the outcome of competition between two dependent
bacteria could be predicted based on the corrinoid preferences observed in monoculture growth.
We tested this hypothesis on a pair of corrinoid-dependent soil isolates, Cal9 and Ca24A,
initially selected because they grew reproducibly with no aggregation in liquid culture. We
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measured the maximum growth rates of the two dependent isolates in media containing a range
of concentrations of 2MA, SOH, and B12 to determine how these corrinoids influence growth in
monoculture (Fig. 3.2A-D). Cal9 has a higher growth rate than Ca24A at low concentrations of
50H and B12 but grows more slowly at high concentrations (Fig. 3.2B-C). The corrinoid
concentration required to reach half-maximal growth (ECso) was also lower for Cal9 on these
two corrinoids (Fig. 3.2D) suggesting that it is adapted to lower corrinoid concentrations. A
comparison of the data generated from the two isolates was used to predict the outcome of
competition at specific concentrations. Specifically, the isolate with the higher growth rate at a
given corrinoid concentration was predicted to outcompete the other. We differentiated between
the two isolates based on their distinct colony morphologies (Fig. 3.2E). Through the genome
sequencing effort described in a later section, we found that the isolates belong to two different
species of Caulobacter, as reflected by a whole genome average nucleotide identity (ANI) of

89% (198). The species were not identified by GTDB-Tk (199, 200), which suggests that they
could be novel species.
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Figure 3.2. Dependent isolates Ca24A and Cal9 display different growth rates at varying
concentrations of (A) 2MA, (B) SOH, and (C) B12. Curve fits are for a four-parameter least squares fit.
Asterisks denote Welch’s t-test p<0.05 and dotted vertical lines denote the concentrations selected for
further experiments. (D) The corrinoid concentration that leads to half maximal growth (ECso) for each
isolate on 2MA, 50H, and B12 highlights the differences in their corrinoid preferences. Error bars
represent 95% confidence interval. (E) Colonies of isolates Ca24 A (small colonies, purple arrow) and
Cal9 (large colonies, pink arrow) after 72 hours of growth on R2A medium containing B12.

Based on their growth rates in different concentrations of SOH and B12, we predicted that Cal9
would outcompete Ca24A when co-cultured at concentrations less than 0.012 and 0.010 nM,
respectively. Conversely, because Ca24A had higher growth rates at higher concentrations of
both corrinoids, it was predicted to outcompete Cal9 at corrinoid concentrations higher than
0.012 and 0.010 nM. We considered predictions for SOH to be most reliable because isolate
growth rates were significantly different at seven concentrations (Fig. 3.2B). Predictions of co-
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culture outcomes in 2MA were less clear because the average growth rate measurements for the

two isolates were very similar at all concentrations (Fig. 3.2A). Nevertheless, we predicted Cal9
to be more abundant at all concentrations.

We tested our predictions by co-culturing Cal9 and Ca24A in media containing a high (1 nM) or
low (0.003 or 0.009 nM) concentration of each corrinoid and passaging every 24 hours to
maintain cultures at exponential phase. The viable cell number of each strain was determined for
the inocula and co-cultures on days 1, 3, 5, and 7 (Fig. 3.3).
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Figure 3.3. Growth competition between dependents Cal9 and Ca24A in different corrinoid
conditions. Graphs show the relative abundance of Ca24A in co-culture with Cal9 passaged daily for
seven days, based on the number of colonies on solid media from samples taken at the indicated time
points. Black and gray lines show data for five to six biological replicates from experiments performed on
two different days under the same conditions with the exception that 2MA was repeated using a different
high corrinoid concentration (gray lines, 2MA). The dotted line indicates 50% abundance.

Predictions for the outcome of competition between the two dependents were accurate in the
high and low concentrations of SOH and B12, with Ca19 having a higher abundance at low
corrinoid concentrations and Ca24A becoming predominant at high concentrations. These results
were consistent with our hypothesis that the outcome of competition could be predicted from
maximum growth rates in monoculture, which suggests that competition for corrinoids is the
main interaction driving dynamics in these co-cultures. Overall, the competition for these two
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corrinoids is determined by concentration, suggesting that Cal9 is adapted to lower
concentrations of SOH and B12 and Ca24A to higher concentrations.

In the case of 2MA, the outcome of competition was not predictable from monoculture growth
rates at the high or low concentrations. The isolates remained at equal proportions in the low
concentration condition, while Ca24A outcompeted Cal9 in the high concentration condition.
When the experiment was repeated, SOH and B12 outcomes remained the same, but 2MA
cocultures trended differently (Fig. 3.3 (gray lines)). This is likely because the differences in
growth rates or ECso were not large enough to define a corrinoid dependent outcome of
competition.

3.2.2 Producers can support dependents by providing a corrinoid

Next, we hypothesized that each dependent isolate could be sustained by a producer in co-
culture, and that the amount of corrinoid the producers supply would determine the outcome of
competition between the two dependents in triculture. We selected two isolates from the same
collection that were previously found to produce and release different amounts of B12 (Table
3.1). Pr24B, an isolate with 99.9% 16S rRNA identity to Priestia arhyabattai, was originally
isolated in the same culture as the dependent Ca24A, and the two were later cultured separately.
Thus, these bacteria may interact in their natural soil environment and/or be physically
associated. A second producer, Mel2, a strain of Mesorhizobium opportunistum, was found in
our previous study to release the highest amount of B12 into monoculture supernatants (Table
3.1). Additionally, the colony morphologies of these two producers were easily distinguishable
from those of the dependents, making it possible to determine their abundances based on colony
numbers.

We found that both dependents could grow in corrinoid-free medium containing cell-free
supernatants from the producers (Fig. 3.4A). The two producers supported dependent growth to
different extents; Pr24B supernatant supported less than one dependent cell per producer cell,
while Mel2 supernatant supported between 1 and 27 dependent cells per producer cell (Fig. 3.4).

When grown in co-culture with each dependent, Mel2 supported approximately 1 dependent cell
per producer cell, on the lower end of the number of dependents supported by Mel2 supernatant
(Fig. 3.4B). In contrast, Pr24B supported approximately 20 dependent cells per producer cell in
coculture, 1000-fold higher than supernatants of the same isolate, indicating that emergent
properties arise when these isolates are co-cultured. The two dependents were supported to
similar extents in both supernatants and cocultures, suggesting that their corrinoid requirements
were satisfied similarly. It is possible that Mel2 provides less corrinoid in co-culture than in
monoculture due to competition or inhibition by a partner. The difference between supernatant
and co-culture growth with Pr24B may be the result of higher corrinoid providing by the
producer when a partner is present.
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Figure 3.4. Growth of corrinoid dependent isolates (A) with supernatant from producer cultures,

and (B) in co-culture with a producer. Bars represent the average of three replicates shown as
individual points, and error bars represent standard deviation.

3.2.3 Corrinoid sharing and competition occur in three-species consortia

Upon confirming that each producer could support both dependents, we sought to determine how
producers impact competition between the dependents. We did this by growing tri-cultures of the
two dependents with each producer in a corrinoid-free medium with daily passaging into fresh
medium. On days 1, 3, 5, and 7, the cultures were plated to determine the abundances of each
strain based on their unique colony morphologies (Figs. 3.5A, B).

In both tri-cultures, Cal9 was the more abundant of the two dependents by day 3 and its relative
abundance increased at later timepoints. We lysed the tricultures and producer monoculture
controls and measured total corrinoid via an E. coli-based bioassay to evaluate if the outcome of
competition correlated with the corrinoid concentrations detected (20). In the Mel2 triculture,
B12 was below the bioassay detection limit (0.27nM) at all timepoints (Fig. 3.5C). Low
corrinoid concentrations explain why Cal9 outcompeted Ca24A in this tri-culture, consistent
with coculture results where Cal9 was found at high abundance at low B12 concentrations.
Thus, the Mel2 triculture result was predictable from previous co-culture and monoculture
results.

The Pr24B triculture had a stable corrinoid concentration of approximately 2 nM over multiple
passages, which was also sustained in the producer monoculture, suggesting that the dependents
do not trigger higher corrinoid production in Pr24B (Fig. 3.5D). From our dependent co-culture
experiments we expected Ca24A to outcompete Cal9 in these high B12 concentrations, but the
opposite occurred. The simplest interpretation of these results is that only a small amount of the
measured corrinoid was available in the supernatant, which would explain why Cal9 was the
dominant dependent strain in these conditions. However, it is also possible that other interactions
occurred in the tri-culture that benefited Cal9 over Ca24A, such as sharing of other nutrients.
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Growth of Ca24A did not seem to be inhibited in co-cultures with Pr24B or Cal9, which makes
it unlikely that it was inhibited in the tri-culture, although we cannot discard the possibility.
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Figure 3.5. Outcome of competition between Cal9 and Ca24A in tri-culture with each producer. (A,
B) Colony morphologies of both dependent isolates and (A) Mel2 and (B) Pr24B after 96 and 72 hours
of growth on solid medium, respectively. Arrows correspond to the color of each isolate in the rest of the
figure. (C, D) Relative abundances of producer and both dependents in triculture with (C) Me12 and (D)
Pr24B are shown. Bars represent the average of three biological replicates and error bars represent
standard deviation. The tables in E and F show average and standard deviation for total B12 measured via
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bioassay in the tricultures and in monocultures of (E) Mel2 and (F) Pr24B, respectively (n=3). <0.27 nM
indicates the measurement was below the bioassay detection limit of 0.27 nM. (G) Increase in dependent
CFU/ml after growth with 100 nM B12 or in co-culture with Me12 or Pr24B. Bars represent the average

of one or two replicates and errors bars represent standard deviation.

3.2.4 Corrinoids appear to be the only shared nutrient in these consortia

To determine if other interactions were occurring between producers and dependents, we
compared growth of the dependents in co-culture with each producer to growth of the dependents
in excess B12 (100 nM). The cell counts of both dependents reflected a larger increase when B12
was provided in excess, suggesting that B12 is the main shared nutrient, and the amount made
available by the producers is limiting (Fig. 3.5E).

To further investigate other metabolic capabilities that could impact growth of the isolates in tri-
cultures, we turned to isolate genome sequencing. We successfully obtained sequences for three
of the four isolates (Ca24A, Cal9, and Mel2), to investigate whether they could produce
nutrients that are commonly shared, such as amino acids and vitamins (Fig. 3.6). We also
considered the possibility that certain isolates could degrade carbon sources that others could not,
making byproducts available, so we investigated the catabolism pathways for the four carbon
sources present in our medium.

After genome analysis, we found that the two dependents and the producer for which we had
genome sequences were congruent in their metabolic capabilities. These include amino acid
biosynthesis, where all three isolates are predicted to synthesize all the amino acids evaluated,
except that Cal9 was missing one gene in the leucine biosynthesis pathway, possibly rendering it
unable to produce leucine (Fig. 3.6). Regarding vitamin biosynthesis, all are predicted to
synthesize pantothenate and tetrahydrofolate and lacked complete pathways for the synthesis of
thiamine, riboflavin, biotin, and niacin (Fig. 3.6). The only difference was observed in cobalamin
(B12) biosynthesis, where the pathway presence and absence aligned with the phenotypic
observations reported in Chapter 2, with the producer Me12 predicted to produce B12 and both
dependents lacking the biosynthetic pathway. The three isolates also had the same pathways for
catabolism of carbon sources in the growth medium; they shared the capability to degrade
glucose, N-acetylglucosamine, and xylose, but lacked xylan catabolism genes (Fig. 3.6). From
this genome analysis, we conclude that the main shared nutrient in our co- and tri-cultures is
B12, and sharing of other vitamins or amino acids is not occurring in these consortia.

Since it was the main difference in metabolic capabilities and it agreed with our previous
phenotypic characterization of the isolates, we further characterized the cobalamin biosynthesis
and dependence genes in the three genomes. Mel2 was genomically classified as a producer
according to previously established thresholds (23). It has the 5,6-dimethylbenzimidazole
synthesis gene bluB, in accordance with our previous observation that it synthesizes B12,
reported in Chapter 2 (56, 58). The two dependent genomes lacked corrin ring and lower ligand
biosynthesis genes, while they contained genes for tetrapyrrole precursor biosynthesis, which are
shared with other pathways and not specific to corrinoid biosynthesis. However, they both had
adenosylation, nucleotide loop assembly, and lower ligand attachment genes, which are required
for salvaging late corrinoid precursors (23, 61, 201). The latter observation aligns with
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experimental results in Chapter 2, which showed these two dependent isolates can grow when
provided with cobinamide, a corrinoid precursor lacking the lower ligand. The two dependent
genomes, however, lacked the known corrinoid lower ligand biosynthesis genes (23), suggesting
that when they salvage corrinoid precursors they must also salvage DMB, or that they salvage
cobinamide to produce a corrinoid other than B12.
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Figure 3.7. Presence or absence of corrinoid biosynthesis and corrinoid dependent genes and
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3.3 Discussion

Cooperative interactions such as cross-feeding and competitive interactions such as resource
competition between pairs of bacteria can shape microbial community structure (202, 203).
Understanding the contribution of particular interactions in detail, however, is complex because
additional factors emerge as communities become more complex (196). Thus, studying small
consortia with a focus on a single model nutrient can allow for the elucidation of specific
interactions in a controlled environment.

Here, we set out to test predictions of corrinoid-based interactions in co- and tri-cultures of soil
bacteria. By focusing our approach on a model nutrient, we successfully predicted the outcome
of competition for corrinoids between dependent bacteria based on their differential
concentration-dependent growth rates in monoculture. Our competition predictions were
successful in the two corrinoids for which the dependent isolates had sufficiently distinct
preferences. Further, we confirmed that corrinoid producers can support dependents by sharing
corrinoids and can impact the dynamics of competition between dependents in a triculture.
Interactions between Pr24B and both dependents were difficult to predict. Although we observed
that the total corrinoid produced remained unchanged, our results suggest that changes in
corrinoid release may be triggered when producers are grown with a partner. Finally, we
concluded from whole genome analysis and growth experiments that corrinoid-dependent
interactions are the main vitamin-based interaction between these bacteria. Together, these results
reveal that corrinoid sharing and competition are central determinants of interaction dynamics
among these isolates and suggest that these interactions may happen in the native environment.

Using pairwise interactions to predict growth in consortia of increasing complexity is difficult
because of the emergence of higher order interactions (196). The corrinoid sharing interactions
observed in co-cultures were conserved in both tri-cultures, suggesting that corrinoid sharing is
maintained as community complexity increases. It appears that competition for corrinoids
between dependents was also conserved in tri-cultures, although the outcome of competition
could only be predicted based on tri-culture corrinoid concentrations in one case. The observed
interactions may be the result of changes in gene expression that impact production or providing
of this enzyme cofactor, thus affecting dependent partners. The conservation of corrinoid-based
interactions in consortia of higher complexity would enable further predictions and shed light on
the importance of corrinoid sharing and competition in communities.

Interactions between Ca24A and Pr24B were of particular interest because their joint isolation
suggests they could have a pre-established metabolic partnership. They were indeed able to grow
together in co-culture when Pr24B provided B12. Additionally, Ca24A was sustained in the tri-
culture when Pr24B was the producer, suggesting it was somehow favored more by this producer
than by Mel2. However, the advantage was not sufficient for Ca24A to outcompete Cal9.

Our two dependents belonged to genus Caulobacter but are likely different species. Despite
belonging to different species, they had the same corrinoid biosynthesis and dependence genes
and their corrinoid metabolism differed solely in their adaptations to high or low concentrations
of B12 and 5OH, which cannot be predicted from genome sequences. Both dependents encode
corrinoid dependent genes involved in methionine synthesis, tRNA synthesis, ethanolamine
catabolism, and propionate catabolism. Only the methionine and tRNA synthesis genes, metH
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and queG, are relevant in our growth conditions. The epoxyqueuosine reductase encoded by
queG has not been found to influence growth of E. coli (41), thus their dependence in these
cultures is likely solely due to metH, because methionine is not present in the medium. It is
curious that although the two dependents belong to the same genus and completely overlap in the
corrinoid dependence and biosynthesis genes they encode, they have adaptations to different
corrinoid concentrations. This could be due to experiencing distinct conditions in their native soil
environment, such as close versus distant associations to corrinoid producers. However, it also
shows that even for genera where corrinoid metabolism is conserved, different species or strains
may still display distinct preferences.

It was previously shown that the bulk soil from which these bacteria were isolated contains large
amounts of vitamin Bi2 (19, 112). However, because a large portion of the corrinoid is thought to
be adhered to the soil matrix, we hypothesize that only a small fraction is available to the soil
microbiota. Additionally, nutrient availability is known to vary greatly in different
microenvironments within soil (145). The ECsos observed for corrinoid dependent bacteria
isolated from this soil were in the picomolar range. ECsos in this range are common for
microorganisms in ocean water, which contains corrinoid concentrations in the picomolar range,
further suggesting that these bacteria have adapted to low corrinoid bioavailability in their native
environment (39, 99, 134, 162). We hypothesize that despite the high concentration of Bi2 in this
soil, corrinoids are not largely bioavailable and represent a growth-limiting nutrient for which
bacteria must compete. This further highlights the importance of the corrinoid concentration
adaptations in our two Caulobacter sp. isolates.

Our study was limited because the soil environment from which these bacteria were isolated
contains 95% Bi2, making it one of the least diverse environments in terms of corrinoid diversity
(19). The dependent bacteria in this study have likely only experienced exposure to B12, which
might explain why the main difference we see between them is in terms of the concentration of
corrinoid present, rather than the identity of the corrinoid. Hypotheses about competition for
corrinoids and the niche diversity enabled by different corrinoids may be better suited in
environments with a higher corrinoid diversity, such as the human gut (19, 66).

Together, we were able to predict the outcome of dependent-dependent and producer-dependent
interactions based on growth in monoculture. This represents a significant advance in the
applicability of corrinoids as model nutrients. Next steps include testing the predictability of
corrinoid interactions between more bacteria pairs and evaluating the factors that make
predictions possible. Further, elucidation of the mechanisms of corrinoid providing may enable
genome-based predictions of producer-dependent interactions. Our prediction and evaluation of
interactions is unique in that it was based on concentrations of a shared nutrient and performed
using bacteria isolated from the same soil environment. This research adds to a body of literature
that has shown that predictions about nutrient sharing are possible from a combined analysis of
metagenomes, genomes, and phenotypic data (31, 165, 203, 204), and that nutrient availability
impacts microbial competition and coexistence (205).
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3.4 Methods

3.4.1 Isolate characterization and selection

Bacteria were grown at 28°C with aeration in liquid VL60 medium as described in Chapter 2 or
on solid R2 agar. Dependents were pre-cultured by growing to saturation in liquid medium
containing 1 nM cyanocobalamin and transferred to medium containing no corrinoid at a 1:100
dilution after 24 hours. The latter cultures were used as the inoculum for experiments. Corrinoid
producer isolates were pre-cultured by growing to saturation in medium containing no corrinoid.

Growth curves were performed by culturing the isolates in 200ul cultures in 96-well plates in a
Biotek Synergy 2 plate reader with ODeoo measurements taken every 15 minutes. Dose-response
curves were acquired by inoculating into 12 different concentrations of each corrinoid as
described in Chapter 2 with ODeoo recorded every 15 minutes. The ODeoo values were
normalized to a 1 cm pathlength, blank subtracted in a replicate specific manner by subtracting
the mean of the first two time points and the known initial abundance and smoothed with 0%
order smoothing with 3 neighbors on either side on GraphPad Prism (v10.4.0). Values below
0.009 were eliminated and maximum growth rates were obtained using AMiGA (206) and dose
response curves were plotted and fitted on GraphPad Prism.

3.4.2 Co-cultures of corrinoid dependent isolates

Experiments were performed on three independent cultures of each strain. Each strain was
inoculated at a starting OD of 0.0015 for monoculture and coculture experiments. 1 ml cultures
were grown in 96-well plates with 2 ml wells covered with an Aeraseal (Sigma Aldrich) at 28°C
and 800rpm in a 96-well plate shaker (Southwest Science). 10ul of culture were transferred into
990ul of fresh medium containing the same corrinoid conditions every 24 hours for 7 days. Serial
dilutions and plating on R2A medium were done on days 0, 1, 3, 5, and 7 and colonies were
counted after 48 hours of growth at 28°C.

3.4.3 Producer supernatant assay

Three independent cultures of each producer strain were inoculated from glycerol stocks, grown
to saturation, and plated for viable cell counts. The cultures were centrifuged, and the supernatant
was sterilized by filtration with a 0.22 um syringe filter. Dependent pre-cultures were prepared
as described above and inoculated into medium containing producer supernatant at various
dilutions in a 96-well plate. Serial dilutions and plating on R2A medium were done for the
inoculum and after 48 hours of growth of each culture to determine the viable cell count.
Colonies were counted after 48 hours of growth and the number of dependents supported by each
producer was determined by dividing dependent viable cell counts by producer viable cell counts
adjusted for the supernatant dilution factor.

3.4.4 Producer-dependent co-cultures

Dependent cultures were inoculated in triplicate from glycerol stocks and pre-cultured as
described above. Triplicate producer cultures were grown from glycerol stocks in medium
lacking corrinoid for 24 or 48 hours for Pr24B and Mel2, respectively. We diluted the dependent
and producer liquid cultures 1:40 in fresh VL60 medium and mixed equal volumes of each as
described previously (165). Cultures were grown in triplicate on a 96-well plate, serially diluted,
and plated to determine the viable cell count in the inoculum and the culture after 48 hours. The
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number of dependent cells supported by each producer was determining by dividing the endpoint
dependent viable cell counts by the producer viable cell counts.

3.4.5 Tri-culture growth

Producers were cultured for 24 hours in medium lacking corrinoid, and dependents were pre-
cultured as described above. Cultures were adjusted to and ODeoo of 0.10 and mixed in equal
volumes to prepare the inoculum. 10 pl of inoculum was added to 990 ul of medium with no
corrinoid in a 96-well plate with 2 ml wells. Cultures were transferred and plated as described
above. 150 pl of culture were collected on days 1, 3, 5, and 7 to determine the corrinoid
concentration via an E. coli bioassay as described previously (20).

3.4.6 Genome sequencing and analysis

Genomes were sequenced by Novogene Bioinformatics Technology Co., Ltd. (Beijing, China)
and trimmed, assembled, and annotated using Kbase as described previously (207, 208), and
filtered for >95% completeness and <5% contamination. Genomes were recovered for three out
of the four isolates, as the genome for Pr24B had an insufficient number of reads. The DRAM
metabolism summary was used to make calls about gene presence or absence for genes distilled
by DRAM. This included most corrinoid biosynthesis and dependence genes. Raw annotations of
other genes of interest acquired from DRAM were added to the analysis to determine gene
presence and absence based on KOfams or Pfams. Genes were annotated as present when
annotated by DRAM with a rank of at least C (209). The genes identified for corrinoid
biosynthesis, dependence, and independent alternatives to corrinoid dependent pathways were
the same we used previously (23, 112). Transport genes and Bi2-binding domains were left out of
the analysis due to poor annotations, and rfSAM-B12 proteins were omitted because this category
included the Radical SAM superfamily, which includes but is not restricted to Bi2-dependent
rSAM enzymes. Additionally, genes that are not essential for corrinoid biosynthesis or that are
only found in archaea were not included.

Amino acid biosynthesis and small carbon source catabolism capability were assessed using
GapMind (210). Pathway genes were considered to be present if they had at least a medium
confidence hit as described previously (139). Synthesis capacity of B vitamins other than
cobalamin was assessed by evaluating the biosynthesis pathways with previously established
thresholds (165, 204). Genes of interest identified by previous work were cross-referenced
against the DRAM annotations.
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Abstract

The qualifying exam (QE), also known as the preliminary exam, is one of the two major
evaluative milestones in graduate programs. It is usually administered in the second or third year
of the program and is meant to evaluate if a student is prepared to undertake an individual thesis
project. Preparation for the qualifying exam is often daunting, as many programs do not have
structured guidelines, and it is the first evaluation of its kind that many students encounter. We
developed and implemented a pilot for the Inclusive Excellence in Quals Prep (IEQP) program,
designed to provide mentorship, community, and academic support for students from diverse
backgrounds as they prepared for their QE. The program focused on three STEM PhD programs
at the University of California, Berkeley, which have similar QE formats. The main components
for IEQP included pairing students with graduate student mentors, academic and wellness
workshops, and community-building events. Here, we evaluated the program’s effect on the pilot
cohort of 11 students. The most significant component of the program, as per student feedback,
was peer mentorship. Overall, we saw an increase in students’ perception of their preparedness,
QE-related skills, the support received from their advisors, and the agency they felt over their
proposed work. We conclude that the pilot program was successful as it increased the structure
around QE prep and provided students with mentors in their field. We recommend broad
implementation of similar programs to enhance equity in graduate education.

4.1 Introduction

In comparison to their share of the U.S. population, Women, Black, Hispanic, and American
Indian/Alaska Native scientists are underrepresented in STEM. Racially minoritized groups
comprise 16.9% of doctoral degree recipients in STEM (211), but 42.2% of the U.S. population
(212). Multiple factors contribute to the lack of diversity in academia, with retention of students
from minoritized groups being a crucial, often overlooked, component (213, 214). There are
many stages at which retention can be affected, especially around major evaluations or program
requirements. There are two major evaluation components in PhD programs: the qualifying exam
(QE) or preliminary exam early in the program and the dissertation defense at the end of the
program.
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In 2015, the National Science Foundation Alliance for Graduate Education and the Professoriate
(NSF AGEP) California Alliance (Berkeley, Caltech, Stanford, UCLA) conducted a wide-
ranging survey of graduate students across STEM to pinpoint ways to improve the success of
PhD students, and eventually increase diversity in STEM leadership positions. This study found
that women and minority students were most likely to publish at rates comparable to their male
majority peers if they felt that they were prepared for their graduate courses, accepted by their
colleagues, and enrolled in a structured PhD program. Authors also found that stating what was
expected of the students clearly, deeming that they were prepared for graduate level courses, and
feeling accepted by their colleagues reduced student distress levels (215). Here, we identified a
way to increase the retention of students from minoritized groups in STEM by creating a
program that adds structure to the QE preparation and evaluation processes.

The goal of a QE is to demonstrate that the student has knowledge in their field of study and is
prepared to undertake independent research. Once a student passes their QE, they advance to
candidacy, after which they carry out thesis research until their committee deems they are ready
to defend their dissertation and obtain the PhD (215, 216). Depending on the graduate program, a
student usually has 1-3 attempts at the QE, after which they are dismissed from the doctoral
program.

The QE can vary greatly depending on the graduate institution, and even within the same
institution, different departments have different QE formats. For example, some QEs are a 2-3
hour oral examination, which may also include a written component. The committee can
examine the student’s knowledge on their proposed research, topics related to their field of study,
and more general topics within their broader field (217). Meanwhile, some QEs are a written
examination spanning several days, where the student answers questions provided by their
committee. These questions can cover general topics and topics in the student’s specialization
(218). In the Helen Wills Neuroscience Institute (HWNI), Molecular and Cell Biology (MCB),
and Plant and Microbial Biology (PMB) programs at UC Berkeley, the QE is administered by a
committee of four professors. The exam consists of writing and orally defending a thesis
proposal and presenting a separate breadth requirement: answering general questions about
Neuroscience in HWNI, answering questions about major papers in the field in MCB, and
writing an “outside proposal” on a topic not related to your research in PMB.

While the QE is a crucial point in the scientific development of a graduate student, it can be very
difficult to navigate for most students and can be particularly isolating for students from
minoritized backgrounds (219). Further, students with differing levels of undergraduate
preparation, receive varying levels of support from their graduate programs and advisors, which
was the case for students who participated in this program. Because for most students the QE is
drastically different from exams they experienced during their undergraduate studies, and for
many students it is the first time writing a proposal of the required caliber, students are often left
not knowing how to best prepare for their QE. Due to a lack of courses in most graduate
programs dedicated to developing the skills needed to succeed in the QE, students often find it
difficult to define milestones to measure their preparedness for the QE. The process is part of a
hidden curriculum (220), where students often need to know to ask faculty about their
expectations, making the process inequitable and more challenging for students from minoritized
backgrounds. In addition, the COVID-19 pandemic had a negative effect on access to community
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building and peer mentorship in recent graduate cohorts, compounding the difficulties described
above. We identified the need for a program dedicated to developing the skills assessed during
the QE, demystifying the QE, and providing structure with concrete milestones. This program
would greatly benefit all graduate students but could be particularly advantageous for students
from minoritized communities in academia.

Here, we describe the creation and assessment of the Inclusive Excellence in Quals Preparation
program (IEQP) at University of California, Berkeley. The aim of the IEQP program is to
prepare graduate students for their qualifying exam by establishing structured goals, building a
sense of community, providing a support system, and creating an environment where students are
encouraged to view themselves as scientists, and feel valued and capable of achieving their
goals. To our knowledge, a program dedicated to support graduate students’ preparation for the
QE has not been previously reported.

4.2 Methods

The Inclusive Excellence in Quals Prep (IEQP) program was developed as a pilot program to
support graduate students in their qualifying exam preparation process. The first iteration of the
program was focused on second-year graduate students in the Plant and Microbial Biology
(PMB) and Molecular and Cell Biology (MCB) programs at the University of California (UC)
Berkeley.

4.2.1 Curriculum design

The program was designed by two graduate students, one in PMB (ZAA) and one in MCB
(AGS), two faculty members, similarly from PMB (RB) and MCB (DB), and the director of the
Office for Graduate Diversity (DS). Curriculum design drew largely from our own experiences
in these two programs and graduate students’ collective experiences.

The main goals of the IEQP program were to prepare graduate students for their qualifying exam
by building a sense of community, providing a support system, and creating an environment
where students feel valued and capable of achieving their goals. As such, the core principles
addressed by the IEQP curriculum (Fig. 4.1) were academic preparation, community building,
and mentorship.

Academic preparation was addressed by panels and workshops led by invited speakers (from UC
Berkeley and elsewhere), which covered topics such as strategies to read research articles
efficiently, crafting and giving an elevator pitch, and what to talk about when meeting with
committee members. These topics were specifically addressed because they are often overlooked
and not incorporated into graduate curricula despite their importance (academia’s hidden
curriculum) (221). Additionally, a subset of workshops was focused on wellness, resilience, and
stress management. These topics were crucial to the IEQP curriculum because students
frequently find QE preparation very stressful, and we wanted to provide them with tools to help
address anxiety during this stressful time and throughout their graduate education.
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INCLUSIVE EXCELLENCE IN QUALIFYING Exam PREPARATION

WORKSHOPS
Focus on wellness
and skills to aid the
mentees during their
qualifying exam
preparation.

PRACTICE EXAMS

Practice presentation
of the mentees'’
research proposal.

MENTEES

Graduate students
preparing to take

their qualifying exam.

KICKOFF EVENT
Social event at the
beginning of the
program to get to
know each other.

COFFEE HOURS

Monthly meetings
where mentees
discuss wellness and
academics with their
mentor.

MENTEE DINNERS
Monthly dinners
where mentees get to
know eachother and
create community.

CELEBRATION
Event at the end of
the program to
celebrate the men-
tees’accomplish-
ments.

Figure 4.1. Curriculum map for the IEQP Program. The curriculum was designed around the core
goals of academic preparation and community support. The academic preparation component consisted of
workshops and practice exams, while the community support component consisted of coffee hours with
mentors, monthly dinners, a kickoff event and a final celebration. Additionally, the IEQP community
consisted of mentees, mentors, faculty advisors, and program directors.
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We paired each student in the program with an older, post-QE graduate student mentor from the
same program. Mentors formally engaged with their mentees through monthly one-on-one
“coffee hours" where they discussed their progress and wellness. The program directors
suggested guide topics and questions for each meeting that would match the mentees’ preparation
stage. This peer mentoring allowed students to engage with older graduate students in their
program who had shared interests and represented an additional source of support for each
program participant. Additionally, mentors and mentees interacted informally during social
events hosted by the IEQP program directors. These social events included monthly dinners, a
kickoft event, and an end-of-program celebration. The events were meant to encourage mentees
to build affinity as a cohort and provide opportunities for informal in-person interactions, which
were missing during the COVID-19 lockdown.

Additionally, each IEQP mentee was required to have at least one practice exam in the month
preceding their qualifying exam. This practice exam consisted of a mock examination led by
trainees with expertise in each student’s research area. In most cases, practice exam participants
were trainees in the laboratory of each student’s committee members. To decrease IEQP mentees’
workload, the program directors coordinated these practice exams.

A detailed curriculum containing lesson plans and full descriptions is included in the
supplementary materials.

4.2.2 Timeline

Students in the target programs normally take their qualifying exam late in the Spring semester
of their second year. For this reason, the program’s timeline was designed to support participants
through this semester. The curriculum was designed during the Summer months, and invited
speakers were contacted and confirmed between the Summer and Fall semesters. The program
started officially in December 2021 with one introductory workshop, and weekly workshops
were held from mid-January through the first week of April. The month of April was dedicated to
practice exams.

4.2.3 Mentor and mentee recruitment and pairing

Graduate students were recruited via a general message sent by each program’s graduate advisor
to the cohort of second-year students. Additionally, we encouraged students to apply to the
program through one-on-one conversations. Students applied through a form that collected
information regarding their identity and research interests. We received 13 applications (7 MCB,
4 PMB, 2 HWNI) and admitted 11 students to the pilot IEQP cohort. Criteria for selection were
(1) availability during the semester and (2) self-proclaimed sense of preparedness for the exam
(students that felt least prepared were prioritized). Care was taken to ensure that students
belonging to underrepresented groups were represented in the mentee cohort.

We recruited potential mentors at the same time that we recruited mentees. The graduate student
directors and faculty advisors personally reached out to graduate students in the PMB, MCB, and
HWNI programs that were in their third year or above to invite them to participate as mentors in
the program. We focused on inviting people with previous mentoring experience, and we ensured
that students from underrepresented groups were represented in the mentor cohort. Prospective
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mentors filled out an interest form where they detailed their research interests and indicated their
availability for the Spring semester.

We received 18 mentor interest forms and carefully selected pairs of mentors and mentees with
the following criteria in mind: (1) Mentor and mentee should be in the same program, (2) They
should have similar or relevant research experience, (3) They should not be in the same lab to
expand mentees’ access to the graduate student community. Mentors were notified once they
were matched to a mentee and they were required to attend an inclusive mentorship workshop
before they officially interacted with their mentees. The inclusive mentorship workshop focused
on helping mentors identify ways to connect with their mentees and make the QE experience one
that enriches mentees’ sense of belonging. Mentors were compensated for their participation in
the program with a $1,000.00 stipend.

4.2.4 Program evaluation

We evaluated the program via a series of surveys, including a pre-program and end-of-program
survey for mentees (Table 4.1), workshop surveys for mentees, and monthly check-in forms for
mentors. We assessed the mentees self-perceived preparedness for the QE before and after
completion of the IEQP program. The scale was 1 = Strongly Disagree; 2 = Disagree; 3 =
Neutral; 4 = Agree; 5 = Strongly Agree.

4.3 Results

The program consisted of a cohort of 11 mentees from the PMB, MCB, and HWNI programs.
We administered a survey at the beginning of the program (n=10) that evaluated the mentees’
preparedness, wellbeing, wellness, and sense of community support. A second survey at the end
of the program (n=11) assessed the progress of mentees and the program’s impact.

Upon comparing results of the pre- and post-program surveys, there are some categories where
the effects of general QE prep cannot be disentangled from the effects of the IEQP program. In
general, students’ QE preparedness and the support received from their advisors improved
throughout the semester, as did their confidence in writing, critical reading, presentation, and
communication skills. In some cases, the program may have had an effect on the observed
improvements, but these are factors for which we would expect an increase due to time invested
in QE preparation. We also observed an increase in metrics of sense of belonging in graduate
school, and while some students attributed this to their participation in IEQP, the process of
preparing for their QE and eventually passing it can contribute to feelings of belonging. We
make this distinction throughout the results.

4.3.1 Demographics

One mentee identified as Black or African, four as Hispanic, Latinx, or Spanish Origin, two as
Middle Eastern or North African, one as Native American or Alaska Native, two as South Asian,
and three as White (Fig. 4.2A). One mentee identified as genderfluid or genderqueer, two
identified as men, one as non-binary, and six as women (Fig. 4.2B). Four mentees reported being
part of the LGBTQ+ community, four mentees reported having a physical, mental, or
learning/cognitive disability, three mentees identified as international students, and four mentees
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identified as first-generation students (Fig. 4.2C). Mentees’ parents’ education level was varied
and no mentees reported having parents who had obtained a Ph.D. (Fig. 4.2D).
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Figure 4.2. Program participant demographics. In a survey distributed before the start of the program,
mentees reported (A) all races and ethnicities they identified with, (B) the gender they identified with, (C)
groups they identified with, and (D) reported their parents’ education level.

Preparedness
| am confident that | can pass my qualifying exam-
| know what | need to do to prepare for my qualifying exam-
| am confident when communicating with faculty- A
| am confident in my ability to interpret research articles in my fieldH .
| am confident in my science presentation skills .
| am confident in my writing and editing skills— T
| feel prepared to take my qualifying exam— e
1 2 3 4 5

Pre-program survey

e End-of program survey Mean of responses

Figure 4.3. Academic preparedness. Mentees reported their self-perceived academic preparedness
before the start of the program, light green, and after the program ended, dark green.
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4.3.2 QE preparedness

Mentees reported their self-perceived preparation for the QE in a survey at the beginning and end
of the program (Fig. 4.3). Nine mentees had written a research proposal before participating in
the IEQP program. Overall, mentees disagreed that they knew what they needed to do to prepare
for the QE (2.5 score) and felt neutral that they could pass the QE (3.1 score) before participating
in the program.

We saw a drastic increase in agreement when comparing the following statements before and
after the program: I feel prepared to take my qualifying exam, I am confident in my writing and
editing skills, I am confident in my science presentation skills, I am confident in my ability to
interpret research articles in my field, I am confident when communicating with faculty. Most
mentees disagreed or felt neutral about these statements before the program and agreed after the
program. Overall, the skills they honed throughout the workshops increased the mentees’ self-
perceived preparedness at the time of taking their QE. Still, additional preparation outside of the
program likely also contributed to this effect.

4.3.3 Community support

We found that after the completion of the IEQP program, mentees had increased discussion of
their proposal with their PI, felt their PI provided useful input on their proposal and felt increased
agency over the content of their QE proposal (Fig. 4.4). We believe that weekly check-ins with
mentees during the workshops likely increased the number of times the mentees met with their
PI and thus increased their sense of agency over their proposal and their perceived usefulness of
meetings with their PI. However, we cannot disentangle the effects of individual preparation for
the QE on the increased agency over their proposal and discussions with their PI about the
proposal. We found that mentees asked more members outside of UC Berkeley (friends, family)
for help regarding the QE but asked fewer members of UC Berkeley for help regarding the QE
(Fig 4.4). This is likely because the IEQP program already provided mentees with an extensive
network of UC Berkeley members to help students with their QE. Additionally, mentees did not
report an increase in asking lab members for help with the proposal, or discussions about topics
other than the research proposal with lab members or PI (Fig. 4.4).

Support

| can ask members outside of UC Berkeley (friends, family) for help or advice regarding my qualifying exam = — ——
| can ask members of UC Berkeley for help or advice regarding my qualifying exam = r— e—
| can discuss concerns about my quals preparation outside of the research proposal with members of my lab = ‘ 4 f
| can ask lab members for help or advice with my proposal — — —

I can discuss concerns about my quals preparation outside of the research proposal with my Pl - — —

| have agency over the content of my quals proposal = -

My PI provides useful input regarding my proposal — *
I have opportunities to discuss my proposal with my Pl — : . —l‘_l

Pre-program survey 1 2 3 4 5
® End-of program survey Mean of responses

Figure 4.4. Support. Mentees reported the support received for qualifying exam preparation before the
start of the program, light green, and after the program ended, dark green.
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Mentorship

104 | 0 =

Number of responses

Figure 4.5. Mentorship figures. At the end of the program, mentees selected the mentors that they felt
supported by during their qualifying exam preparation.

Two of the three participating departments provided a document with guidelines for the QE
while one department did not provide students any guidelines for the QE. Eight mentees said
their department organized a panel or seminar about the QE. However, mentees felt that they did
not receive training similar to that covered in IEQP workshops in their program's curriculum.
While the departments provided guidelines on the structure of the exam and a timeline of when
documents need to be submitted, departments failed to provide guidelines for how to prepare for
the exam.

When asked to rank sources of support at the end of the program, mentees reported feeling most
supported by their IEQP mentor, followed by their PI and Lab members, followed by IEQP
directors and faculty advisors, followed by friends and family, and people at UC Berkeley
outside of their lab (Fig. 4.5).

4.3.4 Career Goals

When asked if the QE impacted their career goals, five mentees responded no, three responded
yes, and three responded maybe. Some of the responses as to why the QE impacted their career
goals:

“I felt that writing the proposal was difficult, so I am not sure if I want to continue in academia
which requires writing grants a lot.”

“It made me deeply consider how much I want to complete my PhD.”

“[1] realized academia is a grind with too much work and too little pay; I don't want to do a
postdoc. I'd rather go somewhere that values my time more highly.”

“I don't think I want to feel this continuous scrutiny for the rest of my life...”
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While the goal of the QE is to prepare students for graduate school, we found that it has a deep
impact on students’ self-perceived scientific identity. Unfortunately, students from minoritized
backgrounds in academia may be more susceptible to the QE’s impact on self-perceived
scientific identity.

Four mentees said participating in IEQP impacted their career goals. One mentee wrote “IEQP
has made me more confident about my place in STEM. Having people like me (latinX,
minorities, etc) prepare and support me for the QE was very beneficial.” Another mentee wrote
“I realized that I don't actually love benchwork compared to reading the literature and coming up
with ideas/testable hypotheses. I think I'd like a more social career that allows me to help mentor
and manage other scientists, but without doing the primary bench work myself.

4.3.5 Wellness

We found that after the completion of the IEQP program mentees increased their feelings of
belonging in graduate school, were better equipped to deal with stress, and felt they could
overcome hardship (Fig. 4.6). However, mentees may have sought external help to deal with
stress, further contributing to these results. We found that feelings that they can complete their
PhD and that their degree is preparing them for the type of career that they want decreased
slightly (Fig. 4.6). These decreases might be due to a change in career choice, as we saw that the
QE affected some students’ career choices.

Wellness
My degree is preparing me for the type of career that | want+ —
| can complete my Ph.D.— S
| can overcome hardship- D
| know techniques that help me deal with stress A
| am stressed about taking my qualifying exam-
| belong in graduate school- e
Pre-program survey 1 5 :; ,:, é
® End-of program survey Mean of responses

Figure 4.6. Wellness. Mentees reported their self-perceived wellness and belonging before the start of the
program, light green, and after the program ended, dark green.
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4.4 Discussion

We designed and implemented the Inclusive Excellence in Quals Prep program at the University
of California, Berkeley. The pilot cohort consisted of eleven students, and we based our
assessment of the program on their feedback through surveys and on our experience as program
directors and faculty advisors. Ten out of eleven students succeeded at their QE on the first
attempt and one student succeeded on their second attempt. Overall, we saw an increase in
students’ perception of preparedness, QE-related skills, the support received from their advisors,
and the agency they felt over their proposed work. When asked about community support, 11/11
students stated feeling supported by their IEQP mentors. While mentees felt varied levels of
support from their community, all mentees agreed that they felt supported by their IEQP mentor.

Our main takeaway is that peer mentorship was the most successful part of the Inclusive
Excellence in Quals Prep program. The peer mentorship aspect of IEQP increased mentees’
community in their programs, as many of them had not interacted much with older graduate
students due to the COVID-19 pandemic. Having an older graduate student mentor provided
mentees with support and guidance, an outlet for stress and anxiety, and an external source of
feedback for their proposal, as well as someone to hold them accountable without judgement.
Further, having a peer mentor contributed to tailored mentorship and an individualized approach
where students developed plans for their QE prep that satisfied their needs, enabling them to
thrive in the environment of semi-standardized tests. After this first iteration of IEQP, we
recommend that peer mentors are retained as a crucial part of the program. This program
component provided significant support for mentees and allowed more advanced graduate
students to practice their mentorship skills and get compensated for their work. If we had to
choose only one program component to retain, it would be peer mentorship. We further suggest
that peer mentorship should be integrated broadly across graduate programs as an essential facet
of retention in STEM.

While the participating graduate programs provide some training on soft skills, such as a class on
giving scientific talks, the breadth of training provided by IEQP through academic-focused
workshops is not provided by these programs’ curricula. Students are generally expected to have
these skills coming into their graduate program or acquire these skills indirectly. However,
teaching them in a structured, hands-on manner proved to be beneficial for students. The skills
taught through IEQP workshops are crucial at all stages of a graduate career and should be taught
as early as possible in graduate programs to provide a strong foundation that students can
continue to build upon. We suggest skills such as giving a chalk talk, giving an elevator pitch,
skimming papers efficiently, and stress management be integrated into the first-year curriculum
or taught as part of a structured program for first-year students.

Students expressed that they would have enjoyed having more structured ‘group study time’ to
allow them to work on their proposals. By transitioning workshops to be part of the first-year
curriculum, IEQP can be more focused on providing students with a structured, guided space to
work towards their QE preparation goals with their peers, while building community and
fostering accountability. By addressing core skills during graduate students’ first year, we
recommend only maintaining workshops that are QE specific in future iterations of IEQP, such
as how to effectively communicate with committee members, planning a quals study strategy,
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and proposal specific chalk talk and elevator pitch practices. Further, we recommend that these
workshops be led by the IEQP community: program directors, faculty advisors, or mentors to not
disrupt the process of community building by bringing in external people each week.

Finally, while some mentees relied heavily on IEQP as their main source of mentorship for QE
prep, others had advisors that were very involved in the process. In the future, we recommend
more communication between each mentee, their PI and the program directors in order to
determine the best ways to support each student to make QE prep more equitable. This can be
addressed by communicating with PIs at the beginning of the year to inform them that their
mentee is a program participant and sharing the program curriculum and expected timeline.
Additionally, communication channels should be open throughout the duration of the program.

When asked whether the QE impacted their career goals, three mentees answered yes and 3
answered maybe. They expressed reconsidering whether they want to complete their PhD and
whether they want to stay in academia. While the QE provides an opportunity for scientific
development, the high rigor and scrutiny associated with the QE, compounded with a lack of
structure and poorly stated expectations can have a negative effect on students’ confidence and
scientific identity. The QE, as it is employed in many programs, represents an antiquated way to
measure student’s success and preparation, as it seems that it is meant to filter students out rather
than prepare them for an independent research project (222). Graduate academic programs
should evaluate if their QE format is designed to achieve the stated goal of preparing students to
undertake an independent research project (223). Additionally, if programs do not provide the
tools and training required for student’s QE success, each student is dependent on their advisor’s
and committee’s involvement in their QE preparation, which does not ensure an equitable
experience (224). Providing the proper training to encourage student QE success represents one
of many necessary steps in creating more accessible and equitable environments in STEM PhD
programs.

In conclusion, the Inclusive Excellence in Quals Prep program was successful in its first year. A
small cohort size that spanned three departments provided the opportunity to pilot the program
and collect sufficient feedback to inform our recommendations for future iterations of the
program and for implementation by others. The IEQP program provided students with the
necessary structure, skill development, and mentorship during their QE prep. We hope that with
the establishment of this model program at UC Berkeley, graduate programs will incorporate
similar training into their curriculum to support graduate students throughout their QE
preparation and ensure their success in graduate school. Standardizing programs such as IEQP
can have the indirect effect of signaling to students from minoritized groups that critical support
structures are available, thus contributing as a recruitment and retention tool.
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Table 4.1. Questions in the pre-program and end-of-pro

ram surveys.

before?
(1) Yes, (2) No

No.|Category Pre-program survey End-of-program survey
questions and answer choices questions and answer choices
1 |Self-
identification |Name
2 |Self- Which category best describes you?
identification |(1) White; (2) Hispanic/Latinx; (3)
Black or African; (4) Asian; (5) Native
American or Alaska Native; (6) Middle
Eastern or North African; (7) Pacific
Islander; (8) Not listed above, please
specify
3 |Self- What is your gender identity?
identification |(1) Man; (2) Woman; (3) Trans man;
(4) Trans woman; (5)
Genderqueer/Nonbinary Gender; (6)
Not listed above, please specify; (7)
Prefer not to say
4 |Self- Are you a member of the LGBTQ+
identification |community?
5 |[Self-
identification |Are you a first-generation student?
6 |[Self-
identification |Are you a student with a disability?
7 |Self-
identification |Are you an international student?
8 |Self- What are your parents' or caretakers'
identification |highest educational degree?
(1) PhD, (2) Professional degree, (3)
Masters' degree, (4) Bachelor's degree,
(5) High school diploma, (6) Some
high school, (7) Did not attend high
school
9 |QE Did you pass your qualifying
preparedness |Have you written a research proposal |[exam?

(1) Yes, (2) No, (3) I haven't taken
my qualifying exam yet

For questions 10 - 26: Indicate agreement or disagreement with each of the following
statements.
(1) Strongly disagree, (2) Disagree, (3) Neutral, (4) Agree, (5) Strongly agree

10

QE

preparedness

I feel prepared to take my qualifying
exam

At the time of taking my qualifying
exam, I felt prepared
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11 [QE I know what I need to do to prepare for |I am confident in my writing and
preparedness |my qualifying exam editing skills
12 |QE I am confident that I can pass my I am confident in my science
preparedness |qualifying exam presentation skills
13 |QE I am confident in my ability to
preparedness |I am confident in my writing and interpret research articles in my
editing skills field
14 |QE I am confident in my science I am confident when
preparedness |presentation skills communicating with faculty
15 |QE I am confident in my ability to
preparedness |interpret research articles in my field
16 |QE I am confident when communicating
preparedness |with faculty
17 |Community I frequently discussed my proposal
support I can discuss my proposal with my PI  |with my PI
18 [Community |My PI provides useful input regarding |My PI provided useful input
support my proposal regarding my proposal
19 |Community [l have agency over the content of my |1 had agency over the content of my
support quals proposal quals proposal
20 |Community |I can discuss concerns about my quals |I discussed concerns about my
support preparation outside of the research quals preparation outside of the
proposal with my PI research proposal with my PI
21 |Community |I can ask lab members for help or I asked lab members for help or
support advice with my proposal advice with my proposal
22 |Community I discussed concerns about my
support I can discuss concerns about my quals |quals preparation outside of the
preparation outside of the research research proposal with members of
proposal with members of my lab my lab
23 |Community |[I can ask members of UC Berkeley for |I asked members of UC Berkeley
support help or advice regarding my qualifying |for help or advice regarding my
exam qualifying exam
24 |Community I frequently asked members outside
support I can ask members outside of UC of UC Berkeley (friends, family)
Berkeley (friends, family) for help or |for help or advice regarding my
advice regarding my qualifying exam |qualifying exam
25 |Community |Indicate what type of support you have
support received from your department.

Select all that apply: (1) My
department provided a detailed
document for the qualifying exam, (2)
My department provided a
workshop/panel/seminar about the

I received training similar to that
covered in IEQP workshops in my
program's curriculum

66




qualifying exam, (3) My department
didn't provide any guidance

26 |Community I felt supported in my quals prep by
support the following people:
(1) PL, (2) Lab members, (3) People
at UC Berkeley outside my lab, (4)
Friends/family, (5) My IEQP
mentor, (6) IEQP faculty advisors,
(7) IEQP directors
For questions 27-32: Indicate agreement or disagreement with each of the following statements.
(1) Strongly disagree, (2) Disagree, (3) Neutral, (4) Agree, (5) Strongly agree
27 |Wellness,
belonging,
and stress
management |I belong in graduate school I belong in graduate school
28 |Wellness,
belonging,
and stress I am stressed about taking my I know techniques that help me deal
management |qualifying exam with stress
29 |Wellness,
belonging,
and stress I know techniques that help me deal
management |with stress I can overcome hardship
30 |Wellness,
belonging,
and stress
management |l can overcome hardship
31 |Career goals |I can complete my Ph.D. I can complete my Ph.D.

32

Career goals

My degree is preparing me for the type
of career that I want.

My degree is preparing me for the
type of career that [ want.

For

questions 33-38: Select one, or complete with short answer

33

Career goals

Indicate what type of career you wish
to pursue

(1) education: tenure track faculty,
non-tenure track faculty, K-12 teacher;
(2) non-faculty research: scientist in
national lab, academic, industry
setting; technical specialist; (3) other
science: science communication,
science outreach, science policy, patent
lawyer, medical professional; (4) other:
finance, accounting, marketing, sales,

Indicate what type of career you
wish to pursue
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musician, self-employed; (5)
undecided

34

Career goals

What are your career goals?
short answer

What are your career goals? short
answer

35

Career goals

Did participating in IEQP impact
your career goals? Yes, No, Maybe

36

Career goals

If you answered yes to the above
question, explain why: short answer

37

Career goals

Did the quals process impact your
career goals? Yes, No, Maybe

38

Career goals

If you answered yes to the above
question, explain why: short answer

For questions 39-48: Select all that apply:
(1) Workshops; (2) Practice exams; (3) Community social events; (4) Interacting with mentor

one-on-one; (5) Meeting with Rachel and Diana; (6) Other

39 |Program Which program elements were
evaluation most effective in terms of
preparation for the experience of
the oral exam?
40 |Program Which program elements were least
evaluation effective in terms of preparation for
the experience of the oral exam?
41 |Program Which program elements were the
evaluation most effective in terms of writing
the inside proposal?
42 |Program Which program elements were the
evaluation least effective in terms of writing
the inside proposal?
43 |Program Which program elements were the
evaluation most effective in terms of stress
management?
44 |Program Which program elements were the
evaluation least effective in terms of stress
management?
45 |Program Did your interactions with your
evaluation peer mentor add a lot to your
program experience, and how could
they improve?
Short answer
46 |Program Did your interactions with faculty
evaluation directors (Rachel and Diana) add a

lot to your program experience, and
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how could they improve?
Short answer

47 |Program What was the hardest part of quals
evaluation prep for you and how could the
program have helped you meet this
challenge better?
Short answer
48 |Program Is there anything you would change
evaluation in the program going forward?

Short answer
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Concluding remarks

Since the discovery of vitamin B12 and its importance for human health in 1926 (8-10), and the
subsequent discovery of its requirement in bacterial metabolism (225, 226), the field of corrinoid
biology as it relates to microbes has continued to expand. To date, 17 corrinoids varying in their
lower ligand structure have been found in many environments (14, 19, 34, 38). These nutrients
are produced by bacteria and archaea, and they impact the metabolism and growth of many
microbes (39). Further, corrinoids have been shown to be shared in a number of bacteria-bacteria
and bacteria-algae co-cultures (24-33, 100). The application of corrinoids as a model shared
nutrient presents a unique approach for advancing the study of microbial interactions in complex
communities (7, Chapter 1).

My dissertation work is part of the first use of the model nutrient approach applied to soil
microbial communities. Soil’s physical and chemical complexity, coupled with its taxonomic
diversity, makes it one of the hardest environments in which to elucidate the roles of individual
microbes and their impact on community structure and function (145). Focusing on a model
nutrient is particularly useful for soil microbiology research, as it allows us as scientists to “zoom
in” and study interactions in a reductionist manner that allows for the mechanistic dissection of
processes.

This research spanned the organismal scale described in Chapter 1, and expanded into binary and
higher order interactions, the more granular components of the community scale. In sum, through
the isolation of bacteria from a California grassland soil and evaluation of their interactions —
both competitive and cooperative — this work begins to elucidate how environmental corrinoid
availability impacts individual soil bacteria. Two components of the bacterial isolation in Chapter
2 enabled the interaction studies in Chapter 3. First, bacteria were isolated from the same
environment, which highlights the possibility that these bacteria interact in their native
environment. Second, isolating bacteria on one defined medium served as a great primer for
interaction studies because it allows for easy removal or addition of specific compounds. Another
highlight of this work is the refinement of the “producer,” “dependent,” and “independent”
categories, as well as definition of the “provider” term. These categories, defined experimentally
and genomically, have established a language that facilitates prediction and testing of corrinoid-
based interactions in culture and from genomic data.

By evaluating corrinoid-based interactions among a set of isolates, we were able to test the
predictability of competitive interactions between dependents and measure corrinoid sharing
between producers and dependents. While some interactions were predictable from monoculture
growth, others were not, possibly due to emergent properties arising in co- and tri-cultures.
Genome analysis suggests that corrinoids are the main shared nutrient between the strains tested,
meaning that the consortia established here represent an effective system in which to study
additional aspects of corrinoid-based interactions.

Altogether, I built and characterized a collection of 161 bacterial isolates that I then leveraged to
research interactions in a quantifiable and hypothesis-driven manner by applying the model
nutrient approach. Future research may expand to more combinations of isolates or types of
interactions and refine predictions by considering emergent properties that arise when isolates
are combined. Genetic manipulation of a subset of bacteria in the collection may be achievable,
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thus expanding the range of possible experiments and paving the way for an increasingly detailed
understanding of interactions. Overarching questions can be addressed by researching the
mechanisms of corrinoid sharing, symbiotic relationships that may arise when corrinoids are
shared, and how pairwise interactions based on vitamin sharing influence overall community
structure. Parallel research found that addition of corrinoids can impact the structure of soil-
derived communities (112). Studying the effects of corrinoids on bacterial isolates can help us
understand how individual strains may shape corrinoid effects at the community scale. Future
work on the corrinoid model should also include environments with higher corrinoid diversity,
such as the human gut, as soil contains 95% vitamin Bi2 (19). This makes it one of the least
diverse environments in terms of corrinoid structures, in stark contrast to its taxonomic diversity.

Many ecological and mechanistic questions remain regarding interactions in complex
communities. Detailed approaches such as the model nutrient approach, combined with large
scale -omics and modeling approaches can help to answer many of these questions over the
coming years. I look forward to future research that will uncover many secrets about how
microbial communities are structured and how they contribute to our changing world.
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