UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
Using Genomes to Infer Interactions Shaping Community Structure in the Soil Microbiome

Permalink
bttgs:ggescholarshiQ.orgéucgitem45k29185§
Author

Nicolas, Alexa M

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5k291852
https://escholarship.org
http://www.cdlib.org/

Using Genomes to Infer Interactions Shaping Community Structure
in the Soil Microbiome
By

Alexa M. Nicolas

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Microbiology
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:

Professor Mary K. Firestone, Co-Chair
Professor Michiko E. Taga, Co-Chair
Professor Jillian F. Banfield
Professor Britt Koskella

Fall 2022






Abstract

Using Genomes to Infer Interactions Shaping Community Structure
in the Soil Microbiome

by
Alexa M. Nicolas
Doctor of Philosophy in Microbiology
University of California, Berkeley

Professor Mary K. Firestone, Co-Chair
Professor Michiko E. Taga, Co-Chair

Microbial residents of soil interact with one another to form communities that serve critical roles
in carbon sequestration, agriculture, and nutrient cycling. Soil microbes are abundant — a gram of
soil can house billions of cells — and diverse — cells represent thousands of species of archaea and
bacteria. However, as new technologies have enabled cataloging a greater portion of which
organisms persist and coexist in soil, mapping the network of microbial interactions is the next
hurdle for appreciating the critical role of the soil microbiome in terrestrial biogeochemical
cycling. From microbial genomes we can predict how organisms live and from culturing
microorganisms in laboratories we can see how they behave, but illuminating how microbes act in
situ remains the canonical paradox: in order to observe soil microbes we must perturb them. In this
dissertation, multiple genome resolved ‘omic approaches are combined to study how microbes
may interact in soil. Each chapter focuses on a distinct type of interaction and the cascading effects
that interaction has on soil microbial communities at-large.

The first chapter reviews the varied microbial interactions that exist in soil: from contact-
dependent molecular transfers to interactions at a distance that depend on molecules moving
through soil. Here, I introduce the framework that a subset of interactions can be inferred in an
organism’s genome. Reading genomes provides the basis for appreciating an organism’s
nutritional requirements which can be used to predict how and with which organisms act in
community.

In the second chapter, I turn to often overlooked ultrasmall microbes in soil from the Candidate
Phyla Radiation (CPR) bacteria and DPANN archaea (an acronym of the first included phyla:
Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota)
lineages. We affirm that, in part, these organisms are overlooked because they comprise the soil
rare biosphere and that we were able to capture these genomes by optimizing previous methods
used to establish viral-enriched metagenomes. We found that, as in other systems, these organisms
must acquire much of their essential building blocks from neighboring cells, suggesting they
require living in close association with other organisms perhaps as epibionts or parasites. We also



determined that soil CPR appear to harbor a likely local adaptation to the oxic environment of top
soils — the capacity for some form of aerobic respiration.

Moving into the third chapter, I turn attention to understanding the role of viruses in the soil
microbiome. Viruses, like other soil microbes, are ubiquitous and recently have become better
cataloged, but a comprehensive understanding of the ecological role of these specific and diverse
predators has not yet emerged. I examined a highly dynamic moment in soil where carbon is
mineralized at a disproportionately high rate compared to the rest of the year — the first rainfall in
a seasonally dry annual California grassland. This system has long been fruitful for relating
microbes directly to the turnover of soil carbon. Thus, we probed the role of viruses in soil and
how viruses may contribute to soil carbon turnover via the characteristic resuscitation and
mortality of specific microbial lineages immediately following wet-up. We combined
metagenomics with stable isotope probing (SIP) using H>'*O and found that dry soil is a sparse yet
diverse reservoir of putative virions, of which only a subset thrives following wet-up. These active
viruses appeared to closely follow host population dynamics.

In the final chapter of this dissertation, I focus on a model nutrient and its rippling effects on the
microbiome, shifting focus from a specific type of soil microbe. Turning to corrinoids — cobalt-
containing enzymatic cofactors used in a variety of carbon and nitrogen metabolisms by most
organisms, typified by Vitamin B12 — we analyzed how varying types of this non-assimilated
nutrient could differentially shift composition and function of soil microbiomes both in soil and in
soil-derived enrichment cultures. We observed in soil that the addition of distinct corrinoid types
led to differences in community composition, but that this effect was more muted in soil-
enrichment cultures. Using metagenomics and metatranscriptomics on soil enrichment cultures,
we found that some organisms showed specific differences in the number of genes differentially
expressed for certain corrinoid types over others, while other organisms showed a non-specific
response to distinct corrinoid types, but these expression changes only corresponded to subsequent
changes in an organism’s abundance in a few instances.

Overall, the results presented in this dissertation use a variety of sequencing methods and lenses
to tease apart the types of interactions that cohere the soil microbiome. These interactions illustrate
both the highly physically connected nature of the soil microbiome and the simultaneous
diffuseness of these connections. CPR bacteria and DPANN archaea often live physically
associated with other cells. Similarly, viruses are only alive inside host cells, but may also persist
in soil awaiting a physical association with a host — perhaps facilitated by rain. Finally, soils
maintain a stock of corrinoids, but changes in the soil corrinoid profile may preferentially target
growth of certain bacteria. Through unraveling how microbes interact we will advance our
understanding of critical soil processes.



There can be no power greater
Anywhere beneath the sun

Yet what force on earth is weaker
Than the feeble strength of one?
— Ralph Chaplin (1915)

Under any circumstances sociability is the greatest advantage in the struggle for life
— Pyotr Kropotkin, Mutual Aid: A Factor of Evolution (1902)
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1. Interactions in the soil microbiome

Soils hold more carbon than the earth’s atmosphere and terrestrial vegetation combined; they are
second only to the ocean in their carbon sequestration potential (T W Crowther et al., 2016;
Scharlemann, et al., 2014; Sokol et al., 2022). Crucial to understanding soils’ carbon-holding
capacity are the soil microbial communities that constitute a complex network of metabolisms that
drive biogeochemical cycles and shape soil organic carbon stocks (Sokol et al., 2022). But, beyond
the critical role the soil microbiome plays in carbon sequestration, microbes impact agriculture
(Averill et al., 2022; Banerjee & van der Heijden, 2022; Herrera Paredes & Lebeis, 2016; Jiao et
al., 2020; Stopnisek & Shade, 2021). As earth’s climate continues to change, and droughts are
predicted to grow longer and more severe (Cook et al., 2018; Diffenbaugh, et al., 2015), research
shows microbes may serve a pivotal role as associations of microbes with plant roots can protect
against drought (Coleman-Derr & Tringe, 2014; Schimel, 2018; Xu et al., 2018). Microbial
communities also harness and direct nutrients to plants (Braga et al., 2016; Kakouridis et al., 2022;
Kuypers et al., 2018). On bulk, the soil microbiome is vital for nutrient cycling, carbon
sequestration, agriculture, and other ecosystem services, but the term “soil microbiome” is merely
shorthand for a web of interactions among its microbial residents (Dal Co et al., 2020; Embree et
al., 2015; Ponomarova & Patil, 2015; Seth & Taga, 2014).

With thousands of bacterial species and billions of cells per gram, soil is believed to harbor the
most diverse microbial communities on earth, and is perhaps the final frontier of environmental
microbiology (Fierer, 2017; Fierer & Lennon, 2011; Shang et al., 2017; Z. Zhang et al., 2017). The
sheer scale of microbial diversity in soil means that methods used to characterize other
environmental systems require greater inputs to capture the same or even a smaller proportion of
the total community composition (Alteio et al., 2020; Lombard et al., 2011; Lynch & Neufeld,
2015; Nicolas et al., 2021). For instance, using ‘omic techniques requires higher sequencing depth
and subsequently greater computational power to capture more complete genomes of a similarly
or smaller representative set of organisms due to the long tail in the rank abundance curve of soil
microorganisms — the soil microbiome is not only highly diverse, another feature of its complexity
is that the community is not dominated by a few organisms (Delgado-Baquerizo et al., 2018;
Diamond et al., 2019). Further, essentially all methods to study soil microbiomes require
separating the physical inanimate matter that we think of constituting soils — minerals, clay — from
the biological material of soil — cells, nucleotides, proteins (Delmont et al., 2011; Goller et al.,
2020; Lombard et al., 2011; Sokol et al., 2022). This separation or suspension of biology from the
complex matrices of soil has dictated the lenses we can understand soil microbiology — isolations,
functional assays, and more recently in situ ‘omic studies (Bartelme et al., 2020; Fierer, 2017;
Steen et al., 2019; Wilpiszeski et al., 2019). These techniques equip researchers with the power to
identify how an individual organism lives and functions, the capacity of a genome to harbor a
certain function, rather than how organisms living together interact with one another.

The study of the soil microbiome actually aggregates many soil microbial communities that span
soil pores, minerals, roots, fungal hyphae, and decaying plant material (Wilpiszeski et al., 2019).
When we isolate microbes from soil, simultaneously extricating them from their neighbors and
domesticating them in a pure culture laboratory environment, we also detach them from the varied
structures they inhabit. While on bulk soil microbial diversity is staggering, soil neighborhoods
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are estimated to contain fewer than 100 species (Raynaud & Nunan, 2014). The soil habitat
provides unique challenges for microbes — microniches of low nutrient availability, potential for
oscillating redox conditions depending on the balance between inundation with water and gas
exchange, physical segregation between populations that may rely on each other (Bartelme et al.,
2020; Pett-Ridge et al., 2013; Sokol et al., 2022; Wilpiszeski et al., 2019). The question remains:
how do scientists understand the interactions between organisms that yield communities.

Microbial interactions underlie the complex structure of microbiomes

The unique obstacles and features of soil life for residing microbes also serves to make the studying
of interactions between microbes challenging. The interactions between soil microbes span
physical scales of proximity from nanometers to tens of microns (Raynaud & Nunan, 2014;
Wilpiszeski et al., 2019). These scales can be split into two broad categories: direct physical
interactions between resident microbes and interactions at a distance, mediated by small molecules
(Boopathi et al., 2021; Tecon et al., 2018). At each scale of interaction, there exists, in
anthropomorphic terms, beneficial, neutral, and negatively connotated associations between
organisms (Campbell et al., 2018; Pande et al., 2016; Rakoff-Nahoum et al., 2016; Romdhane et
al., 2022; Verbruggen et al., 2012). Direct physical associations between microbial cells of
different populations have distinct impacts on the flow of nutrients in and ecology of soil. For
instance, predation affects where and how nutrients move between soil trophic levels (Pomeroy et
al., 2007; Sistla et al., 2013), epi- or endosymbioses between organisms maintain organisms of
reciprocal ecological roles (Castelle & Banfield, 2018; Musat et al., 2016), and contact-dependent
secretion systems are thought to operate through mechanisms of kin selection (Boopathi et al.,
2021; Wellington & Greenberg, 2019). With respect to more-distanced microbial interactions,
molecular communication also takes on many forms: one organism producing a nutrient another
organism needs or consuming a byproduct extracellularized by another organism (Seth & Taga,
2014); signaling between organisms through lethal means — toxins, antibiotics — or through non-
virulent messenger molecules (Kothari et al., 2019; Miao et al., 2018; Roux et al., 2019).

Given the discussed challenges of studying microbial interactions in soil, my dissertation concerns
itself with interactions encoded in genomes. My work reflects the perspective that certain
interactions are “hardwired into genomes” and through genomes we can predict through their
nutritional requirements or immune systems how organisms interact with one another (Zengler &
Zaramela, 2018). These modes of interaction contrast with interlocking metabolism which may be
highly dynamic through time and depend on understanding locally accessible substrates for
organisms (Zengler & Zaramela, 2018). Through studying nutritional needs encoded and viral
insertions in genomes, organisms may eventually be connected to one another through their
interlocking requirements and traces of the past viral infection. In particular, in soil, microbial
genomes on average are larger than microbial genomes in other systems i.e., gut, marine (Brewer
et al., 2016; Chuckran et al., 2022; Giovannoni et al., 2014). This is thought to be because soil
resources are diverse but sparse and maintaining a greater genetic inventory may enhance survival
across conditions (Bartelme et al., 2020; Nielsen et al., 2021). However, soil microbes still exhibit
requirements for nutrients individuals themselves cannot produce (D’Souza et al., 2018). This
chapter reviews microbial interactions through the lens of contact-dependent interactions and
interactions at a distance, paying particular attention to the subset of these interactions that can be
observed directly in genomes. The body of the dissertation addresses: obligate parasites or
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episymbionts such as bacteria of the candidate phyla radiation (CPR) discussed in chapter 2,
predation via viruses examined in chapter 3, and nutritional interactions via corrinoids as a model
metabolite investigated in chapter 4.

1.1 Contact-dependent interactions: long-term physical associations, lethal
transient meetings

Predatory-prey interactions move nutrients through the soil microbiome

Predators can serve as top-down controls on the soil microbiome (Hungate et al., 2021; Thakur &
Geisen, 2019; Zimmerman et al., 2020). They span scales, trophic levels, and taxonomic domains.
Soil predators range in size from microarthropods (e.g. mites, springtails) to nematodes, protists,
predatory bacteria (e.g. Bdellovibrio), and — at the smallest scale — soil viruses. The types of
predation are diverse and may yield different effects on the composition and function of the soil
microbiome. Due to this diversity, predators can be broadly categorized into: (1) those that feed
selectively vs. non-selectively, due to their distinct effects on microbial community structure, and
(2) those that engulf their prey compared to those that pierce or lyse their prey, due to their distinct
effects on biogeochemistry (Chow et al., 2014; Zhao et al., 2019).

Nematodes and protists are two dominant bacterial predators that vary in the selectivity of their
feeding habits (Gao et al., 2019; Martins et al., 2022). Bacterivorous nematodes tend to be
generalists, non-selectively consuming bacteria via filter feeding (Renn et al., 2012), whereas
bacterivorous protists discriminate between prey based on factors like body size and palatability
(Thakur & Geisen, 2019). For example, protists generally favor consuming Gram-negative
bacteria, which are considered easier to digest, thus promoting the abundance of the thicker cell-
walled Gram-positive bacteria (Renn et al., 2012; Thakur & Geisen, 2019). The consumptive
effects of protists and nematodes influence rhizosphere biogeochemistry, particularly nutrient
mineralization. Protists and nematodes possess a higher carbon to nitrogen ratio than the prey they
consume, they excrete excess nitrogen as a waste product (as well as other excess nutrients) (Osler
& Sommerkorn, 2007), which are then used by plants and other microbes — i.e. in the ‘microbial
loop’ (Clarholm, 1985). Soil fauna such as mites, springtails, and pseudoscorpions are also
prominent predators of bacteria and fungi, and these mesofauna can modify microbial community
structure (Crowther et al., 2015) and impact microbial efficiency (Lucas et al., 2020), and the rate
of litter degradation and soil carbon accrual (Shu et al., 2021; Soong & Nielsen, 2016).

When larger predators engulf and ingest their prey, organic matter from the prey is moved into
higher trophic levels (Pomeroy et al., 2007). In contrast to these larger predators, viruses and
predatory bacteria are too small to engulf their prey, but can lyse them instead (Hungate et al.,
2021; K. E. Williamson et al., 2017). Soil viruses act by transforming cellular biomass of the prey
into extracellularized organic compounds, in the process of producing virions (nucleotides and
proteins) (Kuzyakov & Mason-Jones, 2018). Moreover, unlike larger predators, viruses can persist
in their preys’ cells (Brum et al., 2016; Correa et al., 2021; Touchon et al., 2016). Viruses of
bacteria (i.e. bacteriophages or phages) and archaeal viruses can recombine into host cells thereby
integrating themselves into host genomes as prophages (process known as lysogeny) (Hampton et
al., 2020; Luk et al., 2014; Pina et al., 2011). Upon certain environmental cues, prophages can
excise themselves from host genomes, replicate, and may lyse host cells (Brum et al., 2016;
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Turnbull et al., 2016). Another, important feature that links viral genomes to their hosts is clustered
regularly interspaced short palindromic repeats (CRISPR) systems (Ofir & Sorek, 2018). CRISPR
systems are a form of adaptive immunity encoded in bacteria and archaea (Burstein et al., 2016;
Pinilla-Redondo et al., 2022). In these CRISPR loci, genomes harbor short stretches of viral DNA
that host populations have previously encountered thereby maintaining a record of previous viral
infections (Burstein et al., 2016; Hampton et al., 2020). Though many microbial lineages are
devoid of CRISPR systems, through CRISPR loci and lysogenic infections, viruses are
intrinsically connected to their hosts and maintain a coupled genomic record of interaction in situ
(Andersson & Banfield, 2008; Burstein et al., 2016; Meaden et al., 2022). Simultaneously, some
viruses encode their own CRISPR systems which maintains a record of its hosts’ genome (Seed et
al., 2013). In soil, CRISPR loci have been used to connect phages to their methylotrophic bacterial
hosts and, in combination with *CHs4 stable isotope probing, implicate phages in terrestrial
methane cycling (Lee et al., 2021).

The soil virome has attracted considerable attention recently, because soil viruses are highly
diverse and abundant, outnumbering microbial cells by as much as 100:1 (Sokol et al., 2022).
Understanding interactions between viruses and their hosts may have profound impacts on how
we understand the soil microbiome. In marine systems, viruses play a prominent role in
biogeochemical cycling, as they kill up to ~40% of bacteria daily and sustain up to 55% of bacterial
production by continuously liberating this carbon — which is known as ‘the viral shunt’ (Kuzyakov
& Mason-Jones, 2018; Suttle, 2007; Suttle & Culley, 2007). Viruses are posited to play a similar
role in soils — a specter of microbial death, shaping a large portion of organic matter turnover in
soil (Kuzyakov & Mason-Jones, 2018; Sokol et al., 2022). To date, however, though more, and
larger soil viral datasets have been published, researchers have not yet unified these massive cross-
soil datasets to theorize a ‘soil viral shunt’. Research has started to elucidate bulk metrics of soil
viral diversity, and to identify genomic capacities of viruses for organic compound degradation —
such as through metabolic genes (Bi et al., 2020; Emerson et al., 2018; K. E. Williamson et al.,
2017). Although linking virus and host on a fine-grain taxonomy has proved difficult in silico, a
few recent time-resolved studies are beginning to relate viral and host dynamics (Emerson et al.,
2018; Starr et al., 2019), but studies are needed to elucidate how boom and bust cycles of viruses
may contribute to microbial succession and further, nutrient cycling. In one study that assembled
time-resolved metatranscriptomes, RNA viral populations appeared to be highly divergent based
on the presence of root litter, similar to their fungal hosts (Starr et al., 2019). These mycoviruses
may thus play a key role in shaping carbon cycling in the root detritusphere as they prey on their
hosts.

Predatory bacteria have received less attention than other soil predators, but recent evidence
suggests they are widespread, and that they influence food web structure (Ye et al., 2020) and
carbon and nutrient flows (Hungate et al., 2021). These bacterial predators employ different
strategies: some are social and hunt in packs (‘wolf-pack predation,’ i.e. Myxococcales); some
insert fang-like structures into their host to extract cytoplasm (e.g. Vampirovibrio and
Vampirococcus), and others lyse their host immediately, or after taking up temporary residence in
their host cytoplasm and producing daughter cells (e.g. Bdellovibrionales) (Hungate et al., 2021).
In a meta-analysis of 15 different sites, obligate predatory bacteria were shown to grow 36% faster
and assimilated carbon at rates 211% higher than nonpredatory bacteria (Hungate et al., 2021).
This provides evidence in the soil microbiome for the ecological theory that higher productivity
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increases predator control of lower trophic levels, and influences carbon flow through microbial
food webs.

Candidate Phyla Radiation bacteria genomes reveal requisite interactions

Beyond predation, many biotic interactions remain unknown in their nature, such as those of
candidate phyla radiation (CPR) bacteria, which are ultrasmall bacteria that may live as parasites
or episymbionts of bacteria (Castelle et al., 2018; Castelle & Banfield, 2018). Their genomes
reveal a requirement for interaction based on incomplete pathways for nucleotide biosynthesis,
amino acid and lipid biosynthesis, and other critical cellular building blocks and suggest a larger
role in the interaction networks that comprise the soil microbiome (Castelle et al., 2018). It is
speculated that, especially in nutrient depleted environments, CPR may play an essential role in
recycling nutrients and microbial biomass from dead community members (Castelle et al., 2018;
Probst et al., 2018).

These unique organisms have proved difficult to isolate and were only first revealed to exist
through sequencing-based techniques. Subsequent cultivation and electron microscopy of a TM7
phylotype revealed that this organism lives attached to a host cell of Actinomyces spp. XHO0I (X.
He etal., 2015). The researchers speculated that TM7 may live a facultative parasitic lifestyle since
under starvation conditions it appears TM7 may kill its Actinobacterial host. These contact-
dependent interactions, perhaps characteristic of CPR, were highlighted in a groundwater system
where electron microscopy, similarly, revealed a chain of small cells (each less than 10 nm in
diameter) directly attached through pili-like projections to a much larger (> 1 um) host cell (C. He
et al., 2021). The small genome sizes portend smaller cells, and the loss of essential metabolic
platforms implies the requirement of close association of cells provisioning cellular building
blocks for the existence of these distinct bacteria phyla (C. He et al., 2021; Jaffe et al., 2020). Thus,
CPR bacteria are an illustration of hypothesized interactions encoded in genomes, followed by the
nature of the interaction visualized. In soil specifically, how CPR live has not been investigated
with similarly in-depth analyses to other systems (i.e. host-associated systems (Jaffe et al., 2021;
Utter et al., 2020)), but as explored in Chapter 2, we see the same trends in loss of complete
metabolic pathways for CPR in soil as reported across environments. In soil, however, we see
lineages other than Saccharibacteria encode components of aerobic metabolism and suggest
adaptation to a microaerophilic environment may be more widespread in soil CPR (Nicolas et al.,
2021; Starr et al., 2018).

Contact-dependent secretion systems transfer molecular effectors directly into neighboring cells

A critical component of microbial interactions is how individual cells alter the environment around
them through the export of various signals, nutrients, and toxins. Bacteria maintain seven major
secretion systems (Green & Mecsas, 2016). Of these systems that translocate proteins across
membranes, three in gram negative bacteria can reach into the membrane of a neighboring cell:
type III secretion systems (T3SS) enable ‘injection’ of effectors into eukaryotic cells; type IV
secretion systems (T4SS) and type VI (T6SS) secretion systems transfer effectors into bacteria or
eukaryotes (Green & Mecsas, 2016). These secretion systems allow bacterial effector proteins to
enter neighboring cells to, potentially, reprogram cells. For these direct contact dependent
interactions the degree of desiccation in a soil influences the probability of cells coming into



contact — higher water potentials are predicted to decrease cell-cell contacts (Tecon et al., 2018).
In a metagenomic study analyzing the cross-domain interactions between residents of the soil
microbiome, researchers measured '*Carbon isotopic incorporation in microbes from the roots of
Avena fatua grown in *CO» and assembled bacterial genomes that encoded all types of secretion
systems (Starr et al., 2021). In particular, a Burkholderiales genome with detected isotopic
enrichment encoding T4SS and T6SS, also maintained a T3SS alongside a cluster of genes with
homology to plant effector proteins, suggesting that this organism may act as a plant pathogen
(Starr et al., 2021). However, rather than T3SS seeming to serve strictly in pathogenesis, there is
evidence of promoted mutualisms. Specifically, for differing strains of Pseudomonas fluorescens
T3SS contribute to mutualisms with mycorrhizal fungi that promote plant-fungal symbioses (Nazir
et al., 2017).

Contact-dependent secretory systems such as T6SS may have profound ecological implications.
In a plant assay, a soil proteobacteria, Agrobacterium tumefaciens, used its unique nuclease
effector via a T6SS to kill other co-inoculated bacteria Pseudomonas aeruginosa and sibling
Agrobacterium tumefaciens cells, which was interpreted as beneficial for niche colonization (Ma
et al.,, 2014). Broadly studies of T6SS in plant models are thought to exemplify microbial
competition through what is described as inter-bacterial warfare for access to nutrients (Gallegos-
Monterrosa & Coulthurst, 2021). Of course, bacteria also encode mechanisms to defend against
lethal effectors, implying that living in a mixed microbial environment where exposure to toxins
is a feature of microbiomes means genomes must encode defense systems to anticipate toxin
exposure. First, bacteria recognize self-versus-non-self via identification proteins encoded in
genomes (Zepeda-Rivera et al., 2018) and self is thus not absolutely defined as genetic relatedness,
but rather presence of a gene or specific allele (Garcia et al., 2016). Second, organisms, such as
those in the human gut, can acquire gene clusters via mobile elements that neutralize T6SS-
delivered toxic effectors, i.e., acquired interbacterial defense gene clusters (Ross et al., 2019).
While these mechanisms to neutralize toxins from contact-dependent interactions themselves are
encoded in genomes, these are not necessarily cognate systems. Thus, we can presume which
organisms initiate these interactions from genomes, but not tease apart their interacting partner in
a community context.

1.2 Interactions at a distance: molecular mediators of cellular communication

Contact-dependent secretion systems mediate transfer of small molecules directly into neighboring
cells, but given that around 12 pm represents the average calculated inter-cell distance between
soil microbes (Raynaud & Nunan, 2014), perhaps it is more common for what is exported out of
cells to reach cells at a distance — for cellular alteration of a local environment to modulate
peripheral cells. Water content is an important consideration in these interactions at a distance —
lower water content means water soluble molecules are limited in their ability to diffuse across
distances (Stark & Firestone, 1995). For gas phase molecules, decreasing water content can mean
faster movement through soil pores (Stark & Firestone, 1995). Changing water potential, too, can
impact what cells release: a large increase in water potential, as a shock, can increase solutes
released by cells (Halverson et al., 2000). The distances extracellularized molecules diffuse are
also influenced by the scale of soil aggregates. Most microbes live between and within aggregates
and microaggregates measuring in the range of 250 um (Wilpiszeski et al., 2019). A variety of
molecules constitute the molecular messages of soil interactions: signaling molecules such as those
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of quorum sensing systems, distinct forms of nitrogen that are transformed in subsequent steps to
comprise the soil nitrogen cycle, and nutrients such as vitamins produced by a subset of microbes
and used broadly.

Cells monitor and make decisions based on population density using quorum sensing systems (Ng
& Bassler, 2009). These systems encode cell-to-cell communication wherein bacteria produce,
extracellularize, and detect from the environment molecular signals, termed autoinducers, as a
proxy for population density (Ng & Bassler, 2009). Studies of plant-microbe interactions have
shown that quorum sensing systems seem to influence mechanisms of plant growth promotion,
primarily through the canonical quorum sensing signal N-acyl homoserine lactones (AHLs)
relying on LuxR/LuxI homologs in gram-negative bacteria (Chamkhi et al., 2020). While the
mechanisms of these interactions still call for teasing apart in soil, there is evidence that quorum
sensing supports both within population communication of cell density and between population
communication (Garcia et al., 2016; Scott & Hasty, 2016; Silpe & Bassler, 2019). In the
rhizosphere of the common bean plant, Phaseolus vulgaris, the quorum sensing regulator CinR is
important when Rhizobium etli are co-inoculated with the soil isolate Rhizobium fabae (Miao et
al., 2018). The co-inoculation of these rhizobia led to higher wildtype R. etli adherence to root
hairs compared to co-inoculation with a cinR knockout strain of R. e#/i 51]. When R. etli was grown
with R. fabae AHLs there was observed downstream upregulation of R. et/i’s quorum sensing
systems 51]. Underscoring the importance of quorum sensing for plant growth, quorum sensing
signals are reported in higher abundance in the rhizosphere compared to measured bulk soil levels
(DeAngelis et al., 2008). Quorum sensing-based cellular communication is not strictly between
plants and bacteria, or bacteria and other bacteria: more recently soil viruses were also found to
alter induction of prophage in the presence of bacterial AHLs (Ghosh et al., 2009; Liang et al.,
2020) and others have shown that phages encode proteins that detect host autoinducers (Silpe &
Bassler, 2019).

Quorum sensing system-based interactions across populations intersect with other cellular
processes to regulate and connect to soil metabolic transformations. Specifically, there exists a
growing link between understandings of quorum sensing interactions and nitrogen cycling
metabolisms. As individual microbes cannot perform the complete cycle of nitrogen — from
nitrogen fixation to ammonia oxidation i.e. nitrification to the reduction of nitrate and nitrite to
nitrous oxide i.e. denitrification — many microbes perform the isolated functions through metabolic
handoffs in modules that constitute the holistic process (Diamond et al., 2019; Hug & Co, 2018;
Kuypers et al., 2018; Matheus Carnevali et al., 2021). In the rhizosphere, where many nitrogen-
fixing bacteria reside in symbiosis with plants there is an observed correlation between increased
cell densities, AHLs, and enzymes important in nitrogen cycling (DeAngelis et al., 2008). Further,
the production of extracellular enzymes that can degrade bioavailable forms of nitrogen —
chitinases and proteases — was found to be disrupted in soil isolates when quorum sensing is
disrupted (DeAngelis et al., 2008). In another study, a nitrite oxidizing bacteria, Nitrobacter
winogradskyi, revealed the connection between nitrification and quorum sensing, finding that the
expression of nirK and nirK gene clusters was controlled by quorum signaling and that interruption
of quorum sensing through the targeted degradation of AHLs significantly decreased nitrification
(Mellbye et al., 2016).

One microbe’s byproduct becomes another’s substrate



In the soil nitrogen cycle the products of one microbial metabolism become the fuel for another
microbe’s life. As products become substrates, these interactions may span distinct portions of the
soil microstructure, with microbes capable of distinct nitrogen metabolisms residing in different
size and chemistry microaggregates (Wilpiszeski et al., 2019). The distinct reactions of the
nitrogen cycle also predominate in different soil hotspots and soil depths (Diamond et al., 2019;
Kuypers et al., 2018; Matheus Carnevali et al., 2021). Rhizobia in the rhizosphere fix nitrogen and
often inhabit root nodules and symbiose with plants as they provision bioavailable ammonia
(Kuypers et al., 2018). Ammonium leaks into the surrounding environment and in the oxidation of
ammonia to nitrate cooperative interactions can form such as that between the ammonia-oxidizing
archaea, Nitrosopumilus spp., and the nitrite-oxidizing bacteria, Nitrospina spp. (H. Koch et al.,
2019; Kuypers et al., 2018). While these modular processes of nitrogen cycling are encoded in
genomes, which microbes are involved in and how these metabolic handoffs occur may be spread
across soil structure especially due to the solubility of the nitrogen species. Thus, these metabolic
interactions may be highly dynamic through space and time (Zengler & Zaramela, 2018).

Of literature on metabolic interactions between microbes in a microbiome context there exists
much more research in human microbiome studies than in soil. A critical component of this type
of research is understanding how and which microbes differentially uptake nutrients freely
available in their environment. These nutrients may be produced by other microbes (Baran et al.,
2015), a nearby plant root (Zhalnina et al., 2018), fungal hyphae (Nuccio et al., 2013, 2022), or
another nearby organism. In a study of exometabolites released by the common oat plant, Avena
barbata, bacterial isolates from rhizosphere samples exhibited different responses to different root
exudates such as amino acids, organic acids, sugars, nucleotides, fatty acids, and amines, which
suggested a mechanism for community assembly around plant roots during plant growth (Zhalnina
et al., 2018). These distinct substrate preferences were also shown to impact niche partitioning in
the context of soil biological crusts (Baran et al., 2015). Of 372 abundant microbial metabolites,
only two were demonstrated to be metabolized by all six studied biocrust isolates (Baran et al.,
2015). The potential for cross-feeding was also illustrated in this study: 80 metabolites were
observed to be taken up by at least one isolate and released by a different isolate (Baran et al.,
2015). However, determining in situ substrate preferences and availability from genomes alone to
determine interactions is not yet possible.

Producer microbes complement encoded nutritional deficiencies

Organisms’ nutritional requirements, on the other hand, are constant and fixed in genomes
(Zengler & Zaramela, 2018). In the study of a soil fungal-bacterial co-culture, the fungal partner,
Serendipita indica, exists as an auxotroph for the B vitamin, thiamin, provided by Bacillus subtilis
(Jiang et al., 2018). However, the complementation of S. indica’s thiamin auxotrophy required
spatiotemporal segregation of the interacting partners when grown in a petri dish (Jiang et al.,
2018). Another model across environmental systems for understanding nutritional interactions is
through iron-scavenging siderophores (Braga et al., 2016; Butaite et al., 2017; Traxler et al., 2012).
A study of soil Pseudomonas observed that pyoverdine, a type of siderophore that binds
environmental iron, is not produced by all Pseudomonas strains, but that non-producers co-occur
with pyoverdine producers and encode multiple pyoverdine receptors that enable uptake of
pyoverdine produced by other community members (Butaite et al., 2017). These types of analyses



combine genomics with lab culture studies and advance the mapping of the complex network of
microbial interactions in soil.

Outside of laboratory co-cultures, consortia, and supernatant studies, which organisms supplement
an organism’s nutritional requirements and the nature of the interaction that may complement an
auxotroph are largely unknown. For example, further examined in the fourth chapter of this
dissertation, is the broad use of Vitamin B12 analogs, corrinoids, of soil bacteria. Corrinoids are
cobalt-containing modified tetrapyrroles that are used as cofactors in a variety of carbon and
nitrogen metabolisms by most organisms (Roth et al., 1996). Corrinoid metabolisms were found
in 86% of bacterial genomes from a database of over 11,000 genomes on IMG, but the complete
de novo corrinoid biosynthesis pathway was only present in 37% of bacterial genomes (Shelton et
al., 2019), suggesting corrinoids are a widely shared metabolite in microbiomes. A study of
Vitamin B12 in soil recently revealed that the bacterial-wide phenomenon of corrinoid production
maintained in only a subset of genomes holds true for soil, predicting that less than 10% of soil
microbes encode complete de novo biosynthesis of B12 while the majority of soil microbes contain
B12 transporters and dependent enzymes (Lu et al., 2020). Chemical analysis of corrinoids in soil
uncovered that B12 is the dominant form, with a small portion of soil’s corrinoid profile persisting
as 5-methylbenzimidazolyl cobamide (Hallberg et al., 2022). As early as 1951, scientists showed
that addition of vitamin B12 to culture media supported isolation and growth of more microbes
from soil (Lochhead & Thexton, 1951). In an 18-member microbial consortia containing a
cyanobacterial autotroph, researchers combined metagenomics with isolate growth studies to
hypothesize a network of interactions centered around cofactor syntrophy (Romine, Rodionov,
Maezato, Osterman, et al., 2017). In particular, they proposed a network of interactions based on
the exchange of corrinoids and precursors between two identified corrinoid producers, six
auxotrophs for corrinoids that could not use produced precursors, and seven organisms that could
salvage corrinoid intermediates (Romine, Rodionov, Maezato, Osterman, et al., 2017). This type
of detailed analysis of interactions centered on fixed nutritional requirements has not yet been
performed for soil microbiomes.

Conclusion

Extending models of interaction from other systems or laboratory studies to soil microbiomes are
challenged by the physical complexity and sheer diversity of the soil microbiome. Both contact-
dependent and contact-independent interactions are deeply influenced by soil structure, water
potential, and how soluble and diffusible exchanged molecules are. The interactions that comprise
soil microbial communities are varied — from predation by predators larger and smaller than their
prey to episymbioses and contact-dependent secretion systems; to cells sensing the size of their
population, metabolic handoffs, cross-feeding and syntrophies, to facultative and obligate
nutritional dependencies. The interactions intertwining soil microorganisms are intertangled —
cells communicate their population density and simultaneously enable transformations of nitrogen.
These interactions can be encoded in genomes either as an organisms’ lifestyle — is a predator,
encodes a secretion system, relies on another organism for major cellular building blocks, can
perform a module in nitrogen cycling — or in a pairwise manner, directly linking a set of organisms.
We see these pairwise interactions encoded in genomes, perhaps most strongly, for viruses where
hosts include snippets of their viral predators in CRISPR loci or when viral genomes integrate into
host genomes. However, these pairwise interactions are also encoded by cognate systems: quorum



sensing autoinducers and their corresponding receptors; secreted toxins and their neutralizers;
siderophores and their receptors. When many organisms encode a specific signal, and many other
organisms contain the ability to receive that signal the specific interactions that may occur become
muddled. This is pertinent in the case of corrinoid nutritional requirements where a subset of
organisms that produce corrinoids may broadly fill the need of many organisms that rely on
corrinoids. Understanding organisms’ distinct requirements encoded in their genomes portends
who and how they may interact with others. Ultimately, microbial communities may do more than
the sum of their parts, but it is their parts we read.
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Candidate Phyla Radiation (CPR) bacteria and nanoarchaea populate most ecosystems, but are
rarely detected in soil. We concentrated particles less than 0.2 ym from grassland soil, enabling
targeted metagenomic analysis of these organisms, which are almost totally unexplored in largely
oxic environments like soil. We recovered a diversity of CPR bacteria and some archaea
sequences, but no sequences from other cellular organisms. The sampled sequences include
Doudnabacteria (SM2F11) and Pacearchaeota, organisms rarely reported in soil, as well as
Saccharibacteria, Parcubacteria and Microgenomates. CPR and DPANN (archaea of the phyla
Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota)
enrichments of 100- to 1000-fold were achieved compared to bulk soil, in which we estimate each
of these organisms comprise about 1 to 100 cells per gram of soil. Like most CPR and DPANN
sequenced to date, we predict these microorganisms live symbiotic, anaerobic lifestyles. However,
Saccharibacteria, Parcubacteria, and Doudnabacteria genomes sampled here also encode ubiquinol
oxidase operons that may have been acquired from other bacteria, likely during adaptation to
aerobic soil environments. We conclude that CPR bacteria and DPANN archaea are part of the
soil rare biosphere and encode unique metabolic platforms potentially evolved to live
symbiotically under relatively oxic conditions.

Importance

Here we investigated overlooked microbes in soil, CPR bacteria and DPANN archaea, by size-
fractionating small particles from soil, an approach typically used for recovery of viral
metagenomes. Concentration of these small cells (<0.2 xm) allowed us to identify these organisms
as part of the soil rare biosphere and to sample genomes that were absent from non-size
fractionated metagenomes. We find that some of these predicted symbionts, which have been
largely studied in anaerobic systems, have aerobic capacity acquired via lateral transfer that may
enable adaptation to oxic soil environments. We estimate that there are approximately 1 to 100
cells of each of these lineages per gram of soil, highlighting that the approach provides a window
onto the soil rare biosphere and its associated genetic potential.

'All main figures for this manuscript can be found below in section 2.2. All supplementary files (including tables and
methods) can be found online with the published manuscript (https://doi.org/10.1128/mSystems.01205-20).
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2.1 Main Text

Interactions among soil microorganisms impact biogeochemical cycling and overall ecosystem
function. Recent metagenomic analysis of soil microbial communities revealed that many steps of
key reaction pathways central to transformations in soil are partitioned among coexisting
organisms (Diamond et al., 2019). Other interactions are mediated by molecules such as vitamins
and antimicrobial compounds (Abreu & Taga, 2016; Abrudan et al., 2015; Jiang et al., 2018).
Further, there is the potential for a variety of symbiotic interactions, including those that involve
obligate reliance on coexisting organisms for even the most basic requirements (X. He et al., 2015;
Starr et al., 2018). Candidate Phyla Radiation (CPR) bacteria and DPANN archaea (an acronym
of the names of the first included phyla: Diapherotrites, Parvarchaeota, Aenigmarchaeota,
Nanoarchaeota and Nanohaloarchaeota) are detected across ecosystems and are often predicted to
be obligate, anaerobic (epi)symbionts that depend on other organisms for basic cellular building
blocks (Castelle et al., 2018; C. He et al., 2021; X. He et al., 2015). However, CPR bacteria and
DPANN archaea have rarely been studied in relatively oxic environments or identified in soil
(Delgado-Baquerizo et al., 2018; Diamond et al., 2019; Portillo et al., 2013). Genome-resolved
metagenomic analyses circumvent the limitations of isolation-based methods that fail for
organisms unable to grow alone and bacteria that evade detection by primers used in 16S rRNA
gene surveys (Brown et al., 2015), yet there are few reports of CPR metagenome-assembled
genomes (MAGs) from soil (Alteio et al., 2020; Kroeger et al., 2018; Lavy et al., 2019; Matheus
Carnevali et al., 2021) almost certainly because of the rarity of these bacteria.

Prior studies of groundwater have taken advantage of the observation that CPR bacteria have ultra-
small cells that pass through 0.2 ym filters to enable genome recovery for these organisms (Brown
et al.,2015). Studies of other systems reveal that size fractionation of particles prior to sequencing
impacts the composition and function of metagenomes (S. J. Williamson et al., 2012). However,
to our knowledge, studies of 0.2 um filtrates from soil have focused on viromes, and not assessed
their microbial contents (Bi et al., 2020; Han et al., 2017; Segobola et al., 2018). Here, we took
advantage of the expected very small sizes of CPR bacteria and DPANN archaeal cells (Luef et
al., 2015) to concentrate them from soil. Thus, we could test the hypothesis that these anaerobic
organisms are understudied parts of the soil rare biosphere, where they may have evolved pathways
to persist in relatively oxic environments. We sequenced concentrated-soil-effluent that had passed
through a 0.2 ym filter used to remove larger cells and recovered a diversity of bacterial and
archaeal sequences.

We sampled rhizosphere-associated soil from the top 10 cm of an annual grassland from the
Hopland Research and Extension Center in February 2018. We added a potassium citrate-based
buffer and collected the effluent from a subset of the soil samples, which we passed through a 0.2
pum-filter, concentrated, and treated with DNase to remove extracellular DNA that could have
derived from larger lysed cells (Fig 1a, Supplementary Methods) (Trubl et al., 2016; K. E.
Williamson et al., 2013). To evaluate enrichment, bulk DNA was extracted from the same soil
samples for whole community shotgun DNA sequencing, generating what are here referred to as
“bulk metagenomes.” Approximately 20 Gbp of sequence was obtained from each of six
concentrates and two bulk samples. In addition to recovering viral sequences and mobile elements
from these small-particle-concentrate metagenomes, we reconstructed sequences from CPR and
nanoarchaea genomes. From these data, we resolved 26 draft genomes that were > 70% complete
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(estimated using a CPR-specific single copy gene set (Brown et al., 2015)), with < 10%
contamination derived from either CPR or DPANN. No CPR or DPANN genomes were recovered
from the bulk metagenomes.

Sequences from cells < 0.2 ym were almost exclusively from 15 lineages of CPR bacteria and one
DPANN archaea phylum (Fig 2; Supplementary Fig. 1). Importantly, CPR and DPANN
sequences were completely absent in bulk metagenome samples, and were only detectable at very
low, if any, coverage via read mapping to assembled sequences from the small size fraction
metagenomes. (Fig. 1¢). Further, from the 74 bacterial 16S rRNA sequences recovered from the
concentrate metagenomes, all of which were assigned to CPR lineages, we predict more than half
(42 16S rRNA gene sequences) would not have been detected using standard amplicon sequencing
primers. Notable was the phylum-level diversity of CPR lineages in the concentrate metagenomes.
Previously, a genome of TM7 (Saccharibacteria) was reported from the same soil but sampled at
less than 1x coverage from bulk soil (Starr et al., 2018), and Microgenomates and Parcubacteria
have been genomically sampled at low abundance (Kroeger et al., 2018; Sharrar et al., 2020). To
our knowledge, this is one of very few reports of Pacearchaeota and Doudnabacteria (Lavy et al.,
2019; Matheus Carnevali et al., 2021) in soil and the first report of a novel clade of
Saccharibacteria.

Comparing sequence coverage from concentrates to that from the bulk metagenomes, we calculate
that filtration enriched the relative abundance of genomes by 100-1000x (Fig 1¢). We approximate,
given the relative abundance of the most and least abundant CPR genomes in each of the bulk and
concentrate metagenome, that CPR cells may comprise on the order of 1-100 cells per gram of
soil. Given estimates of 10° microbial cells per gram of soil, this would equate to, at maximum,
~107 percent of microbial cells in a gram of soil (Supplementary Methods).

Given the unique challenges of the soil environment for microbes, we next assessed whether these
soil CPR and DPANN exhibited similar traits to their counterparts in other environments. Recent
studies show that CPR bacteria generally appear to have the capacity for glycolysis and
fermentation (Jaffe et al., 2020), but often lack complete pathways to synthesize nucleotides de
novo and have many gaps in metabolism that suggest an obligate symbiotic lifestyle (Castelle et
al., 2018). We find that most of the genomes from this sampling effort encode the three central
glycolysis enzymes reportedly found in nearly all CPR bacteria: triose phosphate isomerase (TIM),
glyceraldehyde 3-phosphate (GAPDH), and phosphoglycerate kinase (PGK) (Jaffe et al., 2020).
The genomes also contain few if any TCA cycle genes and lack the vast majority of genes of the
electron transport chain, and for synthesis of lipids and nucleotides (Fig 1d), suggesting they live
anaerobic lifestyles and depend on resources from other organisms (Castelle et al., 2018).
However, we identified an operon encoding a multi-subunit cytochrome bo3 ubiquinol terminal
oxidase in genomes of three Doudnabacteria, eight Saccharibacteria, and one Parcubacteria as well
as in non-binned CPR phyla sequences from the concentrate metagenomes. We then performed a
synteny analysis (Fig 2¢) to compare these loci to a related one from the first Saccharibacteria
genome described from soil, 7. rhizospherense (Starr et al., 2018). The comparison shows identical
gene order for the cyo operon as in the highly studied E. coli K12 operon (Abramson et al., 2000)
and in the 7. rhizospherense genome (Starr et al., 2018), although some CPR loci were incomplete
due to assembly fragmentation. Several CPR loci also included an ORF annotated as an
oxidoreductase or a conserved hypothetical protein. While the genomes recovered do not contain
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quinone biosynthesis genes, the combination of this ubiquinol oxidase and the associated
oxidoreductase (Fig 2¢), which often cooccur in genomes encoding an NADH dehydrogenase and,
to varying-completeness, F-type ATPase (Fig 1d) suggests the possibility of some aerobic
respiratory capacity. Perhaps, some form of aerobic respiration may be common in soil associated
Saccharibacteria specifically, and perhaps soil CPR more broadly. We, thus, hypothesize that this
operon may confer an adaptive advantage for CPR to live in aerophilic environments such as
surface soil.

Next, we generated a maximum-likelihood tree of subunit 1 (CyoB) of the cyo operon to test
whether the operon exhibited a pattern of vertical inheritance in our CPR genomes
(supplementary methods; Fig 2b). This analysis suggests that this gene cluster has been laterally
transferred from other bacteria such as Proteobacteria or Chlamydiae into these CPR at least once,
with perhaps different origins for gene clusters from Parcubacteria and Doudnabacteria compared
to those from Saccharibacteria. Further, based on CyoB phylogeny, T. rhizospherense appears
more closely related to Saccharibacteria sequences from this study than when compared to RpS3
phylogeny, which may further underscore local adaptation to soil.

Here, we conducted a targeted study of CPR bacteria and nanoarchaea in a soil ecosystem to
expand our understanding of rare soil-dwelling microbes. Using typical sequencing allocations for
soil metagenomics, we were only able to recover genomes for these understudied community
members through size-fractionating buffered soil. Our results indicate that CPR bacteria and
DPANN archaea are relatively rare in soil as they can be difficult to recover with typical
metagenomic sequencing allotments.

While the precise ecological roles of these organisms remains unclear, their predicted requirement
for interaction with nearby community members to satisfy their metabolic needs, and their
previously reported close physical association with other cells (C. He et al., 2021; X. He et al.,
2015) suggest that they may play still undescribed roles in soil microbial interaction networks.

The ability to selectively filter soil solutions to recover CPR and DPANN genomes suggests that
either these organisms attach to larger microbial cells and the association can be physically
disrupted or that they are, at times, not attached to other cells. The approach enabled us to sample
genetic inventories of rare soil-adapted microbes and uncover numerous genes and pathways, some
of which likely evolved to handle symbiotic lifestyles under relatively oxic conditions.
Specifically, we expanded the known diversity of genes and pathways in soil-adapted CPR bacteria
and found that these inventories could explain the presence of these organisms, widely understood
to be anaerobic, in soil. More generally, our approach provides a route to expand the known
diversity of genes and pathways in the soil biosphere.
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2.2 Figures
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Figure 1 | Enrichment and metabolic profiles of CPR in soil concentrate metagenomes. (a) Method for
concentration of small particles from soil for metagenomic sequencing (top) compared to sample preparation methods
for bulk soil metagenomes (bottom). (b) Heatmap showing relative abundance of 26 organisms by phylum (Sac:
Saccharibacteria, Mic: Microgenomates, Dou: Doudnabacteria, Par: Parcubacteria, Pac: Pacearchaeota) across bulk
metagenomes and concentrate metagenomes. (¢) Coverage based metrics showing recovery and enrichment in all
concentrates combined, relative to bulk fractions combined as boxplots. Left: Breadth of coverage of scaffolds
comprising each genome (bin) in the bulk fraction. Right: Enrichment factor (i.e., relative abundance of a scaffold
from the concentrate metagenome over a scaffold’s bulk metagenome relative abundance) for each genome. (d)
Metabolic analysis of each genome including: presence of each of three glycolysis genes that are highly conserved
among CPR; genes involved in electron transport chain (NADH dehydrogenase, cfaB: heme o synthase
[EC:2.5.1.141], PPA: inorganic pyrophosphatase [EC:3.6.1.1], sdhA: succinate dehydrogenase / fumarate reductase,
flavoprotein subunit [EC:1.3.5.1 1.3.5.4], including percentage completeness of F-type ATPase; and percentage
completeness (grey scale) of the TCA cycle (tricarboxylic acid cycle) and pathways for AA (amino acid biosynthesis),
Lip (lipid biosynthesis), Pur (purine biosynthesis), Pyr (pyrimidine biosynthesis).
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Figure 2 | Soil CPR phylogeny and cytochrome operon synteny. Sequences assembled from the small concentrate
metagenomes are shown in purple. (a) RpS3 tree of CPR bacteria rooted using RpS3 sequences that were assembled
from bulk metagenomes, in light blue. Blue triangles denote draft genome recovered. Nodes with bootstrap values
greater than or equal to 0.95 are marked as filled gray circles. (b) Phylogenetic relationships of cytochrome bo3
ubiquinol terminal oxidase subunit I across bacterial phyla. Circles overlaid on nodes correspond to support values
(unfilled >0.50, filled >0.70). The asterisked sequences show the placement of T rhizospherense CyoB, and its operon
in (c) (6). Brackets next to tree tips correspond to phyla by color (green: Parcubacteria, blue: Doudnabacteria, orange:
Saccharibacteria) and to sequence order in (c) synteny diagram. Tree rooted using a heme-copper oxidase superfamily
member, the nitric oxide reductase (NorB). (¢) Synteny diagram of cytochrome ubiquinol oxidase operon genes (cyoA,
cyoB, cyoC, cyoD, and cyoE) with operon from E. coli K12 as reference. Scale bars correspond to the average number
of substitutions per site across alignment.
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Estimated count of CPR or nanoarchaea cells in soil

Y4 :
Bulk metagenome Small particle concentrate
metagenome

Total DNA extracted Total DNA extracted
~3 pg/g soil = 3x10*¢ g/g sail ~100 ng/g soil = 1x107 g / g sail
Relative abundance of most abundant Relative abundance of most abundant
CPR CPR

10 10*
Mass of DNA/Mbp

1015g
~Mass of 1 Cell

~5x10"%g
Max # cells per g soil Max # cells per g soil
(10 @ 3x10%q) (10 e 1x107g)

5x10%g = 600 cells 5x105g = 2000 cells

Least abundant lineage Least abundant lineage

108 107
Min # cells per g soil Min # cells per g soil
(10® @ 3x10*g) (107 ® 1x107g)

5x10™ g = 6 cells 5x10™ g =2 cells
AN J

Supplementary Table 1 | Estimated count of CPR or nanoarchaea cells in soil. Left shows approximation of the
number of CPR or DPANN cells of a given lineage in a gram of soil using bulk metagenome parameters. Right
provides the same estimate using parameters derived from the small particle concentrate metagenome.
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Tree scale: 0.1~
‘Bootstrap > 85%

Supplementary Figure 1| Soil archaea phylogeny. Maximum-likelihood tree of RpS3 sequences of archaea. Purple
colored sequences were assembled from the small concentrate metagenomes reported. Tree was rooted using RpS3
sequences of Diapherotrite phylum sequences. Blue triangles represent RpS3 sequences for which draft genomes were
recovered. Nodes with bootstrap values, >85%, are marked as filled circles. Tree scale bar corresponds to the average
number of substitutions per site across alignment.
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ABSTRACT

Soil viruses are highly abundant and ubiquitous, yet their impact on soil microbiome structure
and function remains essentially unknown. We quantified how viruses and their hosts respond to
the first rainfall of the year in seasonally dry soils — a moment commonly referred to as “wet-
up”, when resident soil microbes are both resuscitated and lysed, with a disproportionately large
effect on annual carbon turnover. We applied time-resolved metagenomics, viromics, and
quantitative stable isotope probing to track spatiotemporal virus-host trends, and quantify cell
death (and by proxy, the amount of biomass carbon released). Dry soil is a sparse yet diverse
reservoir of putative virions, of which only a subset thrives following wet-up. A massive
degradation of distinct viruses occurs within 24h post wet-up, but after one-week, viral biomass
increased by up to seven-fold. Thriving viruses were not induced temperate phages. Our
measures of viral-mediated microbial host death indicate that viruses drive a consistent rate of
cell lysis after wet-up. These calculations — the first to demonstrate the quantitative impact of
viral effects on soil microbiomes and carbon cycling — evidence that viruses significantly impact
microbial community assembly. However, viruses do not appear to serve as top-down controls
on soil microbial communities following wet-up.

2A preprint of this manuscript can be found online: doi.org/10.1101/2022.09.30.510406.
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3.1 Introduction

Soil is a highly complex microbial environment and home to tens of millions of unique microbial
populations (Sokol et al., 2022), with both biotic and abiotic factors influencing their assembly
into complex microbial communities (Romdhane et al., 2022; Y. Yan et al., 2019; Zegeye et al.,
2019). Moments of acute pressure on a community such as rapid environmental changes or fluxes
in resource availability drive successional trajectories that result in differing community structures;
the first rainfall following the dry season, wet-up, is such a moment (Barnard et al., 2020;
Blazewicz et al., 2020; Nemergut et al., 2013; Placella & Firestone, 2013; Wang et al., 2020).
However, the role of viruses in soil microbiome structuring remains unknown. Soil viruses are
abundant and ubiquitous: a gram of soil can hold more than 10° viral-like particles (VLPs) (Sokol
et al., 2022; K. E. Williamson et al., 2017). Recent metagenomic studies of soil viruses have
expanded our appreciation of the many functions viruses may perform (Albright et al., 2022;
Emerson, 2019; Pratama & van Elsas, 2018), but much remains unknown about how viruses
impact soil microbiome turnover and community assembly, especially in response to a
perturbation. In this study, we looked to a moment of annual transition in the soil microbiome to
establish the role of viruses in soil microbial community assembly.

In arid and semi-arid soils that experience prolonged periods of water-deficit, the first rainfall
serves as a pivotal moment which resuscitates activity in the soil microbial community and
disproportionately contributes to annual carbon turnover (Barnard et al., 2020; Placella et al.,
2012). Immediately following the wet-up of dry soil there is a rapid efflux of mineralized CO,,
termed the “Birch Effect” (Birch, 1958). Previous studies suggest this CO, pulse is driven by the
rapid growth and death of soil microorganisms (Barnard et al., 2020; Blazewicz et al., 2014; Fraser
et al.,2016), but the mechanisms of mortality following rewetting are unclear. Microbial mortality
after wet-up is not equitably distributed among bacterial phyla — Actinobacteria and Proteobacteria
consistently have higher mortality rates (Blazewicz et al., 2020). Given the high degree of taxon-
specific mortality quantified during wet-up, we hypothesized viruses act as a top-down control in
community assembly and drive the differential mortality observed.

In marine systems, viruses are critically important to biogeochemistry, killing upwards of ~40%
of bacteria daily and redistributing up to 55% of bacterial carbon in the proposed ‘viral shunt’
(Brum et al., 2015; Suttle, 2005; Wilhelm & Suttle, 1999). This outsized microbiome impact
largely occurs in two additional ways: 1) through targeted predation which influences microbial
composition, and 2) via alterations of community function caused by changes in community
composition and expression of viral-encoded metabolisms (Brum et al., 2015; Hurwitz et al., 2013;
Roux et al., 2016; Weitz et al., 2015). Despite the recent development of soil viromic methods
(Hanetal.,2017; Trubl et al., 2016), viral contributions to soil organic matter turnover or microbial
mortality have yet to be quantified due to the massive diversity of soil microbes, inactivity of many
of these microbes, and challenges of preforming microscopy on viruses, particularly in soil
(Ackermann, 2013).

In arid soil systems, abundant extracellular DNA and dormant cells can occlude distinguishing
active microbial cells (Carini et al., 2016; Lennon & Jones, 2011; Rousk & Baath, 2011), since up
to 75% of cells present in soil may be inactive at any given time (Couradeau et al., 2019). Stable
isotope probing (SIP) approaches enable the direct identification of active microbes through the
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tracing of stable isotopes into microbial DNA and other biomolecules (Neufeld et al., 2007; Pett-
Ridge & Firestone, 2017; Radajewski et al., 2000). Measuring the shift in DNA density following
assimilation of a stable isotope, such as 'O via H,"O (Schwartz, 2007), facilitates the
quantification of growth and mortality rates of microbes, termed quantitative stable isotope
probing (qSIP) (Blazewicz et al., 2020; Hungate et al., 2015; B. J. Koch et al., 2018). SIP
techniques have proved powerful in identifying active microbes that metabolize soil organic matter
and serve crucial roles in nutrient cycling (Greenlon et al., 2022; Starr et al., 2021), and has been
used to identify active soil viral populations and viral-host linkages (Lee et al., 2021; Starr et al.,
2021; Trubl et al., 2021).

The rapid growth and death of bacteria following wet-up suggests that wet-up may alter viral
activities. Previous studies have characterized the immense taxonomic diversity and functions of
soil viruses (Emerson et al., 2018; Paez-Espino et al., 2016). Soil DNA viruses encode a variety
of metabolisms implicated in nutrient cycling including glycosyl hydrolases, chitin and
polysaccharide degradation, ammonia oxidation, and sulfur metabolism (Bi et al., 2020; Emerson
et al., 2018; Han et al., 2017; Reavy et al., 2014). Other work has shown that soil bacteria can
maintain lysogenic viral populations in their genomes as prophages (Ghosh et al., 2008; K. E.
Williamson et al., 2007). Pure culture research demonstrates these prophages often encode an
integrase gene enabling phage recombination into the host chromosome (Correa et al., 2021;
Nafissi & Slavcev, 2014). Prophages, upon certain cues, may excise from host chromosomes
entering a lytic cycle, ultimately lysing their host cell. Induction of prophage — the switching from
lysogenic to lytic cycle — can occur due to population stochasticity, by an external stress that may
cause DNA damage, or through quorum sensing pathways (Ghosh et al., 2009; Howard-Varona et
al., 2017). Temperate phages dominate certain marine systems and switching between lysogenic
and lytic cycles corresponds to increased bacterial production (Brum et al., 2016). Similarly,
integrase-encoding phages have been found at higher abundances in locations associated with
more environmental stresses (Jurgensen et al., 2022). Given the unique challenges of the soil
environment — extraordinary spatial heterogeneity, lack of mixing, microniches of low nutrient
availability (Schimel, 2018) — some hypothesize that lysogeny may be a predominant lifestyle of
soil phages (Emerson, 2019; Ghosh et al., 2008, 2009; Kimura et al., 2008; Knowles et al., 2016;
Kuzyakov & Mason-Jones, 2018). In soil, environmental conditions that drive lysogeny and
prophage induction largely remain unknown (Weitz et al., 2017; K. E. Williamson et al., 2007).
Previous studies have shown that soil moisture modulates soil viral counts, composition, and
activity (K. E. Williamson et al., 2005; R. Wu et al., 2021). Further, the summer dry-down marks
a stretch of time where soil microbes maintain low activity and rates of replication (Barnard et al.,
2013,2020; Blazewicz et al., 2014; Placella & Firestone, 2013) and low host abundance is thought
to favor conditions for lysogeny (Ghosh et al., 2009; McDaniel & Paul, 2005; S. J. Williamson et
al., 2002). Thus, we hypothesized that rewetting of soil serves as an environmental inducer of
viruses that had persisted through the summer-dry down as prophages.

Here, we quantified VLPs in soil and released during host infections using a combination of time-
resolved viromics and qSIP-informed metagenomics to understand of the role of viruses in
restructuring the soil microbiome following wet-up. We address the question of whether rewetting
is a major inducer of prophages. The work builds on our previous efforts to link taxon-specific
population dynamics with rainfall-induced carbon fluxes (Blazewicz et al., 2014, 2020). Our
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analyses quantify contributions of viruses to microbial mortality, thus elucidate the contributions
of viruses to the ‘Birch Effect’.

3.2 Results

Viral Succession

We established the set of MAGs and viral operational taxonomic units (vVOTUs) to define the soil
microbiome from 15 unfractionated metagenomes over five timepoints and 18 viromes over six
timepoints (each in triplicate) generated from California grassland soil collected at the end of the
dry season and wet-up in destructively-harvested microcosms (see Methods and our paired study
Sieradzki et al. 2022 (Sieradzki et al., 2022)). We resolved 542 dereplicated metagenome-
assembled genomes (MAGs): 503 from total soil metagenomes comprised of diverse soil bacteria
and archaea; and 39 from small fraction metagenomes (Nicolas et al., 2021) i.e. viral-enriched
metagenomes or viromes which represent candidate phyla radiation (CPR) bacteria. This study
detected 26,368 dereplicated vOTUs from viromes (26,139) and metagenomes (229) (Figure 1).
We consider vOTUs detected in viromes to be extracellularized VLPs, which are distinct from
vOTUs detected in metagenomes where analysis cannot delineate between intracellular and
extracellular viral populations (Supplementary Table 1). Prior to rewetting, our microbial
community was dominated by Actinobacteria, Alphaproteobacteria, and Gammaproteobacteria
(Sieradzki et al., 2022). Proteobacteria were abundant, highly active throughout wet-up, and
responded early to rewetting. Actinobacteria also were a top-responding lineage to wet-up, but
showed less overall activity despite their abundance (see Sieradzki et al., 2022 (Sieradzki et al.,
2022) for more details on the microbial and function response to rewetting).

To explore spatial heterogeneity of viruses and potential hosts, we analyzed the number of unique
vOTUs and MAGs detected in all three, just two, or only one of the three biological field replicates
(Figure 1A). MAGs, predominantly representing bacteria, were more evenly detected (present in
all three replicates) throughout soil replicates compared to vOTUs, and throughout time. In
contrast, vVOTUs were more likely to be detected in a single replicate than in all three, by an order
of magnitude or greater (Figure 1A).

To visualize the spatial and temporal succession of microbial and viral populations, we calculated
ordinations based on the Bray-Curtis dissimilarity of relative abundance of MAGs (Figure 2A left)
and vOTUs (Figure 2A right). The first two ordination components of MAG abundances revealed
that succession of potential hosts was most pronounced over time (52.54% variance explained)
with a minor spatial component and explained in total over 70% of the variability. On the contrary,
abundances of viruses had a significant spatial component, with the first two time points (3h and
24h) clustering with time Oh in two of the three plots. The first two ordination components of
vOTUs represented a smaller fraction of the variance compared to potential hosts (35.6%).

Following rewetting, we found that viral richness significantly decreases, while viral biomass
significantly increases. Early time points showed higher richness of vOTUs, but with lower
abundances per vOTU (Figure 2B, Figure 2C). In contrast, later time points, in particular 168h,
shifted to a less even viral community, with higher relative abundances of fewer vOTUs. Average
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vOTU richness, as measured through the number of unique vOTUs per time point, decreased
significantly after 3h (linear regression — pvalue: 0.02; rvalue: -0.53) (Figure 2B). While the
number of vOTUs decreased by nearly 50% one-week post wetting, viral biomass increased by at
least five-fold (Figure 2D). We found viral biomass, as proxied by calculating viral DNA through
time, statistically significantly increased by the end of the time sampled (linear regression — pvalue:
2.1 x 1073; rvalue: 0.68).

To further characterize viral temporal succession, we focused on the set of vOTUs that were
present in at least three time points within each replicate. We termed these persistent vOTUs.
Previously, our group observed that at sub-phylum taxonomic levels microbial response to wet-up
is sequential with rapid, intermediate, and delayed responding groups (Placella et al., 2012). We
predicted that persistent vOTUs would reflect host dynamics and show similar temporal response
patterns. For each replicate-specific set of vOTUs we constructed hierarchically clustered
heatmaps of relative abundance to establish vOTUs that behave similarly across wet-up
(Supplementary Figure 1). This clustering demonstrated several broad patterns of abundance
dynamics consistent across replicates: 1) vOTUs present early in wet-up (Oh, 3h, 24h) that then
disappear or drastically decrease in abundance i.e. early vOTUs; 2) vOTUs that appear for the first
time 48hafter wet-up, i.e. late responding vOTUs; 3) vOTUs that are present across all time points
throughout the wet-up, i.e. ubiquitous vOTUs; 4) vOTUs that are present in dry soil (time 0) and
at the end of the wet-up time course (168 h), but are not detected in all time points in between, i.e.
Oh and 168h vOTUs. vOTUs that did not fit into these categories were included in the “other”
category (Supplementary Figure 2A). Each of these defined response categories represented, at
times, up to 15% of the total virome reads. Overall, we observed that viruses follow plot-specific
successional patterns to wet-up.

We were curious whether late vOTUs (first detected as VLPs at 48 hours) were derived from viral
infections occurring at earlier time points. We predicted that these vOTUs could be found in the
metagenomes and tested this by asking if these vOTUs were inside microbial cells or harbored in
host chromosomes. However, metagenome reads from time points Oh and 24hdid not map to late
vOTUs (Supplementary Figure 3). We were unable to trace vOTUs observed as VLPs following
48 hours from metagenomes collected prior to VLP detection.

In previous work and in our paired study, we observed that Actinobacteria and Proteobacteria
dominate the microbial post wet-up response (Blazewicz et al., 2020; Placella et al., 2012;
Sieradzki et al., 2022). We hypothesized that the vOTUs would reflect these host responses. While
we appreciate that a phylum-level host analysis of viruses does not reflect known viral host ranges
(which is often on a strain level) (Ignacio-Espinoza et al., 2020; K. E. Williamson et al., 2017),
wet-up shows consistent phyla-level microbial responses and our host predictions for viruses were
limited to a coarse taxonomic view. Thus, we examined the vOTU putative host composition
within each taxonomic group (Supplementary Figure 2B) and found vOTUs infecting
Actinobacteria dominated the groups responding immediately and after 24 hours.
Alphaproteobacteria-infecting vOTUs were the second most numerous and were also captured in
groups on both timescales. In contrast, the early vOTU category was equally dominated by
Alphaproteobacteria- and Actinobacteria-infecting vOTUs. Generally, vOTUs with no host
assignment (unknown) comprised 6 to 47% of total vOTUs, with the largest proportion found in
the ubiquitous vOTU category. Overall, we did not find evidence for our hypothesis: vOTUs
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sampled in each time frame were not predicted by the patterns of their hosts. Rather, vOTUs of
prevalent hosts in our system (Actinobacteria and Proteobacteria) appeared as the most prevalent
vOTUs in each response category.

Characterizing Active vOTUs with SIP metagenomics

After analyzing the dynamics of the total set of viruses following rewetting, we investigated the
subset of viruses actively replicating at any time to evaluate the impact of viruses on their microbial
host abundances. Actively replicating viruses here are defined by incorporating '*O from the H,'30
wet-up (Figure 1). Specifically, we applied qSIP to calculate isotopic enrichment (atom percent
excess, APE) of DNA, which is a proxy for genome replication rate (Greenlon et al., 2022; Nuccio
et al., 2022). For MAGs and vOTUs we constructed rank curves sorted by APE and time using
taxa with APE significantly greater than zero (Figure 3). This enabled us to quantify each genome’s
isotope incorporation, or growth, through time and simultaneously the overall pattern per time
point. 1) In the first time point, we show rank curves for genomes detected as enriched. In
subsequent timepoints, the genomes from the first time point remain in the same rank position, and
any new genomes appearing as enriched are presented in the same Figure to the right of the
previously detected active genomes. 2) the disordering of previous time points’ APE ranked curves
in a time-dependent manner i.e., the MAG and vOTU APE change at a taxon-specific level through
time resulting in the disruption of the descending rank pattern in later time points (Figure 3). The
disordering seen in these plots represents the changes through time of a genome’s enrichment. For
instance, a genome first detected as highly enriched at 24 hours, may decrease in its enrichment
by 72 hours and while its x-axis position remains the same throughout the time course, its APE
value reflected on the y-axis thus becomes lower than its expected initial rank. Also, a genome that
was previously detected as enriched, may become undetected, this is visualized in the density of a
curve becoming sparser as it is missing the points that represent previously detected genomes.

For both MAGs (Figure 3A) and vOTUs (Figure 3B), we found the greatest number of newly
isotope-enriched genomes at 48h. MAGs most isotopically enriched when they first appeared
remain among the most enriched genomes if they are detected in later time points. Despite MAG
and vOTU enrichment similarities, by 168 hours there is a higher degree of disordering amongst
vOTUs than that of the MAGs. vOTUs most highly enriched at 24h and 48h (= 20 % APE)
(Sieradzki et al., 2022) in the time course appear much lower than their initial rank or are altogether
undetected, and vOTUs first appearing as slightly enriched become more enriched at subsequent
time points (increase in APE relative to their x-axis position) — the average change in rank from
24 hours for vOTUs is 38 and for MAGs is 9. Actinobacteria-infecting vOTUs are the most
numerous active viruses across time points. However, the most highly enriched vOTUs vary
through time and are predicted to infect Proteobacteria or have an unknown host (Figure 3B).
Proteobacteria MAGs are also the most highly enriched microbial genomes, implying a high
growth rate. Enriched archaeal viruses are detected at each timepoint with the largest number
detected at 48h. Further, the ratio of isotopically-enriched viruses compared to microbes changes
through time (Figure 1B, bottom panel): at 24 hours there are three times as many viruses as
bacteria, at 48 hours only twice as many, and by 168 hours that number increases to 2.7 more
active viruses to microbes.
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Of the 177 total enriched vOTUs detected in metagenomes, 58 are found in VLP viromes,
indicating that at least 33% of genomes replicating and assimilating isotope within host cells are
also able to escape their host cell to be detected as putative virions.

Viral lifestyle characterization

To further assess how viruses may control host populations during soil microbiome assembly we
investigated temperate capabilities of vOTUs. To test our hypothesis that wet-up induces temperate
phages we searched for vOTU genomes common to viromes and metagenomes that contained
bacterial flanking regions in metagenomes to discover and quantify lysogeny in our system. This
strategy yielded just two candidates of vOTUs found both as VLPs in the virome and as putative
prophage in metagenome contigs and only one of these candidates was successfully binned into a
MAG. The unbinned sequence was predicted to be an Alphaproteobacteria, Rhizobium
leguminosarum. The MAG identified as having a prophage was a Gammaproteobacteria of the
genus Pantoea. In this study we did not further characterize this binned putative prophage since it
was only detected in one of the three plots at two non-consecutive time points (0 and 24h).

Unsuccessful in finding vOTUs appearing as both integrated in MAGs or bacterial sequence and
as VLPs, we examined our system for temperate phage by analyzing the genomic capacity of
vOTUs to integrate, via an integrase gene, into a host chromosome (Figure 4). Of the total vOTUs
detected 16.9 % (4,463) contained an integrase gene and were denoted as putative prophages.
Concerned that vOTU contigs may be partial viral genomes left fragmented during assembly, we
split the results of integrase-encoding and -absent viral genomes by vOTUs that circularize,
implying genomic completeness, and vOTUs that are linear, and thus may or may not be complete.
We reasoned that if the linear set of vOTUs followed similar trends to complete, circularized
vOTUs, then the patterns displayed would be representative of biological trends rather than
artifacts of incomplete assembly of linear vOTUs.

For both linear and circular vOTUs, non-integrase encoding vOTUs represented a greater relative
abundance of the total virome community, more than twice as much at most time points (Figure
4A). Further, up to five times more circular and linear vOTUs did not contain compared to
containing an integrase gene (Figure 4B). Integrase-containing vOTUs showed the same trend in
relative abundance over time in both linear and circular vOTUs: a steady decline in relative
abundance in the first 48 hours and then relatively constant abundances through 168 hours (Figure
4A). There does not appear to be an increase in integrase-encoding vOTUs following wet-up. The
richness data underscore this. Both the number of integrase-encoding vOTUs and non-integrase
containing vOTUs are consistent whether looking at linear or circular vOTUs. The non-integrase
encoding vOTUs are not only much more numerous, but also, they reflect the pattern of total
dereplicated vOTUs through time (Figure 2B) — a decrease in count through time.

We also tested whether vOTUs appearing after wet-up (0 h) were enriched in integrase genes, with
the logic that vOTUs appearing for the first time following wet-up may be prophage excising from
genomes. The post-wet-up vOTUs were not significantly enriched in integrase genes compared to
vOTUs in the dry soil (Chi-square test — statistic: 1.6; pvalue: 0.2).
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To further support the inference that wet-up does not induce temperate phages, we took a MAG-
centric approach. We used bioinformatic tools that can predict prophages in the context of bacterial
genomes, here MAGs, to discern whether, how many (counts), and how prevalent (abundant)
prophages are in this system (Supplementary Figure 4). We looked at both aggregated relative
abundance across all time points of MAGs by phylum and count of total MAGs with or without
prophages. Most phyla contained a predicted prophage, but prophage-containing MAGs for each
phylum were both fewer and less abundant than MAGs without detected prophages. For lineages
other than Actinobacteria and Alphaproteobacteria, just one to six MAGs per phyla contained
prophages. The aggregated relative abundance data underscores this point as the abundance of
MAGs containing prophages (Supplementary Figure 4a) was lower than the proportion of the
number of MAGs containing prophages (Supplementary Figure 4b). MAGs containing prophages
comprised 15-26% of the total abundance of Actinobacteria and Alphaproteobacteria per time
point. Based on coverage differences between the prophage sequence and the flanking host
genomic regions (Kieft & Anantharaman, 2022) we identified only three prophages that seemed
to be actively replicating. One of these prophages appeared active at all time points in at least two
out of the three replicates, and was integrated into a MAG of Alphaproteobacteria genus
Microvirga. The other two prophages were active only in a single replicate and in either one or
two time points, and were integrated into genomes of Actinobacteria family Gaiellaceae and
Alphaproteobacteria family Xanthobacteraceae, respectively.

To further investigate viral lifestyle and assess whether VLPs correspond to lysis we looked for
evidence for non-lytic viruses i.e. inoviridae in the studied soils. We performed an HMM search
using the pl-like ATPase protein family HMM, which is conserved in filamentous inoviruses
(Roux et al., 2019), and found no evidence of inoviridae in these data.

Virus-host dynamics

We next examined the dynamics of viruses in a host-dependent manner to test whether and to what
extent viruses may serve as a top-down control during community assembly. Given the prevalence
of MAGs and vOTUs with a taxonomy or host-level taxonomy assignment of Actinobacteria and
Proteobacteria, and given the previous high degrees of mortality and growth following wet-up
calculated for bacteria of these phyla (Blazewicz et al., 2020), we focused analyses comparing
vOTUs and MAGs to these lineages. Specifically, within Proteobacteria we focused on Alpha- and
Gamma-proteobacteria as growth could not be detected for other classes within this phylum in our
experiment. We analyzed APE for Actinobacteria, Alphaproteobacteria, and
Gammaproteobacteria MAGs and found that individual MAGs mostly show a similar trend of
increasing in enrichment in the first 48 hours (Supplementary Figure 5A). The Proteobacteria
MAGs show a higher overall degree of enrichment for individual MAGs than the Actinobacteria
(Supplementary Figure 5A). Similar to the temporal pattern of enrichment, the number of enriched
MAGs increased over the first 48 hours, decreased through 72 hours, and mostly stabilized until
the end of the time sampled for Actinobacteria and both Proteobacteria lineages (Supplementary
Figure 5D). For both phyla, there were higher counts of enriched vOTUs than enriched MAGs. At
24 hours, for instance, there were more than twice as many vOTUs as MAGs for all lineages, and
for Actinobacteria in particular, over fifteen times as many vOTUs were detected as enriched
compared to MAGs.
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Viral-OTUs, overall, showed a similar pattern of enrichment to that of MAGs: increasing over the
course of the first 48 hours, decreasing in APE through 72 hours, and stabilizing or slightly
increasing their APE by 168 hours (Supplementary Figure 5B). For putative Actinobacteria-
infecting phages, the majority of vOTUs clustered into a low activity region (less than 20% APE
(Sieradzki et al., 2022)) which is composed of two subgroups. A separate cluster of higher activity
vOTUs (36% of the total) showed APE values consistently above 20 %, but did not follow clear
trends through time. Alphaproteobacteria- and Gammaproteobacteria-infecting viruses showed
similar trends in APE through time that appear as denser regions in their vOTU median APE plots.

To understand phylum-level dynamics between vOTUs and MAGs we examined the ratio of
vOTU and MAG median APE values (Supplementary Figure 5C). Actinobacteria vOTUs had the
highest ratio APE relative to hosts through time as compared to the Proteobacteria lineages, and
only Actinobacteria viral enrichment was greater than MAG enrichment (ratio >1) observed in the
first 48 hours. For all lineages, vOTU enrichment outpaces MAG enrichment (observed as positive
slopes in Supplementary Figure 5C) between 24 and 48 hours, and again at 72 hours for
Actinobacteria and Alphaproteobacteria.

The dynamics of MAGs and vOTUs are also reflected in the counts of active genomes detected
through time (Supplementary Figure 5D). Viruses and MAGs showed similar temporal trends for
isotopic enrichment (APE) and active genome richness (number of APE-detected genomes). We
similarly analyzed other phyla using these metrics of MAG APE, vOTU APE, number of enriched
genomes through time and found no discernable patterns.

Quantifying viral contribution to microbial mortality

We approximated the viral contribution to mortality following wet-up using VLP sequence data
from this work and bacterial mortality estimates from corresponding SIP-density fractionated
amplicon sequencing (Sieradzki et al., 2022). We modeled a range of viral burst sizes from one
virus released per cell lysed (Kuzyakov & Mason-Jones, 2018; K. E. Williamson et al., 2008) to
1000 viruses released per cell lysed (Sui et al., 2021). Taken cumulatively, looking at viral lysis
of microbes at 3-, 24-, and 48-hours following rewetting, viruses account for minimally 0.03%
(burst size of 1000) and maximally 29.3% (burst size of 1) of the microbial death observed (Figure
5B). At 168 hours cumulative viral contribution to microbial death ranges from 0.05 % to 46.6 %
depending on estimated burst size. We observed at 24 hours the highest per day viral contribution
to microbial mortality 0.01 % to 17.4 %.

3.3 Discussion

The combination of viromes and SIP enabled identification of pools of viruses and their dynamics
during the community restructuring after soil was rewet after a long dry summer period. We 1)
assessed viral biomass and richness following rewetting and posited that dry soil may serve as a
seedbank of virions for the growing season; 2) analyzed dynamics of active viruses and found
these more closely follow host populations rather than control them; 3) investigated viral life cycle
and observed minimal evidence for lysogeny suggesting lytic lifestyle is predominant in soil
viruses; 4) estimated viral contribution to microbial mortality to discover viral contribution to

29



steadily increases following rewetting; 5) examined viral succession and found that spatial
heterogeneity drives temporal trajectories.

Dry soil serves as rich seedbank of viruses of which active viruses follow rather than control hosts

We observed a large decline in viral richness, and by extension diversity, in the first 24 hours
following rewetting, which was inversely related to an increase in viral biomass (Figure 5A). This
pattern was consistent across all soil replicates making it detectable despite the high degree of
inter-sample heterogeneity. We thus observed that only a subset of viruses present in seasonally
dry soil thrive following rewetting. Intriguingly, analysis of the total viral pool present after wet-
up did not reveal patterns of succession correspondent with known host response previously
reported or observed in our study (Supplementary Figure 2-3) (Blazewicz et al., 2020; Placella et
al., 2012; Sieradzki et al., 2022). Shifting focus to the active subset of microbial and viral
populations (Figure 3, Supplementary Figure 5) revealed vOTUs to behave more similarly to their
active hosts based on the number, types, and degree of isotopic enrichment of genomes through
time.

Marine system studies have shown that viruses follow their hosts’ dynamics (Chow et al., 2014)
and that high local diversity of viruses may be drawn from a seedbank of nearby viruses (Brum et
al.,2015). Given the richness of viruses in dry soil, we hypothesize that dry soil may be a reservoir,
or seedbank, of diverse viruses that become dynamic following rewetting. As suggested in Chow
et al. 2014 (Chow et al., 2014), our isotope targeted results suggest that viral composition follows
host dynamics, as opposed to viruses directly controlling host abundance. That is, the total viral
pool does not necessarily mirror the total microbial pool, and therefore it is important to focus on
the active subset of vOTUs and MAGs to appreciate host-virus dynamics in our soil system.

Our isotopic data revealed a broad diversity of active viruses following rewetting which represent
only a subset of the detected viruses in the dry soil seedbank. To investigate viruses that could be
important controllers of microbial populations, we categorized the active viruses based on their
predicted host phyla. First, focusing on viruses that infect Actinobacteria, we found a range of
virus activities. A subset of Actinobacteria viral populations appear to contain a small portion of
highly active taxa (>20 % APE), while the majority of Actinobacteria-infecting viruses have a
lower level of steady activity (Supplementary Figure 5B). We suspect this small highly active pool
of viruses infects the similarly small pool of hosts that fall within the higher activity category. We
find similarly structured subsets of varying activity in Alphaproteobacteria, Gammaproteobacteria
and the viruses that infect them underscoring the diversity of viral and host activity and response.
Across this diversity in activity, we found that viral APE increased faster than microbial APE in
the first 48 hours suggesting that these infections happened faster than microbial genome
replication (Supplementary Figure 5C). Previously, our group showed in a carbon-SIP experiment
that phages can be the most enriched genomes in a soil system (Starr et al., 2021). We find here
too, Actinobacteria- and Proteobacteria-infecting phages to be the most isotopically enriched
viruses that we could identify following wet-up. That is, we can observe in real time, phage
replication outpacing bacterial growth in a time- and taxonomic-dependent manner.

We predicted that we would see evidence of virus control on microbial host populations in coupled,
offset predator-prey dynamics, but our data suggest that viruses reflect host community dynamics
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rather than serve as a top-down control on microbial community composition. The relationship of
APE through time did not reveal the expected canonical predator-prey paired cycles. Rather, we
see that viral enrichment and counts per phylum broadly follow the same trends through time as
their bacterial counterparts. Future studies of this system may choose to sample more finely
resolved time points (Van Goethem et al., 2019) to see if predator-prey oscillations may exist more
clearly, for example, at 72 hours when we see both virus and host enrichment decrease. However,
predator-prey oscillations may only be detected at the species or strain level (Ignacio-Espinoza et
al., 2020).

Viruses exhibit successional patterns in response to perturbation

Remarkably, we found a consistent successional pattern of our total detected viruses across all
plots. However, these successional patterns appeared decoupled from their hosts. Clusters of
vOTUs responded similarly across plots (Supplementary Figure 2; Supplementary Figure 3A) —
vOTUs found early in wet-up, late-responding vOTUs, vOTUs present throughout the entire time
course, and vOTUs that were detected at the start and end of our sampling but not consistently
throughout. Within these response groups we observed plot-specific fluctuations and found that
the late category of viral response only applies to two of three plots. However, separating viruses
into response categories of early, late, etc. echoed the microbial response to rewetting, which
shows taxon-specific growth and mortality patterns (Blazewicz et al., 2020; Placella et al., 2012).
We thus hypothesized that these viral response categories would align with previously observed
phylogenetic trends for rapid, intermediate, and delayed microbial, i.e., putative host, responses to
resuscitation. However, at the phylum level, we did not observe host-specific trends in viral
response groups (Supplementary 2B). Rather, host signal within each response category showed
the same trends — viruses of Actinobacteria and Alphaproteobacteria hosts responded early, late,
and were ubiquitous across wet-up.

While a clear host signal associated with different viral response groups was not apparent, we
found that of Betaproteobacteria-infecting viruses, the mode falls in the early responding category,
which is also when Betaproteobacteria have previously been reported to have the highest mortality
rate (Blazewicz et al., 2020). These results suggest that mortality of Betaproteobacteria
immediately following wet-up is driven, in part, by viral lysis. Although it is unclear whether
virions detected early in our time course represent recent host infections or whether these virions
have persisted from the dry season, our lack of persistent vOTUs suggests virions detected may
indeed derive from recent host infections. Our study provides a first glimpse into fine
spatiotemporal viral dynamics in soil and enabled us to categorize distinct viral responses to
rewetting.

Given the higher spatial homogeneity in microbial distribution and response to rewetting compared
to viral distribution (majority of MAGs appear in all samples), it is tempting to hypothesize that
this indicates microbes in soil are widely susceptible to infection by many distinct viral
populations. However, the lack of specific host-virus linkages in our system meant we were unable
to investigate viral host breadth.

Spatial heterogeneity drives viral population dynamics
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Our data show spatial heterogeneity is an important feature in understanding the response of
viruses to rewetting. While a rapid decline in viral diversity, increase in viral biomass, and
successional patterns emerged as trends across the studied soil plots, the majority (59%) of viruses
appeared in fewer than three of our total 18 viromes and most do not appear in all biological
replicates (Figure 1A). To account for the high degree of spatial heterogeneity we conducted our
analyses within each plot as opposed to across all plots which allowed us to uncover emerging
trends across space that averages would have precluded. However, comparing viruses to their hosts
at this spatial scale posed a challenge because microbes had a more coherent and uniform response
than viruses to wet-up. Further, the patchiness of viruses precluded following subsets of viruses
through space and time to find statistically meaningful trends. The heterogeneity of soil viruses
suggests that infection may not be as uniform across space as potential hosts are. Perhaps, this is
the effect of rewetting: virions persisting in soil, more often than not, may be decoupled from their
host dynamics, and the addition of water may exacerbate the hurdle of host-viral physical
interactions as previous research has predicted increased water potential is associated with lower
rates of direct cell-cell contact in soil (Tecon et al., 2018). On the other hand, wet-up may serve to
increase connectivity between soil microsites and relieve dispersal limitations of viruses,
supporting host connections. As research has shown in water-undersaturated soils, dispersal is a
constraint (Jiao et al., 2020). Our observed increase of viral biomass following wet-up suggests
water would support physical interactions between viruses and their hosts.

The viral heterogeneity observed throughout our field site (Santos-Medellin et al., 2022) also
underscores our own assumptions in the design of this experiment: that the field plot layout,
constructed with our knowledge of microbial distribution across a soil site would enable similar
trends for viruses. Rather, our fine-time resolved study and concurrent work studying
heterogeneity on a field scale at longer time intervals (Santos-Medellin et al., 2022) have
compelled us to question what scale of sampling for viruses represents biological replicates. Our
results suggest that future studies should consider the distinct scales of microbial and viral
populations in soil to have a holistic understanding of microbial communities (Wilpiszeski et al.,
2019).

We found that each soil plot contained a unique standing community including a seedbank of
virions. These viral populations may degrade or thrive following rewetting, but after one week
post perturbation we did not observe that viral composition across plots became more similar.
Rather, the virions present at the end of the dry season determined the trajectory of the plot-specific
viral composition. That is, at this timescale, wet-up is not a perturbation at which we observed a
convergence of viral populations across space despite host uniformity at the same sampling (Figure
2).

Scant evidence for lysogeny suggests other lifestyles are dominant

Critical to understanding how viruses impact the soil microbiome during this rapid moment of
community response is understanding the mechanism of how viruses live and survive in soil — an
analysis of viral life cycle. An emerging idea in soil viral ecology suggests that lysogens are
prevalent in soil microbes, and further, lysogeny is a favorable lifestyle for viruses both to remain
in association with a host and to weather conditions difficult for growth i.e. dry soil (Emerson,
2019; Howard-Varona et al., 2017; Jansson & Hofmockel, 2020; Kimura et al., 2008; Kuzyakov
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& Mason-Jones, 2018; Pratama & van Elsas, 2018; Sokol et al., 2022; K. E. Williamson et al.,
2017; Wilpiszeski et al., 2019). We tested this hypothesis looking specifically at wet-up as an
environmental perturbation that could induce prophage and found no evidence to advance this
hypothesis.

Our data suggests that vOTUs, which cannot recombine into a host chromosome through an
integrase, dominate this system. We found no clear evidence showing wet-up induces a significant
number of prophages. The viruses that do increase in abundance following the first 24 hours are
predominantly non-integrase encoding. We hypothesized that late-responding vOTUs may also
provide a window into viral life strategies (Supplementary Figure 2A) — that examining virome
late-responders in metagenomes would reveal these viruses were cell-associated prior to
appearance as VLPs. As late-responding viruses did not appear in metagenomes at earlier time
points at higher abundances than when they were detected in viromes (Supplementary Figure 3),
and prevalent MAGs did not maintain detectable prophages (Supplementary Figure 4), we
conclude that temperate phage did not dominate this soil system and they were not the predominant
responding viruses to wet-up.

Whether all detected VLPs in our system signify cell lysis remains unclear. While we did not find
evidence of inoviridae — viruses that can replicate and release virions without lysing their hosts
through a chronic infection (Roux et al., 2019), other non-lytic lifestyles may be possible. Further,
while neither the capacity to integrate into a host chromosome nor persistence as a prophage is
prevalent in our wet-up system, we were not able to rule out other mechanisms of viral
maintenance in a host cell when a virus is not lytically programmed i.e. pseudolysogeny (Miller &
Day, 2009). Perhaps evidencing the prevalence of pseudolysogeny or some other cell-associated
state of soil viruses, the majority (67%) of viral populations detected as active were only found in
metagenomes (direct DNA extraction from soil) rather than viromes. For a virus to be detected as
enriched it must be infecting host cells to replicate, thus assimilating isotope — most of these active
viruses may not be detected as putative virions because of their host-associated state.

Viral contribution to microbial mortality increases though time post wet-up

Microbial death is critical to the flow of nutrients through biomes (Sokol et al., 2022). A significant
feature of soil wet-up is high rates of microbial mortality (Barnard et al., 2020; Blazewicz et al.,
2014, 2020). Our previous work demonstrated rapid bacterial mortality following wet-up, with
25% of bacteria degrading in the first 3 hours and continued mortality observed through 72 hours
(Blazewicz et al., 2014). We hypothesized that the initial burst of mortality in the first 3 hours was
driven by osmotic lysis due to the rapid change in osmotic pressure, while mortality after 3 hours
was driven by viruses or other biological factors (Barnard et al., 2020). Others have also speculated
that viruses play a role in observed mortality following rewetting (Naylor et al., 2020). We found
that viruses play a minor role in mortality in the first 3 hours, when osmotic lysis is likely the
dominant mechanism, and the contribution to mortality by viruses increases through time, more
than doubling after the first 24 hours (Figure 5B). We estimate that viruses can drive a sizeable
portion of microbial mortality in soil — by 168 hours viral-mediated mortality may contribute 0.05
% to 46.6 % of total microbial death dependent on burst size estimated. While our evidence
suggests viruses play an important role in microbial mortality following wet-up, we infer that this
influence is minimized as wet-up led to a rapid decline of viral particle abundances. If viral
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biomass continues to increase following 168 hours post wet-up, we posit that the viral contribution
to microbial mortality may be higher, and perhaps contribute to microbial mortality on the scale
of what is observed in marine systems — lysing up to 20 — 40 % of bacteria daily (Jover et al.,
2014). There may also be other circumstances in the soil microbiome where viruses play a larger
role in mediating microbial death, perhaps in the rhizosphere (Starr et al., 2021). Further studies
are required to understand a more representative genome length of soil viruses, range of viral burst
sizes in soil, and how long VLPs persist in soil to understand whether virions represent recent
infections or whether these calculations require SIP techniques to capture an active fraction of
viruses. Moreover, viral predation has impacts beyond contribution to mortality broadly. Even low
viral turnover rates of key lineages may profoundly impact strain selection and functional potential
of soil microbiomes.

Current challenges in the state of the field — linking host and viruses

Using mixed methods and multiple databases we were able to determine at least a domain or
phylum-level taxonomy for all but 443 vOTUs (marked “unknown” host). Despite having some
degree of host taxonomy resolution for an overwhelming majority of vOTUs detected in our
system, we found few CRISPR spacer matches (Burstein et al., 2016) and thus were only able to
directly link vOTUs to specific MAGs with high confidence in a few instances. We also used a
network-based analysis to connect MAGs to vOTUs modelling canonical predator-prey dynamics,
but were unsuccessful in ground truthing these linkages (data not shown). While our methods
enabled us to ascertain a host taxonomy for vOTUs and to achieve results that aligned with
microbial dynamics on a phylum-level, the current state of host-viral linkage techniques did not
allow us to directly implicate viruses as preying on specific MAGs and track predator-prey
dynamics on a strain level. However, our host predictions revealed that prevalent viruses in our
system infected Actinobacteria and Proteobacteria, which reflected our microbial data: the most
prevalent viruses infected the most prevalent hosts.

Others studies have connected viruses to their hosts by combining SIP techniques using specific
isotopically-labelled substrates and CRISPR matches which allowed linkages of methanotrophic
bacteria to their phages (Lee et al., 2021). Further, virus-host linkages may be missed due to spatial
scaling issues discussed here which metagenomic studies on soil aggregates or aggregates may
reconcile (Wilpiszeski et al., 2019).

Conclusion

We probed the wet-up of a seasonally dry soil to understand the role of viruses in microbiome
assembly. We found that dry soil is a low biomass yet highly rich seedbank of unique virions, and
that resuscitation of the microbiome yields a bloom in biomass of a subset of viruses. Succession
of the total pool of viruses is driven by spatial heterogeneity and nearly 50% of viral richness is
lost in the first 24 hours following rewetting. We observed that, on a phylum level, active viral
populations appear to follow temporal trends of their microbial hosts rather than serving as top-
down controls. Further, contrary to the current paradigm, our data show that lysogeny is not as
prevalent in our system as previously hypothesized underscoring that the reservoir of soil viruses
may be as virions rather than as inserts in microbial genomes. Our combined use of viromics,
metagenomics, and isotopes facilitated estimation of the viral contribution to microbial mortality
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following rewetting. While our conservative calculations indicate viruses may not be the primary
mechanism of observed mortality during microbiome assembly following rewetting, viruses
appear to play an important and dynamic role in the microbial response following wet-up.

3.4 Materials and Methods

Field sample collection

Topsoil samples (0-15 cm, roughly 0.5 m?®) from replicate field plots were collected from the
Hopland Research and Extension Center (HREC) in Northern California, which is unceded land
of the Shéqowa and Hopland People, on August 28", 2018 (only 100% precipitation plots were
used for this study, see our paired study Sieradzki et al. 2022 (Sieradzki et al., 2022) for full detail).
During the growing season the same field plots were covered by mixed grassland flora with Avena
sp. (wild oat) as the most abundant plant. Soil was collected before the first rainfall event of the
season and average gravimetric soil moisture was 3%. The dry soil was transferred to Lawrence
Livermore National Laboratory (LLNL) where it was homogenized and sieved (2mm) to remove
large rocks and roots.

Wet-up experiment

5 g sieved soil from each of 3 field replicates was weighed into separate 15 mL Nalgene flat bottom
vials. Soil was wetted to 22% average gravimetric soil moisture with either H,'*O (98 at% '*O) or
H,!'%0 (natural abundance SIP controls) (Figure 1), after which the vials were sealed inside 500
mL mason jars and incubated at room temperature in the dark. Three incubation treatments were
established, each in triplicate: 1) H,'0O amended (used for DNA extraction, shotgun sequencing,
unfractionated DNA metagenomics and as a fractionated DNA control for qSIP); 2) watered with
H,"®O for DNA extraction, density centrifugation, shotgun sequencing, and metagenomics
(isotopically-labeled fractionated DNA for qSIP); 3) watered with H,'°O for viral-like particle
(VLP) suspension, concentration, DNAse treatment followed by DNA extraction and shotgun
sequencing to generate viromes (unfractionated DNA for viromics). Parallel jars were
destructively harvested at 0, 3, 24, 48, 72, and 168 hours following the water addition; at each
harvest, soil vials were frozen in liquid nitrogen and then stored at -80 °C.

Viral metagenomes (“viromes”)

Soil viromes were generated as described in Nicolas et al. 2021 (Nicolas et al., 2021) to assess
viruses detected as VLPs i.e. extracellularized. Briefly, two 5-gram soil microcosms from each of
three field replicates watered with H,'°O were combined for 10 g soil virome extractions. Soil was
buffered with a potassium citrate solution and the effluent was passed through a 0.2-ym filter,
concentrated, and treated with Dnase to remove extracellular DNA. Prior to DNA extraction using
a phenol:chloroform strategy, we used an iron flocculation step to concentrate 0.2-xm filtered and
concentrated samples as described in Nicolas et al. 2021 (Nicolas et al., 2021). DNA was
sequenced on an Illumina Novaseq (2x150 cycles) (UC Davis). Sequencing was performed to
attain an average 40 Gb per sample. Illumina adapters and phiX were removed from resulting
sequences using BBTools (https://jgi.doe.gov/data-and-tools/bbtools/) and then quality trimmed
using Sickle (Joshi & Fass, 2011). Sequences were assembled with MEGAHIT version 1.2.9 (D.
Lietal.,2015); we co-assembled all biological replicates per time point using default parameters.
Reading frames were predicted for each contig using Prodigal (Hyatt et al., 2010) and were
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annotated using sequence similarity searches with USEARCH (Edgar, 2010) to KEGG (Ogata et
al., 1999), UniRef (Suzek et al., 2007), and UniProt (Magrane & UniProt Consortium, 2011).

Metagenome assembled genomes (MAGs) from viromes

To generate microbial bins from the size-fractionated metagenomes, i.e. viromes, we used multiple
binning methods. Contigs were binned using MaxBin (Y.-W. Wu et al., 2014), MetaBAT (Kang
et al., 2015), CONCOCT (Alneberg et al., 2014), and manually based on coverage, GC content,
and taxonomy using in house tools on ggKbase (https://ggkbase.berkeley.edu). DASTool (Sieber
et al., 2018) was used to predict best bins and bins were further manually curated on ggKbase to
remove highly divergent sequences based on coverage, GC, and taxonomy. MAGs from viromes
were clustered and dereplicated alongside MAGs from metagenomes (discussed below) using
dRep (Olm et al., 2017) requiring at least 75% completeness and no more than 10% contamination,
yielding 39 genomes from candidate phyla radiation bacteria and archaea.

Viral prediction and generation of viral operational taxonomic unit (vOTU) set

To establish a set of viral genomes from our metagenomic efforts we used multiple methods of
prediction and dereplicated vOTUs across samples. Viruses were predicted from metagenome and
virome contigs. Viruses were predicted using: virsorter] (Roux et al., 2015) (all categories),
virsorter2 (Guo et al., 2021) (dsDNA and ssDNA only), VIBRANT (Kieft et al., 2020),
DeepVirFinder (Ren et al., 2020) (score = 0.9; pvalue < 0.5), and Seeker (Auslander et al., 2020).
From the set of virome and metagenome contigs explored 3,979,792 were predicted to be viral. Of
these, 777,725 contigs were designated viral by more than one tool, and 32,660 of this subset were
either circularized contigs by VRCA (Crits-Christoph et al., 2016) (i.e. implied to be a complete
genome, or = 10,000 base pairs long). This set of size-filtered, circularized, more-than-once
predicted viruses was dereplicated using MMseqs (Hauser et al., 2016) (95% ANI, 85% breadth
required of sequences) to 26,368 viral operational taxonomic units (vOTUs). All vOTUs were
annotated using DRAM-v (Shaffer et al., 2020), and specifically searched for integrase genes.

DNA density fractionation

DNA was extracted from three biological replicates at each time point using a modified phenol-
chloroform protocol adapted from Barnard et al. 2015 (Barnard et al., 2015) as described in
(Sieradzki et al., 2022). For density gradient SIP processing, 5 ug of DNA in 150 uL. 1XxTE was
mixed with 1.00 mL gradient buffer, and 4.60 mL CsCl stock (1.885 g mL') with a final average
density of 1.730 g mL"' as described in Sieradzki et al., 2022. The fractions for each sample were
binned into 5 groups based on density (1.6400-1.7039 g/ml, 1.7040-1.7169 g/ml, 1.7170-1.7299
g/ml, 1.7300-1.7449 g/ml, 1.450-1.7800 g/ml), and fractions within a binned group were combined
and sequenced. Unfractionated DNA (100 ng) from each soil sample was also saved for shotgun
sequencing.

All sequencing was performed on an Illumina Novaseq 2x150 cycles. Pre-aliquoted unfractionated
DNA from each sample was sequenced to an average of 20 Gb per sample, and DNA from each
density fraction was sequenced to an average of 10 Gb per fraction, yielding a total of 227
metagenomes. [llumina adapters and phiX were removed using BBTools and reads were quality
trimmed using Sickle using default parameters.

Metagenome assembly, annotation, and binning
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To establish MAGs from metagenomes we approached assembly in two ways: 1) co-assembly of
unfractionated triplicates for each time point 2) co-assembly of the 5 density fractions from each
time point and each replicate. We used MEGAHIT version 1.2.9 for assemblies (D. Li et al., 2015)
details described in (Sieradzki et al., 2022). MetaWRAP version 1.3.2 (Uritskiy et al., 2018) was
used to map reads from unfractionated metagenomes to contigs from each assembly, bin each
assembly with MetaBAT2 (Kang et al., 2015) and MaxBin2 (Y.-W. Wu et al., 2014) and refine
bins. Genomic bins from all samples as well as bins from soil metagenomes collected at the same
site in the preceding winter (Greenlon et al., 2022) were then dereplicated at 95% average
nucleotide identity (ANI) using dRep version 3.0.1 (Olm et al., 2017) to create a final collection
of high quality 503 metagenome assembled genomes (MAGs) that were on average 87% complete
and 5% redundant. Taxonomy was assigned to bins using GTDB-tk version 1.5.1 (Chaumeil et al.,
2020).

To calculate abundance measurements for MAGs, reads from unfractionated samples were
mapped back to the MAG collection using bbmap with minid=0.98 (https://jgi.doe.gov/data-and-
tools/bbtools/). Mapping statistics were then used to calculate coverage at reads per kilobase
million (RPKM), mapped read counts and breadth of coverage using CoverM
(https://github.com/wwood/CoverM), and were normalized to sequencing depth.

Calculating relative abundances of the vOTU collection

To quantify abundance of vOTUs in viromes and metagenomes and to assess activity via qSIP we
mapped reads from these sequencing efforts to our vOTUs. All reads from viromes, metagenomes,
and SIP-fractionated metagenomes were mapped to the set of vOTUs using bbwrap.sh at 98%
minimum identity. Samtools (H. Li et al., 2009) sort and index functions were applied to resulting
bam files. We used CoverM (https://github.com/wwood/CoverM) to calculate breadth and read
count per vOTU per sample. Read counts were divided by total reads per sample to calculate
relative abundance. For virome relative abundance we considered vOTUs present in a sample if
they had at least 80% breadth covered (fraction of genome covered by reads). For use with the
gSIP pipeline, we found that few vOTUs had reads that mapped stringently (98% identity) and in
all three replicates of multiple density fractions in both 30 and 'O conditions and therefore chose
a lower breadth cutoff, 50%, for detection of vOTUs in SIP fractions (described below).

Ordination plots

To understand compositional differences through time responding to rewetting we constructed
ordination plots. For MAGs we constructed a matrix of metagenome relative abundance per
sample per genome. Similarly for vOTUs, we generated a matrix of relative abundance per sample
per genome, using vOTU relative abundance as calculated from our virome samples. We used the
python scikit package (Virtanen et al., 2020) to calculate Bray-Curtis dissimilarity and to perform
principal coordinates analysis (PcoA) to visualize the dissimilarity between samples.

Virus-host linkage and assigning viruses a host taxonomy

To link vOTUs to potential host microbial MAGs, we used multiple approaches, starting with
CRISPR  spacer  searches. @~ We  predicted CRISPR  arrays using  minced
(https://github.com/ctSkennerton/minced) (Bland et al., 2007) in the original set of MAGs (not
dereplicated) from this study, in MAGs from another qSIP study conducted in a soil from our
HREC field site (Greenlon et al., 2022), and in our viromes. 84 MAGs and 32 vOTUs contained
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CRISPR arrays with at least 1 spacer. We aligned the MAG spacers against the vOTUs using
BLASTn (Altschul et al., 1990), and vice versa, and screened for hits with no more than one
mismatch and no gaps between the full spacer and the vOTU. By these criteria, only one vOTU
spacer matched a MAG in our dataset. This vOTU appeared in two of three plots and in two time
points for each plot. In contrast, 25 MAG spacers from 6 MAGs matched 19 vOTUs. From these
linkages we assigned host taxonomies to vOTUs using the associated MAGs GTDB taxonomy
(Chaumeil et al., 2020).

To assign host taxonomy to additional vOTUs we combined these CRISPR spacer searches in
MAGs, with a broader set of CRISPR spacer matches, and contig taxonomy predictions. Using
Kaiju (Menzel et al., 2016), we assigned a consensus host taxonomy per vOTU. In addition to
MAG and vOTU spacers, we also predicted spacers in unbinned metagenome sequences using
minced and established contig taxonomy for these unbinned sequences using Kaiju. We used the
same BLAST parameters to match these unbinned CRISPR array spacers to our dereplicated
vOTU set. Next, we queried the comprehensive spacer database generated in Shmakov et al. 2017
(Shmakov et al., 2017) against our vVOTU sequences using the same BLAST parameters. Each
spacer from this database (Shmakov et al., 2017) included an NCBI taxonomy that was assigned
to matching vOTU protospacers.

We also used vOTU sequences to inform host taxonomy. Previously, Al-Shayeb et al. 2020 and
others assigned host phyla to phages based on whether ORF annotations in phages were
predominantly of one phylum (Al-Shayeb et al., 2020). Here, we used Kaiju on vOTUs to assess
taxonomy. Most vOTUs were assigned to microbial taxonomies that presumably reflect shared
host-virus genome/gene content. We used this microbial taxonomic assignment to set a putative
host. For vOTUs predicted to have viral taxonomies we captured host lineages using the Virus-
Host Database (Mihara et al., 2016).

Lastly, we created a database of all vOTUs, their host prediction, and the source of the host
prediction — CRISPR spacer-based taxonomy from GTDB for MAGs, unbinned spacers with Kaiju
taxonomic predictions, NCBI taxonomies from spacers matched from the spacer database used, or
Kaiju taxonomy predictions per vOTU. We used this database to determine the consensus
taxonomy between these sources closest to a species level by searching for the greatest common
denominator. This allowed us to find putative hosts for 93.1% of total vOTUs at the domain level,
and 92.8% at the phylum level.

Examination of evidence for viral induction

To quantify viruses in our system that were present both as prophages in MAGs and as VLPs in
the virome we mapped virome reads to metagenomes and looked for alignment between
metagenome sequences and vOTUs. Specifically, we mapped all virome reads to metagenome
assembled sequences at 90% average nucleotide identity. We used coverM
(https://github.com/wwood/CoverM) to generate breadth and coverage calculations for mapped
reads and identify metagenome contigs that had virome reads mapping with at least 1000 bp
covered by reads, but not mapping with 100% breadth. We believed this implied that reads mapped
to a potential lysogenic viral genome embedded in the host genome. Using BLASTn (Altschul et
al., 1990), we aligned the set of metagenome contigs that met these criteria against our vOTUs
with a minimum E-value of 101, We subsetted the resulting matches to vOTUs that matched a
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metagenome contig with greater than 90% nucleotide identity, aligned with a metagenome
sequence that had more than 10 Kbp of flanking region around the alignment, and an aligned
section of at least 10 Kbp. This resulted in 11 vOTUs representing candidate lysogenic viruses.
Using ggKbase (https://ggkbase.berkeley.edu/), we manually analyzed each of these vOTUs and
their corresponding metagenome contigs for aligned and unaligned regions consistent with phage
(enriched for hypothetical genes, viral structural genes, integrase genes). This resulted in two
sequences that appeared to be lysogenic: found both as vOTUs in viromes and in metagenomes in
the context of bacterial sequences.

Assessment of prophages in MAGs

Prophages were identified from our set of MAGs by virSorter version 1 categories 4 and 5 (Roux
et al., 2015), or by VIBRANT (Kieft et al., 2020). Active prophages, i.e. prophages assessed as
replicating more than their flanking host genome, were identified by running PropagAtE (Kieft &
Anantharaman, 2022) with metagenome read mapping files to MAGs previously generated.
PropagAtE relies on differential coverage between prophage and adjacent host regions.

Viral response categories

To establish viral response patterns through time, we established the set of 6,840 vOTUs present
in a specific plot for three or more time points; we refer to these as “persistent vOTUs.” Persistent
vOTUs represented an average of 11% of the total virome reads through time. We generated
hierarchically clustered heatmaps (cluster maps) per plot in seaborn (Waskom, 2021) using relative
abundances per time point for each vOTU. With cluster map observations and k-means clustering,
we established 5 response categories based on vOTUs presence or absence in given time points:
1) ‘early vOTUs’ present at Oh, 3h, or 24h post wet-up; 2) ‘late responding vOTUs’ present at 48h,
72h, or 168h post wet-up; 3) ‘ubiquitous vOTUs’ present in all time points; 4) ‘vOTUs present at
Oh and 168h’ and one other time point; 5) ‘other’ vOTUs that did not fall into these categories. We
summed vOTU relative abundances across these categories for each time point per plot. We used
the seaborn relplot function (Waskom, 2021) to visualize response categories through time per
plot. To measure the host signal by response category, we summed the unique vOTUs of a given
bacterial putative host phylum or domain per category. We visualized host abundances per
response category by overlaying seaborn swarmplots on boxplots where each point corresponds to
a field plot.

Construction of integrase relative abundance and richness barplot

We used the seaborn relplot function (Waskom, 2021) to construct graphs of vOTUs that did (4463
unique vOTUs) or did not contain integrase genes. We plotted the set of vOTUs split into these
two categories and by circular versus linear, by their aggregated relative abundance through time
and by vOTU richness per category through time.

Quantitative stable isotope probing

Atom percent excess (APE) isotopic enrichment values were calculated using quantitative stable
isotope probing (qSIP) (Greenlon et al., 2022; Hungate et al., 2015; Sieradzki et al., 2022) by
normalizing MAG and vOTU relative abundance to the quantity of DNA per density fraction
(Greenlon et al., 2022). Both bacterial and viral genomes were required to be detected in all three
replicates of each labeled 8O treatment and in three replicates of unlabeled ('°O) treatments for the
bootstrapped median atom percent excess (APE) to be calculated per genome. In the qSIP output
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we removed genomes with a lower APE median confidence interval < O (i.e., not statistically
significant), and ranked the remaining 75 MAG and 177 vOTU genomes first by time and then by
descending APE value. We identified the first timepoint each genome appeared as enriched and
constructed ranked APE curves using the seaborn python package relplot (Waskom, 2021). To
compare MAG and vOTU enrichment dynamics, we calculated the mean differences in rank of
isotopically enriched genomes (relative to each previous time point). We plotted median APE
values per MAG and vOTU through time for our most prevalent vOTUs and hosts —
Actinobacteria, Alphaproteobacteria, and Gammaproteobacteria — using seaborn line relplots. We
calculated the ratio of vOTU to MAG enrichment by summing the median APE values of vOTUs
and MAGs per phylum and using MAG aggregated enrichment as the denominator.

Viral contribution to microbial mortality
We modeled the viral contribution to microbial mortality using a range of potential burst sizes
(virions per infected cell) to relate the number of approximated infectious viral particles through
time to observed microbial cell death counts. Counts of microbial cell mortality were derived from
our previous qSIP analysis of corresponding amplicon sequence data (Sieradzki et al., 2022). We
used the median rate of rRNA copies lost per gram soil per day and converted this rate to per gram
soil by multiplying by the number of days. To convert rRNA copies to cells lost, we used a
conservative assumption of six rRNA copies per microbial cell (Klappenbach et al., 2000). The
approximate loss of microbial cells per gram of soil was used to represent the total observed
microbial mortality. To calculate the contribution of viruses to observed mortality, we estimated
the number of total virions per time point, using the mean aggregated relative abundance across
plots (total reads mapped to our vOTU dataset). We used the fraction of viral reads to estimate
viral DNA of total extracted DNA per time point per plot. With our estimate of viral DNA and a
mean genome length of 2.1254 x 10* bp, we used equation 1 to estimate plasmid copy number to
calculate virions per time point:
)

0B molecules

mole

g o ng
N x 660mole x 1x10 2

X = Calculated viral DNA
N = Average calculated genome length (bp)

Xngx60221x 1

Virions =

As an average viral burst size in soils is unknown, we converted number of virions to cells lysed
by using a range of viral burst sizes from one virus released per cell (Kuzyakov & Mason-Jones,
2018; K. E. Williamson et al., 2008) to 1000 (Sui et al., 2021). Virions scaled to cells dead by the
burst size range served as a numerator for viral contribution to microbial mortality calculated with
equation 2. We next captured cumulative viral contribution to microbial mortality through time by
taking the cumulative sum of all previous time points for each time point.

2)

Virions X burst size

degraded r6RNA copies Days

Viral contribution to microbial mortality =
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Our calculations made the following assumptions: 1) All virions detected lyse their host. 2) Virions
calculated for each time point represent new infections rather than virions persisting through time
i.e., virions were released from newly lysed cells. 3) Our VLP-virome extraction protocol
efficiently extracted 100% of soil viruses, i.e., viruses detected represent all possible soil viruses.
4) The mean vOTU genome length represented an accurate approximation of soil viral lengths
irrespective of short read metagenomics and potential assembly fragmentation. Our data supported
the second assumption given that only a minority of vOTUs appeared in multiple time points
(Supplementary Figure 2). Further, we performed a sensitivity analysis of the impact of genome
length on our calculation and found a statistically significant relationship between genome length
and percent viral contribution to mortality (linear regression on log transformed data, p-value: 6.63
x 10°7) — changing viral genome length by an order of magnitude led to an order of magnitude
decrease in the percent contribution to mortality.
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Figure 1 | Experimental overview and analysis of spatial heterogeneity of recovered Genomes from time-
resolved cellular and viral size-fraction metagenomes following soil wet-up. (A) Triplicate sampled soil
microcosms were destructively harvested before (Oh) or following addition of natural abundance water (H,'°O) (3h,
24h, 48h, 72 and 168h) for the generation of viromes and metagenomes. Microcosms fated for metagenomic
sequencing did not include a 3h time point. Associated barplots visualize the number of (top) recovered vOTUs
(log scale) or (bottom) MAGS found in one (lightest blue), two, or three (darkest blue) of three replicate
microcosms. (B) Stable isotope probing (SIP) incubation: H,'°O or H»'¥O (in red) were added to triplicate
microcosms (no 3 h time point), which were then density-separated prior to shotgun sequencing. Below is a
cartoon demonstrating that viral isotopic incorporation relies on microbial assimilation of 80 into DNA. The
associated counts show the total number of enriched MAGs and vOTUs (in red) relative to the total number of
MAGs and vOTUs (blue) detected at each time point.
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Figure 2 | Temporal compositional changes in microbial and viral communities following soil wet-up. (A)
PcoA plots of MAGs (left) and vOTUs (right) calculated based on Bray-Curtis dissimilarity colored by time with
different marker shapes signifying distinct field plots (biological replicates). (B) Barplot of the mean total number
of unique vOTUs per time point. Error bars (red) show standard error of mean across all three field plots. (C)
Distribution of vOTU relative abundances per time point (colored curve) graphed by field plot (signified by shapes
used in A). The y axis is the number of unique vOTUs detected per time point per plot. (D) Viral biomass
approximated by total extracted viral DNA (ng) per gram of soil plotted through time. Each point represents a
distinct microcosm. The shaded area around the line represents a 95% confidence interval.
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Figure 4 | Relative abundance and richness of integrase-encoding vOTUs through time following soil wet-
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Metagenome type | Method Presumed composition
Unfractionated Direct DNA extraction from soil Bacterial, archaeal, eukaryotic,
metagenome (Figure 1A) and viral sequences from MAGs
and vOTUs (which may be
intracellular or extracellularized).

SIP-fractionated DNA extracted from soil and H,"®0-incorporating MAG and
metagenome ultracentrifuged in a CsCl gradient | vOTU genomes in heavier DNA
to capture distinct DNA-density fractions i.e., considered active.

fractions for quantitative stable
isotope probing (qSIP) (Figure 1B)

Virome Small-fraction metagenome, i.e. Sequences from < 0.2 ym
viral-enriched sequences: soil membrane-bound or
buffered, 0.2 ym filtered, encapsulated genomes i.e.

concentrated, treated with DNase. | Viral-like particles (VLPs) or
DNA extracted from 0.2 um effluent | virions; and ultrasmall cells such
(Figure 1A) as CPR bacteria and
nanoarchaea

Supplementary Table 1 | Mixed ‘omic methods enable detection of genomes and distinguishing as abundant,
active, and virions.
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Supplementary Figure 1 | Temporal changes in relative abundance of persistent viral populations (vOTUs).
Each heatmap corresponds to one of the three field plots sampled and is hierarchically clustered according to vOTU
relative abundance. Time is shown on the x-axis of each plot (columns); Each row (y-axis) corresponds to a unique
vOTU and its relative abundance through time. All vOTUs were present in each given plot in at least three time
points, i.e., “persistent” vOTUs. Circles, triangles, and squares correspond to the field plots in the PCoA legend
(Figure 2).
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Supplementary Figure 2 | Viral dynamics following soil wet-up classified by temporal response. (A) Each plot
shows the aggregated relative abundance per plot of the persistent vOTUs that respond early (0, 3, 24h); late (48,
72, 168h); ubiquitously (at all time points); present at Oh, 168h, and one other time point; and other. Relative
abundance is shown as the percent of total reads per virome. (B) Boxplots graphed per response category showing
the range of vOTU counts (y axis) separated and colored by predicted host taxonomic groups (x axis) across all
three plots. The x axis is sorted by rank, but with all Proteobacteria groups adjacent to one another. The box plots
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Supplementary Figure 5 | Temporal isotopic enrichment of MAGs and vOTUs by phylum. Each column of
graphs represents the phylum-specific enrichment response to wet-up. (A) Median APE per isotope-enriched MAG
through time. (B) Median APE per isotope-enriched vOTU through time. (C) The mean ratio of vVOTU/MAG
median APE through time. Error bars represent the standard error calculated from propagating the error of median
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4. Corrinoids influence community assembly in a soil-derived
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Earth’s soils are habitats for microbial communities that drive biogeochemical cycling, plant
growth, and carbon storage and persistence. To probe the interactions between microbes that
underlie the soil microbiome we used a class of key metabolites related to vitamin B,,, known as
corrinoids. Only a subset of the microbes that use corrinoids can produce them, and bacteria in
culture exhibit preferences for different corrinoid types in their environment. We combined multi-
omic approaches in soil and in soil-derived enrichments to test how corrinoids, as a model
metabolite, impact community structure and function. In soil, 16S rDNA amplicon sequencing
revealed that corrinoid addition led to compositional changes that are corrinoid-specific, but
transient and most pronounced just three days after addition over a 50-day incubation. In both
metagenome-assembled genomes (MAGs) from soil and soil-derived enrichments we find few
genomes to be predicted corrinoid producers while predicted corrinoid use is widespread across
MAGs. Methionine synthesis is the most prevalent corrinoid-dependent metabolism in
enrichments and in soil. Based on genome abundance (metagenomes) and total significantly
differentially expressed genes (metatranscriptomes) we found many genomes appear to have a
preference for B12 and cobinamide. Further, we observed significant downregulation of corrinoid
independent ribonucleotide reductases, a critical step in DNA synthesis, in corrinoid treated
enrichments. Overall, corrinoids are able to shift community composition in soil and community
assembly of soil-derived enrichments. These findings enable us to hypothesize interactions that
may occur in soil based on the sharing of this widely-used nutrient. By simplifying a complex
system to the lens of a single shared nutrient and testing how this nutrient impacts community
structure and function in the environment and in a simplified enrichment we provide a framework
for teasing apart the complex interactions that occur in environmental microbiomes.
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4.1 Introduction

Soils maintain thousands of microbial species and billions of cells in each gram (Delgado-
Baquerizo et al., 2018; Sokol et al., 2022). These communities drive biogeochemical cycling, plant
growth, and carbon storage and persistence. Diverse interactions between microbes comprise these
communities (Bahram et al., 2018; Ling et al., 2022; Young & Crawford, 2004). Critical to
understanding the important processes soil microbial communities perform is thus mapping the
varied interactions among microbes. To probe microbial interactions that underlie the soil
microbiome we used a class of key metabolites related to vitamin B,,, known as corrinoids.
Corrinoids serve as cofactors for a variety of metabolic processes performed by microbes in soil
and other environments, such as catabolism of particular carbon sources, nucleotide metabolism,
and methionine synthesis (Lu et al., 2020; Matthews, 2009; Roth et al., 1996; Shelton et al., 2019).
Only bacteria and archaea are known to biosynthesize corrinoids and only a subset of these
microbes that use corrinoids can produce them (Roth et al., 1996; Warren et al., 2002). Importantly,
corrinoids are structurally diverse, and bacteria studied to date in isolation can use only some of
the corrinoid forms that are available in their environment (Heal et al., 2017; Kennedy et al., 2022;
Matthews, 2009; Men et al., 2014; Mireku et al., 2017; V. Sharma et al., 2019; Sokolovskaya et
al., 2019; Woodson & Escalante-Semerena, 2004). Whether this specificity impacts bacterial
growth and metabolism on a community scale has not been examined.

While it is well accepted that substrate additions and growth conditions (i.e. anaerobic vs. aerobic)
impact microbial community composition and function in sifu and environmentally (Baker et al.,
2022; Carlson et al., 2020; Chuckran et al., 2021; Justice et al., 2017), how nutrients such as
vitamin cofactors that do not become integrated into biomass, i.e. non-assimilatory nutrients, may
impact community composition and function is less well studied (Kelly et al., 2019; V. Sharma et
al., 2019). Corrinoid requirements have been investigated in greater depth in non-soil
communities. In marine systems, cobalamin is a limiting nutrient for phytoplankton growth,
implicating corrinoids in affecting the ocean food web (Bertrand et al., 2007; Safiudo-Wilhelmy
et al., 2014; Seth & Taga, 2014). Requirements for specific corrinoids have been illustrated in
several pairs of aquatic microbes engaged in mutualistic corrinoid cross-feeding (Croft et al., 2005;
Heal et al., 2017; Helliwell, 2017; Iguchi et al., 2011). Animal gut environments have also been
shown to contain six or more corrinoids (Allen & Stabler, 2008; Hallberg et al., 2022; Liu et al.,
2022), and corrinoid-sharing relationships have been observed between human gut bacteria in vivo
(Degnan, Barry, et al.,2014; Degnan, Taga, et al., 2014). Previously, research showed that addition
of cobalamin to trichloroethene (TCE)-degrading enrichments alters community structure, and that
the TCE-metabolizing bacterium Dehalococcoides mccartyi has stringent requirements for
specific corrinoids (Men et al., 2015; Yiet al., 2012). Taken together, these results provide support
for our hypothesis that corrinoids impact community composition in diverse environments.
However, this hypothesis has not yet been tested in soil.

To tease apart microbial interactions in such a complex system we developed a simplified
framework centered on corrinoids as a key metabolite. We hypothesized that adding excess
corrinoids would change the corrinoid profile each microbe senses and stimulate growth of
microbes that preferentially use the added corrinoid over environmentally available corrinoids.
Underlying our hypothesis is the assumption that corrinoids in general, and specific corrinoid types
in particular, are limiting nutrients in soil. We thus tested the effect of exogenous corrinoid
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additions in soil microcosms. To further elucidate how corrinoid addition and corrinoid type
connect microbes in soil we established soil enrichment cultures (Goldford et al., 2018) and,
following one week of passaging, added one of four distinct corrinoid types to test how corrinoids
may shift community function and composition during community assembly (Figure 1). Previous
work in a synthetic co-culture showed that symbiosis between a B12-producing bacterium and a
B12-dependent alga could be decoupled with addition of B12 (Kazamia et al., 2012). We predicted
that corrinoid addition could decouple interactions between corrinoid producing microbes, i.e.
producers, and corrinoid dependent microbes, dependents, in a complex community.

We combined analyses from a grassland soil environment — using metagenomics on soil samples
without added corrinoids (Nicolas et al., 2022; Sieradzki et al., 2022) and 16S rDNA amplicon
sequencing on corrinoid-perturbed microcosms — with 16S rDNA amplicon sequencing,
metagenomics, and metatranscriptomics on soil-derived enrichment cultures with added corrinoids
to understand how corrinoid preferences of individual organisms scale to impact community
composition and function. We found that different corrinoid types impact community composition
transiently in soil microcosms and subtly in enrichment cultures. Further, we observed that
different corrinoid types elicit significant differential gene expression on a community-wide scale
that may downregulate corrinoid-independent pathways in specific organisms.

4.2 Results

Analysis of MAGs predicts widespread corrinoid sharing in soil

We established soil as an environment where potential corrinoid-producing and corrinoid-
dependent microbes reside and interact by assessing corrinoid producing and using capacity of 446
MAGs assembled from our Northern California grassland fieldsite at Hopland Research and
Extension Center (HREC). These MAGs were sampled at the end of the dry season and were
subject to the addition of water in the lab to simulate the annual rewetting event these microbes
experience in their native environment. Based on the six marker genes (three each anaerobic and
aerobic) established in Shelton et al. 2019 (Shelton et al., 2019), we found that only a subset of our
MAGs were likely to be corrinoid producing (< 20%). The vast majority of these MAGs (> 70%)
encoded at least one corrinoid-dependent enzyme (Figure 2A). Methionine synthase was the most
prevalent corrinoid-dependent enzyme detected (Figure 2C). The laboratory rewetting of soil
microcosms was also performed with H,'"®*O enabling us to capture a temporal view of isotopic
enrichment as a proxy for activity of these MAGs (discussed further in chapter 3) (Nicolas et al.,
2022; Sieradzki et al., 2022). Actively replicating microbes assimilate '*O from H,'®O in their
DNA. We observed that the amount of active predicted corrinoid producers changes through time
in a highly dynamic moment in the soil microbiome (Figure 2B). Through time it also appears that
the ratio of predicted producers to non-producers is somewhat dynamic.

Impact of corrinoid treatment on soil microbial composition
Given the prevalence of corrinoid-dependent metabolisms in soil microbes, we wanted to

understand whether addition of corrinoids directly to soil could alter soil community composition
i.e. whether addition of a non-assimilatory trace nutrient may reveal community-wide impacts. We
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supplemented destructively harvested soil microcosms with water or one of six structurally distinct
corrinoids — B12, cobinamide (Cbi), Factor A, [Cre]Cba (Cre), pseudocobalamin (pB12), or [5-
OHBza]Cba. Following DNA extraction and 16S rDNA amplicon sequencing from 150 soil
microcosms and establishing operational taxonomic units of microbes, here zZOTUs, we analyzed
the impact of corrinoid treatment effects on each taxonomic level. Based on PCoAs of Bray-Curtis
dissimilarity (Figure 3), we observed the strongest treatment effects 3 days after corrinoid addition
on all phylogenetic levels — from phylum to genus. In particular, we observed that samples
amended with cobinamide, B12, or no corrinoid clustered closest together and the first two
principle components explained at least 30% of the variance in data. On the genus level, all but
our 50-day time point showed a treatment effect. On a higher phylogenetic level, day 30 also
showed a statistically significant treatment effect (ANOSIM p < 0.05, test statistic < 0.15), but
qualitatively was less distinct by PCoA. By day 50 we did not observe corrinoid addition to have
a qualitative or statistically significant impact on soil community composition, suggesting that the
effect of corrinoid amendment on community composition was transient.

Establishing soil enrichment cultures to analyze corrinoid-related dynamics more granularly

We established simplified soil-derived communities in M9 minimal media to further test our
hypothesis that corrinoid addition and type could structure microbial communities and elucidate
in a simplified system the corrinoid-related treatment effects observed in our soil microcosms.
After inoculating soil into our culture media we allowed a community to assemble for one week
before splitting and passaging our enrichments, and allowing them to reestablish for one hour
(Table 1). Following one hour, we added one of four corrinoids: cobinamide (Cbi), cobalamin
(B12), pseudo-cobalamin (pB12), Cresolylcobamide (Cre), or no corrinoid. These corrinoids were
chosen because we observed in soil microcosms that the treatments seemed to partition between
no corrinoid, B12, or pB12, compared to other corrinoids. We next sampled our enrichments 3
hours after corrinoid addition (172 hours total in culture) for metatranscriptomes, and again at 1
week after corrinoid addition (336 hours in culture or 2 weeks) to generate metagenomes. For
metatranscriptomes, we chose a 3 hour time point based on previous research that has shown that
soil microbes can respond quickly to environmental changes (Chuckran et al., 2021; Placella &
Firestone, 2013) and to see direct effects of corrinoid addition on gene expression while mitigating
indirect influences on other organisms. For each sampled time point shown in Table 1, we
sequenced 16S rDNA to understand treatment impact on community composition. For our 172-
hour time point there was very low biomass as proxied by extractable DNA, thus we were not able
to establish metagenomes at this time point. However, we were successful in attaining extracted
RNA quantities high enough to proceed with metatranscriptomics for all but one replicate each of
our Cre and pB12 conditions.

To test whether the treatment effects observed in soil extend to culture conditions we first looked
at whether there were marked shifts in community composition following corrinoid addition. We
assessed total community composition using our 16S rDNA amplicon sequencing dataset and
found that our soil enrichments were predominantly comprised of Proteobacteria (137 zOTUs
across all samples) as the most prevalent detected zOTUs at over 90% total abundance. We
constructed ordination plots based on Bray-Curtis dissimilarity (Figure 4), iterating through each
taxonomic level. Across all samples we detected 214 unique zOTUs. Appreciable treatment related
differences were observed only 1 week after corrinoid addition (2 weeks in culture, 336 hours). At
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the zOTU level we noticed a pattern of clustering where Cbi, B12, and no corrinoid samples of the
same replicate clustered in higher proximity than Cre and pB12. However, neither ANOSIM (p-
value 0.93) nor PERMANOVA (p-value 0.991) tests noted these observations as statistically
significant. At 2 weeks, at the phylum level corrinoid addition led to a statistically significant
change in the community (ANOSIM p-value 0.01; test statistic 0.27).

We sought to examine changes at the phylum level to understand why corrinoid amendment of our
cultures was significant only at this high order taxonomy (Figure 5). Proteobacteria did not show
appreciable differences across corrinoid conditions. We observed that corrinoid addition may
impact the rarer phyla in our enrichments. Within the Firmicutes (30 zOTUs) and Actinobacteria
we noticed differences across corrinoid conditions between 3 hours after corrinoid addition and 1
week after addition where B12 addition showed the highest relative abundance of these phyla. For
Actinobacteria this represented two distinct zOTUs: Nocardia coeliaca and Microbacterium
oxydans.

Since we hypothesized that the addition of corrinoids would disentangle established interactions
between producing microbes and organisms that relied on exogenous corrinoids, we generated 24
metagenomes from our enrichment cultures prior to corrinoid addition and at 1 week following
addition. From these samples we resolved 28 near-complete dereplicated MAGs to analyze their
genomes for corrinoid biosynthesis and dependent metabolisms (Figure 6). 13 of these genomes
represented Proteobacteria and the majority of these were Gammaproteobacteria. We resolved two
Actinobacteria genomes. We found one genome of the predatory bacteria phylum, Bdellovibrinota,
of which there was no corresponding zOTU. This organism only appeared in one replicate, but
given its likely distinct predatory role (Jurkevitch et al., 2000) further underscores that there may
be important replicate-specific dynamics at play. Despite some compositional differences between
our MAG and 16S rDNA amplicon sequencing data we found that on average there were 30 to 80
zOTUs per sample and resolved 28 bins overall. Given that the majority of zOTUs detected and
the highest frequency of zOTUs per sample were Gammaproteobacteria which are typically
overrepresented in 16S sequencing studies due to their, on average, higher 16S copy number and
divergence of sequences (Acinas et al., 2004; Vétrovsky & Baldrian, 2013), our metagenomic data
and 16S profiling seem parable.

In order to understand the dynamics of MAGs in our enrichments, we classified each organism by
its ecological role related to our treatment: corrinoid producers, corrinoid dependents, and
corrinoid independent organisms. Corrinoid producers contained at least one of six marker genes
— three aerobic and three anaerobic steps of corrin ring biosynthesis (though HMM models do not
predictably distinguish between anaerobic and aerobic homologs). Each of these marker genes was
previously shown to be present in 99% of predicted corrinoid producers (Shelton et al., 2019).
Corrinoid dependent organisms encoded at least one corrinoid-dependent metabolism. Corrinoid
independent MAGs were not detected to have any biosynthesis components or dependent
metabolisms. All of our 5 predicted producer genomes (Table 2) also contained corrinoid-
dependent metabolisms, consistent with Shelton et al. 2019 (Shelton et al., 2019). Of our 5
producers, four were Proteobacteria: three rhizobia and one burkholderiales; and one was a Bacilli
genome (Firmicutes). 22 of the MAGs were corrinoid-dependent and one MAG, a Microbacterium
(Actinobacteria), was corrinoid-independent.
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While predicted corrinoid producers were a subset of all genomes, corrinoid dependent organisms
were the mode. Of the 22 dependent genomes and five predicted producers we sought to uncover
what corrinoid-dependent metabolisms were functionally possible in our enrichments (Figure 7).
As in our set of 446 MAGs from a previous experiment, we found that methionine synthase was
the most prevalent corrinoid-dependent metabolism in MAGs from our enrichments, suggesting
that our enrichments were representative of soil microbes in terms of the most prevalent corrinoid
use. Of our 28 MAGs, only three appeared to not encode any methionine synthase, and one of
these genomes was the corrinoid independent Actinobacteria. We observed more organisms
encoded a corrinoid-dependent methionine synthase than the corrinoid-independent analog. We
further inspected methionine synthase distribution in enrichment MAGs to discern if a subset of
our dependent genomes were true auxotrophs, reliant on an externally available nutrient for growth
(Zengler & Zaramela, 2018). Of the 24 genomes encoding a corrinoid-dependent methionine
synthase, 17 also encoded the corrinoid-independent analog. One dependent MAG only encoded
the corrinoid-independent methionine synthase, but maintained other corrinoid-dependent
metabolisms. Of the seven MAGs that only encoded the corrinoid-dependent methionine synthase,
two were producers and five were not predicted producers suggesting these are auxotrophs of
methionine or corrinoids.

Similarly, examining propionate metabolism in our MAGs, we observed that eleven organisms
only encoded methylmalonyl-CoA-mutase (MCM) which is a corrinoid-dependent enzyme and no
enzymes associated with the corrinoid-independent methylcitrate pathway. Three organisms
encoded both corrinoid-independent and -dependent genes involved in the conversion of
propionyl-CoA to succinyl-CoA, and five MAGs appeared to only maintain corrinoid-independent
metabolism. On the other hand, considering nucleotide metabolism, the corrinoid-independent
ribonucleotide reductase (RNR) was more prevalent in MAGs than the corrinoid-dependent
homolog. Only four organisms encoded corrinoid-dependent RNR, but three of these MAGs did
not also encode the corrinoid-independent RNR. Two of these three MAGs were predicted
producers and one, Edaphocola MAG of the phylum Bacteroidota appeared to be a corrinoid or
nucleotide auxotroph. Nine organisms were detected to only encode the corrinoid-independent
RNR, all of these MAGs contained other corrinoid-dependent metabolisms, and one was a
predicted corrinoid producer.

Our experiment was based on the assumption that microbes in our enrichment cultures would be
able to sense corrinoids in their environment, whether produced by neighboring cells or
supplemented in the medium (Men et al., 2014). We identified corrinoid transporters in two
predicted Gammaproteobacteria corrinoid-dependent genomes, one of the Pantoea genus
(Pantoea brenneri) and one of Serratia. We detected more cobalt transporters in MAGs, ten: in
each of our five predicted corrinoid-producing genomes and five in predicted dependent genomes.

After defining the corrinoid-based ecological role for each of our MAGs, we examined the
dynamics of MAGs in our enrichments prior to corrinoid amendment and one week after corrinoid
amendment (2 weeks in culture). We assessed dynamics in two ways: (1) examining the mean
genome abundance in samples by their ecological role; (2) analyzing the total composition of
producers and dependents genomes (aggregating MAGs abundance by ecological role) (Figure 8).
Despite replicate-dependent compositional differences observed in our 16S rDNA amplicon
sequencing, these analyses of MAG community composition by corrinoid production and use
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revealed a degree of consistency between replicates. Mean genome abundance analysis showed
that prior to corrinoid addition, as the enrichment community assembled, predicted producer and
dependent genomes were on average equivalently abundant. By day 7 in culture, dependent
genomes, on average, became much more abundant. This trend persisted into the second week of
enrichment, after corrinoid addition and was apparent in all corrinoid and non-corrinoid
supplemented cultures. Our aggregated abundance data exaggerated the trend featured in our mean
genome abundance data: dependents (more numerous in our dataset, n=22) made up a much larger
portion of the enrichment community. Thus, by abundance, we observed predicted corrinoid
producing genomes, though fewer, are not on average more abundant than dependents nor do
organisms that serve the role of corrinoid producer comprise a more substantial portion of the total
community i.e. punch above their numbers. Corrinoid addition does not change the mean
abundance of producer or dependent genomes, nor the portion of the total enriched community
defined in these roles. The hypothesis previously observed in co-culture experiments (Kazamia et
al., 2012) did not prove to be true in our more complex enrichment communities.

While corrinoid addition did not discernibly alter the ratio of predicted corrinoid producers or
dependent genomes on net or on average, we reasoned that corrinoid addition may impact MAGs
individually. We hypothesized that individual genomes may show relatively higher abundances
with corrinoid addition compared to no corrinoid addition and that these changes may be corrinoid
specific (Kennedy et al., 2022; Mok & Taga, 2013; Sokolovskaya et al., 2019; Yi et al., 2012).
Further, we hypothesized that the impact of corrinoid addition may be observed acutely on the
level of gene expression (Johnson et al., 2009; Kennedy et al., 2022; Men et al., 2017). We thus
analyzed our metagenomic data and metatranscriptomic data in tandem to determine the impact of
corrinoid addition on individual MAGs (Figure 9). To reveal corrinoid-specific preference in terms
of an organism’s growth we used MAG fold difference, the relative abundance of a MAG in a
given corrinoid condition compared to its relative abundance without corrinoid supplementation.
To discern differences in the activity of a given MAG in a corrinoid-dependent manner we assessed
the total number of significantly differentially expressed genes of a MAG (relative to genome size)
in each corrinoid condition compared to no corrinoid based on our metatranscriptomic data. Since
we sampled our cultures 3 hours after corrinoid addition for metatranscriptomics, we hypothesized
that differential expression specific to a given corrinoid condition would portend relative
abundance changes we could observe 1 week after corrinoid addition in our metagenomes. Thus,
we visualized these genome abundance and differentially expressed gene data in tandem to
compare how expression level changes may influence growth differences.

For predicted corrinoid-producer MAGs, two of five showed a degree of preference for growth
with supplemented corrinoid (>100% growth in corrinoid amended conditions). Four producers
showed significantly differentially expressed genes, and for all four of them a suite of genes
appeared differentially expressed with B12 addition. One producer was not present in all replicates
and thus did not show significantly differentially expressed genes 3 hours after corrinoid addition.
Notably, the Herbaspirillum genome showed the highest number of genes differentially expressed
in B12 and the highest growth compared to no corrinoid in this condition, suggesting this
Herbaspirillum genome may have a preference for B12 over Cbi, and perhaps over Cre and Pse
(which only had 2 of 3 replicates). The corrinoid independent Microbacterium was more abundant
without corrinoid supplement (< 100% fold change relative abundance in all treatments) and also
did not have corresponding differentially expressed genes.
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For predicted corrinoid-dependent genomes, sixteen genomes had metagenomic fold difference
treatment data with paired metatranscriptomic data that showed significantly differentially
expressed genes. Eight dependents showed some preference for corrinoid amendment — had a
higher relative abundance in corrinoid amended condition compared to no corrinoid (fold
difference > 100%). Of these genomes, significant differential expression of a suite of genes was
most apparent with Cbi and B12 addition. Even corrinoid-dependent genomes that did not show a
higher relative abundance with corrinoid addition, exhibited significantly differentially expressed
genes in the presence of added corrinoid. In particular, the Serratia genome demonstrated the
highest number of differentially expressed genes of all genomes with Cbi addition, perhaps
suggesting a preference for Cbi. Serratia also showed a number of differentially expressed genes
with B12 and pB12 addition. Of dependents that did not have paired RNA data, Bacteriovorax and
Flavobacterium each only appeared in the third replicate. Thus, dependent genomes showed
differentially expressed genes 3 hours after corrinoid addition that were corrinoid specific.
However, differentially expressed gene changes per corrinoid condition did not portend growth
differences per condition at 2 weeks. Many dependents were equivalently abundant with or without
different corrinoid additions.

Given that the majority of MAGs revealed distinct patterns of significantly differentially expressed
genes based on corrinoid addition, we endeavored to understand to what extent these genes were
involved in corrinoid-dependent metabolisms or biosynthesis. In addition to the role corrinoids
serve as enzymatic cofactors, corrinoids are also known to bind riboswitches and regulate gene
expression (Kennedy et al., 2022). Corrinoid riboswitches are often found upstream of corrinoid-
dependent enzymes, corrinoid biosynthesis genes, and corrinoid-independent processes for which
a corrinoid-dependent enzyme also exists (Degnan, Barry, et al., 2014; Kennedy et al., 2022). We
hypothesized that addition of a corrinoid would downregulate corrinoid independent
homologs/analogs and upregulate corrinoid-dependent versions of these pathways. We also
predicted that we may see transporters downregulated with the supplementation of corrinoid
(Degnan, Barry, et al.,2014). In predicted producer genomes, we expected that, given the expected
cost of corrinoid production (Sokolovskaya et al., 2020), we would see organisms turn to
environmentally provided corrinoids rather than produce corrinoids de novo. Previous research has
shown that the majority of corrinoid producers maintain corrinoid transport systems (Degnan,
Barry, et al., 2014), so like dependents, producers may use exogenous corrinoids.

The vast majority of detected differentially expressed genes did not play a known role in corrinoid
metabolism or biosynthesis. Of the total genes significantly differentially expressed 12% were
ribosomal proteins, 10% were transporters, 5% were transcriptional regulators. We observed three
instances of corrinoid-related metabolisms differentially regulated with the addition of corrinoid
(Figure 10). Two were independent RNRs in the same corrinoid-dependent genomes that contained
corrinoid transporters. Both corrinoid-independent RNRs in Serratia and Pantoea showed
significant downregulation in the presence of a corrinoid. The downregulation of their expression
of corrinoid independent RNRs, 3 h after corrinoid addition, also appears to confirm the ability to
import exogenous corrinoids. Both of these Proteobacteria appear to downregulate their
independent RNRs in response to cobinamide, B12, and pB12, though significant differential
expression is not detected in all conditions. However, Serratia does not appear to downregulate its
RNR in response to Cre whereas Pantoea brenneri may, suggesting their independent RNRs differ
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in corrinoid-specificities in regulatory elements, perhaps in upstream riboswitches (Kennedy et al.,
2022; Rosnow et al., 2018). Interestingly, a corrinoid-dependent RNR was not detected in either
of these genomes.

We also observed a corrinoid-dependent methionine synthase in the predicted dependent MAG,
Edaphocola, that was, perhaps counterintuitively, upregulated in no corrinoid condition compared
to corrinoid addition, and specifically was significantly downregulated with the addition of B12.
There have been previous reports in pure culture research of corrinoids repressing regulation of
corrinoid-dependent enzymes (Kennedy et al., 2022), but there remains no emerging theory to
explain these observations. This Edaphocola genome seemed to be a corrinoid or nucleotide
auxotroph given it only encoded a corrinoid-dependent RNR. Irrespective of differential
expression, we observed that corrinoids are likely produced by predicted corrinoid-producer
genomes since metatranscriptomes mapped to biosynthesis genes.

4.3 Discussion

We analyzed community composition and function with respect to corrinoids as a model
metabolite in the soil microbiome taking a reductive approach — first examining corrinoid sharing
capacity and treatment impact in soil and next investigating corrinoid-based community dynamics
in a soil enrichment culture. We found soil MAGs maintained the potential to use and produce
corrinoids during a highly dynamic moment in annually dry grassland soil. We thus tested whether
corrinoids could impact microbial composition in soil through addition of distinct corrinoid types
and found the treatment effect to be immediate (at 3 days) and transient. From our findings of
function and impact of corrinoids in soil microbes we developed a reduced system to disentangle
corrinoid-based microbial interactions. Our reduced complexity system of soil-derived enrichment
cultures with subsequent corrinoid addition enabled insights on how soil microbes respond to and
use dissimilatory metabolites in a community context. We found that our predictions based on
previous pure culture research did not necessarily scale to our observations of how corrinoids
impacted communities. We determined that corrinoid treatment impacted individual organisms
differently and further individual microbes’ corrinoid preferences may not necessarily lead to
composition differences, that there may be a degree of community resilience to corrinoid addition
in culture not similarly observed in soil, and that corrinoid addition and type may have secondary
impacts on communities.

Individual microbial corrinoid preferences impact communities

We hypothesized that the unique corrinoid preferences of organisms shown in pure culture studies
(Kennedy et al., 2022; Matthews, 2009; J. Yan et al., 2016; Yi et al., 2012) would show a
community wide impact in the form of changes in community composition and on the scale of
differential gene expression. From the treatment effect of corrinoid addition in soil, and smaller
treatment effects observed in our soil enrichment cultures we found that, indeed, corrinoid addition
and corrinoid type impact community composition. We were also able to glimpse in our
metagenomic relative abundance and expression data how individual corrinoid preferences may
alter community composition at-large with different MAG relative abundance dependent on the
type of corrinoid added. For instance in the case of the predicted corrinoid producer,
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Herbaspirillum sp004563925 , which potentially showed specificity for and higher abundance with
exogenous B12 addition, compared to the predicted corrinoid dependent MAG, Stenotrophomonas
sp002836635, which showed a promiscuity for corrinoid type via equally increased abundance in
all corrinoid addition conditions compared to no corrinoid, but showed a higher amount of
significantly differentially expressed genes with B12 addition. Thus, corrinoids can differentially
regulate genes of organisms in a community context. Interestingly, these expression differences
do not have an obvious correspondence with compositional changes or known corrinoid function.
Perhaps, this is due to a degree of resilience of communities to corrinoid addition.

Community resilience to corrinoid addition in culture

While we observed significant changes in soil microbial community composition in response to
corrinoid addition, the effects in soil enrichment cultures were not as pronounced. Our
metatranscriptomic data expression data clearly showed that different corrinoid treatment led to
differential expression of genes, but these expression differences at 3 hours did not translate into
or portend compositional changes one week after corrinoid addition. While in soil microcosms,
corrinoid addition led to significant compositional changes at each taxonomic level, 16S rDNA
amplicon sequencing of enrichments did not reveal similarly significant treatment impacts at 3
hours or 1 week following corrinoid addition. Enrichment microbial communities were much more
resilient to compositional changes with different corrinoid additions than soil communities.
Perhaps, in liquid culture as compared to in soil, corrinoid producers were able to provision
sufficient corrinoid to meet corrinoid dependent genomes’ requirements, and without the same
spatial constraints as in soil, dependent organisms perhaps experienced a sufficient pool of
accessible corrinoids without additional exogenous corrinoid. This compositional resilience also
may be due to organisms’ capacity to remodel corrinoids i.e. replace a corrinoid’s lower ligand for
preferential use by an organism (Hazra et al., 2013; Mok et al., 2020; Shelton et al., 2019; Yi et
al., 2012), and would suggest organisms of our soil enrichments may be highly versatile in which
corrinoids they use.

We hypothesized that, as shown in co-culture (Kazamia et al., 2012), addition of corrinoid could
decouple interactions between producers and dependents and lead to a compositional shift to
predominantly corrinoid dependent organisms. However, our analyses of composition by
ecological role showed that corrinoid addition did not alter the relative abundance of producer or
dependent genomes or the overall producer to dependent community composition. This
underscores our findings that our soil enrichment communities were resilient when challenged
with corrinoid additions. In our system, the observed decoupling of corrinoid-based interactions
in co-cultures did not scale to a multi-member soil-derived culture.

Another explanation of the observed resilience to large-scale compositional changes of predicted
producers and dependent organisms could be that corrinoids are a co-limiting nutrient. Previous
research showed that in a marine environment B12 was a co-limiting nutrient with iron (Bertrand
et al., 2007). Particularly when looking at predicted corrinoid dependent organisms’ relative
abundance with corrinoid added compared to without corrinoid there are several organisms where
there appears to be a higher abundance without corrinoid added (Stenotrophomonas, Pedobacter,
Edaphocola, Pedobacter sp004364225). For Edaphocola, in particular, given its downregulation
by B12 of its corrinoid-dependent methionine synthase, this may also be due to suppression as

62



certain corrinoid types may also suppress or impair function (Men et al., 2014; Mok & Taga, 2013).
Thus, co-limitation or growth suppression by corrinoids may prevent apparent compositional
changes in the abundance of predicted producers and dependents with corrinoid addition.

Predicting corrinoid producers and ability to sense exogenous corrinoids

Our study of soil enrichment metagenomes relied on genome annotations to delineate producer
and dependent organisms. In defining corrinoid potential producers we used marker genes
identified in Shelton et al., 2019 (Shelton et al., 2019) and only 5 MAGs contained at least one of
these marker genes. However, other organisms categorized as potential corrinoid dependent MAGs
encoded genes involved in de novo corrinoid biosynthesis. Perhaps, for this subset of dependents
this signifies the capacity to exchange and modify corrinoid precursors. Even in Shelton et al.,
2019 (Shelton et al., 2019), 17 % of complete bacterial genomes analyzed contained partial
corrinoid biosynthesis pathways and these often lacked complete modules of the production
pathway. Further, we were not able to detect corrinoid transporters in all dependent MAGs, though
protein sequence alone has not always proved a reliable method for annotating corrinoid
transporters (Degnan, Barry, et al., 2014). While significant downregulation of expression of
corrinoid independent RNR in two dependent Proteobacterial genomes corresponded with
detection of transporters, we could not determine to what extent corrinoids specifically
differentially regulate other dependent genomes. Previous research has shown that organisms
capable of de novo corrinoid biosynthesis also encode functional transporters (Degnan, Barry, et
al., 2014) suggesting that organisms may preferentially use exogenous corrinoids rather than
expend the energy in de novo production. However, we did not detect corrinoid transporters in our
predicted producer MAGs.

Downstream and secondary impact of corrinoid additions

While corrinoids serve as a cofactor in a diverse array of metabolic processes and regulate a vast
set of known processes (Rosnow et al., 2018; Roth et al., 1996; Shelton et al., 2019; Sokolovskaya
et al., 2020), the extent of corrinoids used by microbes as a cofactor or as a regulator remains
unknown (Romine, Rodionov, Maezato, Anderson, et al., 2017; Rosnow et al., 2018; Sherlock &
Breaker, 2020). Specifically, of genes we observed to be significantly differentially expressed, it
appeared we only found three instances of transcript level changes in corrinoid-related
metabolisms. To what extent other differentially expressed genes may be regulated by corrinoids
directly or indirectly remains unknown. We may not appreciate the full breadth and impact of
corrinoids on gene regulation in our soil-derived enrichments. We also observed a resilience in our
enrichment communities to corrinoid addition that did not align with our hypothesis that addition
of corrinoids could release a nutritional limitation and allow dependent organisms to outpace
producers in growth. This observed resilience may also underscore other nutritional exchanges or
tertiary interactions maintaining sampled MAGs as interconnected.

Conclusion
Our study combined 16S rDNA amplicon sequencing in soil and soil-derived enrichments with
metagenomics and metatranscriptomics to study the impact of corrinoids, widely used cofactors,

on soil microbial interactions. We hypothesized that previously observed organisms’ specificity
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for distinct corrinoid types would predict compositional community changes following addition of
specific corrinoids to soil microcosms and soil-derived enrichment microbial communities. In soil,
we observed this to be true: soil treated with corrinoids exhibited significant but transient impacts,
with Factor A, Cre, pB12, or 5’-hydroxybenzimidazolylcobamide shifting the community. B12
and cobinamide addition had little effect. In soil-derived enrichment cultures, the corrinoid type
had a stronger effect on the abundances of bacteria from rarer phyla, but corrinoid addition did not
significantly change the overall composition of enrichments in terms of the total abundance of
predicted corrinoid producer and predicted corrinoid dependent organisms. However, a subset of
individual organisms showed distinct responses to different corrinoid types. Organisms such as
Herbaspirillum sp004563925 increased in abundance more in response to B12 addition and
exhibited differential expression of a suite of genes and others, such as Serratia, showed a high
degree of differentially expressed genes with cobinamide treatment but this did not correspond to
greater abundance. Another observed pattern was organisms that increased in abundance with
corrinoid addition in a non-specific manner, suggestive of corrinoid promiscuity (e.g.,
Stenotrophomonas sp002836635). Overall, we found that methionine synthesis is the predominant
corrinoid-dependent process and that that addition of a trace non-assimilated nutrient can have
transient community-wide impacts. The simplified system thus provides a unique framework for
understanding the impacts of a model metabolite on soil microbial abundance and expression in
community.

4.4 Methods

Direct corrinoid additions to soil microcosms

Soil was sampled from the top 10 cm of a seasonally dry grassland at the Hopland Research and
Extension Center (HREC) on April 22,2021, sieved in the field to 2 mm, and brought back to the
lab where it was prewetted to 20% field moisture. In order to test whether direct addition of
corrinoids to soil influenced community composition we set up 155 1g soil microcosms to be
destructively harvested. Our microcosms represented five timepoints: day 0 with 22 yL. dH20
addition or no addition, day 3, day 10, day 30, and day 50. To each 1 g soil microcosm, 22 uLL
containing 10 nM of one of 6 corrinoids or water alone was added to each of five replicates of all
time points except day O resulting in a final corrinoid concentration of 220 pmol/g soil. We added
one of the following structurally distinct corrinoids: cobalamin (B12), cobinamide (Cbi), [2-
methyl]adeninylcobamide (Factor A), Cresolylcobamide (Cre), pseudocobalamin (pB12), 5°-
hydroxybenzimidazolylcobamide ([5-OHBza]Cba). Commercially available cobalamin was
purchased from MilliporeSigma. Non-commercially available corrinoids were produced as
described in (Crofts et al., 2014; Sokolovskaya et al., 2019). At each time point, soil microcosms
were transferred to a -80°C freezer for subsequent DNA extraction.

Soil-derived enrichment cultures
To establish soil-derived enrichment cultures, 3 g of soil collected from HREC was added to a
sterile flask and suspended in 1x PBS supplemented with 2.24 mM sodium pyrophosphate (25

mL). The soil suspension was mixed on a magnetic stir plate for 30 minutes at room temperature,
and allowed to settle for 30 minutes. To a flask with modified M9 medium (50 mL, composition
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below), 1 mL of soil suspension was added. Samples were prepared in triplicate, along with a
sample containing uninoculated medium. Triplicate aliquots (0.5 mL) of each sample were next
collected in 1.7 mL microfuge tubes at 3 and 7 days (72/168 h) post-inoculation for nucleotide
extractions. Aliquots were centrifuged at 20,817 g for 5 minutes, the supernatant was removed by
suction, and frozen at -80 °C. At 168 h post-inoculation, the enrichment was supplemented with
modified M9-medium (5.3 mL). Triplicate aliquots were again taken at 169 hours post-inoculation.

To shift our established soil-derived enrichment cultures into corrinoid media at 169 hours post
initial inoculation we transferred 0.5 mL samples of each of the three enrichments (and the
uninoculated control) to a 14-mL polypropylene round-bottom tube (Falcon) containing modified
M9-medium (4.5 mL) and corrinoid (if applicable, to 10 nM final concentration) in triplicate. Each
replicate was supplemented with one of: B12, Cbi, [Cre]Cba, pB12, or no corrinoid. Samples were
incubated at room temperature and aliquots (3x0.5 mL) taken at 172 h and 336 h post-enrichment
inoculation.

Nucleotide extraction from soil and enrichment cultures

For all DNA extractions of soil microcosms and soil-derived enrichment cultures we used the
Qiagen DNeasy PowerSoil Pro Kit (250) (Catalog Number: 47016). For enrichment cultures we
added solution CD1 directly to 0.5 mL of the enrichment culture and carried out subsequent
extraction steps as described. For RNA extractions we used the Qiagen RNeasy Mini Kit (Catalog
Number: 74104) with the on-column DNase digestion using RNase-Free DNase Set (Catalog
Number: 79254) and Sigma 425-600 ym acid-washed glass beads (G8772). To lyse cells during
RNA extraction we used a FastPrep FP120 (MP Biomedicals), using the following settings: 5.0
m/s for 20 s (first pass), 5S-min rest period on ice, and 4.5 m/s for 20 s (second pass) as described
in Beltrame et al. 2015 (Beltrame et al., 2015). All extractions were conducted alongside water-
only extraction controls which yielded undetected DNA or RNA concentrations and failed
sequencing quality controls during library preparation.

Community composition assessed by 16S rDNA amplicon sequencing

DNA template was added to a PCR reaction to amplify the V4/V5 16S gene region using the 515F/
296R primers based on the Earth Microbiome Project primers (Parada et al., 2016; Quince et al.,
2011) but with in-line dual Illumina indexes (Price et al., 2018; Sharpless et al., 2022). The
amplicons were sequenced on an [llumina MiSeq with 600 bp v3 reagents. Reads were processed
with custom Perl scripts implementing Pear for read merging (J. Zhang et al., 2014), USearch
(Edgar, 2010) for filtering reads with more than one expected error, demultiplexing using inline
indexes and Unoise (Edgar, 2016) for filtering rare reads and chimeras. 16S sequences in the
relative abundance table were searched against the RDP database (Cole et al., 2014) to assign
taxonomy.

Sequencing, assembly, establishing MAGs, and readmapping
Metagenomic and metatranscriptomic sequencing was performed only on samples from our soil-

derived enrichment cultures. All metagenomic and metatranscriptomic 150 paired end shotgun
sequencing was performed by Novogene on an Illumina sequencing platform. For details about
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the soil metagenomics analyzed in this study see Chapter 3. Metagenomic sequencing yielded 16.7
- 22.1 Gbp raw data and metatranscriptomic sequencing yielded 8.4 - 15.3 Gbp raw data. For
metagenomes and metatranscriptomes, data was trimmed and cleaned as described in Chapters 2
and 3. For metagenomic assembly, triplicate samples of the same time point and corrinoid addition
were co-assembled using idba_ud with 64 threads, using the “pre-correction” flag and minimum
kmer size of 40 and maximum of 120. Samples were prepped for upload to ggKbase as previously
described in chapters 2 and 3. To bin metagenome-assembled genomes we mapped individual
sample read files to assemblies using bowtie2 with default parameters. We calculated the total
reads per sample mapping to assemblies as ranging from 42% to 53%. We used the
jgi_summarize_bam_contig_depths script to summarize the reads per sample from bam files that
mapped to assemblies. The output was used for binning using metabat and MaxBin (Kang et al.,
2015; Y.-W. Wu et al., 2014). We also binned MAGs using CONCOCT (Alneberg et al., 2014).
We used DASTool to choose representative bins which calculated 106 high quality bins (Sieber et
al., 2018). To dereplicate bins across assemblies we used dRep with the secondary cluster ANI
threshold of 0.98 (Olm et al., 2017). We further manually refined dereplicated bins on ggKbase
(ggkbase.berkeley.edu) to reduce contamination and remove scaffolds from bin with outlier
normalized GC and coverage. We ran checkM on these manually curated and dereplicated bins to
proceed with the 28 MAGs predicted to be = 85 % complete with < 15 % contamination (Parks et
al., 2015). To establish MAG taxonomy we used the GTDB classify workflow and to annotate
genomes we ran DRAM (Chaumeil et al., 2020; Shaffer et al., 2020).

To map metagenomic reads to MAGs we used Bowtie2 (Langmead & Salzberg, 2012). To filter
reads to only those with a minimum percent identity of 95 % and to calculate MAG coverage per
sample we used coverM (github.com/wwood/CoverM). We found that, on aggregate, total reads
per sample mapping to dereplicated MAGs represented 5 (3 day sample) to 37 % (14 day sample)
of total reads. We used bowtie2 to map metatranscriptomic reads to dereplicated MAGs and
featureCounts with prodigal gff files to establish read counts per ORF (Liao et al., 2014). Resulting
metatranscriptomic read counts per MAG ORF were used to create a sample by gene ID matrix
for DEseq input. DEseq was run to compare differential expression of genes between no corrinoid
and corrinoid addition (B12, Cbi, pB12, Cre) treatments 3 hours after corrinoid addition in
established enrichment cultures (Love et al., 2014).

Analysis and data visualization

All analyses were performed using Python 3.8.2 (docs.python.org/3.8/) and pandas version 1.5.1
(The Pandas Development Team, 2022). Graphs were generated using seaborn version 0.11.0
(Waskom, 2021). All ordination plots examining corrinoid treatment impacts on community
composition proxied by 16S rDNA amplicon sequencing in soil and in enrichment cultures were
performed as described in chapter 3. To test corrinoid treatment significance we ran ANOSIM
tests using the scikit-bio Python package on Bray-Curtis distance matrices from our amplicon
sequencing data, iterating through each phylogenetic level (Virtanen et al., 2020).

Corrinoid annotations in MAGs and subsequent ecological role analyses

In order to establish whether each MAG was a predicted corrinoid producer, predicted corrinoid
user, or predicted to be corrinoid independent we searched DRAM (Shaffer et al., 2020) pfam and
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KOfam (Aramaki et al., 2020) annotations for corrinoid biosynthesis and dependent functions
enumerated in Shelton et al., 2019 (Shelton et al., 2019). We searched the KEGG database
(genome.jp/kegg/kegg? .html) and InterPro (ebi.ac.uk/interpro/) for pfam and KOfam numbers that
aligned with genes in Shelton et al., 2019 (Shelton et al., 2019). We then used these corrinoid-
involved HMMs to search DRAM output. Predicted corrinoid producers were defined as having
at least one of the 6 aerobic or anaerobic marker genes established in Shelton et al. 2019. Predicted
corrinoid dependent genomes encoded at least one corrinoid-dependent pfam or KOfam. Predicted
corrinoid independent MAGs encoded no biosynthesis markers or corrinoid-dependent enzyme
annotations.

Having defined each MAG based on its ecological role with respect to corrinoids, we analyzed
relative abundance data to understand how predicted corrinoid producer/dependent community
composition changed through time and with corrinoid amendment. We calculated relative
abundance based on coverM (github.com/wwood/CoverM) reads mapped to a given MAG divided
by the total reads generated per sample and filtered with a 50% breadth threshold per genome.
First we looked at the relative abundance taking the mean of MAGs predicted to be corrinoid
producers, dependents, or independents. Next, we aggregated relative abundance for MAGs,
grouping MAGs by predicted corrinoid producer, dependent, or independent to test whether
corrinoid addition impacted the composition of the total predicted producer and dependent MAGs.

To explore how corrinoid additions impact MAG gene expression we assessed significantly
differentially expressed genes from our DESeq output (adjusted p value < 0.05). We summed the
total significantly differentially expressed genes per genome and normalized these counts by
genome size (bp) to assess how many genes were differentially expressed per MAG per corrinoid
condition. To understand whether differentially expressed genes were involved in corrinoid
biosynthesis, were corrinoid dependent, or were corrinoid independent homologs/analogs we
aligned differentially expressed ORFs with our corrinoid biosynthesis and dependent genes
previously defined. We plotted the three resulting ORFs based on their DESeq calculated
normalized gene counts per corrinoid treatment.
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4.5 Figures
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Figure 1 | Corrinoid structure overview. Shown on left is cobalamin (B12), a complete corrinoid that contains
dimethylbenzimidazole as the lower ligand. Corrinoids contain one of four upper ligands, represented by R that
coordinate a cobalt ion, and may contain a lower ligand. Four examples of lower ligands are shown to the right.
Each colored box represents a corrinoid added to the soil-enrichment cultures (Cresolylcobamide or Cre,
pseudocobalamin or pB12, cobinamide or Cbi and cobalamin or B12).
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Figure 2 | Predicted corrinoid production and dependent metabolism in soil MAGs. (A) Out of 446 MAGs the
percent predicted producer and non-producer. (B) Of 75 detected isotopically enriched MAGs, the count of
predicted producers and non-producers through time following soil rewetting. (C) Counts of observed corrinoid-
dependent enzymes detected in 446 soil MAGs.
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Figure 3 | Temporal microbial composition changes in soil microcosms following corrinoid addition. Each
plot represents a PCoA of the Bray-Curtis dissimilarity of zOTUs aggregated at the phylum, class, order, family,
or genus taxonomic level per time point (3-50 days) following corrinoid addition. Axes indicate variance
explained by each of the first two principal components. Colors indicate corrinoid type added to each soil
microcosm. Five replicates per treatment were sampled. Green asterisks denote statistical significance by

ANOSIM test (p-value < 0.05).
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Treatments Timepoints (days) 16S Metagenome Metatranscriptome

3 (72h) 3 3 3

7 (168h) 3 3 3

7 + 1 hour (169h) 3 3 0

7 + 4 hours (172h) 3 0 3

Cbi 7 + 4 hours (172h) 3 0 3
B12 7 + 4 hours (172h) 3 0 3
7 + 4 hours (172h) 3 0 2

7 + 4 hours (172h) 3 0 2

14 3 3 0

Cbi 14 3 3 0
B12 14 3 3 0
14 3 3 0

14 3 3 0

Table 1 | Soil-derived enrichment and shift to corrinoid addition experimental design. In the columns that
indicate sequencing method — 16S, metagenome, metatranscriptome — counts reflect the number of replicates
sampled per treatment.
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Figure 4 | Microbial community composition in soil-derived enrichments following corrinoid addition. All
graphs are PCoAs of Bray-Curtis dissimilarity aggregated at the zOTU level (top graphs) or phylum level (bottom
graphs). The left graphs are 172 hours of enrichment which is 3 hours after corrinoid addition; right graphs are
336 hours of enrichment, 1 week after corrinoid addition. Colors represent corrinoid type, shapes represent
replicate. Green star signifies statistical significance based on ANOSIM test (p-value < 0.05).
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phyla class order family genus species
Proteobacteria Alphaproteobacteria Rhizobiales Devosiaceae Devosia
Proteobacteria Alphaproteobacteria Rhizobiales Devosiaceae Devosia_A
Pararhizobium
Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Pararhizobium  sp900473045

Proteobacteria

Gammaproteobacteria

Burkholderiales

Burkholderiaceae Herbaspirillum

Herbaspirillum
sp004563925

Firmicutes

Bacilli

Paenibacillales

Paenibacillaceae

Paenibacillus

Table 2 | Predicted corrinoid producer taxonomy. Taxonomic classifications of the five MAGs predicted to
contain the capacity for de novo biosynthesis of corrinoids are shown.
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Concluding remarks

This dissertation seeks to disentangle interactions in the soil microbiome and move forth the field
of soil microbial ecology from cataloging who is in soil and how organisms may live, towards how
microbes may generate, distribute, and share resources. The past decade has marked an extensive
effort by scientists to enumerate the soil microbiome (Delgado-Baquerizo et al., 2018; Paez-Espino
et al., 2016), and more recently has begun to work toward understanding the role of microbes in
major nutritional cycles (Diamond et al., 2019; Woodcroft et al., 2018) and diverse functional
capacities (Crits-Christoph et al., 2018; Sharrar et al., 2020). Analyses of the soil microbiome have
largely focused on the net possible set of interactions in the form of networks generated through
microbial co-occurrence patterns and how specific environmental treatments impact network
complexity (Baker et al., 2022; Ling et al., 2022; Yuan et al., 2021). Simultaneously, the
painstaking work of soil microbial isolations to study how organisms differentially use soil
substrates and ground truth functional capacities predicted in genomes continues (Baran et al.,
2015; da Rocha et al., 2015; Zhalnina et al., 2018).

In sum, my research connects distinct aspects of the soil microbiome through the perspective that
interactions can be inferred in genomic capacities. Through studying CPR bacteria and DPANN,
the ultrasmall cells that are rare members of the biosphere, and emphasizing their reduced genomic
inventory, I highlight how these overlooked lineages may serve an important role in cycling
nutrients through the microbial loop (Pomeroy et al., 2007). I quantified the contribution of viruses
to soil microbial death during a rapid moment of cellular lysis, and elucidated the dynamics of
viruses on a fine timescale, which furthers a more comprehensive understanding of the role of
viruses in soil. In using corrinoids as a model nutrient to probe the soil microbiome, I observed
how a non-assimilated nutrient can have broader impacts on soil than on soil-enrichment culture
communities and that the effects of corrinoid addition target microbes differently at the level of
RNA and DNA.

Each of these research projects has involved developing new methods and frameworks to studying
the soil microbiome. I streamlined a protocol for generating small fraction metagenomes that
enrich for membrane-bound or encapsulated genomes smaller than 200 nanometers which enabled
access to the nanoscale sized microbes of soil, simultaneously capturing more viruses (100x), and
resolving a greater number of genomes of CPR and DPANN than extracting DNA directly from
soil. Importantly, other studies using similar soil protocols computationally ignore small bacteria
and archaea in downstream analyses. I then combined these viromic protocols with SIP
metagenomics to uniquely analyze the isotopically enriched, or active, soil viruses. Here, an
interesting open question remains — how do small fraction metagenomes and traditional
metagenomic extractions differentially sample soil viruses. Finally, in developing a reduced
approach to study nutritional interactions in the soil microbiome — moving from soil to soil treated
with our model nutrient to simplified soil communities in culture with our nutrient added — I
demonstrated how a complex community can be simplified to analyze the effects of individual key
metabolites.

As the field of soil microbial ecology moves from cataloging our soils’ microbiomes to testing
interactions, the field will contend with many remaining challenges. An understated component of
soil’s complexity is its opacity which has led to the development of transparent soils and other
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systems for real-time imaging of microbe-microbe and microbe-plant interactions (Downie et al.,
2012; Sasse et al., 2019; K. Sharma et al., 2020). However, the challenge of isolating soil microbes
(Steen et al., 2019) remains a major barrier in testing interactions in vitro. Transparent soil and
other newly developed methods to image and analyze interactions still rely on soil isolates. For
instance, kChip is a platform for high throughput arraying of isolates in co-cultures in various
media conditions, which despite its high throughput capacity necessitates isolation campaigns
(Kehe et al., 2021). Similarly, dilution to extinction experiments to reduce soil microbes to multi-
member consortia depend on culture conditions to test interactions (Ossowicki et al., 2021).
Enrichment cultures, too, as used in the fourth chapter, require choice carbon and nutrient
conditions (Goldford et al., 2018), but provide a path forward for deconstructing and
reconstructing communities (Coker et al., 2022), especially for community editing to target
specific microbes in these contexts (Rubin et al., 2021). In the near future, the field will develop a
deeper understanding of microbial interactions through cultivation-based experiments, but will
ultimately be limited by the task of isolation itself.

Beyond physical methods to test microbial interactions, there remain many difficulties in linking
organisms in silico. As discussed in the third chapter, linking a specific virus to a host genome in
soil can only be performed with high confidence in very few instances. Further, research has seen
that CPR live in close association with a host (C. He et al., 2021; X. He et al., 2015), but
ascertaining host from metagenomic data alone remains an untested hypothesis (Jaffe et al., 2021).
In terms of the nutritional interactions studied in chapter four, we still do not understand whether
corrinoid producers and dependent microbes are coupled. This may rely on how accessible
corrinoids are throughout soil, whether they are exported out of corrinoid producing organisms or
whether cell death maintains an accessible corrinoid pool, i.e., to what extent corrinoid producers
act as specific providers to other organisms.

Ultimately, merging soil microbial ecology with mechanistic chemical ecology to understand
microbial interactions will have to contend with the scales of soil. The studies that comprise this
dissertation amass thousands of unique soil aggregates. We will need to develop a collective
understanding and new set of methodologies to ask what happens not in the aggregated collection
of soil pores, but what happens in each unique soil aggregate and what are the scales of distinct
interactions within aggregates. We will need to zoom into soil further to unravel the experience of
a microbe in its native environment.

Early in my doctoral studies, I assumed I could unify all these still disparate elements of the soil
microbiome — viruses, bacteria, nutrients. I believed I could link viruses to their specific hosts and
approximate microbial cell death, predict the subsequent release of newly accessible nutrients into
the environment, and hypothesize how that would impact neighboring organisms. I wonder now,
how far into the future we may have this resolution in such a complex microbial ecosystem as
soil.
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Appendix / Glossary of Terms

CPR, Candidate Phyla Radiation

DPANN, the group of archaea originally defined as an acronym based on the lineages the first
included phyla: Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and
Nanohaloarchaeota

HMM, Hidden Markov Model

qSIP, quantitative stable isotope probing

Virome, viral metagenome

APE, atom percent excess

MAG, Metagenome-Assembled Genome

vOTU, viral Operational Taxonomic Unit

zOTU, zero-radius Operational Taxonomic Unit

B12, Vitamin B12 or cobalamin

pB12, Pseudocobalamin

Cre, Cresol-cobamide
Cbi, Cobinamide

106





