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Multi-faceted approaches to discovering and predicting
microbial nutritional interactions

Sebastian Gudel, Michiko E. Tagal"
1Department of Plant & Microbial Biology, University of California, Berkeley, Berkeley, CA USA

Abstract

Nearly all microbes rely on other species in their environment to provide nutrients they are unable
to produce. Nutritional interactions include not only the exchange of carbon and nitrogen
compounds, but also amino acids and cofactors. Interactions involving cross-feeding of
cobamides, the vitamin B4, family of cofactors, have been developed as a model for nutritional
interactions across species and environments. In addition to experimental studies, new
developments in culture-independent methodologies such as genomics and modeling now enable
the prediction of nutritional interactions in a broad range of organisms including those that cannot
be cultured in the laboratory. New insights into the mechanisms and evolution of microbial
nutritional interactions are beginning to emerge by combining experimental, genomic, and
modeling approaches.
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Introduction

In human society, virtually every individual relies on others for shelter, food, and other basic
needs. Likewise, most microbes rely on others for shelter, in the form of a host organism or
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biofilm structure, and food, such as carbon or micronutrients. Even many of earth’s most
self-sufficient microbes — photosynthetic aquatic microbes that are responsible for a
substantial fraction of the planet’s carbon fixation [1] — rely on neighboring bacteria for
cross-protection from oxidative damage [2]. The least self-sufficient microbes depend on
others for a multitude of physical and metabolic needs, which may explain why the majority
of microbes have yet to be cultured in isolation [3,4].

Numerous studies of nutritional dependence have uncovered obligate mutualistic
interactions between co-associated partners [5-11]. An extreme example is the interaction
between insects and their bacterial endosymbionts. Here, bacteria and their hosts have
evolved obligate metabolic interdependencies for amino acid and cofactor production,
reflected in the presence of complementary metabolic pathways in their genomes [6,8,10].
Even a single metabolic pathway can be divided between multiple organisms that share
biosynthetic precursors [10,12].

There is also abundant evidence for metabolic dependency among free-living microbes
across all domains of life [3,12—18]. Carbon flow between microbes in different trophic
levels is a major form of nutritional interaction in microbial ecosystems. Layered upon the
flow of carbon is a complex suite of nutritional interactions involving the exchange of a
variety of other metabolites [19]. Many studies focus on the sharing of carbon, nitrogen, or
amino acids [8-10,13,15,17,18,20-22], but other types of metabolites such as cofactors are
also frequently shared. Here, we review recent advances in experimental and computational
approaches to investigate nutritional interactions, using the vitamin Bq, family of corrinoid
cofactors known as cobamides as an example. We then discuss a comprehensive modeling
approach that can be used as a framework to study nutritional interactions across scales,
from individual cells to the community.

Cobamides as model shared nutrients

Cobamide cofactors facilitate diverse biochemical reactions involved in methionine
synthesis, nucleotide metabolism, natural product biosynthesis, and various pathways for
carbon and nitrogen catabolism [23]. Cobamides are shared metabolites, as evidenced by the
absence of cobamide biosynthesis genes in the majority of genomes of cobamide-utilizing
organisms [24—-26]. The widespread reliance on cobamide cross-feeding, coupled with their
structural diversity and specificity (Fig. 1), makes cobamide sharing an ideal model to study
nutritional interactions.

Cobamides consist of a central corrin ring, an upper ligand that directly participates in
chemical reactions, and a structurally variable lower ligand (Fig. 1). Lower ligand structure
is important for function, as enzymes of different species require different cobamides. The
influence of cobamide structure on growth has been observed in microbes that depend on
cobamides produced by other organisms, including bacteria from contaminated groundwater
[27], human gut bacteria [28], and algae [29], suggesting that these microbes require
strategies to acquire the specific cobamides that meet their nutritional needs. Indeed, some
microbes have been shown to “remodel” cobamides, replacing the lower ligand with one that
functions in their metabolism [27,29,30]. The ability of cobamide structure to alter growth
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has also been documented in cobamide-producing bacteria that can be induced to produce
non-native cobamides by incorporating exogenously supplied alternate lower ligands, a
process known as guided biosynthesis [31-34].

Considering that half of bacteria are predicted to rely on cobamides produced by others, the
abovementioned examples of cobamide specificity suggest that cobamide requirements can
influence microbial partnerships and community population dynamics. The importance of
cobamide specificity was demonstrated in a three-species consortium consisting of a
cobamide-requiring predatory amoeba, a co-isolated cobalamin (vitamin B;5,)-producing
Pseudomonas species, and a pseudocobalamin-producing cyanobacterium [35]. Grazing on
the cyanobacterium alone could meet all of the amoeba’s nutrient requirements except its
cobamide requirement, which could only be satisfied by the Pseudomonas species due to its
specific need for cobalamin. Similarly, in a three-species consortium containing the
organohalide-respiring bacterium Dehalococcoides mccartyi, the cobamide-producing
Pelosinus species synthesized a cobamide that could not be used by D. mccartyi[36]. As a
result, the consortium could be cultivated only when an appropriate lower ligand base was
added to allow cobamide remodeling by D. mccartyi[36]. The importance of cobamide
specificity is also illustrated by the use of two distinct cobamides by cyanobacteria and
eukaryotic algae in aquatic systems [29]. While pseudocobalamin produced by the
cyanobacteria is available to cobamide-utilizing organisms, algae can only use it if they are
able to remodel it to cobalamin. These findings highlight how cobamide diversity and
specificity can create specific exchange networks between microbes. They also hint at a
possible explanation for the structural diversity of a cofactor family with essentially the
same set of enzymatic functions. Similar to the selective pressure on siderophore producers
to diversify siderophore structure to limit piracy by other organisms [37], it is possible that
structural diversity in cobamides emerged as a way to restrict the benefits of cobamide
provisioning to specific partners [28].

The evolution and maintenance of cobamide dependence have been most extensively
characterized in algal systems. Algal cobalamin auxotrophy is correlated with the presence
of the cobalamin-dependent methionine synthase and absence of its cobalamin-independent
counterpart. Loss of the cobalamin-independent methionine synthase has apparently arisen
multiple times throughout evolution, likely due to co-evolution in stable association with a
cobalamin-producing bacterial symbiont [14,38]. In support of this evolutionary mechanism,
when the model alga Chlamydomonas reinhardtii was evolved in the laboratory in the
presence of cobalamin, loss-of-function mutations in its cobalamin-independent methionine
synthase gene arose, resulting in a growth advantage, but the mutations quickly reverted
once cobalamin was removed [39]. These findings illustrate how the evolutionary tug-of-war
between the cost of metabolite production and reliability of supply can be resolved by a
stable metabolite-sharing partnership. Cobamide-requiring algae and cobamide-producing
bacteria were indeed found to coexist stably under laboratory conditions [40]. Such
partnerships can be stabilized by regulated reciprocal interactions. For example, bacterial
growth in nutrient-poor aquatic systems is thought to be supported by shed algal cell wall
components, while bacteria were found to supply cobalamin only when limited for carbon
[14,40]. Another example of metabolic reciprocation was observed for the alga Ostreococcus
tauriand the bacterium Dinoroseobacter shibae [12]. Here, in addition to carbon and
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cobamides, a suite of B vitamins and B-vitamin precursors was exchanged. The stability of
this partnership delicately relied upon reciprocation, as stability was lost once the B-vitamin
and carbon requirements of the bacteria were decoupled from algal growth. Even though the
mechanisms stabilizing such partnerships are beginning to be understood, it is still largely
unclear how cobamide sharing in these natural systems evolved in the first place. For
example, even basic questions including how cobamides are released from the cell, how
export is regulated, and the costs associated with cobamide provisioning are still to be
answered.

Predicting nutritional interactions by comparative genomics

In recent years, many examples of cobamide cross-feeding interactions have been
discovered, as highlighted above. Nevertheless, such experimental investigations uncover
only a tiny fraction of the total interactions occurring in nature. As an alternative to culture-
based methods, genomic analyses can be used to gain insights into nutritional interactions on
a broader scale. Because nearly all of the genes for cobamide biosynthesis and use have been
characterized, the potential for cobamide-based interactions can be predicted by
bioinformatics. An early study of 747 genomes (540 bacterial, 47 archaeal, and 160
eukaryotic) found that cobamide biosynthesis is present in 39% of bacteria, 72% of archaea,
and is absent in all eukaryotes [26]. Similar results were reported in studies focusing on
bacteria from the human gut and marine environments, with cobamide biosynthesis found in
40 and 48% of genomes, respectively [24,28,41]. Use of cobamide cofactors was found to be
widespread in all of these studies, as indicated by the presence of cobamide-dependent
enzymes in about two thirds of bacteria [26,28] and nearly all archaea [26].

The most recent genomic analysis of cobamide biosynthesis and utilization by Shelton et al.
surveyed over 11,000 bacterial species, including 9% assembled from culture-independent
metagenome and single-cell sequencing efforts [25]. Similar to previous studies, only 37%
of bacteria were predicted to synthesize cobamides de novo, while 86% were predicted to
use cobamides, confirming the prevalence of cobamide utilization and cross-feeding (Fig. 2).
This study additionally showed that cobamide utilization varies among the four major phyla
within the dataset, with Bacteroidetes and Proteobacteria having more cobamide dependent
pathways than Actinobacteria and Firmicutes. More striking were disparities in the
distribution of the cobamide biosynthesis pathway across phyla: it is present in 30-57% of
genomes of Proteobacteria, Firmicutes, and Actinobacteria, but is absent in nearly all
Bacteroidetes, despite the abundance of cobamide-dependent metabolism in this phylum
(Fig. 2). An earlier analysis of 256 human gut bacterial genomes also found differences in
cobamide biosynthesis capabilities across phyla, but unlike Shelton et al., predicted that
approximately half of the 51 Bacteroidetes produce a cobamide, and that cobamide
biosynthesis is nearly absent in Actinobacteria [24]. This disparity may reflect differences in
the species composition and metabolism of the human gut compared to bacteria from all
environments, could be due to incomplete sampling of the community, or may originate
from subtle details used to predict biosynthetic capacities. While global observations such as
the fraction of all analyzed bacteria predicted to produce cobamides were largely insensitive
to methodological details of the studies [24-26,28,41], disparities at the phylum level
highlight the inherent challenges in translating more detailed insights across different
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systems and scales [25,26]. More generally, historic biases in the distribution of available
genome sequences limit our ability to categorize biosynthetic capacities broadly across
phylogenetic groups. For example, the four most abundant phyla investigated by Shelton et
al. constituted 85% of the 11,000 species, with the majority of the remaining 108 phyla each
being represented by fewer than 10 unique species [25].

Shelton et al. also identified a subset of genomes (17%) that contained partially complete
cobamide biosynthesis pathways [25]. A small fraction of genomes (1.7%) contained a near-
complete cobamide biosynthesis pathway, lacking only the initial 1-5 steps in the pathway.
The authors experimentally verified this newly found class of precursor auxotrophy in three
cases. Such experimental validation of genomics-based predictions is time-consuming but
crucial for accurate estimation of metabolic capacities and nutritional interactions.

Exploring the evolution of cross-feeding via metabolic modeling

Culture-independent approaches, such as the genomic analyses discussed above and
modeling approaches, can expand our knowledge of nutritional interactions without the need
for time-intensive experimental analysis. Yet, the full breadth of nutritional interactions
remains unknown, as modeling studies of nutrient exchange often do not explicitly account
for the underlying interconnectedness of metabolic networks within cells [42,43]. To
overcome these limitations, McNally and Borenstein employed a multi-layered modeling
approach to examine the evolution of metabolite cross-feeding between two species, both
represented by laboratory Escherichia coli, in the context of reductive evolution
characterized by successive gene loss in both species [44]. This study applied flux balance
analysis (FBA) to predict growth rates and metabolic fluxes within each species, in
combination with a co-culture growth model that bridged the individual FBA models and an
evolution model that incorporated gene loss (Fig. 3A). Cross-feeding interactions emerged in
nearly 40% of over 16,000 simulated evolutionary trajectories, highlighting the vast
potential for metabolite exchange in microbial metabolic networks. Revealingly, obligate
cross-feeding interactions were frequently initiated by an initial phase of non-essential cross-
feeding, suggesting that evolution of metabolic dependencies is derived from facultative
sharing as an evolutionary steppingstone (Fig. 3B). Conversely, available shared nutrients
were not always utilized, indicating “missed opportunities” for metabolic cooperation (Fig.
3B).

Deriving growth parameters and metabolite concentrations from an underlying mechanistic
modeling layer [44,45] is an important step towards developing predictive models of growth
and interaction dynamics in biological systems. In the future, models like the one used by
McNally and Borenstein may lead to insights into how the interconnectedness of metabolism
shapes behaviors at the cellular level by going beyond abstract representations of nutritional
interactions. Ultimately, such predictions may allow investigators to plan, construct, and
control biological systems in a framework similar to those used in mechanical or electrical
engineering. Though the work by McNally and Borenstein is an important step towards such
predictive frameworks, it also exposes the limitations of current metabolic models [44]. The
inability to predict metabolic dependencies beyond three metabolites and the observed
fitness decrease upon gene loss are, as pointed out by the authors, divergent from
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experimental observations [10,12,46]. To overcome these limitations, future iterations of
metabolic models must aim to encompass more biological reality and complexity, for
example, by including gene regulation and expression dynamics, more stringently confining
metabolic fluxes to experimental observations, and improving, and broadly evaluating,
growth functions under various environmental conditions. Achieving such improvements
will require a concerted experimental and modeling effort.

Conclusion

Recent advances in experimental, computational, and modeling approaches have uncovered
a suite of novel insights into nutritional interactions across various scales, from individual
metabolites, such as cobamides, to metabolic networks. Cobamides may be used in the
future to evaluate or tune the composition and metabolism of microbial consortia. For
example, cobamide-based chemical fingerprinting could be applied to track the metabolic
function of a community, or cobamide supplementation could be employed to dynamically
fine-tune relative species abundances in bioreactors. Applying metabolic modeling may
facilitate the design of bioreactors that leverage detailed knowledge of cobamide biology to
improve performance and robustness. We are now only beginning to understand the
enormous potential of employing micronutrient exchange and metabolic specialization in
biotechnological applications.
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Figure 1. Structural and functional diversity of cobamides.

A. Structure of cobalamin (vitamin By,) and various upper and lower ligands of cobamides.
Cobamides consist of a central corrin ring, an upper ligand (R), and a lower ligand (boxed),
covalently attached via the nucleotide loop. Upper ligands confer chemical activity by
generating a radical or donating a methyl group. Lower ligands are diverse and often do not
directly participate in chemical reactions, but confer enzyme specificity. B. Examples of
specificity of microbes for three cobamides with the lower ligands shown. Check mark
indicates cobamides that can be used; X indicates cobamides that poorly support growth or
enzyme activity; blanks indicate cobamides that were not tested [27-29,31,33,47].
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Figure 2. Uneven distribution of cobamide production and use in bacteria.
Distribution of the de novo cobamide biosynthesis pathways and cobamide-dependent

pathways among all bacteria (left) and for the four most abundant phyla in the dataset.
Percentages larger than 1 are rounded to the closest integer. Adapted from [25]. Creative
Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/
4.0).
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Figure 3. Multi-layered framework for modeling the evolution of cross-feeding in a co-culture
undergoing successive gene loss.

A. Three-layered framework to model evolution of cross-feeding interactions in microbial
metabolic networks. Flux balance analysis (FBA) is employed to iteratively predict
instantaneous growth, metabolite uptake and metabolite secretion rates of each species
(bottom). The behavior of the individual species is fed into a co-culture model to simulate
community growth in a shared environment allowing for metabolite exchange (middle).
Reductive evolution is performed by iteratively deleting metabolic genes at random
(excluding genes with major fitness defects) until no more genes that meet this condition can
be removed from either species (top). B. Schematic illustration of the development of cross-
feeding (left) and metabolic missed opportunities (right). Panel A adapted from [44].
Creative Commons Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0).
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