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ABSTRACT

Sulfate-reducing bacteria (SRB) and methanogenic archaea are known to interact
in anaerobic environments under a range of conditions, and the nature of the interaction is
dependent on the concentration of available carbon and energy sources, electron
acceptors and the metabolic potential of the specific genera present. In the absence of
sulfate, SRB can participate in a mutualism by product inhibition with hydrogenotrophic
methanogens. SRB reduce protons to form hydrogen gas as a methanogenic substrate,
and methanogens prevent inhibition of hydrogenase activity in the SRB by consuming the
evolved hydrogen, making the interaction beneficial to both parties.  This type of
interaction can occur in nature when organisms are free-swimming or attached to a
surface as biofilm. The impact of structured biofilm on ecosystem function at various
scales is becoming increasingly clear, as this growth mode concentrates biomass which
can increase the capacity for compound immobilization, affect hydrodynamic flow paths,
and leave cells in altered physiological states. In spite of this, few studies have
systematically characterized mutualistic interactions within the biofilm state using model
organisms. Syntrophic continuous culture of Desulfovibrio vulgaris Hildenborough and
Methanococcus maripaludis was monitored from inoculation through steady state for
biofilm and planktonic community structure and function in terms of biomass production,
lactate oxidation, and methane production. This biofilm was structurally distinct from
monoculture biofilms grown under the same conditions and yield of biomass per lactate
mass flux or methane produced was much higher when biofilm was present under lactate
limitation. The results suggested that biofilm helped optimize carrying capacity of the
syntrophic culture.

Observations in coculture biofilm of attraction by M. maripaludis to a surface in
the presence of a hydrogen-producing biofilm indicated a tactic response in the
archaeum. Movement toward favorable conditions, or chemotaxis is a strategy employed
across all three domains of life, yet chemotaxis in archaea is still poorly described, and no
previous work has demonstrated taxis toward a hydrogen source, like a syntrophic
partner, in spite of its role in electron flow in anaerobic communities. Here we present
the first direct observation of taxis toward hydrogen, or “hydrogenotaxis” in the
archaecum M. maripaludis.



CHAPTER ONE

INTRODUCTION

Anaerobic Community Ecophysiology

Anaerobic microorganisms are important players in a wide range of ecosystem
processes including biogeochemical cycling, bioremediation, metal pipe and ship hull
corrosion, oil souring, greenhouse gas emission, wastewater treatment, and bioenergy.
Approaches at varying scales can be taken to gain an understanding of how these
community members interact, and what effect their interactions have on ecosystem
function and community structure or stability (Fuhrman 2009). These methods include at
one extreme, meta-surveys of community members before and after some disturbance,
over time, or along geochemical gradients, and seek to find patterns in occurrence of
specific guilds or species that can be correlated to a function. For this type of study, it is
not always necessary to cultivate the community, since informational or functional
molecules such as DNA, RNA, and proteins can be extracted from whole communities
and then compared to extensive databases to determine the community composition and
potential function. On the opposite end of the spectrum, single organisms are cultivated
in the lab with painstaking effort to keep other organisms from contaminating the culture.
This approach is very valuable for testing physiological attributes of an organism under
controlled conditions. It is also a methodical way of learning about the function of
specific proteins for which genes have been annotated as “unknown function” or

“hypothetical” in organisms with available sequenced genomes (Editorial 2012).
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However, few if any microorganisms function in isolation, and community function is
most likely a conglomerate of multiple, interacting populations. Therefore, an
understanding of microbial interactions at different scales (€.9., community, population,
cellular) will provide great insight into ecosystem function.

The scope of this dissertation is a step beyond a pure culturing approach — two
interacting organisms are cocultured. The two organisms were evaluated under various
conditions, described herein, that are environmentally relevant, in an attempt to
understand community function in a simplified, controlled laboratory system. The
coculture pairing was the sulfate-reducing bacterium (SRB) Desulfovibrio vulgaris

Hildenborough and the hydrogenotrophic methanogen Methanococcus maripaludis S2.

Sulfate-Reducing Microorganisms

Sulfate-reducing microorganisms (Bacteria and Archaea; SRB and SRA) include
Gram-negative d-Proteobacteria, Euryarchaeota, Crenarchaeota, deeply-branching
Thermodesulfobacterium spp., Gram-positive Firmicutes, and Nitrospira. This diverse
functional group is characterized by the ability to use sulfate as a terminal electron
acceptor and often other compounds including fumarate, S°, thiosulfate, sulfite,
polysulfide, nitrate, dimethylsulfoxide, Mn (IV), Fe(IlI), O,, and U(VI) (Barton &
Hamilton 2007). SRB and SRA, have been observed at all biologically favorable
temperatures ranging from cold to hydrothermal systems and can use a variety of electron
donors including H,, lactate, acetate, propionate, formate, pyruvate, butyrate, succinate,
malate, ethanol, longer chain fatty-acids, alkanes, and benzoic acid (Barton & Hamilton

2007; Pester et al. 2012; Leloup et al. 2009). Evidence indicates their activity on Earth as
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early as 3.47 Ga, based on sulfur isotope fractionation in microscopic pyrite crystals
depleted in **S compared to the surrounding sulfate (Shen & Buick 2004). This indicates
that dissimilatory sulfate reduction is one of the oldest metabolisms known (Shen &
Buick 2004), predating anoxygenic photosynthesis ~2.5 Ga (Konhauser 2009).

Given the broad range of substrates by which SRB and SRA can gain energy and
divide, it is not surprising that they play vital roles in many ecosystem processes. They
affect the redox state of their environment and are a linking point in biogeochemical
cycles of sulfur, carbon, and nitrogen (Falkowski et al. 2008). The contribution of SRB
and SRA to carbon mineralization linked to sulfate-reduction has been shown to be as
high as 50% in shallow marine environments, alongside the total contribution from
aerobic community members (Jorgensen 1982). It was also recently shown that CO,
produced from sulfate-reduction in wetlands could account for 36-50% of anaerobic
carbon mineralization and that sulfate-reduction rates were comparable to those observed
at higher sulfate concentrations in marine environments (Pester et al. 2012).

SRB are being studied extensively to understand potential roles (biotic and
abiotic) in heavy metal/metalloid and radionuclide transformations (Gadd 2010; 2001;
Neal et al. 2004). Several contaminants considered important for bioremediation projects
can be reduced to an insoluble form through the activity of SRB. These include U(VI)
and Cr(VI) enzymatically via cytochrome C3 (Lovley & Phillips 1994; Lovley et al. 1993)
in addition to Tc(VII) and Se(VI)/(IV) via both enzymatic reduction and chemical
precipitation as insoluble sulfide metals (Lloyd et al. 1998; Zehr & Oremland 1987).

As(V) reduction results in a more soluble species; however, it has been shown that As(V)
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reduction with sulfate in SRB results in immobile As(III) sulfide precipitation under
acidic conditions (Newman et al. 1997; Rittle et al. 1995; Kulp et al. 2006).

For this work the model SRB Desulfovibrio vulgaris Hildenborough was used
because of the abundance of previous work that has been done to understand its
physiology. D. vulgaris has a sequenced genome and has a tractable genetic system for
creating knockout mutants (Heidelberg et al. 2004). Several mutants have been created
and characterized, including for iron uptake regulation (Afur), hydrogenases, and a
mutant lacking the pDV 1 plasmid and motility (Amp) (Bender et al. 2007; Walker et al.
2009; Clark et al. 2007). The structure of biofilm formed by D. vulgaris has been
previously described and characterized by transcriptomics and the analysis of
extracellular appendages apparently important to biofilm formation (Clark et al. 2007;
2012). D. vulgaris is capable of growing at elevated salt concentrations and in the
absence of sulfate, as a syntrophic proton-reducer with hydrogen-utilizing organisms,

making it an ideal coculture partner for M. maripaludis.

Methanogenic Archaea

Biogenic methane production is observed in the Euryarchaeaota represented by
many organisms within five orders of methanogens. Methanogenesis proceeds via
reduction of oxidized carbon including CO, (with H,), acetate, methanol, formate, and
methylamines under strict anaerobic conditions (intracellular redox potential of
approximately -600mV) (Ettwig et al. 2008). Despite variation in the enzymes and
mechanisms of energy generation between orders, all methanogens possess the methyl-

coenzyme M reductase (Mcr) which catalyzes the final reduction of methyl-coM to
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methane and coM-coB heterodisulfide (Thauer et al. 2008). Methanogenesis is also one
of the earliest metabolisms on earth, dating to >3.47 Ga, based on isotopic evidence of
13C depleted methane in fluid inclusions of hydrothermal precipitates. The observed 8°C
values are in the range for methane of microbial origin (Ueno et al. 2006).

Methanogens provide a variety of ecosystem services, both positive and negative
to humans. They are important contributors to carbon mineralization in the reduction of
CO; or acetate to CHg, and therefore play an integral role in global carbon cycling.
Methane is a potent greenhouse gas that has an estimated global warming potential
(GWP) 25-40% higher than CO, per molecule. This range of predicted GWP is
dependent upon the type of model used, and the highest estimates result from considering
gas-phase interactions and chemistry of atmospheric methane with aerosols, sulfate, and
nitrate (Shindell et al. 2009). The largest sources of methane as of 2010 were wetlands,
with an estimated flux between 143 to 174.5 x 10'? g CH,/yr; and the belches of
ruminants constituting approximately 116 x 10'* g CHy/yr ; with emissions from rice
cultivation contributing 40 x 10'? g CH,/yr (Neef et al. 2010; Schlesinger & Bernhardt
2013). These methane sources are the net results of anaerobic community activity in
each case and are not the only microbially mediated methane sources. Additional
contributions to total flux as a product of microbial metabolism include input from
sewage treatment, termites, coal mining, animal waste, and landfills (Schlesinger &
Bernhardt 2013; Neef et al. 2010). Methane from these sources is a potent greenhouse
gas, but can also serve a useful purpose as a readily available source of energy. Natural

gas, which contains up to 75% CHy,4 is a major source of energy worldwide and biogas
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produced via methanogenesis can be harvested to fill energy demand on cattle farms or in
wastewater treatment facilities (Kato & Watanabe 2010). Given these two contrasting
ecosystem roles for methanogens, it is important to gain an understanding of
physiological response as a result of interactions with other community members, namely
SRB.

M. maripaludis was chosen for this work because of its rapid growth at
mesophilic, circumneutral conditions and because of the magnitude of previous work that
has been done on this model methanogen. A complete genome sequence is available and
a tractable genetic system has been developed in M. maripaludis for generation of
mutants (Hendrickson et al. 2004). Several have been developed thus far including a
knockout mutant for six of the seven hydrogenases (A6Hase) (Moore & Leigh 2005; Lie
2004; Costa et al. 2013; Jarrell et al. 2011; Blank et al. 1995; Stathopoulos et al. 2001;

Sarmiento & Mrazek 2013; Lie et al. 2012; Walker et al. 2012).

Competitive and Cooperative Interactions

The relationship between SRB and methanogens has been studied extensively in
various environments, and has been shown to be highly variable with respect to the
nature of the interaction. In the presence of sulfate, methanogens are often outcompeted
by SRB using hydrogen, formate, and acetate as electron donors for sulfate reduction
(Plugge et al. 2011). For example in the human colon several different genera of SRB
have been observed in individuals who do not produce methane gas, constituting up to
3.3% of total fecal RNA, while individuals who produce methane gas were shown to

have few or no SRB present and sulfate-reduction rates were very low (Barton &
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Hamilton 2007). These results highlight one possible scenario where either sulfate-
reduction or methanogenesis dominate exclusively.

SRB can alternatively form syntrophic partnerships with hydrogenotrophic
methanogens in the absence of sulfate. In the absence of an exogenous electron acceptor,
SRB reduce protons to form hydrogen gas. This reaction is kept favorable when
hydrogenotrophic methanogens consume the evolved H,, keeping the partial pressure low
(Mclnerney et al. 2009; Stams & Plugge 2009).

The nature of SRB-methanogen interactions is complex and often transient based
on substrate flux and availability (Plugge et al. 2011; Stams & Plugge 2009; Leloup et al.
2009). For example it has been demonstrated that sulfate reduction rates in freshwater
wetlands are higher than originally predicted, often as high as those observed in marine
environments. This process was not recognized initially since sulfate pools were kept
very low by sulfate reducing activity. Methanogens are found interacting with SRB in
these environments, and the relationship can alternate between cooperative and
competitive based on sulfate and hydrogen availability. This dynamic has an important
effect on carbon mineralization, in that when sulfate reduction dominates, CO; is the
dominant product. However, when sulfate pools are depleted and methanogenesis is
favorable to reduce CO,, methane is the primary end-product (Pester et al. 2012). This
interplay between sulfur and carbon cycling has important implications for greenhouse
gas production since the rates of gas evolution vary for the two types of interactions, and
the GWP of CO; and CHy4 are drastically different (Shindell et al. 2009). It is predicted

that sulfate reduction in freshwater wetlands will become even more important in the



8
future as the input of sulfuric acid (thus sulfate) in acid rain increases as a result of higher

SO, emissions from burning coal and fossil fuels (Pester et al. 2012).

Biofilm: A Ubiquitous Interaction Strategy

One strategy employed almost universally in microorganisms across both
domains is biofilm formation, or growth on a surface. The ability to form biofilm is an
ancient strategy as evidenced by the diversity of microorganisms that are capable of
forming biofilm, including deeply branching phyla, like Aquificales (Hamamura et al.
2013). Evidence also exists in the fossil record as early as 3.25 Ga for biofilm streamer
communities, like those found in terrestrial hot springs today (Hall-Stoodley et al. 2004).
Biofilm cells are often enclosed in a matrix of extra-polymeric substances (EPS) that can
consist of carbohydrates, protein, membrane vesicle, nanowires, and extracellular DNA
or RNA (Stewart & Franklin 2008; Hall-Stoodley et al. 2004; Flemming & Wingender
2010). EPS production and biofilm formation offer a combination of protective measures
and advantages to communities including protection from stresses like pH, UV radiation,
salt, dehydration, antimicrobials, and metal toxicity (Hall-Stoodley et al. 2004; Poli et al.
2010). EPS also plays a role in protection from metal toxicity by immobilizing and
precipitating metal cations, and this is likely an important strategy for biofilm
communities at sites contaminated with metals and metalloids(Halan et al. 2012; Pal &

Paul 2008).



Structure-Function Relationship

The structures of biofilms have been studied intensely through the use of high-
resolution imaging techniques like confocal laser scanning microscopy (CLSM)
combined with staining with fluorescent dyes. An enormous variety of stains are
available that differentially stain components of the EPS including lectins for
carbohydrates, and nucleic acids stains to visualize cells or extracellular nucleic acids
(Flemming & Wingender 2010). Additionally, fluorescent stains that are indicative of
membrane integrity (propidium iodide and Syto 9) or respiratory potential (tetrazolium
salts like CTC) can be used to determine the physiological state of biofilm cells (Stewart
et al. 1994; Stewart & Franklin 2008; Gruden et al. 2003; Ullrich & Karrasch 1999). In
addition, fluorescently-labeled oligonucleotide probes are hybridized (FISH) to
organisms in biofilm communities with a potential degree of phylogenetic specificity
ranging from domain-level to strain-level (Daims et al. 2006; Congestri 2008; Malic et al.
2009; Schaudinn et al. 2009; Thurnheer et al. 2004). This is a powerful tool for
examining cell localization in natural communities without the need to culture
individuals. FISH is frequently used to characterize structure of biofilms including flocs
from wastewater treatment and oral communities associated with teeth surfaces (Zijnge et
al. 2010; Guggenheim et al. 2001; Jakubovics 2010; Lee et al. 1999; Juretschko et al.
1998). Microbial ecologists strive to understand the interplay between these observed
structures and their effect on community function, and/or predict structural aspects based
on function. Advances in molecular-based imaging techniques are allowing resolution of

community function at nanometer-scales, and thus single cells, through nanometer scale
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secondary ion mass spectrometry (nanoSIMS) and FISH combined with
microautoradiography or Raman spectroscopy (Orphan 2009; Milucka et al. 2013;
Wagner et al. 2009; Hatzenpichler et al. 2008).

Recent work has shown that the structure of a biofilm community is dependent
upon the nature of the interactions (i.e., cooperative or competitive) and that the degree of
intermixing of two-member communities is greater when they act cooperatively versus
competitively (Momeni et al. 2013). This dependence of structure on function has also
been demonstrated in another dual culture system that could be grown in a
commensalism or ammensalism. Commensal biofilm cells interacted closely in mixed
microcolonies, while ammensals formed separate non-interacting biofilm micro-colonies

(Nielsen et al. 2000).

Motility and Chemotaxis

Briefly consider how different your life would be as a sessile being, incapable of
movement toward food, or away from danger, and you will quickly understand the
advantages a microorganism could incur from being able to move toward a more
favorable location. It is intuitive therefore, that nearly all life has evolved a method for
moving.

The first description of motility via cellular appendages was made by Anton van
Leeuwenhoek in 1675 when he observed the movement of ciliated protozoa (Gibbons
1981). Tactic response were observed as early as 1881 by Theodore Engelmann when he

was characterizing photosynthetic response to light of varying wavelengths by observing
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the aerotactic response of bacteria toward chloroplasts (Drews 2005). This observation
was repeated by Beijernck in 1893, where he observed aerotactic cells swimming toward
the liquid-air interface of a test tube (Adler 1966). Since then, bacterial motility and
chemotaxis have been extensively studied, now including a strong interest in archaea

(Bardy 2003; Thomas et al. 2001).

The Archaeal “Flagella”

The primary structure for movement in microorganisms, the flagellum, is
analogous between all three domains of life, but not homologous. The flagella of
Eukaryotes are true to the Latin meaning, “whip”, whereby unicellular members of this
domain move via a whip-like motion of their flagellum (e.g., sperm) (Gibbons 1981;
Armon et al. 2012). Both the archaeal and bacterial flagella operate, in contrast, via a
rotating motor, but that is the end of the similarity. The two structures are so unique that
Ken Jarrell (2012) has suggested the name “archaellum” be used to prevent further
propagation of the idea that the two structures are similar. The flagellum is made of a
hook, rod, and rings; and has a hollow central channel where the primary filament
proteins, or flagellins, are secreted via a Type III secretion system and added to a
growing distal tip. In contrast, the archaellum is presumably formed from the base by the
addition of archaellin proteins, initially as preproteins until the signal peptides are
removed by a class I1I signal peptidase. Genetically, the archaeal flagellum has several
homologs to Type IV Pili in bacteria including the similarities in prepilin peptide
processing (Jarrell & Albers 2012; Ellen et al. 2010; Ng et al. 2006; Streif et al. 2008;

Thomas et al. 2001). The archaellum from Halobacterium salinarium has been shown to
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be ATP dependent (Streif et al. 2008), in contrast to bacterial flagella that are powered by
proton or sodium motive force (Ellen et al. 2010). The driving force for the archaellar
motor has not been determined for any other archaea thus far. Finally, an interesting
difference that is rarely discussed explicitly in the literature is the left-handedness of the
flagellar helix (with a few known exceptions) and the right-handedness of the archaellar
helix, which presumably arise from the different base and structural proteins (Fu et al.
2012; Thomas et al. 2001).

Recent advances have been made in microscopy setups that allow for monitoring
swimming behavior of archaea with more extreme requirements. A thermal-microscope
was employed by Herzog and colleagues (2012) to characterize swimming behavior in
seven species of archaea, at temperatures up to 95°C. Interestingly, they found that two
of the Euryarchaeaota in the study, Methanocaldococcus janaschii and
Methanocaldococcus villosus were the fastest organisms studied to date with speeds up to
400 and 500 body lengths per second (bps). This measure factors in an organisms size so
that comparisons can be made for speeds of drastically different sized organisms. For
example a cheetah runs at 113 km/h, or 20 bps, making these archaea 20 and 25 times
faster (Herzog & Wirth 2012). Speed is one strategy that may be important in
environments that can experience rapid, drastic changes, and another strategy is directed

movement or taxis.

Taxis in Bacteria and Archaea

Archaea tactically respond to a wide range of stimulants including light, acetate,

leucine, isoleucine, arginine, betaine, phosphate, and oxygen (Migas et al. 1989; Sment &
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Konisky 1989; Scharf & Wolff 1994; Lewus & Ford 1999; Kokoeva et al. 2002; Wende
et al. 2009). Despite the difference between archaeal and bacterial flagellar proteins, the
system that interacts with the flagella to relay the chemotactic response is homologous
between the domains. A two-component signal transduction system interacts with the
flagellar switch to change the direction of the motor (Schlesner et al. 2009; Lacal et al.
2010). The motor can turn in one direction, causing the bundle of flagella, or single
flagellum to turn together and propel the cell forward in a run, or it can stop or change
direction (based on the species) causing the cell to change direction or momentarily pause
and be moved by Brownian forces, known as a tumble. Cells normally alternate between
runs and tumbles, but in the presence of a chemoattractant, cellular receptors known as
methyl-accepting chemotaxis proteins (mcp) interact with the histidine kinase CheA to
reduce autophosphorylation activity. This ultimately results in inhibition of
autophosphorylation of the response regulator CheY, which in bacteria interacts directly
with the flagellar switch FIliM (Schlesner et al. 2009; Thomas & Jarrell 2001; Porter et al.
2011). The mechanism of CheY interaction has yet to be described in archaea.
Phosphorylated CheY causes the motor to switch more often, resulting in more tumbles,
but when autophosphorylation is inhibited by a chemoattractant, the cell experiences
more long runs (Masson et al. 2012; Soyer & Goldstein 2011; Terasawa et al. 2011;
Porter et al. 2011). This signal transduction system is conserved in Euryarchaeaota, and
the response is the same for any number of chemoattractants. The difference lies in the
receptors which are specific for one or a few chemicals and are found either as membrane

proteins or inside the cytoplasm (Lacal et al. 2010).
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It has been demonstrated that archaella are required for attachment and
presumably biofilm formation in M. maripaludis, Pyrococcus furiosus,
Methanocaldococcus villosus, and Sulfolobus solfataricus (Ellen et al. 2010; Jarrell et al.
2011; Herzog & Wirth 2012). Given this role, in concert with the role of chemotactic
responses in archaea, it can be inferred that archaea have evolved mechanisms of moving
toward more favorable locations, and for remaining there. This is an important
ecological strategy that allows organisms to maximize available resources in rapidly

changing environmental conditions, in the presence of concentration gradients.

Modeling for Microbial Ecology

Four different types of models are described in this dissertation, each for making
predictions about some aspect of community interactions. On a whole, modeling is a
powerful tool for microbial ecologists to find patterns in large datasets, and to
quantitatively compare concepts (Prosser et al. 2007). For example one cannot directly
compare the nature of a competition between species of frogs and a competition between
strains of yeast by describing how competitors interact on a macro-scale. Competition
models, however, can help quantify the nature of the interaction and predict patterns of
population growth and stability (Boucher 1988; Stilling 2003). Modeling is therefore a

logical accompaniment to microbial ecology-based experiments.
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Thesis Objectives

I hypothesized that interactions between cooperating community members would
reveal alternative physiological strategies not previously described in pure cultures.
Alternative growth modes (i.e., biofilm and planktonic) were predicted to be important
for community level function and ultimately ecosystem service. Through this research I
sought to characterize the structure and function of a reduced community (i.e. coculture)
to gain insight into how interacting community members would affect overall ecosystem
function, specifically in terms of electron and carbon flow. While SRB and methanogens
are known to interact in different environments, little work has been done to understand
these interactions within a biofilm. In more general terms, a simplified system of two
populations is the next level of complexity above a monoculture. To accomplish these
tasks, a tractable anaerobic biofilm continuous culture system had to be developed with
strict gas phase control and monitoring, and sampling methods that would not disturb the
system despite low flow rates, relatively slow growth rates, and low biomass yields.

After countless iterations, the modified system resulted in consistent and highly
reproducible results that could be used to characterize the community. Chapter 2 is a
detailed description of the structure and effects on function observed when the coculture
was grown under environmentally relevant nutrient-limited conditions as a biofilm with
an associated planktonic phase. This base-case was subjected to two different
perturbations, namely, increased loading rate that caused a nutrient excess, and
alternatively, removal of the biofilm phase during nutrient limitation. A reaction-

diffusion (biofilm accumulation) model (Wanner & Gujer 1986) was constructed and
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compared to the experimental results and population distribution and structure was
related to function (i.e., methanogenesis).

Observations made during coculture experiments where M. maripaludis did not
form biofilm in monoculture, and only in the presence of a hydrogen-producing biofilm
of D. vulgaris, suggested that the methanogen was capable of a chemotactic response
toward H, gas that had not previously been reported. A second objective of this work
was to determine if this response was truly chemotaxis, by observing swimming behavior
in the absence of the SRB and in the presence of a controlled hydrogen gradient. The
result was the first direct observation of hydrogenotaxis in any domain of life, as
described in Chapter 3.

The final objective of this research was to build on the observations made through
biofilm coculture and response of M. maripaludis to hydrogen, by characterizing the
changes in the proteome of these two organisms in response to a range of applicable
culturing conditions, via High-Throughput Tandem Mass Spectrometry (HT-MS/MS).
Proteomics are a powerful tool for determining the actual state of an organism versus the
metabolic potential, as inferred from a genome or even transcriptome. Methods and
preliminary results of this work are presented in Chapter 4 of this dissertation.

While the tasks associated with these thesis objectives were being performed, two
highly interdisciplinary projects were simultaneously pursued. In Appendix A, the
results of a collaborative effort between students and faculty in the Integrative Graduate
Education Research Traineeship (IGERT) program are presented. The objective of this

project was to develop a community-level metabolic flux model, based on the genomes of
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key members of a microbial mat system in Octopus Spring in Yellowstone National Park
(Taffs et al. 2009). Appendix B presents the results of a collaboration with Dr. Wenying
Shou and Dr. Babak Momeni, who constructed a fitness model that could predict
differences in structure of a mixed-community biofilm based on the type of interaction
between members (i.e., competitive or cooperative) (Momeni et al. 2013). The structure
of the cooperative coculture from this thesis was compared to the model predictions by
the collaborators, as an example of cooperation in a less synthetic consortium, and
observed to match the predicted arrangement and intermixing patterns. These two
projects demonstrate ways of integrating the study of microbial community
ecophysiology across disciplines, and the power of modeling as a tool for microbial

ecologists. These methods are a common thread throughout this dissertation.
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Abstract
Sulfate-reducing bacteria can be syntrophic in the absence of sulfate, particularly

with hydrogenotrophic methanogens by the consumption of inhibitory products (i.e., Hy).
The presented work uses a dual-culture approach to examine the structure and function of
a syntrophic biofilm formed by the sulfate-reducing bacterium Desulfovibrio vulgaris
Hildenborough and the methanogenic archacum Methanococcus maripaludis. Under the
tested conditions, monoculture D. vulgaris formed biofilm, but monoculture M.
maripaludis did not. Under syntrophic conditions, a methanogenic biofilm formed and
reached steady-state in approximately 7 days. Confocal laser scanning microscopy of
intact biofilm confirmed the role of D. vulgaris in forming a scaffold for the
methanogenic biofilm, while intermediate and steady-state images revealed that M.
maripaludis was recruited to the biofilm as both single cells and large micro-colonies
interspersed throughout the framework of D. vulgaris. M. maripaludis produced more
carbohydrates (uronic acid, hexose, and pentose) as a monoculture compared to coculture
biofilm, suggesting an altered carbon flux in the coculture biofilm. In the presence of
biofilm, biomass yield per methane produced was increased (2.7-fold) and biofilm
community members were shown to be active by staining with the redox dye CTC. The
biofilm rapidly responded to an increased lactate loading rate, and subsequently increased
the methane production rate (3-fold). The results indicate that the structure of
cooperative interactions between a bacterium and archaeum positively impacted the
efficiency of lactate oxidation and methane production per unit biomass under nutrient
limitation, and the biofilm optimized carrying capacity for both populations in terms of

biomass generation and maintenance.
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Introduction

Syntrophy, and specifically mutualism, is widespread throughout the biosphere
with well-studied examples in and across all three domains of life (Moissl-Eichinger &
Huber 2011; Boucher 1988; Gokhale & Traulsen 2012; Sieber et al. 2012; Plugge et al.
2011; Kato et al. 2011). Macroecologists have modeled mutualisms to gain insight into
population dynamics using modified Lotka-Volterra equations that describe cooperation
rather than competition, with resulting predictions of stability under only very specific
density-dependent conditions (Boucher 1988). Mutualisms between different pairs of
microorganisms have been cultured in controlled lab conditions, and both macro- and
micro-ecological field studies present inherent challenges in repeatability and control
over variables (Jessup et al. 2004). Our recent study has shown that cooperative
interactions can have specific patterns of growth and population intermixing when
compared to other types of associations (€.9., competition) (Momeni et al. 2013). Other
experiments with mutualistic microbes have revealed many adaptations to syntrophic life,
including alternative electron-transport pathways, increased biomass production, rapid
evolution resulting in optimized syntrophic biomass production, and differences in gene
expression patterns in the presence of a syntrophic partner (Walker et al. 2009; 2012;
Bernstein et al. 2012; Hillesland & Stahl 2010; Lawrence et al. 2012; Plugge et al. 2011;
Sieber et al. 2012; Shimoyama et al. 2009). Syntrophic-specific physiology plays an
important role in the environment, where organisms experience fluctuations in nutrient
availability and stress in which cellular interactions are thought to provide stability. The

inhabitants of anaerobic ecosystems, by nature of the metabolisms, often function at the
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thermodynamic limit for energy generation and biomass production (Mclnerney et al.
2009; Kato & Watanabe 2010; Thauer et al. 2008; Bryant et al. 1977). When one
metabolism is obligately coupled to another through interspecies hydrogen, formate, or
electron transfer, both organisms must often persist by sharing the overall free energy of
the reaction (Kato & Watanabe 2010). Little is known; however, about how microbial
population structure can impact interactive ecosystem function (e.g., biomass generation
versus respiration).

Sulfate-reducing bacteria play crucial roles in many anaerobic environments
where they link the carbon, sulfur, and nitrogen cycles via carbon-oxidation and sulfate
reduction (Purdy et al. 2002; Canfield et al. 2010) and also contribute to redox gradients
of microbial ecosystems via the production of sulfide compounds (Moreau et al. 2010;
Xie et al. 2013). Methanogenic archaea are responsible for a vast majority of biogenic
methane production and form the basis of most anaerobic environments (natural and
man-made) that convert CO,, H,, and/or acetate/methyl-groups to methane which can
escape back to aerobic environments (van Groenigen et al. 2012; Thauer et al. 2008). The
transiently obligate mutualism between these two clades is of special interest because of
their crucial roles in anaerobic environments.

It is well accepted that microorganisms can exist attached to surfaces and each
other, often surrounded by extracellular polymeric substance (EPS) (Hall-Stoodley et al.
2004; Stewart & Franklin 2008; Gross et al. 2007). Biofilms have been described from
countless environments where there is a liquid-surface interface including terrestrial and

deep-sea hydrothermal features, riparian zones, ship hulls, metal pipes, contaminated
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soils, and the human body (Hall-Stoodley et al. 2004). Much work has been done to
identify the driving force and genetic control over biofilm formation through pure culture
studies (Stewart & Franklin 2008; Clark et al. 2012; Gross et al. 2007; Perez-Osorio et al.
2010). Additionally, structures of biofilms from several environments have been
characterized with confocal scanning laser microscopy (CSLM) using fluorescence in situ
hybridization and immunofluorescence (Zijnge et al. 2010; Jakubovics 2010; Al-Ahmad
et al. 2009; Stams & Plugge 2009; Moller et al. 1998; Hall-Stoodley et al. 2006). Despite
the high likelihood that a majority of microbial populations exist naturally as biofilms,
little work has been done to understand how the biofilm growth mode affects mutualism,
and more specifically how biofilm structure impacts cooperating or competing microbial
populations (Nielsen et al. 2000; Bernstein et al. 2012; Brenner & Arnold 2011).

The purpose of this work was to characterize the structure and relative function of
biofilm formed by a sulfate-reducing bacterium and a hydrogenotrophic methanogen
when cultured syntrophically under environmentally relevant conditions of nutrient
limitation. A system was developed for anaerobic continuous culture where biofilm and
planktonic growth phases could be monitored together and individually to determine the
difference in biomass yield of the mutualism when (1) both biofilm and planktonic growth
phases were present (base case), (ii) biofilm was removed leaving only a planktonic
phase, and (iii) the loading rate was increased after a period of nutrient-limitation when

both growth phases were present.
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Materials and Methods
Culture Conditions

Desulfovibrio vulgaris Hildenborough and Methanococcus maripaludis S2 were
continuously cultured in modified 1L CDC reactors (BioSurface Technologies Corp.,
Bozeman, MT) for anaerobic biofilm growth. Biofilm coupon holders were modified to
hold glass microscope slides cut to 7.6 cm x 1.8 cm. Both monocultures and cocultures
were grown in Coculture Medium (CCM) (Walker et al. 2009), a bicarbonate buffered,
modified basal salt medium without choline chloride. Monoculture D. vulgaris medium
was supplemented with 25 mM sodium sulfate, or grown in standard lactate-sulfate
medium (LS4D) with 30 mM lactate and 25 mM sodium sulfate as previously described
(Clark et al. 2006). Headspace (290 mL) was sparged at 20 mL/min with anoxic 80% Nj:
20% CO, for coculture and monoculture D. vulgaris or 80% H,: 20% CO, for
monoculture M. maripaludis, through a 0-20 SCCM mass controller (Alicat Scientific,
Tucson, AZ). Reactors were maintained at 30°C with stirring at 150 rpm. The reactor
aqueous phase (375 mL) was inoculated with 20 mL of mid-exponential phase planktonic
cultures grown from freezer stocks in 40 mL of CCM in 125 mL serum bottles. Fresh
CCM in a 20 L glass carboy was continuously sparged with sterile anoxic 80% N,: 20%
CO, and supplied at a dilution rate of 0.01 h™ starting after 48 hours of batch growth.
Batch monoculture M. maripaludis was grown in Balch tubes in 5 mL of CCM, with 30
mM acetate in lieu of lactate, prepared under 80 % N,: 20% CO,, then pressurized after

autoclaving to 200 kPa with 80% H,: 20% CO,.
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Gas Chromatography

Permanent gas measurements were made by automated 250 ms injections of
reactor headspace via a 16-port stream selector (Vici-Valco Instruments Co. Inc.,
Houston, TX) to a 490microGC (Agilent Technologies Inc., Santa Clara, CA) equipped
with dual channels and dual thermal conductivity detectors. Molsieve5A and PoraplotQ
(both 10 m) columns were run with Helium carrier gas at 145 kPa and 80°C with
injectors at 110°C and heated sample line at 40°C. The CDC reactor lids were fitted with
stainless steel fittings (Swagelock, Idaho Falls, ID) to accommodate 1/16” PEEK tubing
to the stream selector. Scotty calibration gases were used as standards (AirLiquide
Specialty Gases, Plumsteadville, PA).

Fluorescence in situ Hybridization (FISH)

Whole biofilm was fixed in 4% paraformaldehyde for 3 hours, then scraped into a
well on a Teflon coated slide (Paul Marienfeld GmbH. and Co., Lauda-Ko6nigshofen,
Germany). Dried biofilm was dehydrated and hybridized in buffer solution containing
180 uL 5M NaCl, 20 pL 1M Tris HCI, 449 pL double deionized (dd) H,O, 1 pL 10%
SDS and 350 uL deionized formamide (final concentration 35%) with 3 ng each of
probes EUB338 (GCT GCC TCC CGT AGG AGT) double labeled with Cy3 and
ARCHI15 (GTG CTC CCC CGC CAA TTC CT) double labeled with Cy5 for 4 hours at
46°C in a humid chamber (Stoecker et al. 2010). Samples were washed in prewarmed
washing buffer containing 700 uL 5M NaCl, 1 mL 1M TrisHCI, 500 pL. 0.5M EDTA and
raised to 50 mL with ddH,0, at 47°C for 10 minutes, then dipped in ice cold ddH,O and

quickly dried with compressed air. Samples were mounted with Citifluor AF1 antifadent
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(Citifluor Ltd., Leicester, UK) for CLSM. For 3D-FISH, whole fixed biofilm was
embedded in polyacrylamide prior to dehydration (Daims et al. 2006).
Confocal Laser Scanning Microscopy
Fluorescently labeled biofilm was imaged using a Leica TCS SP5 II inverted confocal
laser scanning microscope with 488, 561, and 633nm lasers and appropriate filter sets for
Cy3 and Cy5. Polyacrylamide-embedded whole biofilm (3D-FISH) and fluorescently
stained hydrated biofilm were imaged on a Leica TCS SP5 II upright confocal laser
scanning microscope using a 63x long working distance water dipping objective.
CTC Staining

Whole hydrated biofilm coupons were removed in an anaerobic chamber and
incubated in freshly prepared anoxic 0.05% 5-cyano-2,3-ditolyl tetrazolium chloride
solution for 2 h as in Stewart et al. (1994). The reaction was stopped with 5%
formaldehyde and rinsed with ddH,O. Hydrated biofilm was stained with 1 pg/mL DAPI
for 20 min in the dark and rinsed with ddH,O before CLSM.
Results and Discussion
Biofilm structure and composition

Monocultures of D. vulgaris formed biofilm on silica slides under continuous
culture conditions when sulfate was provided as an electron acceptor in CCM (Figure la
and ¢). Monoculture M. maripaludis did not form a biofilm on silica slides when grown
in continuous culture in CCM supplemented with hydrogen, as observed via protein

assay, light microscopy, and scanning electron microscopy (Figure 1b). Material was
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observed on the glass slides but was confirmed to be medium salts via energy dispersive
X-ray spectroscopy and not protein or carbohydrate (data not shown).
When D. vulgaris and M. maripaludis were cocultivated in CCM without sulfate

and hydrogen, methane was produced and biofilm was formed. The coculture biofilm

100pm 2
—

Figure 1. Monocultures of (a and c) Desulfovibrio vulgaris biofilm from continuous
culture (5 420X and 101X, respectively). (b) Media precipitates on glass slides from
continuous culture of M. maripaludis (2 810x). (d) Coculture biofilm of D. vulgaris and
M. maripaludis (100X).

had an altered appearance and structure compared to monoculture D. vulgaris biofilm
(Figure 1c and d) and M. maripaludis cells were observed in both the biofilm and
planktonic phases. These results indicate that the methanogen was dependent upon D.

vulgaris under the tested growth conditions to grow in a biofilm state. While it is

possible that D. vulgaris biofilm merely provided a more suitable surface for attachment
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of M. maripaludis, it is more likely that hydrogen production attracted M. maripaludis.
Hydrogen produced by SRB cells in the biofilm also diffuses to the aqueous and gas
phases of the reactor, so it is possible for planktonic M. maripaludis to scavenge the
energy source without joining the biofilm. Based on the abundance of methanogens
observed in the biofilm, the data suggest that some benefit is gained by interacting
directly or closely with the SRB in the biofilm.

The protein and carbohydrate levels were compared for different growth
conditions after cell-associated carbohydrate levels were normalized to biomass. As
previously reported, D. vulgaris does not produce an extensive carbohydrate-rich biofilm
on glass slides (Clark et al. 2007), but in CCM D. vulgaris produced slightly increased
levels of hexose and pentose equivalents compared to growth in LS4D medium (Figure
2). The uronic acid levels were similar for D. vulgaris when grown in LS4D or CCM
(Figure 2) under the tested conditions. In the coculture biofilms, the uronic acid levels
were similar while hexose and pentose levels were slightly decreased compared to D.
vulgaris monocultures in CCM. The reported values were lower than previous reports for
other monoculture and multispecies biofilms that contained high levels of EPS, which
can constitute as much as 90% of the dry mass of a culture (Flemming & Wingender
2010; Poli et al. 2010). Lack of extracellular material might present less mass transfer
resistance to hydrogen diffusion and would therefore be beneficial to both organisms. M.
maripaludis did not form monoculture biofilm under the tested conditions. However, M.
maripaludis did form a pellicle when grown in static tubes, and under these conditions

approximately 10-fold more uronic acid, 7-fold more hexose, and 30-fold more pentose
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was produced by the pellicle compared to coculture biofilm (Figure 2). These results
suggest that M. maripaludis had altered physiology and resource allocation (carbon) in

the presence of the SRB biofilm as a result of closer proximity to each other.
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Figure 2. Biofilm carbohydrate composition normalized to biomass for hexose (hex),
pentose (pent), and uronic acid (ua) for continuous culture biofilm (bars, primary axis)
and batch M. maripaludis pellicle (O, secondary axis). Error bars represent 95%
confidence interval. Coculture n=6, D. vulgaris in CCM n=4, D. vulgaris in LS4D slow
n=8, M. maripaludis batch pellicle n=3.
Coculture biofilm development

The biofilm reactor was inoculated with a coculture that had a cell ratio of
approximately 3:1 of D. vulgaris:M. maripaludis and this is a stable ratio after repeated,
batch transfers. Coculture biofilm was initiated by D. vulgaris, which formed a
monolayer during the initial 48 hours of batch mode in the continuous culture system
(Figure 3a and 4a). At this early time point (0 h, initiation of flow) D. vulgaris out-
numbered M. maripaludis in the biofilm 32:1, while the planktonic phase ratios of D.

vulgaris to M. maripaludis were 2.7:1 (Table 1). After 48 hours of continuous culture the

biofilm grew in ridges, both normal and parallel to stirring flow (Figure 3b and 4b). Cell



38
ratios in the biofilm of D. vulgaris to M. maripaludis decreased rapidly to 3.5:1 after 48
hours as M. maripaludis cells were incorporated into the biofilm and grew, while
planktonic ratios increased slightly to an average of 3.2:1. After 240 hours, steady-state
biofilm cell ratios remained approximately 2.2:1 with similar planktonic ratios of 1.6:1
(Table 1). This is quite different than the published 4:1 ratios observed in a reactor with a
planktonic phase only, and our own observation of planktonic-only (Table 1) (Stolyar et

al. 2007; Walker et al. 2009; 2012).

% M. maripaludis % D.vulgaris % M. maripaludis % D.vulgaris
Biofilm Biofilm Planktonic Planktonic
Biofilm ‘”E‘:r:;'a“"“’“" 3% +0.8 97% + 0.8 26%+13.7  69%+11.1
Biofil Plank i
o and Planktonic 22%+1.5 78% + 1.5 23%+12.1  73%+10.6
ntermediate
Biofilm and Planktonic
31%+ 1.4 69%+1.4 36% +10.8 59% + 2.2
Steady State
Biofilm Removed 0 0 13% +1.9 82% +1.9
Increased Loading Rate 18% + 1.5 82% +1.5 22% 5.9 73% £ 3.3

Table 1 Percent of M. maripaludis and D. vulgaris cells in planktonic and biofilm phases
over time in a reactor containing both growth phases, a reactor where biofilm has been
removed, and a reactor with an increased loading rate. Error is the 95% confidence
interval. The number of images analyzed for each time point is early n=146, intermediate
n=269, steady state n=2 118, biofilm removed n=140, increased loading rate n=174.
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fixed coculture at (a) early (386X, 0 h) (b) intermediate (243X, 48 h) and (c) steady state
(1 000X, 240 h) (d) steady state (336X, 240 h) time points.

Coculture biofilm macrostructure was observed with both fixed and hydrated
biofilm (Figure 1c, 1d, 3c, and 4c¢). The structured biofilm included tall ridges and spires
with deep valleys, often 300-400 um tall, but always with at least one dimension not
exceeding 50 um as measured by fluorescence microscopy of intact hydrated biofilm or
cryosections of frozen hydrated biofilm (Figure 3c,d and 4c). Notably, this
macrostructure was not observed in D. vulgaris monoculture biofilms grown in LS4D
medium (Clark et al. 2007) nor in CCM (Figure 1a and c). The critical biofilm thickness
for diffusion of 30 mM lactate in the reactor system was estimated at 50 pum, as predicted

by a 1D biofilm accumulation model (Supplemental Figure 3 and supplemental Table 1).
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This result suggests that the multi-species biofilm macrostructure was driven to some
degree by lactate mass transport limitation. It is unclear why the coculture biofilm
formed spires and ridges and the monoculture did not, but even biofilm at intermediate
time points (48 h) already displayed ridges. The macrostructure could have been shaped
by a combination of lactate diffusion limitation and biofilm growth in the presence of the
methanogen. Similar biofilm structures have been observed in interacting communities
and are presumed to be a direct result of interaction type (Nielsen et al. 2000; Molin &
Tolker-Nielsen 2003) and such an intermixed structure was recently shown to be a
marker of cooperation (Momeni et al. 2013). Future experiments are planned to grow D.
vulgaris and M. maripaludis in a competitive situation (i.e., formate/sulfate;
formate/CO,; sulfate) to determine how a different type of interaction could affect

community structure.
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Figure 4 Fluorescence micrographs of coculture biofilm (a and b) embedded in
polyacrylamide and hybridized with domain-specific oligonucleotide probes labeled
green for D.vulgaris and red for M.maripaludis at (a) early (0 h) and (b) intermediate (48
h) time points. (c) Intact hydrated biofilm unfixed and stained with Acridine Orange at

steady-state (240 h).
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Coculture biofilm interactions

A layer of extracellular material was observed by FE-SEM when frozen hydrated
biofilm was dried under a vacuum, and likely corresponded to the low level of
carbohydrate that was measured (Figure 6). Underneath the layer was an intermixed
matrix of D. vulgaris and M. maripaludis cells in which direct and indirect cell
interactions were observed. Cell association was observed to be random (i.e.,
intermixed), with no pattern of colocalization (Supplemental Figure 1) with
microcolonies of M. maripaludis cells spread throughout a matrix of D. vulgaris cells.
Both cell types were observed interspersed as individuals to large colonies throughout the

biofilm (Figure 5).
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Figure 5. Coculture biofilm cell association (a,b,c) biofilm scraped from the substratum,
fixed and hybridized with domain-specific probes for D.vulgaris (green) and
M.maripaludis (red).



44

Filaments presumed to be flagella and pili were observed on both cell types in
scraped biofilm, by TEM (Figure 7b,c) and Atomic Force Microscopy (not shown). In
addition to filamentous extracellular structures, cells from the respective populations
were also observed to be in direct contact (Figure 7). Structures that appeared to be
Gram-negative membrane vesicles were observed in large numbers throughout the
biofilm via TEM (Figure 7¢). The role of Gram-negative membrane vesicles are
becoming increasingly appreciated, and have been hypothesized to play broad roles in
microbial communities including interspecies and interdomain communication and redox
reactions (Mashburn-Warren et al. 2008; Gorby et al. 2008). More recently, vesicles

have been reported in archaea (Sustar et al. 2012; Ellen et al. 2011), but the potential role

of either type of vesicle is not known in multi-species biofilms.

Figure 6. Field emission scanning electron micrographs of coculture biofilm scraped
from the substratum (a and b) unfixed and dried under a vacuum by warming to room
temperature overnight after being flash frozen while hydrated. (b) Represents 10 000X of
white box in (a) 2 000X.



Figure 7. (a) Field emission scanning electron micrograph of fixed and critical point-
dried coculture biofilm (b and c¢) Air-dried whole mount transmission electron
micrographs of biofilm scraped from the substratum. Both coculture cell types are visible

in addition to appendages and potential vesicles.
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Biofilm and planktonic community function: The Base Case

Function and efficiency were determined based on methane and biomass yields,
lactate consumption, and community response to perturbation. The base case was a
reactor system that contained both a biofilm and planktonic phase, structured as described
above. During the first 100 h of biofilm development, methane levels increased as lactate
levels declined with an approximate equimolar increase in acetate (Figure 8a). During
the increase in methane production and lactate consumption, the biofilm population ratio
shifted to consist of 78% D. vulgaris and 22% M. maripaludis (3.5:1) with similar
planktonic population distribution of 3.2:1 (Table 1). When lactate levels were below 5
mM, methane levels peaked around 0.09 mM and declined to a steady-state level of
approximately 0.07 mM (Figure 8a). During the first 150 hours, the system approached a
steady state where all lactate was consumed, and both organisms in both phases of the
reactor increased rapidly in number. The corresponding peak in OD and methane is
approximately one retention time of the reactor and occurs when exogenous lactate levels
approach zero. These results suggest that biofilm cells were competitive for bulk phase
lactate, and the biofilm growth mode may contribute to more efficient multi-species
substrate utilization.

During steady-state with regards to methane production, the biofilm structure and
composition was consistent with respect to population ratio as well as the carbohydrate to

protein ratio. The biofilm remained around 2.2:1 D. vulgaris to M. maripaludis and the
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Figure 8. Metabolite concentration over time in coculture biofilm reactors (a) with both
biofilm and planktonic phases (Base case), (b) in which loading rate was increased at 341
hours, (c) that had biofilm coupons removed at 432 hr.
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planktonic phase was approximately 1.6:1 (Table 1). Hydrogen was not detectable at any
point during biofilm formation and growth. Walker (2009) observed a spike followed by
a constant low level of hydrogen (less than 10 Pa) at steady state when a planktonic-only
system was not limited for lactate. Presumably all hydrogen produced in the biofilm and
planktonic reactor was subsequently consumed.

In acrobic biofilms, it has been shown that cells near the substratum can be
limited for oxygen with respect to electron donor, and metabolically inactive (Xu et al.
2000). In order to assess the metabolic state of the syntrophic biofilm, an anaerobic
incubation of intact 360 h coculture biofilm was done in the presence of CTC (Stewart et
al. 1994). The effectiveness of this method for anaerobes has been debated; however, one
of the primary concerns is that of abiotic reduction of CTC in the presence of sulfide and
cysteine (Stewart et al. 1994; Gruden et al. 2003; Halan et al. 2012). It has been
suggested that CT-formazan granules formed abiotically would be poorly localized and
would rapidly photo-bleach, while CT-formazan of biogenic origin would be an
intracellular granule more resistant to photo-bleaching. CCM contains only 1 mM each
of sodium sulfide and cysteine, and biofilm was rinsed prior to staining. In addition, the
results were interpreted by direct observation with high resolution CSLM. The incubation
showed respiratory potential of the intact biofilm; however, portions of the biofilm were
not visible via CSLM most likely due to depth limitations (Figure 10a). When intact
biofilm was incubated with CTC, rinsed, and then scraped for visualization, the entire
biofilm biomass was stained (Figure 10b and c). In addition, reduced CT-formazan

granules could be observed in nearly all individual cells, localized inside the cell with
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persistent fluorescence. These results indicate that the entire steady-state biofilm
biomass retained respiratory potential under the tested growth conditions and was
metabolically active.

The carrying capacity, K, is defined as the maximum potential population size a
given landscape is capable of supporting and is a common attribute used to describe
population dynamics in ecology (Stilling 2003; Berck et al. 2012). Given faster
metabolic rates of microorganisms in both natural and man-made environments,
microbial communities are more often studied in the context of function or ecosystem
service. Even under lactate-limiting conditions, the biofilm grew and was maintained
despite low mass flux of lactate. The results indicate that the biofilm growth mode was
advantageous for syntrophic, lactate oxidation to methane, and that both function and
carrying capacity contributed to the multispecies biofilm advantage.

Increased loading rate: Effect on biofilm and planktonic community function

When the dilution rate was increased after 341 hours by approximately 6-fold to
0.10 h™' in a biofilm reactor in steady-state, the methane levels increased within one hour
and peaked at approximately 0.17 mM after 27 hours (Figure 8b). The optical density
increased slightly and then declined to just below steady-state levels on average, with a
net 19% decrease of D. vulgaris cells and 14% decrease in M. maripaludis cells in the
planktonic phase, based on cell counts. The system was monitored for four retention
times (RT=9.9 h) and the decrease observed in planktonic biomass is likely a result of
washout. The doubling time of D. vulgaris in CCM supplemented with sulfate is

approximately 20 h while the doubling time of M. maripaludis with unlimited hydrogen
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in CCM is 5 h. As D. vulgaris was washed out of the reactor, hydrogen was not
produced at such a rate that would allow the methanogen to divide before the entire
reactor was turned over in 9.9 h. This washout situation highlights a complication of
mutualistic interaction under flow conditions, where one organism’s limiting substrate is
produced by another whose specific growth rate is, at best, 4-fold lower. Biomass
retention in biofilm and close interaction represent logical ecological solutions to this
problem.

The biofilm population structure more closely resembled pre-steady-state
population structure with 82% D. vulgaris in biofilm, most likely as a result of the
increased loading rate for lactate (approximately 3 mM h™") (Table 1). Despite the altered
population ratio, the macrostructure of the biofilm remained similar to the steady-state
(lactate loading rate approximately 0.5 mM h™') structure, a D. vulgaris matrix with
intermixed M. maripaludis. Biomass shifted toward a greater percentage of D. vulgaris
in both phases with the total D. vulgaris biomass in the biofilm increased by nearly 25%
from 16.5 mg to 20.0 mg (Figure 9b). However, the total amount of biomass in the
reactor did not change with increased loading and it seems that while the planktonic
populations began to washout, biomass was replaced by growth in the biofilm (Figure
9b). The carrying capacity thus remained the same, even though the population

distribution changed under lactate (carbon and electron) excess conditions.
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Figure 9 (a) Biomass yield per lactate and per methane for reactors containing coculture
with biofilm and planktonic phases (base case) (n=8), planktonic phase only after biofilm
was removed (n=14), and running at an increased loading rate (n=2). Error bars
represent 95% confidence interval. (b) Biomass distribution of each cell type in biofilm
and planktonic phases for the same culture conditions based upon cell volume ratios and
cell counts respectively. Unpaired two-tailed t-test results indicate total protein/Am
lactate difference is significant between coculture biofilm and planktonic (base case)
versus planktonic only (p<0.005) and coculture biofilm and planktonic versus increased
loading rate (p<0.005), but that planktonic only versus increased loading rate is not
significant (p=0.4). Total Protein/CH4 unpaired two-tailed t-test results biofilm and
planktonic (base case) versus planktonic only (p<0.005) biofilm and planktonic (base
case) versus increased loading rate (p=0.05) planktonic only versus increased loading rate

(p=0.4).
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In spite of lactate excess, hydrogen was still undetectable when the loading rate
was increased. This is contrary to published results for excess lactate planktonic only
conditions where hydrogen is detected (Walker et al. 2009). These results suggest that the
presence of biofilm caused a more efficient transfer and/or utilization of the produced
hydrogen gas. A recent study hypothesized that resource allocation and nutrient-use
efficiency was a result of distinct growth and uptake activities, and a similar relationship
may hold true at higher levels of ecosystem resolution (i.e., interacting populations)

(Oskar Franklin et al. 2011).
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Figure 10. Coculture biofilm incubated anaerobically with CTC. (a) Intact hydrated
biofilm stained with CTC and DAPI. (b) and (c) scraped biofilm after CTC staining
showing individual grains of red fluorescent CT-formazan in each cell (c) zoomed in
from the same field of view in (b).
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It is tempting to speculate that the 2.5-fold increase in methane production was
specifically from biofilm M. maripaludis. While this could not be shown directly, it was
observed that approximately 60% overall less M. maripaludis biomass produced 2.5-fold
more methane when lactate was not limiting. When efficiency is considered in terms of
the amount of biomass sustained per methane produced, or per lactate consumed, yields
were significantly lower in nutrient excess conditions than in nutrient limited conditions
(Figure 9a), and the results demonstrated that the same amount of biomass was capable of
being more efficient under nutrient limitation. In addition, an increase in biomass did not
cause an equal increase in function (i.e., methane production). These results indicate that
the biofilm optimized a carrying capacity that was more efficient and better prepared to
respond to nutrient perturbation in terms of both biomass productivity and function.
Biofilm removal: Effect on planktonic community function

In a separate biofilm reactor at steady state, the biofilm coupons were removed
after 432 hours (Figure 8c). Upon biofilm removal, the planktonic optical density
increased within 24 hours, but methane levels did not increase for 50 hours (Figure 8c).
During the 50-hour lag period, methane concentrations appeared slightly lower (an
artifact of removing half of the headspace volume that was occupied by biofilm coupon
holders), before spiking to approximately 0.16 mM and ultimately declining back to
original levels. Interestingly, this spike in methane concentrations corresponds to one
retention time (RT=62.2 h) in the reactor system. Lactate was not detected during the
transition to planktonic-phase only, and the results indicated that similar levels of

methane were being produced as the system attempted to reach a new steady-state. The
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planktonic-phase only population was 82% D. vulgaris but both populations increased in
absolute number based on cell counts and OD (Table 1 and Figure 8c). The planktonic
only reactor maintained 1.4 times greater biomass than the planktonic phase of the base
case (i.e., with biofilm). However, the total reactor biomass was 3.4 times lower than the
base case with biofilm. Without a biofilm community, the carrying capacity and stability
of the system was significantly reduced.

When considered in terms of efficiency, biomass yield per lactate mass flux was 3
times lower in the coculture reactor with only a planktonic-phase compared to the yield in
the base case (i.e., biofilm and planktonic reactor) (Figure 9a). Biomass yield per
methane (mg protein/mM methane) was 2.7-fold lower in the planktonic only reactor
than the base case (Figure 9a). Therefore, when both biofilm and planktonic growth
phases were present and at a steady-state, the coculture reactor ran most efficiently in that
the most biomass was supported by the least amount of lactate oxidation and
methanogenesis (Figure 9b). This efficiency is likely a result of distribution of function
across the community (e.9., more even population distribution) as well as stability
incurred by close interactions of syntrophs in biofilm.

In contrast to our reported results for the base case, the planktonic 1.6:1 ratio (D.
vulgaris: M. maripaludis) was not observed in planktonic-only reactors for the same
syntrophic pair under lactate excess conditions (Walker et al. 2009; 2012; Stolyar et al.
2007). The planktonic-only reactor in this study reached a 6.3:1 ratio (D. vulgaris: M.
maripaludis) under lactate-limitation. These results indicate that at least 4 times more D.

vulgaris are typically needed to oxidize enough lactate to generate sufficient hydrogen for
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M. maripaludis in the planktonic-phase. In the presence of biofilm, a more even and
equal distribution of interacting populations was sustained by increased carrying capacity
(i.e., biomass generation and maintenance).

Biofilms help optimize the carrying capacity in terms of equal distribution for
both mutualistic populations and biomass yield. It is not surprising that biomass retention
(maximized carrying capacity) is a microbial strategy for stability and perseverance under
nutrient limitation, given that cell-cell signaling is thought to be biomass concentration
dependent, as in the case of quorum sensing (QS) via homoserine lactones (Irie 2008;
Allesen-Holm et al. 2006). Several examples of synergistic interactions in biofilm have
reported on the importance of QS to biofilm structure (Irie 2008). It was recently
demonstrated in Burkholderia spp. that secretion of a QS molecule allowed the
population to collectively prepare for stationary phase, by triggering a community wide
enzymatic pH protection response (Goo et al. 2012). Additionally, QS via acyl
homoserine lactones was found to be a strategy of Archaea, specifically the methanogen
Methanosaeta harundinaceae, to regulate cell assembly and carbon metabolic flux
(Zhang et al. 2012). Additionally, in evolved syntrophy, increased biomass production is
a rapid result (Hillesland & Stahl 2010; Bernstein et al. 2012). It may be that a biofilm
growth mode inherently promotes increased biomass retention and maintenance, and
allows microbial communities to optimize carrying capacity to increase stability and

resiliency.



57

Conclusion

When ecosystem function was compared between the biofilm and planktonic cell
containing base case reactor at steady state and a planktonic-only reactor, methane
production was similar, but total biomass was reduced 3.4-fold. The methane level
transiently increased after biofilm was removed, but was not stable and ultimately
declined. Methane production in lactate-excess conditions by biofilm and planktonic
methanogens together was 2.8-fold greater than the base case with lactate limitation and
this elevated methane production commenced within one hour of the increased loading
rate. These results suggest a more efficient electron flux from substrate to products (i.e.,
biomass and methane) in the reactors with biofilm. Taken with the ability of the biofilm
to rapidly respond to increases in lactate, and the respiratory potential demonstrated by
CTC staining, the biofilm optimizes function when carbon and electron flux are limiting,
by maximizing a more even carrying capacity. It is unknown if other forms of
mutualistic biofilms would be structured in a similar fashion, although previous work
suggests that specific patterns can be expected (Momeni et al. 2013; Nielsen et al. 2000).
The presented results show that multi-species biofilm interactions promoted increased
and even carrying capacity, and not necessarily increased function (i.e., methanogenesis).
Additional work is needed to understand how specific microbial biofilm interactions can
impact meso- and macro-scale processes including greenhouse gas production,

biogeochemical cycling, and waste conversion.
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Supplemental Methods
Cell Counts and Biofilm Relative Abundance

I mL of planktonic phase was fixed in formaldehyde (final concentration 2%)
overnight then diluted as necessary and stained for 20 min in the dark with an equal
volume of filtered 0.3g/L Acridine Orange. Stained samples were collected through a
filter chimney on a black polycarbonate track-etched isopore filter (EMD Millipore
Corp., Billerica, MA) and imaged on a Nikon Eclipse E800 microscope with a mercury
bulb for fluorescence. At least ten random fields of view were analyzed and cells were
counted via integrated morphometry analysis in MetaMorph version 7.6 (Molecular
Devices, Sunnyvale, CA).

Biofilm relative abundance was determined using thirty CLSM images per
sample, captured from random locations in X, y, and z planes. MetaMorph was used to
measure the thresholded area of the two channels in each image.

Protein Normalization

One M. maripaludis cell and one D. vulgaris cell are not the same shape or
volume, so average biomass per cell was determined using monocultures. Biological
duplicates of each monoculture were grown to late exponential phase in 125 mL serum
bottles. One portion was filtered and dried to determine dry weight per cell. The Lowry
protein assay was done in triplicate on each culture to determine biomass weight per
volume. Additionally cells were fixed and stained for counting as described above.
Twenty fields of view were analyzed for each culture to determine cell number per

volume and area per cell using MetaMorph version 7.6 software (Supplemental Figure 2).
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1-D Biofilm Accumulation Model

Diffusion in the biofilm was modeled using a Biofilm Accumulation Model (BAM)
(Wanner & Gujer 1986) to predict effects of biofilm thickness, inlet substrate
concentration, and volumetric flow rate on methane production and cell ratios. Input
parameters are listed in Supplemental Table 1. Rate coefficients for substrates were K=
1 while stoichiometric coefficients were 1/yield. Yields were calculated based on Gibbs
Free Energies for the associated half reactions normalized to one electron. Aqueous
diffusion coefficients (D,q) at 25°C for substrates (Stewart 2003) were corrected to 30°C
using D3¢/Dys= 1.135. D,q of lactate was calculated as in Wilke and Chang (1955):

D;u _ —7.4x 10_8(XM)0'5
Taps a Vb0'6

BAM allows for input of a ratio of the effective diffusion coefficient to the aqueous
diffusion coefficient (D¢/D,q) which is then applied to all solutes to account for the
decreased diffusion observed in the biofilm matrix compared to water.
Electron Microscopy

Micrographs in Figures 1 and 3 were collected on a Zeiss Supra55VP FE-SEM.
Biofilm was fixed in a solution of 2% paraformaldehyde, 2.5% glutaraldehyde and 0.05M
Na-cacodylate overnight at room temperature. Coupons were rinsed and stepwise
dehydrated in ethanol before being cut and critical point dried on a Samdri-795 (tousimis,
Rockville, MD). Glass pieces with dry biofilm were mounted on SEM stubs with double-

sided carbon tape and silver then splutter coated with Iridium for 35 s at 35mA.
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Micrographs in Figures 6 and 7 were unfixed biofilm scraped directly onto
double-sided carbon tape, frozen while hydrated in liquid N, splutter-coated with
Platinum for 2 min, and imaged using a dual beam focused ion beam (FIB)-FE-SEM
(Helios NanoLab, FEI Company, Hilsboro, OR) equipped with a cryostage.

Biofilm for whole mount TEM was rinsed in phosphate-buffered saline and
scraped into 1 mL ddH,O. The sample was gently dispersed by pipetting up and down
five times, and then mounted on a slotted TEM grid. Excess liquid was wicked away,
and the mount was stained with Nano-W (Nanoprobes, Yaphank, NY) for 30 s. The grid
was imaged on a Tecnai T-12 cryo-transmission electron microscope (FEI Company,
Hilsboro, OR).

Planktonic Phase Sampling

Reactor outflow was collected on ice and measured daily to monitor flow rate.
Samples of the planktonic phase were collected for optical density at 600nm (OD), high
performance liquid chromatography (HPLC), protein measurements, and direct cell
counts. Filtered samples were analyzed in triplicate with a fucose internal standard, for
lactate, acetate, and formate concentrations via HPLC (Agilent 1200 series) equipped
with a BioRad Aminex HPX-87H column. Lactate and formate concentration were
measured with a VWD detector while acetate concentration was measured with an RID
detector. Protein concentrations were determined with the Lowry assay using bovine
serum albumin as the standard (Lowry et al. 1951). Hexose sugars were measured by the
colorimetric cysteine-sulfuric acid method with glucose as the standard. Pentose sugars

were measured with a colorimetric orcinol-FeCl; assay with xylose as the standard. A
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colorimetric carbazole assay was used to measure uronic acid concentration with D-

galacturonic acid as the standard (Chaplin & Kennedy 1994).

Supplemental Figures and Legends to Figures
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axis) in a vertical section of (a) steady state (b) intermediate (48 h) coculture biofilm.
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Protein (ug) /Area (um2)

Protein (ug) /cell

Protein (pg)/cell Protein/Area (pg/um?)
D. vulgaris 949 £ 563 402 £ 255
M. maripaludis 625 £ 281 392 £ 134

Supplemental Figure 2. Average protein per cell and per thresholded area for

monocultures of D. vulgaris and M. maripaludis and 95% confidence interval. These

ratios were used to adjust coculture planktonic protein amounts per organism based on

cell counts.
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Area .0591 m?
Volume 3.5 x10%m?
Volumetric Flow Rate .000126 m3day!
T .72 day!
S — 2702.24 g/m3
Sean 5000g/m3
De lactate 1.83 x 10 m?/day
De CO, 1.13 x 10* m?/day
De H, 2.65 x 10%m?/day
De CH, 8.76 x 10> m?/day
Cell Growth First Order
Substrate consumption First Order
Substrate production Zero Order

Supplemental Table 1. Input parameters for Biofilm Accumulation Model.
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Abstract: It has been hypothesized that motile microorganisms are capable of taxis
toward H,, but this has yet to be directly observed. Knowledge of taxis in the Archaea is
rapidly expanding through identification of novel receptors, effectors, and proteins
involved in chemotaxis signal transduction to the flagellar motor. Through the use of a
modified capillary assay with anoxic gas-phase control, we report that the average
swimming velocity increases in the direction of a H, source for the methanogen
Methanococcus maripaludis. These results were fitted to a Keller-Segel chemotaxis
model by estimating three parameters, namely the ligand-receptor dissociation coefficient
(kqg), random cell diffusion coefficient (), and chemotactic coefficient (). The results
indicate that M. maripaludis couples motility to H, concentration sensing -
hydrogenotaxis.

Main Text:

Hydrogen (H,) is a crucial substrate for methanogens as well as a common source
of electrons for other organisms in anaerobic environments. Biological methane (CH4)
production from H, and carbon dioxide (CO,) contributes to greenhouse gas emissions
and is possibly one of the oldest microbial processes (1). M. maripaludis is an anaerobic
archaeum that can use H, or formate as electron donor to reduce CO, to CH4 and is
considered a model mesophilic methanogen. Recently, the swimming behavior of M.
maripaludis was described as long runs interrupted by slight changes in direction (2), but
chemotactic responses have not been shown. Chemotaxis has been demonstrated for
other archaea, including two methanogens (3, 4) and Halobacterium salinarum. The
signal transduction system for chemotaxis in Archaea is similar to that of Bacteria, where
an effector interacts with a cellular receptor (either membrane-spanning or cytoplasmic)
which results in a signal cascade that affects the flagellar motor (5, 6). In Bacteria,
phosphorylated CheY interacts directly with the flagellar motor switch acting either as a
molecular brake, momentarily stopping the motor and allowing Brownian motion to
randomly affect the position of the cell, or a molecular clutch, changing the motor
direction and causing the cell to tumble or reverse direction, dependent on the organism.
The control over the flagellar motor has the same result and variability for Archaea;
however, the switch is not the same and none of the archaeal flagellar proteins have
homologs to bacterial flagella proteins (5, 7, 8).

Chemotaxis has been the subject of many mathematical models and the majority
have concentrated on reproducing the population-level observation of migrating bands of
high cell concentration in swarm plates and capillary experiments (9). Pioneering work in
modeling chemotaxis behavior was done by Keller and Segel in 1971 and continues to be
the basis of most common continuum models (10). In one dimension, with x being the
space variable, the Keller-Segel model can be described as a flux, J, such that

ob 0s
J=ur (b (a)
where p is the cell diffusion coefficient that takes random, non-directed, movement of
cells into account. b is the microbial population density, s is the attractant concentration
and y(s) is the non-constant chemotactic coefficient. The population flux, J, can be
differentiated to yield the more common form
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a_b:ﬂ:__a[_ a_b+ (S)bé} (b)
a x| M P
and the average cell swimming velocity, v, is calculated by dividing the flux by the
population density, or v = J/b. Lapidus and Schiller (11) proposed a form of y(s) such that
Kq
x2(8)=x

— C
(kd + S)Z ( )
where y is the constant chemotactic coefficient and kg is the receptor-ligand binding

dissociation constant. The Lapidus-Schiller y(s) term, and variations thereof, have been
used widely to describe chemotaxis in bacteria (12).

The goal of the present study was to subject M. maripaludis cells to a H,
concentration gradient and compare swimming behavior to model predictions. Attractant
(H,) transport was modeled by Fickian diffusion and consumption by the population was
modeled in the Michaelis—Menten form such that

& _ 9% r,bs

ot x> (k, +59)

(d)

where D is the diffusion coefficient for Hy, rmax 1s the maximum consumption rate, and ky,
is the half-saturation constant. A modified capillary assay was used in which cells were
loaded into a gas-tight anaerobic capillary, and a valve allowed controlled exposure to a
H, gradient. In traditional experiments, cells are external to the capillary and will enter in
the presence of a chemoattractant (13). Here, microscopic swimming behavior of cells
inside the capillary was monitored for changes upon exposure to H, or an Ar control.

Cell movement was measured using time-lapse confocal laser scanning microscopy
(CLSM) in the center of the capillary, 0.5 cm from the gas phase (figure S1, supplemental
methods). At that point, H, concentration would reach the threshold of 10-30 uM at
which hydrogenotrophic methanogens are competitive in the environment (14) on a time
scale appropriate to the experiment, but not immediately. The diffusion model predicted
these concentrations would be reached within 10-15 minutes (figure 1).
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Fig. 1. The predicted hydrogen concentration over time at the observation point 0.5 cm
from the gas phase over the course of the experiment shown with (A) linear axes and (B)
log-linear axes. The 10-30 uM threshold is reached at approximately 10 minutes.

When M. maripaludis cells were exposed to H», the average swimming velocity
was positive toward H, within ten minutes (figure 2A). Biased random walk was not
observed when cells were exposed in the same way to an Ar gradient (figure 2B), nor was
swimming velocity affected normal to the H, or Ar gradients (figure 2C and D). A
chemotactic response was only observed when cells were first starved of H, for 4-5
hours, while cultures that had not been starved did not show an increase in biased
swimming (figure S2). This was also observed in Rhodobacter sphaeroides, where well-
fed cells exhibited weaker chemotactic responses than starved cells (15).
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Fig. 2. Average cell velocity (black) with 95% confidence interval (gray) before and
after opening valve to gas phase for (A) H, and (B) Ar control. Positive y-axis values
indicate movement toward the gas phase, negative y-axis values indicate movement away
from the gas phase. Average cell velocity (C) and (D) normal to concentration gradient
(n=5 for H, and n=3 for Ar).

The starvation period (4-5 h) that was required to induce a tractable response to
H, was not long enough to cause loss of motility, as in starvation of H. salinarum (16).
The average swimming speed of starved cells was slightly lower before exposure to H, at
2.1 um s (figure 3A), and increased slightly after exposure to 3.1 um s equal to non-
starved cells and similar to previously reported speeds of 2.5 3.4 um s (2). Maximum
swimming speed averages (calculated from average of maximum speed at each time
point) were highly variable between time points, and the average maximum was slightly
higher for non-starved cells and lowest for starved cells before H, exposure (figure 3B).
The absolute maximum observed speed was 91 um s (figure 3B inner boxes),
approximately twice the previously observed maximum speed of 45 pm s™ (2).
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Fig. 3. Swimming speed of M. maripaludis cells when starved for 5 hours before H
exposure (-H, and n=4,725) after H, exposure (+H; and n=20,189), and when not starved
(n=45,001). Values represent the mean and error bars represent 95% confidence interval.
(A) Average swimming speed. The difference between —H, and both +H; and no
starvation is significant (p<0.05). (B) Average maximum swimming speeds are
represented by bars, and absolute maximum values inside each bar represent the highest
observed speed over all time points for the condition. Differences between all conditions
are significant (p<0.05) and p values were calculated with two-tailed t-tests. (C) and (D)
Field emission scanning electron micrographs of M. maripaludis pellicle with
extracellular material and cells (indicated by arrows in (C).

In this capillary assay, cells were not observed to accumulate in bands despite the
chemotactic response observed. Typical chemotactic bands observed in capillary and
swarm plate assays result from cell accumulation as a net result of a biased random walk.
Migration of a band then occurs as cells consume the substrate and move collectively to
higher concentrations (9). Although there was no bulk flow in the system on a macro-
scale, and the cell suspension meniscus did not move during the experiments, it is
possible that micro-scale convective forces could prevent cells from accumulating.
Thermal convection may have been induced either from focused energy input from the
microscope laser or from slight environmental temperature fluctuation. The collective
motion of swimming cells may have had an effect on convective flow, and previous work
estimates that a force of 0.5 pN is exerted by a cell swimming at 25 um s (17); however,
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the magnitude of this effect was not investigated here and remains poorly understood.
The interface between polar and nonpolar fluids (water and gas) has also been shown to
cause long range repulsion of charged colloidal particles (18), and presumably net
negatively charged microbial cells. It is unknown if charges present at the liquid/gas
interface were important to this work but it is a possible explanation as to why cells did
not accumulate at the interface where the highest H, concentration was predicted.
Alternatively, the modification of this capillary assay to start with a homogenous cell
suspension inside the capillary, rather than allowing cells to enter the capillary or not,
may have changed the nature of the response. It is also possible that there are factors
involved in chemotactic band formation that are different between organisms or specific
to hydrogenotaxis (i.e., swimming mode, adaption response, quorum sensing).

A banding phenomenon was observed on a larger scale when M. maripaludis
batch cultures were grown statically with H,. Under these conditions a pellicle formed at
the gas-liquid interface (figure 3C, D). This is a similar observation to the one made by
Beijernck in 1893, where he observed aerotactic cells swimming toward the meniscus of
a test tube (9). When cultures of M. maripaludis were grown statically with the soluble
electron donor formate, cells grew throughout the liquid medium (not in a pellicle) and
had less cell-associated carbohydrate than H,-grown pellicle cultures (figure S4). These
results suggest that extra-polymeric substance (EPS) production is important for the
formation of a pellicle in response to a H, gradient and may require a time-scale longer
than used in the capillary experiment.

The modified Keller-Segel model was used to quantify and compare chemotactic
responses. A ligand-receptor dissociation constant (kg) has not been determined
experimentally for H,, and the receptors remain unknown. The k4 value was varied
across the range of published values for other effectors and receptors, and the
chemotactic coefficient () and random cell diffusion coefficient (i) were kept constant
at average literature values (table S1). The best fit for average swimming velocity was
obtained with a k4 value of 0.70 mM, with 0.30 and 2.30 mM corresponding to the 95%
confidence interval of the data (figure 4A). This range for kq is similar to that observed
for Escherichia coli AW405 to a-methyl aspartate (19). It is; however, quite different
from values reported for Bacillus subtilis receptor affinity to O, (0.0015 and 0.075 mM
for the high and low affinity of the receptor, respectively), which is the only previously
reported ky for a gas (20).
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The model could also be fitted to the velocity curve by varying x and keeping kq
and 1 constant at average literature values (figure 4B). The average  of 9.3x10” cm® s™
used to fit the experimental results is higher than the literature range 7.20x10™ to
1.24x107 cm® s (table S1). The experimental results were best fitted to the model that
assumed the average published value for y, and then by varying kq (figure 4A). The
model could not be fitted by varying p according to published values; however, changing
u does change the shape of the velocity curve (figure 4C).

The response times predicted by the model do not fit the rapid response observed
in the experiment, and perhaps this is related to the random cell diffusion coefficient, in
that response time should be faster for cells with a larger p (figure 4C). This is based on
the proportionality of u to swimming speed and run time, and inverse proportionality to
one minus the cosine of the turn angle 6 (21). Although not measured directly here, M.
maripaludis has been shown to have longer runs and small changes in direction or turn
angles (2). Turn angles between 20 and 45° would result in the largest value of pu for a
given swimming speed and run time, so it is reasonable to assume p would be higher for
this type of swimming. Another possible explanation for the rapid experimental response
not verified with the model, is that more than one type of H, receptor, with varying
affinities, might be present in M. maripaludis, allowing it to respond across varying H,
concentrations. This has been shown in B. subtilis, which has an O, receptor with two
distinct affinities and binding components (20). Although unlikely, the rapid observed
response could also be due to an inaccurate prediction of mass flux of H; into the liquid
domain. The presented data demonstrate a chemotactic response to H,, but model
refinement is needed to better represent the phenomenon for Hj.

The hydrogenotrophic methanogen, M. mariplaudis, displays chemotactic
behavior toward H,. The ability to move toward higher concentrations of H, could incur
an advantage to organisms that are otherwise outcompeted by anaerobes that are able to
use H; at lower concentrations as well as maintain desired localization with respect to an
energy source with low flux. The observed hydrogenotaxis could represent a widespread
eco-physiological strategy of methanogens and other hydrogen-utilizing microbes that are
important to processes such as bioremediation, and that produce greenhouse gas and
biofuels (22, 23). To the best of our knowledge this is the first direct observation of taxis
towards hydrogen in any domain of life.
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Materials and Methods
Culturing Conditions

Methanococcus maripaludis strain S2 was grown in Balch tubes or serum bottles
fitted with black butyl stoppers (Geo-Microbial Technologies Inc., Ochelata, OK) and
aluminum crimp seals. Methanococcus Culture Medium (MCC) was prepared under a
stream of anoxic 80% N, 20% CO, and contains per liter 0.33g KCI, 2.7g ,MgCl,s6H,0,
3.5g MgS04¢7H,0, 0.14g CaCl,e2H,0, 0.5g NH4Cl, 5g NaHCO3, 22g NaCl, 0.14g
K,HPOy4, 5 mL FeSOy4 solution (0.19g FeSO4¢7H,0/100 mL of 10 mM HCI), 1 mL trace
metal solution (per 100 mL; 2.1g NasCitrates2H,0, adjust pH to 6.5, then 0.45¢g
MnSO4eH,0, 0.1g CoCl,e6H,0, 0.1g ZnSO4¢7H,0, 0.01g CuSO4¢5H,0, 0.01g
AIK(SO4)2, 001g H3BO4, Olg NazMOO402H20, 0025g NiC1206H20, 02g NaZSeO3,
0.01g V(III)CI, 0.0033g Na,WO4¢2H,0) 10 mL of vitamin solution (per liter; 2 mg
biotin, 2 mg folic acid, 10 mg pyridoxine HCl, 5 mg thiamine HCI, 5 mg riboflavin, 5 mg
nicotinic acid, 5 mg DL-calcium pantothenate, 0.1 mg vitamin B12, 5 mg p-
aminobenzoinc acid, 5 mg lipoic acid), 1 mL of Resazurin solution (1 g/L). This solution
is boiled under a stream of gas before adding 0.5 g cysteineeH,OsHCI, then cooled under
gas (24). The solution was dispensed anaerobically and autoclaved. After inoculation,
the headspace was displaced and pressurized to 25 PSI with anoxic 80% H;:20% CO,
through a sterile filter. Modified MCC medium was used for growth experiments with
formate, where NaCl was reduced to 10.5 g/L; 200 mM Na-formate and 200 mM 3-(N-
morpholino) propanesulfonic acid (MOPS) were added, and no H, was added.

Cultures for taxis experiments were grown at 30°C (with no shaking) from frozen
glycerol stocks in 40 mL MCC in 125 mL serum bottles to late exponential phase, then
transferred to 5 mL MCC (10% inoculum) in 18 x 150 mm Balch tubes. These working
cultures were grown to stationary phase (around 120 h and average cell density 69,420
cells/mL). 1 mL of culture was added to 5 mL fresh MCC in a Balch tube with no H; and
either incubated for 4-5 h at 30°C under starvation conditions (no electron source), or
used immediately for non-starvation conditions. Media salts were separated from cell
suspension prior to taxis experiments by centrifuging the inverted Balch tube (100 x g;
30°C for 10 minutes).

Electron Microscopy

Pellicles were removed from tubes with a plastic inoculating loop and placed on a
round coverslip freshly treated with poly-L-Lysine (1pug/mL) and fixed in a solution of
2% paraformaldehyde, 2.5% glutaraldehyde and 0.05M Na-cacodylate overnight at room
temperature. Coverslips were rinsed and stepwise dehydrated in ethanol, and then critical
point dried on a Samdri-795 (tousimis, Rockville, MD). Coverslips were mounted on
SEM stubs with double-sided carbon tape and colloidal silver, and then splutter coated
with Iridium for 35 s at 35mA. Images were collected on a Zeiss SupraS5VP FE-SEM.

Capillary Assay

Square glass capillary tubes (1.0 mm) with the ends fitted with norprene tubing
connected to a polypropylene female luer-lock hose barb adapter (Cole-Parmer, Vernon
Hills, IL) were partially filled with the cell suspension in an anaerobic chamber that
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contained only N, and CO,. A 5 mL glass gas-tight luer lock syringe (SGE, Inc., Austin,
TX) was used to transfer the cells to the capillary, and left attached to the capillary with
the valve closed. A second 5 mL glass gas-tight syringe with 100% H, was attached to
the gas side of the capillary (figure S1). The entire syringe/capillary assembly was
removed from the anaerobic chamber and placed in a petri dish water bath on the
microscope stage and firmly secured with poster putty and tape (figure S3)

Microscopic Observation of Swimming Behavior and Image Analysis

A Leica TCS SP5 II upright confocal microscope was enclosed in an incubation
chamber and was equilibrated to 30°C. High-resolution time lapse images were
collected every 0.753 s at the center of the capillary, 0.5 cm from the cell suspension/gas
phase interface. A 25X water-dipping objective was used and a 3X optical zoom was
applied resulting in a final field of view of 206.9 x 206.9 pm? and a pixel size of 0.20
um/pixel. Images were initially acquired for 10 minutes with N,/CO, in the gas phase,
then the valve was opened to the H, syringe and images were captured for 40 minutes.
The control experiments were identical to the above except that 100% Ar was used
instead of H,, and images were acquired for a minimum of 8 minutes before the valve
was opened and 38 minutes after.

Images were manually thresholded and binarized using MetaMorph v. 7.6
(Molecular Devices, Sunnyvale, CA). Binary images were analyzed using Imaris v. 7.5.2
(Bitplane, Inc., South Windsor, CT) with a particle-tracking module (Imaris Track). 1 s, 5
s, and 10 s filter durations were tested where a given track was only analyzed if it was as
long or longer than the specified duration. The 5 s filter was used for the described
analyses, and difference were not observed in overall trends between track lengths.

Chemotaxis Model

A one dimensional finite element model was constructed using Comsol
Multiphysics Version 4.3a that solves Equations b and d simultaneously in the liquid
domain. Diffusion of hydrogen through the gas domains was modeled by Maxwell-Stefan
equations. All model parameters were corrected for temperature (30° C) and salinity
(2.65% m/v) of the medium, where possible, and hydrogen consumption rate parameters
were estimated from literature values. Table S1 shows all constants used in the model.

The geometry of the model consisted of one liquid domain and two gas domains
separated by a valve that opens at t = 0 to start the diffusion of hydrogen into the system.
The short segment between the valve and the far right boundary is the length of the
connection between the valve and the main volume of the gas-tight syringe. The
geometry for each experimental replicate was slightly different so average lengths were
used. The diffusion of hydrogen through the gas domain of the capillary was expected to
be much faster than diffusion through the liquid domain so the precise length of the gas
domain was not expected to affect the analysis. The diffusion-limiting segment between
the liquid-gas interface and the point of observation 0.5 cm into the liquid remained
constant through all replicates and is therefore not an average value. Initial conditions are
zero hydrogen inside the capillary, 100% hydrogen behind the valve in the second gas
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domain and a constant population density in the liquid domain. Figure S1 shows the
geometry, initial conditions and boundary conditions used in the model.

The model geometry was meshed at a maximum element size of 0.1 mm and time
step discretization was done with a backward differentiation formula (BDF) method. The
time steps taken by the solver were allowed to be free with larger steps being taken at
later time points where gradients are shallower. A relative solution tolerance of 102 was
imposed and PARDISO (25) was the general direct solver as implemented in Comsol.

Most parameters in the model are well known or able to be calculated from the
literature with the exception of the chemotaxis constants y, 1 and kq. A literature search
was performed for observed chemotaxis values in any organism to establish a range of
reasonable values. Twelve applicable values were found for y, twenty-one for p and
seven for kq. Maximum, average and minimum values for each are found in Table S1.
The model was fitted to the average swimming velocity data by independently varying
one chemotaxis parameter by trial and error while keeping the other two constant at the
average literature value found in Table S1.

Carbohydrate and Protein Measurements

Protein concentrations were determined with the Lowry assay using bovine serum
albumin as the standard (26). Hexose sugars were measured by the colorimetric cysteine-
sulfuric acid method with glucose as the standard. Pentose sugars were measured with a
colorimetric orcinol-FeCls assay with xylose as the standard. A colorimetric carbazole
assay was used to measure uronic acid concentration with D-galacturonic acid as the
standard (27).

Microscope Objective
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Model boundary conditions
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Average cell velocity toward hydrogen concentration gradient (positive y-axis) and away

(negative y-axis) when M. maripaludis cells were not subjected to starvation prior to
capillary assay. Black is average with n=3 and gray 95% confidence interval.

Fig. S3.

Capillary assay setup on microscope stage. The petri dish water bath allowed the
capillary to be maintained at a constant temperature and maintained a reliable water
column for the water-dipping objective without the need to add water, for the duration of
data collection.
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conditions include static and shaken for each electron donor, H, gas and formate. Error bars
represent standard deviation.
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Parameter Value Unit Comments Reference
p 843 KPa Atmospheric pressure at experimental Calculated
elevation of 1525 m.
5 2 Diffusion coefficient of H, in water with a
Driag 3.32x10 em’s salinity of 2.65% and T=30° C (28)
2 Diffusion coefficient of H, in N, at T=297.2
Drigas 0.779 cm-s K and P=1 atm (29)
4 q .1 Henry's law saturation constant for H; in
Keatit 7.64x10 mol L™ atm pure water at 30° C (30)
- 7 13x10° min”! Michaelis—Menten maximum hydrogen 31)

consumption rate.

k. 4.1x10° M Michaelis—Menten half saturgtlon constant (31)
for hydrogen consumption rate.

b, 1.157x10" cell m? Initial cell population density Measured
7.20x107 High: (13)
u 2.09x10 em’ s Cell diffusion coefficient Calculated
3.20x107 Low: (32)
1.24x107 High: (19)
4 2 -1 . .

X 4.16x10 cm”s Constant chemotactic coefficient Calculated
7.20x107 Low:(32)
) 170 . Receptor-ligand binding dissociation High: (33)
d 243 8_3 constant Calculated
1.5x10 Low: (20)

Table S1.

Physical parameters used in the finite element model. A literature search was performed
for p, x and kg and all values found were averaged for this study. The high and low values
reported for flagellated, chemotactic bacteria are listed here as well as the calculated
averages. No values from any archaeum exist in the literature to the best of the authors’
knowledge.
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Movie S1

M. maripaludis swimming in a capillary after a five hour starvation period. Gas phase is
oriented at the top. There is no hydrogen available initially, then the valve is opened after
10 minutes and hydrogen diffuses into the liquid phase. A fifty-five minute video was
minimized by including only every third frame at 10 x speed. The video was compressed
by 81% to minimize file size.

Movie S2

M. maripaludis swimming in a capillary after a five hour starvation period. Gas phase is
oriented at the top. The valve is opened after 16 minutes and argon diffuses into the
liquid phase. A fifty-five minute video was minimized by including only every third
frame at 10 x speed. The video was compressed by 81% to minimize file size.
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design, critically evaluated the model, and revised the manuscript. M.W_.F. developed
experimental design, critically evaluated the model, and revised the manuscript.
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CHAPTER FOUR

COMPARATIVE PROTEOMICS OF METHANOCOCCUS MARIPALUDIS IN A

SYNTROPHIC COCULTURE AND A MONOCULTURE PELLICLE

Abstract

The macro-scale structure and physiological responses to growth state have been
previously evaluated in a syntrophic coculture between the sulfate-reducing bacterium
Desulfovibrio vulgaris Hildenborough and the methanogenic archaecum Methanococcus
maripaludis. Molecular level responses have yet to be investigated to determine how the
two microorganisms alter resource allocation in a number of environmentally relevant
growth states, namely syntrophic biofilm and during a community-level response to
hydrogen in M. maripaludis. High throughput shotgun proteomics of complex samples
allows for identification of changes in relative expression levels of proteins across
multiple conditions. Preliminary proteomics experiments were undertaken to determine
the difference in protein expression patterns between syntrophic coculture and syntrophic
planktonic coculture, monoculture D. vulgaris grown with sulfate, and monoculture M.
maripaludis grown with the soluble electron donor formate, shaken with H,, and
statically with H,, where a pellicle of chemotactic cells forms a carbohydrate rich
community at the gas-liquid interface. The proteomes of both the cellular proteins and
the loosely associated extracellular proteins were evaluated separately. Preliminary

results indicate that unique proteins are involved in syntrophy versus growth in



93
monoculture on H,, and that there is a subset of proteins that may be important for M.
maripaludis pellicle formation. Sixty-seven ID’s with two or more peptides were found
only in coculture, and 108 ID’s with two or more peptides were only observed in shaken
monocultures of M. maripaludis grown in H, and 122 unique ID’s were identified in

cultures of M. maripaludis growing as a pellicle with H,.

Introduction

Syntrophic interactions are widespread and especially important in anaerobic
environments, where they allow for a coordinated flow and sharing of energy, while
mitigating carbon mineralization, and acting as a base and linking point for important
biogeochemical cycles (Overmann & Gemerden 2006; Pester et al. 2012; Mclnerney et
al. 2009). While many environments have been surveyed for genomic and metabolic
potential, and representatives have been grown in pure culture studies in the lab, little has
been done to understand how the mechanism of syntrophic interactions in the context of
cellular physiology and metabolism (Walker et al. 2012). A genome may represent all
that a species may be capable of now, historically, or in the future, but the proteome
represents the direct result of a tightly controlled metabolism. Proteins are expensive to
build, and their presence is a very strong indicator that they are serving a purpose, thus
revealing valuable information about community processes (Xia et al. 20006).

Mass spectrometry techniques and equipment have been developed to allow for
processing complex biological samples quantitatively without the use of a label

(Bantscheff et al. 2007; Matzke et al. 2012; Menon et al. 2009; Yates et al. 2009).
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Relative abundances of peptides can be determined by spectral counts, peptide peak
intensity, or relative numbers of peptides (Bantscheff et al. 2007). For this preliminary
discovery study, peptide numbers are counted and compared between sampling

conditions as a proxy for relative abundance.

Materials and Methods

Culture Conditions and Biomass Collection

Desulfovibrio vulgaris Hildenborough and Methanococcus maripaludis S2 were
cultured in biological duplicate for all conditions. For planktonic D. vulgaris, M.
maripaludis shaken, and coculture conditions, cultures were grown in 125 mL serum
bottles containing 40 mL of Coculture Medium (CCM) (Walker et al. 2009), a
bicarbonate buffered, modified basal salt medium without choline chloride, prepared
under 80 % N,: 20% CO,. Monoculture D. vulgaris medium was supplemented with 25
mM sodium sulfate. Monoculture shaken M. maripaludis was grown in CCM, with 30
mM acetate in lieu of lactate, prepared under 80 % N,: 20% CO,, then pressurized after
autoclaving to 200 kPa with 80% H,: 20% CO,. Monoculture static M. maripaludis was
grown in Balch tubes in 5 mL of CCM with the same modifications as shaken M.
maripaludis.

Cultures were harvested rapidly on ice by opening crimp seals and pooling 200
mL total culture per replicate (5 bottles or 40 tubes) in sterile 250 mL Nalgene wide-
mouth bottles. Cultures were centrifuged at 13,000 g for 10 min at 4°C. Supernatant was

reserved and flash-frozen with liquid N, and pellets were suspended in 15 mL ice cold
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CCM (with no carbon or energy source), and vortexed at maximum speed (VSM-3
Variable Speed Mixer, Pro. Scientific Inc., Oxford, CT) for 30 s to shear extracellular
proteins. Following vortexing, tubes were centrifuged again at 13,000 g for 10 min at
4°C. Supernatant presumably containing extracellular, sheared proteins was flash frozen
and the pellet containing cell-associated protein was flash frozen.

Coculture biofilms were continuously cultured in modified 1L CDC reactors
(BioSurface Technologies Corp., Bozeman, MT) for anaerobic biofilm growth. Biofilm
coupon holders were modified to hold glass microscope slides cut to 7.6 cm x 1.8 cm.
Headspace (290 mL) was sparged at 20 mL/min with anoxic 80% N.: 20% CO, through a
0-20 SCCM mass controller (Alicat Scientific, Tucson, AZ). Reactors were maintained
at 30°C with stirring at 150 rpm. The reactor aqueous phase (375 mL) was inoculated
with 20 mL of mid-exponential phase planktonic cultures grown from freezer stocks in
40 mL of CCM in 125 mL serum bottles. Fresh CCM in a 20 L glass carboy was
continuously sparged with sterile anoxic 80% Na: 20% CO; and supplied at a dilution rate
of 0.01 h™' starting after 48 hours of batch growth. Biofilms were harvested during
steady-state, after 200 hours of continuous culture and rinsed by dipping directly in and
out of ice cold deionized water. Both sides of four biofilm slides per reactor were
scraped into 15 mL centrifuge tubes and suspended in 10 mL of ice cold CCM (with no
carbon or energy source), and vortexed on maximum speed for 30 s. Centrifugation

proceeded as planktonic cultures described above.



96

Lysis Check

To determine the effect of maximum speed vortexing on cell lysis, four vortexing
times were tested on planktonic coculture. Initially 1 mL of culture was fixed in 38%
formaldehyde for a final concentration of 2% (v/v). The same culture was then
centrifuged and the pellet resuspended in ice cold CCM as described above. The
resuspended culture was vortexed for 30 s, then I mL removed and fixed. The culture
was vortexed for an additional 30 s twice, each time removing and fixing 1 mL. Fixed
cultures were obtained for 0, 30, 60, and 90 s of vortexing, then stained for 20 min in the
dark with an equal volume of filtered 0.3g/L Acridine Orange. Stained samples were
collected through a filter chimney on a black polycarbonate track-etched isopore filter
(EMD Millipore Corp., Billerica, MA) and imaged on a Nikon Eclipse E800 microscope
with a mercury bulb for fluorescence. At least ten random fields of view were analyzed
and cells were counted via integrated morphometry analysis in MetaMorph version 7.6

(Molecular Devices, Sunnyvale, CA).

Protein Fractionation

Extracellular and sheared fractions were thawed and cleared by centrifugation at
20,000 g at 4°C for 30 minutes in polycarbonate oak ridge tubes and preserved for
analysis. Supernatants were transferred to beakers and ammonium sulfate was added to
reach 95% saturation at 4°C with constant stirring with a magnetic stir bar for 10-14
hours. Precipitated proteins were collected by centrifugation at 20,000 g in
polycarbonate oak ridge tubes. Protein pellets from both centrifugation steps were

resuspended in 50 mM Tris-HCI1 pH 7 and dialyzed against greater than 2000 volumes of
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identical buffer for 10-14 hours at 4°C. Protein concentrations were determined by
Lowry assays and equal amounts of protein were loaded onto 10% SDS-PAGE gels and
electrophoretically separated at 100V until the dye front reached 1cm from the end of the
gel. Gels were stained with coomassie brilliant blue and each lane was excised and cut
into 1cm pieces, including the dye front and one control slice beyond the dye front. Gel
slices were transferred to 96 well plates and macerated in 50 pl of distilled water, sealed,

and stored at 4°C until mass spectrometry was performed.

Protein Digestion

Protein digestion was as described previously (Menon et al. 2009; Cvetkovic et al.
2010) in brief a MassPrep robotic liquid handler (Waters, Milford, MA) was used for
automated denaturation, reduction, alkylation, and digestion in 96-well plates. 50 uL of
sample was denatured by addition of 50 pL of pure trifluoroethanol and heated at 60°C
for 30 min. Reduction of disulfide bonds was achieved with 10 pL of 200 mM
dithioreitol in 50 mM ammonium bicarbonate. Samples were alkylated with 14 pL of
200 mM iodoacetamide and incubated at 25°C in the dark for 30 min. Finally the
samples were incubated at 40°C for 18 h with 1.5 pg of trypsin (Trypsin Gold Mass
Spectrometry, Promega, Madison, WI) to digest proteins, then the pH was lowered to 4

with 5% formic acid to stop digestion.

Separation of Peptides and Mass Spectrometry

Peptides were separated by reverse phase liquid chromatography (LC) (Menon et

al. 2009; Cvetkovic et al. 2010) with a gradient of water and acetonitrile with 0.1%
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formic acid as the mobile phases, in 96-well plates. 8uL of the digested sample was
injected in an Agilent 1100 microwell autosampler using a quaternary pump (50 mL/min)
to a C;g trap cartridge on a six-port switching valve. Flow at 500 nL/min was switched to
the nanocapillary pump after 3 min, and peptides were separated on an analytical column/
nanoelectrospray tip (75 um ID, 6 cm long) fabricated with a P-2000 (Sutter Instruments)
laser puller and packed with C18 resin (5 um; Agilent Zorbax SB). A linear ion trap
(LTQ) quadropole mass spectrometer (Thermo Fisher Scientific Inc.) with 2 kV at the tip,

was used for MS/MS analysis.

Protein Identification and Annotation

MS/MS data analyses and protein identifications were carried out using Mascot
(Matrix Science, Boston, MA) database searching against the complete annotated genome
sequences of D. vulgaris and M. maripaludis. The M. maripaludis genome sequence is
available at the EMBL/GenBank/DDBJ database under accession number BX950229 and
the D. vulgaris sequences are deposited in GenBank with accession no. AE017285
(chromosome) and AE017286 (plasmid) (Heidelberg et al. 2004; Hendrickson et al.
2004). Protein identifications were limited to cases where 2 or more independent peptides
were identified with greater than 98% confidence from the predicted protein sequence.
Peptide abundance was used as a first approximation of the respective protein abundance

in different samples (Matzke et al. 2012).
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Results and Discussion

Lysis Check

After cell collection, cells suspensions for both D. vulgaris and M. maripaludis
were vortexed for increasing time (30, 60, 90 sec) in order to shear loosely attached
extracellular proteins. A slight decrease was observed in cell numbers of D. vulgaris
after 60 seconds of vortexing, and M. maripaludis cells did not show significant change
in cell numbers after 90 sec. Therefore, 30 seconds was selected to minimize cell lysis

(Figure 1).

450

400 T __I

350

300

250

200 D.v.

-—-—- 4
M.m.

S Sy S

50

Cell Count Number

Before 30 &0 90
Vortex Time (s)

Figure 1. Counted number of D. vulgaris (—) and M. maripaludis (---) as a function of
vortex time. Error bars represent standard deviation.

Protein Fractionation

Polypeptides were fractionated from the extracellular “shear” fraction and

examined by staining the SDS-PAGE gels with coomassie brilliant blue from two
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separate samples (Figure 2). Panels A and C (Figure 2) represent one sample set while
panels B and D represent a second sample set. D. vulgaris proteins from both sample sets
were not visible in the sheared fraction nor separated by gel electrophoresis. The lack of
visible D. vulgaris polypeptides was attributed to the presence of sulfide precipitates
interacting with proteins and interfering with the separation. The cultures were grown
shaken at 150 RPM and upon visual inspection appeared to contain many black sulfide
precipitates. When cultures were grown without shaking, the sulfide precipitates were
not visible. This issue was only present for monoculture D. vulgaris, which grew by the
reduction of sulfate to hydrogen sulfide. All the other cultures were grown in the absence

of sulfate reduction and sulfide was not produced.
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Figure 2. SDS-PAGE gels of proteins fractionated from sheared fraction with(A) and (B)
unstained and (C) and (D) stained with Coomassie Blue and (D) including spent media
fraction.

A third sample set was collected by growing D. vulgaris without shaking, but has yet to

be analyzed, so this method modification has not been evaluated. From the first sample
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set (Figure 2 A and C), the coculture biofilm samples were used for developing the
MS/MS method, and were not analyzed. Additionally all conditions from the second
sample set were not analyzed by MS/MS. Preliminary data was obtained for M.

maripaludis shaken and pellicle, as well as coculture planktonic.

Peptides Unique to Coculture

Sixty-seven polypeptides were identified with 2 or more peptides that were
unique to M. maripaludis in coculture (Table 1). Sixteen polypeptides, including the
most abundant peptide unique to coculture, were annotated as hypothetical, conserved
hypothetical, or unknown function. The unknown function of these proteins highlights
the need for more work towards a mechanistic understanding of anaerobic syntrophy and
methanogenic pellicles. Among the unique coculture polypeptides were several putative
helicases and nucleotidyl transferases, possibly indicative of DNA repair mechanisms.
Interestingly, proteins predicted to be involved in the methanogenesis pathway were up-
expressed in co-culture compared to monoculture. These results suggest that even though
all M. maripaludis cultures were grown methanogenically, fundamental aspects of carbon
and energy flow can be different dependent upon growth modes. A similar result was
recently observed for sulfate-reducing D. vulgaris biofilms that had up-expressed
transcripts and polypeptides unique to the biofilm growth mode (Clark et al. 2012).
Sensory proteins were unique in coculture including a receptor tyrosine kinase. A
putative type II secretion system protein that had homologs in other methanogens and
60% amino acid similarity to bacterial pili assembly protein was unique to coculture.

This is interesting given that parts of the archaeal flagella have homologs to bacterial type
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IV pili. Finally two proteins involved in molybdenum biosynthesis and nitrogen-fixation
were unique to coculture. Nitrogen was available in the medium as ammonium or Ny,
and nitrogen fixation would not be expected under those conditions. However, it is not
known if ammonium utilization is equal between the two populations under the tested
growth conditions or if D. vulgaris and M. maripaludis have equal rates and/or affinities

for ammonium utilization.
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Unique to Coculture

hypothetical protein

UvrD/REP helicase

tRNA pseudouridine synthase D TruD
helicase c2

membrane protein

Radical SAM domain protein

protein of unknown function DUF795
TrkA-N domain protein

DEAD/DEAH box helicase domain protein
Formylmethanofuran dehydrogenase
Phosphoglucosamine mutase

2, 5-diamino-6-hydroxy-4-(5-phosphoribosylamino)
molybdenum cofactor synthesis domain
NADPH-dependent FMN reductase

type Il secretion system protein
Nitrogenase

DEAD/DEAH box helicase domain protein
Protein-glutamate O-methyltransferase
CO dehydrogenase/acetyl-CoA synthase complex
helix-turn-helix domain protein
beta-lactamase domain protein
hypothetical protein

acetolactate synthase, small subunit
conserved hypothetical protein
Cobaltochelatase

CoB--CoM heterodisulfide reductase
conserved hypothetical protein

TrkA-N domain protein

Radical SAM domain protein

RNA polymerase Rpb4

protein of unknown function DUF 1121
O-phosphoseryl-tRNA(Cys) synthetase
cobalamin biosynthesis protein CbiD

alkyl hydroperoxide reductase/ Thiol specific antiox.

# peptides
37
30
26
18
15
13
12
12
11
11

-
mmmmmmmmw\loooooaoooomoaoowcooooo

Table 1. Peptide ID’s unique to coculture listed by annotation and number of peptides

identified.

In the context of nitrogen, it would be interesting to determine how the obligate

syntrophy would respond to an added mode of interaction (i.e., potential competition).
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Unique to Coculture # peptides
precorrin-6y C5,15-methyltransferase (decarboxylating)
FAD-dep. pyridine nucleotide-disulphide oxidoreductase
mevalonate kinase

4Fe-4S ferredoxin iron-sulfur binding domain protein
conserved hypothetical protein
isopentenyl-diphosphate delta-isomerase, type 2
glycosyl transferase family 2

conserved hypothetical protein

Protein of unknown function DUF473

conserved hypothetical protein

conserved hypothetical radical SAM protein
extracellular solute-binding protein family 3
hypothetical protein

metallophosphoesterase

2-phosphosulfolactate phosphatase

protein of unknown function DUF434

conserved hypothetical protein

alpha-L-glutamate ligase, RimK family

DNA methylase N-4/N-6 domain protein

Auxin Efflux Carrier

cytidyltransferase-related domain

conserved hypothetical protein

protein of unknown function DUF75
stationary-phase survival protein SurE

6-pyruvoyl tetrahydropterin synthase

hydrolase, TatD family

phosphoesterase RecJ domain protein

nitrogen regulatory protein P-II

daunorubicin resistance ABC transporter
phosphodiesterase, MJ0936 family

conserved hypothetical protein

intracellular protease, Pfpl family

Aminoacyl-tRNA hydrolase
UDP-N-acetylglucosamine 2-epimerase

NNNMNNNMNNNNNNNNOOWOWORARALAMRMDMBRMLMLMIMRAMNOOTOOOOOO OO

Table 1. (continued) ID’s unique to coculture listed by annotation and number of peptides
identified.
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This is especially interesting given that a role was recently given to alanine as a transfer
metabolite that can be used by M. maripaludis grown syntrophically with D. vulgaris
(Walker et al. 2012). No unique peptides were observed for alanine transport or
utilization.

Polypeptides related to presumptive TrK-like proteins were detected, and these
proteins can be associated with redox-linked regulation of potassium channels and
conductance (Schlsser et al. 1993). The exact function of K™ channels in Desulfovibrio
or Methanococcus is not well understood, but they could play a role in syntrophic
interactions related to NAD/NADH balance. The presumptive phosphoglucosamine
mutase was observed unique to co-culture, and the enzyme interconverts glucosamine-1-
P and glucosamine-6-P. The mutase is typically associated with cell wall synthesis in
bacteria, but the exact role in archaea is not known. In addition, previous work has
shown that a similar enzyme, phosphoglucose isomerase, can be extracellular and

involved as a differentiation/maturation factor in eukaryotes (Fairbank et al. 2009).

Peptides Unique to Planktonic Shaken M. maripaludis

108 unique polypeptides with 2 or more peptides were observed from shaken
cultures of M. maripaludis grown on H, and not in static-grown pellicles grown on H; or
coculture (Table 2). Twenty of these unique ID’s were annotated as hypothetical,
conserved hypothetical, and unknown function. The most abundant peptide unique to M.
maripaludis shaken planktonic cultures was an excinuclease, important for DNA repair.
Additional DNA repair proteins were unique to monoculture and while these peptides

were not seen in coculture, proteins with similar functions were also unique to coculture.
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It is possible that a different subset of proteins is used during coculture growth versus
monoculture to accomplish similar functions. It was an unexpected result to find 11
peptides unique to monoculture shaken cultures for the F40- dependent hydrogenase (Frh)
as this hydrogenase has been previously observed to be more abundant during H,-limited
growth. The shaking condition should represent the least hydrogen-limiting growth
condition examined, but perhaps this method leads to more rapid consumption of
hydrogen in the headspace and depletion occurs earlier than expected. This may also be a
result of the bias of these samples. Only the crudely sheared fraction of proteins was
evaluated by HT-MS/MS, not the cell associated-fraction. While it seems obvious that
the shearing method used did also lyse some cells, as evidenced by the peptides identified
as intracellular, it is possible that the lysis was biased, and did not occur to the same

degree in all samples.
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Unique to Planktonic Shaken

excinuclease ABC, A subunit

nucleotidyl transferase

histidinol-phosphate aminotransferase
TOPRIM domain protein

GTPase-like protein

argininosuccinate lyase

peptidase U62 modulator of DNA gyrase
glutamyl-tRNA(GIn) amidotransferase, A subunit
conserved hypothetical protein

type Il secretion system protein E
Phosphopyruvate hydratase

aminotransferase class | and Il

putative DNA helicase

precorrin-4 C11-methyltransferase

Radical SAM domain protein

GTP-binding signal recognition particle SRP54
translation initiation factor 2, alpha subunit
L-seryl-tRNA selenium transferase

protein of unknown function UPF0027
histidyl-tRNA synthetase

AIR synthase related protein domain protein
ferredoxin

Orotidine 5'-phosphate decarboxylase

small GTP-binding protein

Translin

carbamoyl-phosphate synthase, small subunit
coenzyme F420 hydrogenase/dehydrogenase
phosphoribosyltransferase

helicase c2

glutamyl-tRNA(GIn) amidotransferase, subunit D
helix-turn-helix domain protein

putative CoA-substrate-specific enzyme activase

# peptides
30
24
23
22
19
19
17
16
15
15
15
14
14
14
13
13
13
13
12
12
12
11
11
11
11
11
11
11
10
10
10
10

Table 2. ID’s unique to planktonic shaken M. maripaludis cultures grown on H,, listed

by annotation and number of peptides.
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Unique to Planktonic Shaken # peptides
AMP-dependent synthetase and ligase 10
cobyric acid synthase CobQ

pyruvate flavodoxin/ferredoxin oxidoreductase
Succinate dehydrogenase

homoaconitate hydratase family protein
aspartate carbamoyltransferase

Flagella accessory C family protein

Radical SAM domain protein
phosphoribosylglycinamide formyltransferase 2
aminotransferase class-ll|

DNA ligase |, ATP-dependent Dnl1
Transketolase central region

Radical SAM domain protein

protein of unknown function DUF121
conserved hypothetical protein

ribonuclease Z

CO dehydrogenase/acetyl-CoA synthase complex
Methyl-coenzyme M reductase, protein D
protein of unknown function RIO1
phosphoribosyltransferase

Methionine synthase vitamin-B12 independent
Ribonuclease P

putative hypothetical protein

Tetratricopeptide TPR_2 repeat protein
peptidase M24

thymidylate synthase

cobalt ABC transporter, ATPase subunit
N2,N2-dimethylguanosine tRNA methyltransferase
conserved hypothetical protein

nitrogen regulatory protein P-I1
nicotinate-nucleotide pyrophosphorylase
Diaminopimelate epimerase

QOO0 NNSNSNSNSNSNSN0WWOWwO OO o owoo

Table 2. (continued) ID’s unique to planktonic shaken M. maripaludis cultures grown on
H,, listed by annotation and number of peptides.
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Unique to Planktonic Shaken # peptides
asparagine synthase (glutamine-hydrolyzing) 5
anthranilate phosphoribosyltransferase
hypothetical protein

ABC transporter related

protein of unknown function DUF375

protein of unknown function DUF 366
conserved hypothetical protein
helix-turn-helix domain protein

exsB protein

Na/Pi-cotransporter ll-related protein
magnesium and cobalt transport protein CorA
Phenylacetate--CoA ligase

hypothetical protein

Rhodanese domain protein

MMPL domain protein

putative RNA methylase, NOL1/NOP2/sun family
Alpha-amylase

putative transcriptional regulator, XRE family
conserved hypothetical protein

hypothetical protein

DNA-binding TFAR19-related protein
non-canonical purine NTP pyrophosphatase
hypothetical protein

conserved hypothetical protein
phosphoserine phosphatase SerB

cytidylate kinase, putative

TOBE domain protein

CMP/dCMP deaminase zinc-binding
Histidinol dehydrogenase

Protein of unknown function DUF54
methionine aminopeptidase, type Il

4Fe-4S ferredoxin iron-sulfur binding domain

WWWWWwhbhL,br,hr,rb,bhr,bbbhbMbL,bAbbAbA,Mbhooooooo oo o

Table 2. (continued) ID’s unique to planktonic shaken M. maripaludis cultures grown on
H,, listed by annotation and number of peptides.



111

Unique to Planktonic Shaken # peptides
putative translation factor pelota 3
putative signal transduction protein
hypothetical protein

ABC transporter related

conserved hypothetical protein

EhbP-like protein

Cupin 2 conserved barrel domain protein
protein of unknown function DUF39

small GTP-binding protein

Sjogrens syndrome scleroderma autoantigen 1
peptidase M50

alpha-NAC related protein

pyruvate ferredoxin/flavodoxin oxidoreductase

NNNMNNMNNNMNNNNDOWOW®

Table 2. (continued) ID’s unique to planktonic shaken M. maripaludis cultures grown on
H,, listed by annotation and number of peptides.

Peptides Unique to M. maripaludis Pellicle

122 polypeptides with two or more peptides were identified only in M.
maripaludis grown on H, without shaking, where a pellicle was formed (Table 3).
Thirty-three of these unique ID’s were annotated as hypothetical, conserved hypothetical,
or unknown function. The most abundant peptide ID was a glutamyl tRNA synthetase
and several other unique proteins were identified as ribosomal proteins indicating again
either a bias in the number of lysis events, or perhaps a real difference in cell activity
levels between culture conditions. The two primary objectives for analyzing the sheared
fraction and cellular fraction of proteins were to identify possible important extracellular
proteins in coculture biofilm and to identify the 25 nm diameter spherical structures
observed in dehydrated M. maripaludis pellicles. Additionally, the pellicle contained a

large
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Unique to Pellicle
glutamyl-tRNA synthetase

Aldehyde ferredoxin oxidoreductase
hypothetical protein

nucleic acid binding OB-fold tRNA/helicase-type
glycosyl transferase family 2

phenylalanyl-tRNA synthetase, beta subunit
translation initiation factor alF-2

thiamine pyrophosphate protein TPP-binding
isopropylmalate/citramalate/homocitrate synthase
acetate--CoA ligase

2-hydroxyglutaryl-CoA dehydratase D-component
ATP dependent DNA ligase

Chromatin associated protein KTI12

protein of unknown function DUF512
glutamate-1-semialdehyde-2,1-aminomutase
RimK domain protein ATP-grasp

CTP synthase

PP-loop domain protein

putative DNA primase, small subunit

thiamine pyrophosphate protein TPP-binding
ABC transporter related

uroporphyrin-lll C-methyltransferase
hydrogenase expression/formation protein HypE
ribonuclease H

beta-lactamase domain protein

transcriptional regulator, MarR family

conserved hypothetical protein

DEAD/H associated domain protein

PUA domain containing protein

AAA ATPase central domain protein
isopropylmalate/citramalate/homocitrate synthase
Phosphosulfolactate synthase

conserved hypothetical protein

type | site-specific deoxyribonuclease, HsdR family

# peptides
45
26
21
20
14
14
14
14
14
13
13
12
12
11
11
11
11
10
10
10
10
10

0 00 00 00 0000 WU

Table 3. ID’s unique to pellicle M. maripaludis cultures grown on Hp, listed by

annotation and number of peptides.
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Unique to Pellicle # peptides
domain of unknown function DUF1743

conserved hypothetical protein

modD protein

Fructose-bisphosphate aldolase

selenide, water dikinase

hypothetical protein

translation initiation factor SUI1

Protein of unknown function DUF555

protein of unknown function DUF74

hypothetical protein

restriction modification system DNA specificity dom.
Transcription factor CBF/NF-Y histone
3-phosphoshikimate 1-carboxyvinyltransferase
Ribosomal protein S6e

Transcription factor CBF/NF-Y histone
hydrogenase accessory protein HypB

Ribosomal protein L25/L23

type Il secretion system protein

conserved hypothetical protein

CBS domain containing protein

aldo/keto reductase

protein of unknown function Met10

putative thymidine phosphorylase

archaeosine tRNA-ribosyltransferase
Carbamoyltransferase

Brix

D-isomer specific 2-hydroxyacid dehyd. NAD-binding
oxidoreductase FAD/NAD(P)-binding domain
magnesium and cobalt transport protein CorA
ribosomal protein S17

protein of unknown function DUF1063

4Fe-4S ferredoxin iron-sulfur binding domain protein
SSS sodium solute transporter superfamily

QOO0 NNNNNNOWO

Table 3. (continued) ID’s unique to pellicle M. maripaludis cultures grown on Hy, listed
by annotation and number of peptides.
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Unique to Pellicle # peptides
THUMP domain protein

purine phosphorylase family 2

conserved hypothetical protein

conserved hypothetical protein

Cobyrinic acid ac-diamide synthase

30S ribosomal protein S17E

conserved hypothetical protein

pseudouridine synthase, RIUA family
Desulfoferrodoxin ferrous iron-binding region
quinolinate synthetase complex, A subunit
ribosomal protein L7Ae/L30e/S12e/Gadd45
amidohydrolase

ribosomal protein L29

Protein of unknown function DUF356
hypothetical protein

hydrolyase, Fe-S type, tartrate/fumarate subfam.
LSU ribosomal protein L40E

putative translation initiation factor alF-2

protein of unknown function DUF211
Dinitrogenase iron-molybdenum cofactor biosyn.
protein of unknown function DUF214
Ribosomal protein S28e

peptidase U32

cobalamin 5-phosphate synthase

periplasmic binding protein

extracellular solute-binding protein family 3
preprotein translocase, SecY subunit
DNA-binding protein Alba

conserved hypothetical protein

Abortive infection protein
N-acetyl-gamma-glutamyl-phosphate reductase
PHP domain protein

Protein of unknown function DUF361

WWWWWWLWwLWLWWWhr,P,Er,rPA,Ar,PA,Pr,APAAArArAArAArAAbOoOoOoo OO

Table 3. (continued) ID’s unique to pellicle M. maripaludis cultures grown on H,, listed
by annotation and number of peptides.
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Unique to Pellicle # peptides
sulfopyruvate decarboxylase subunit alpha
formylmethanofuran dehydrogenase subunit E region
hypothetical protein

translation initiation factor elF-1A

conserved hypothetical protein

Uncharacterised conserved protein UCP006600
NADPH-dependent FMN reductase

Protein of unknown function DUF1867
PRC-barrel domain protein

protein of unknown function UPF0118

A1AO0 ATPase, subunit H

Protein of unknown function UPF0147

protein of unknown function DUF190

conserved hypothetical protein

transcription termination factor Tfs

pyruvate ferredoxin/flavodoxin oxidoreductase
Ribosomal protein L44E

hypothetical protein

conserved hypothetical protein

putative signal transduction protein CBS domains
protein of unknown function DUF201
hydrogenase assembly chaperone hypC/hupF

NNNNNNNNNNNNNNNNNNOOWWWWW

Table 3. (continued) ID’s unique to pellicle M. maripaludis cultures grown on H,, listed
by annotation and number of peptides.

number of strands that could be both carbohydrate and proteins. A unique polypeptide to
the pellicle was annotated as a hydrogenase formation protein (HypE). The presumptive
protein is predicted to interact with other Hyp proteins as well as a putative membrane
protein annotated as a SNARE associated Golgi protein (IPR015414). These Golgi
membrane proteins are predicted to be involved in vesicle trafficking in yeast and to bind
mannosylotransferases (Inadome et al. 2007). Interestingly, an interaction map (STRING

v9.0) based on different lines of evidence predicted interactions with HypB, HypC, and a
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NAD(P)-oxidoreductase (Figure 3), and polypeptides for putative HypB (MMP1520),

HypC (MMP1330), and a NAD(P)-oxidoreductase (vhuG) were also detected.

p=  MMP1337
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Figure 3. Prediction of interacting functional partners for HypE using STRING v9.0.
Prediction of functional links (edges between nodes) is based upon gene loci, gene
fusion, cooccurrence, coexpression, experiments, and text mining.

A presumptive glycosyl transferase was observed as unique to the pellicle, and the
protein is annotated as a dolichyl-phosphate 3-D-mannosyltransferase. Dolichol is a
unique lipid carrier observed in eukaryotes and archaea used in the formation of N-linked
glycoproteins. The composition of the pellicle EPS and potential vesicles are unknown,

but the extracellular localization of these polypeptides suggests a pellicle-dependent

response to H».

Most Abundant Peptides

Thirty peptides were counted more than 150 times when all samples were
considered together (Table 4). The single most abundant peptide was part of an

annotated thermosome protein and was observed in high frequency in shaken and pellicle
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monoculture M. maripaludis (554 and 517 respectively) but only 22 times in coculture.
The thermosome is part of a type II chaperone system that assists with misfolded proteins
(Hendrickson et al. 2004; Furutani et al. 1998). The significant difference in protein

expression between monoculture and syntrophic conditions suggests a potential

Most Abundant Peptides-Annotation Shaken Pellicle Cocult. SUM
thermosome 554 517 22 1093
Coenzyme-B sulfoethylthiotransferase 192 195 126 513
translation elongation factor EF-1, subunit alpha 256 179 60 495
ATP synthase, A subunit 233 171 68 472
glutamine synthetase, type | 192 179 61 432
S-layer protein 128 174 116 418
translation elongation factor aEF-2 221 116 71 408
Coenzyme-B sulfoethylthiotransferase 147 124 120 391
Methyl-coenzyme M reductase, gamma subunit 148 141 80 369
4Fe-4S ferredoxin iron-sulfur binding domain protein 160 111 92 363
alanyl-tRNA synthetase 118 112 94 324
5,10-methylenetetrahydromethanopterin reductase 126 89 99 314
ribosomal protein L3 138 104 58 300
Methylenetetrahydromethanopterin dehydrogenase 132 94 71 297
Alanine--glyoxylate transaminase 122 122 37 281
phosphoenolpyruvate synthase 113 81 81 275
nickel-dependent hydrogenase large subunit 92 89 92 273
methyl-accepting chemotaxis sensory transducer 113 74 64 251
DNA-directed RNA polymerase subunit A' 121 83 32 236
nickel-dependent hydrogenase large subunit 71 35 123 229
H+transporting two-sector ATPase alpha/beta subunit 124 62 34 220
anaerobic ribonucleoside-triphosphate reductase 81 76 62 219
carbamoyl-phosphate synthase, large subunit 113 66 32 211
ATP/GTP-binding site motif A (P-loop) 70 55 71 196
methyl-accepting chemotaxis sensory transducer 76 64 54 194
tetrahydromethanopterin S-methyltransferase, MtrH sub. 95 48 35 178
alanine dehydrogenase 48 53 76 177
AAA family ATPase, CDC48 subfamily 49 55 60 164
acetolactate synthase, large subunit, biosynthetic type 103 35 18 156
tetrahydromethanopterin S-methyltransferase, subunit A 56 63 35 154
molybdenum cofactor synthesis domain 0 80 70 150

Table 4. Most abundant total peptides and their distribution across culture conditions
including M. maripaludis grown on H, as a pellicle or shaken, and in coculture. Numbers
in the first three columns represent peptide frequency, while the fourth column is a sum
of the total occurrence of the peptide across all samples.
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protection mechanism incurred from syntrophy resulting in a decrease in protein
misfolding and stress response. As expected the most abundant peptides were assigned to
IDs involved in core metabolism, including methanogenesis, growth, and energy
conservation. Two proteins of the 30 were annotated chemotaxis proteins, which was
expected to be important for all of these growth conditions with hydrogen as the energy

source.

Conclusion

Differences in protein levels were observed, and each culture condition had a
distinct set of 67-122 unique peptides identified, clearly indicating that M. maripaludis
changes its proteome dependent on environmental conditions. The most abundant
peptide identified, a chaperone, was primarily found in monoculture conditions, and less
often in coculture. This indicates that some benefit is incurred by syntrophy, although
overall slower growth as a syntroph could explain this observation. The pellicle is a
unique growth mode that has not been previously reported for Methanococcus.
Routinely, hydrogenotrophic methanogens are grown as shaken cultures to increase mass
transfer of H,, and we observed pellicles upon static incubation. When static cultures
were provided formate (soluble substrate), pellicles were not observed. The comparison
of extracellular proteomes between monocultures in the planktonic versus pellicle growth
mode has identified potential proteins that contribute to the response of M. maripaludis

under H»-limiting conditions.
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CHAPTER FIVE

EPILOGUE

The motivation behind this research was tied to the concept that physiological
strategies of microorganisms are not clearly defined by their genome sequence or their
behavior in a test tube of rich media. Organisms once deemed “unculturable” are now
more commonly described as “not yet cultured”. Phyla once described as obligate
parasites have been more recently found to be capable of free-living when cultured
appropriately (Haider et al. 2010). The flagellar tip protein of Pelotomaculum
thermopropionicum was shown to induce up-expression of methanogenesis genes in
Methanothermobacteria thermoautotrophicus when it touched the cell (Marx 2009).
Syntrophic interactions between a dual-culture community were proposed to affect
function quantitatively and qualitatively in a biofilm-dependent fashion. We proposed
four primary objectives to explore our hypotheses, and this dissertation represents the

cumulative results of that work.

System Development

Successful cultivation of anaerobes requires modification of standard equipment
to maintain strict oxygen-free conditions. Continuous cultivation of biofilm also requires
very specific vessels that can accommodate surfaces for growth. Previous work with
anaerobic biofilm in our lab led to modifications of the CDC reactor to accomplish this,

namely clamps and gaskets for maintaining a tight seal, and modified biofilm coupon
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holders with greatly increased surface area so that sufficient biomass could be produced
to complete experiments (Clark et al. 2007; 2012). These modifications worked well in
sulfidogenic conditions; however, additional modifications had to be made to maintain
anoxia in the absence of sulfide for the cultivation of the SRB-methanogen coculture. In
addition, function of community members was quantified based on measurements of
carbon mass flux in the aqueous phase and gas phase, which required strict flow control.
The lid of the CDC reactor was modified to accommodate additional gas ports with
Swagelock fittings, and gas exited to an online gas chromatography station, while sterile
sparging gas entered through a mass controller for precise gas flow measurements. This
system was adjusted continuously until coculture biofilm and planktonic phases could be
grown together reproducibly with the base case parameters described in this dissertation.
Once the system was well established, I performed perturbation experiments for

comparison.

Characterization of Biofilm Structure and Function

The second objective was to characterize the structure of biofilm formed by a
syntrophic coculture of D. vulgaris and M. maripaludis and describe the associated
change in function. Initially [ assumed that methanogenesis was the function of interest,
as it was the terminal step in the described syntrophy. The base case coculture formed a
thick, structured biofilm with deep valleys, tall ridges, and channels throughout. The
biofilm at steady-state consisted of approximately 2:1 D. vulgaris to M. maripaludis and

produced methane at a constant rate. Hydrogen produced by D. vulgaris was consumed
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directly by M. maripaludis and H, was never detectable in the presence of biofilm. The
base case had an associated planktonic phase that was close to 1:1 on average, and
frequently M. maripaludis would outnumber D. vulgaris. This system reached a steady-
state when lactate was consumed as fast as it entered the reactor, leaving the cells in a
lactate-limited state representative of environmental conditions where low levels of
organic acids are produced in anaerobic environments and immediately consumed.

In an attempt to separate the function of biofilm from the function of the
planktonic phase, flow rate was increased to exceed the specific growth rates of both
organisms, thereby washing planktonic cells out of the chemostat. The increased lactate
loading rate quickly changed the chemostat from lactate-limited to lactate-excess, and the
lactate was not entirely consumed. The planktonic phase began to slowly wash out of the
chemostat, yet despite the increased substrate availability, the biofilm did not increase in
biomass. Instead it responded to the increased lactate within one hour by producing
significantly more methane. During the four retention times that I continued increased
loading rate, the planktonic phase was not successfully washed out. For this reason I
cannot attribute increased methane production to one growth phase or the other. I made
two conclusions from this perturbation experiment. Since the biomass did not increase
and the biofilm structure remained the same as the base case, I determined that the
biofilm biomass increased only until it reached a specific concentration. This target cell
density can be described as the carrying capacity of the system, or the maximum number
of each species that can be maintained given a set amount of nutrient. Biomass retention

is not a new idea, and many industrial processes use retention of biofilm biomass as a
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strategy to keep desired organisms in a system, such as wastewater treatment (Thiele et
al. 1988; Silva et al. 2006; Tappe et al. 1999; Gross et al. 2007; Halan et al. 2012).
Biomass retention as a strategy of microorganisms could represent a group effort to
survive stress, where a specific concentration of cells is required to accumulate enough of
a signaling molecule to affect the whole community in a positive way, as in quorum
sensing (Irie 2008; Goo et al. 2012; Zhang et al. 2012). It could also represent a way to
give collective genetic information to other members of the community as biofilms have
been shown to facilitate the transfer of DNA (Molin & Tolker-Nielsen 2003).

The second conclusion from the washout experiment was that the whole biofilm
community could be metabolically active, based on the immediate response to increased
lactate loading rate. To test this theory we incubated the biofilm with CTC, a fluorescent
stain that is indicative of respiratory potential. We observed that nearly all of the cells
appeared to be actively respiring. This result is in contrast to the normal paradigm for
aerobic slab-type biofilms, where the upper layer only remains active as the lower portion
of the biofilm becomes oxygen-limited (Xu et al. 2000). The syntrophic coculture
biofilm seemed to be structured to alleviate mass transfer limitation and conversely
facilitate transfer between the biofilm and the bulk phase. This structure could be a result
of D. vulgaris structuring itself to prevent hydrogen accumulation or to ensure lactate
diffusion is not limited, or it could even be the result of the syntrophic interaction with M.
maripaludis specifically. This is very interesting considering once again that acrobic slab
biofilm that grows over itself, to a thickness that prevents the bottom layer from

accessing a terminal electron acceptor. It is tempting to speculate about altruism and
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group fitness in light of this observation. Such behavior is attributed, in macroecology, to
an innate desire to protect the genes that are most closely related to the individual
performing the “selfless” behavior. That is a simple idea for diploid, sexual organisms,
but is certainly compounded in the case of social insects, and likely asexual
microorganisms (Stilling 2003). Gene transfer facilitated by biofilms and quorum
sensing could certainly be described as group fitness behavior in that sense. This notion
is supported by the fact that the biofilm had a more evenly distributed carrying-capacity
with a ratio of 2:1 compared to previously reported non-biofilm cocultures (4:1 to 3:1).

For an additional test of function compared to the base case (i.€. biofilm and
planktonic), the biofilm coupons were removed from a reactor at steady-state. The
response (i.e., methane production) to increased lactate availability was delayed and
transient, and the reactor contained much less biomass without a biofilm phase. Biomass
yield per lactate mass flux was therefore much lower than it was in the presence of
biofilm. This observation confirmed that biofilm and biomass retention play an
important role in community stability and function. In addition, two D. vulgaris mutants
deficient in biofilm formation (AflaG and ApilA) were grown in co-culture with M.
maripaludis. While the ApilA mutant D. vulgaris could grow in closed, batch tubes with
M. maripaludis, the open, reactor system could initiate growth but become unstable
within a week and both organisms washed out. These results suggest that biofilm
contributed to the stability of the syntrophic interaction.

Two observations were made during completion of the first objectives where M.

maripaludis exhibited a previously undescribed behavior in the presence of a syntrophic
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hydrogen-producing partner. The methanogen did not form a biofilm under our culture
conditions unless it was initiated by the SRB. In addition, when M. maripaludis was
grown statically in Balch tubes, versus shaken as is traditionally the preferred method for
incorporating hydrogen into the aqueous phase, a pellicle formed at the gas-liquid
interface. We hypothesized that M. maripaludis was chemotactically responding to
hydrogen in the form of a H, concentration gradient from the gas-phase or from a H,-
producing syntroph as in the case with D. vulgaris. Hence, we sought to make a direct

observation of the chemotactic behavior of M. maripaludis.

“Hydrogenotaxis”

Microorganisms employ a huge range of motility strategies including swimming
and twitching by flagella and pili, periplasmic flagella in spirochaetes, secretion of
propulsion slime from nozzles in Myxococcus xanthus or pores in cyanobacteria,
contractile cytoskeletons in Spiroplasma melliferum, ratchet gliding in Flavobacterium
johnsoniae, gas vesicles for floating, and the hami of the Euryarchaea SM1 which
resembles a grappling hook (Bardy 2003; Wirth 2012). Hydrogen is traded in anaerobic
communities as readily as stocks on Wall Street. It seems that taxis toward such a
valuable currency would have been one of the first described chemotactic responses. A
quote from Steve Zinder sums this up “It is likely that methanogenic substrates, such as
H, or formate, are chemoattractants, but this has not been tested for methanogens,
perhaps due to the formidable technical task of establishing anaerobic gradients of these

substrates, which are also energy sources” (Ferry 1993).
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We were able to construct an anaerobic capillary system, modified from the Adler
version (Adler & Dahl 1967) where swimming behavior could be observed by high-
resolution time-lapse microscopy, in response to a gradient of hydrogen or argon control.
The result was the first direct observation of swimming toward hydrogen, which we
termed - hydrogenotaxis. New words are not always used to describe different types of
chemoattractants, for example there is no specific word to describe acetate taxis. There
are descriptive words for some of the most important and well-studied tactic responses
including aerotaxis, energy taxis, phototaxis, thermotaxis, redox taxis, rheotaxis, and
magnetotaxis (Taylor et al. 1999; Harris et al. 2012; Josenhans 2010; Shapiro et al. 2010;
Fu et al. 2012; Oprian 2003; Gluch et al. 1995). For this reason we believe the name
“hydrogenotaxis” is a good choice for describing this likely common, yet overlooked
strategy.

The results of the hydrogenotaxis experiment were fitted to a modified Keller-
Segel continuum model albeit with mixed results (Tindall et al. 2008). The average
swimming velocity could be obtained by the model; however, the rapid nature of the
response could not be fitted. Deviation from the predicted hydrogen diffusion or
convection within the capillary could explain this, but it is more likely that a
physiological response, left unaddressed by the model is to blame for the poor fit.
Despite the lack of agreement between the model and the experimental results, the
primary result remains that this represents the first direct observation of taxis toward

hydrogen gas in any of the three domains of life.
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Comparative Proteomics

The final objective of this research was to incorporate all of the major observations from
the first three objectives, to determine appropriate culture conditions for comparative
proteomics. High-Throughput Tandem Mass Spectrometry (HT-MS/MS) based
proteomics can be used to effectively and comparatively analyze complex biological
samples (Yates et al. 2009). We sought to use proteomics to observe the entire range of
realized metabolism on a descriptive micro-scale, across these conditions. The culture
conditions selected to compare uniquely observed function in these two organisms
included coculture biofilm and planktonic proteomes, monoculture D. vulgaris,
monoculture M. maripaludis grown with either formate or hydrogen. For the
monoculture M. maripaludis hydrogen condition, cultures were grown shaken or
statically to allow for the formation of a hydrogenotactic pellicle.

Preliminary results from crudely- sheared extracellular proteins of coculture
planktonic and M. maripaludis pellicle and shaken on hydrogen indicated that there are
many differences in the proteomes under these distinct conditions. The data also
indicated that the methods for shearing extracellular proteins will need to be optimized to
prevent contamination of that fraction by cellular protein. The samples I prepared have
not been fully analyzed, although it is expected that the full proteomics results will
eventually be incorporated into a manuscript that encompasses additional high-

throughput approaches.
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General Conclusion and Future Work

In conclusion, our hypothesis was confirmed that the biofilm growth-mode
contributed to a more efficient metabolism between syntrophic populations. However,
we anticipated that the more efficient metabolism would result in an increased function in
terms of methanogenesis. Instead, the increased function was biomass production, and
moreover, the biomass was produced at a more evenly distributed carry-capacity.
Secondly, based upon observation from coculture biofilm and methanogenic
monocultures, hydrogenotaxis has been definitely demonstrated for the first time.

The future potential for this type of culturing system is immense, now that a
baseline has been established for “normal” syntrophic biofilm structure and function.
This is especially true in light of the interest in this consortium for their role in numerous
environments including, waste sites, wastewater treatment, and carbon cycling. The
model syntrophic community could be used to test various stressors and this type of work
is already in progress. Future work should include stressing with relevant compounds
under both nutrient deprivation and nutrient-excess conditions. In terms of heavy-metal
bioremediation, the stresses should include U(VI) and Cr(VI), as well as nitrate, and
sulfate. Oxygen stress is of interest too, based on personal observations that the coculture
biofilm could handle a considerable amount of oxygen exposure without obvious
deleterious effects and the evidence that SRBs can consume oxygen as a group fitness
type of protection strategy (Barton & Hamilton 2007). Adding additional community
members may be of interest too as would using mutant strains of D. vulgaris or M.

maripaludis that are deficient in motility or attachment to surfaces. Preliminary
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characterization of cocultures between WT M. maripaludis and mutant strains of D.
vulgaris including Ap, AflaG, AechA, ApilA, and the complement strain of ApilA, was
done as part of this dissertation. All these cultures produce methane at similar levels (data
not shown) and AflaG and ApilA cocultures were tested in the reactor system and found
to be deficient in biofilm production. Interestingly these planktonic cocultures could not
reach a stable steady state without the presence of biofilm (data not shown). Established
mutant cocultures were stored as glycerol stocks for future work.

The hydrogenotaxis observation leaves the door open to many types of future
studies using hydrogen as a chemoattractant. To better characterize this response,
multidisciplinary projects could be started with engineering students, to build
microfluidic devices better suited for creating stable chemoattractant gradients, and
minimizing large magnitude shear forces the swimming cells experience in a large
capillary (Ahmed et al. 2010). Multiple hydrogen-utilizing organisms could be tested to
determine the extent of the response in nature. Proteins important for chemotaxis sensing
and motility in archaea could be characterized and crystal structures obtained with
collaborative projects with the chemistry and biochemistry department. All work of this
nature could provide more insight to the original question of community function.

“HC SVNT DRACONES”



131

References

Adler J, Dahl MM. (1967). A method for measuring the motility of bacteria and for
comparing random and non-random motility. J Gen Microbiol 46:161-173.

Ahmed T, Shimizu TS, Stocker R. (2010). Microfluidics for bacterial chemotaxis. Integr.
Biol. 2:604.

Bardy SL. (2003). Prokaryotic motility structures. Microbiology 149:295-304.

Barton LL, Hamilton WA. (2007). Sulphate-Reducing Bacteria. 1st ed. Cambridge
University Press: Cambridge.

Clark ME, Edelmann RE, Duley ML, Wall JD, Fields MW. (2007). Biofilm formation in
Desulfovibrio vulgaris Hildenborough is dependent upon protein filaments. Environ
Microbiol 9:2844-2854.

Clark ME, He Z, Redding AM, Joachimiak MP, Keasling JD, Zhou JZ, et al. (2012).
Transcriptomic and proteomic analyses of Desulfovibrio vulgaris biofilms: Carbon and
energy flow contribute to the distinct biofilm growth state. BMC Genomics 13:1-1.

Ferry JG. (1993). Methanogenesis : ecology, physiology, biochemistry & genetics. 1st ed.
New York : Chapman & Hall: New York.

Fu HC, Powers TR, Stocker R. (2012). Bacterial rheotaxis. Proc. Natl. Acad. Sci. U.S.A.
109:4780-4785.

Gluch MF, Typke D, Baumeister W. (1995). Motility and thermotactic responses of
Thermotoga maritima. Journal of Bacteriology 177:5473-5479.

Goo E, Majerczyk CD, An JH, Chandler JR, Seo Y-S, Ham H, et al. (2012). Bacterial
quorum sensing, cooperativity, and anticipation of stationary-phase stress. Proceedings of
the National Academy of Sciences 109:19775-19780.

Gross R, Hauer B, Otto K, Schmid A. (2007). Microbial biofilms: New catalysts for
maximizing productivity of long-term biotransformations. Biotechnol. Bioeng. 98:1123—
1134.

Haider S, Wagner M, Schmid MC, Sixt BS, Christian JG, Hiacker G, et al. (2010). Raman
microspectroscopy reveals long-term extracellular activity of chlamydiae. Molecular
Microbiology 77:687-700.

Halan B, Buehler K, Schmid A. (2012). Biofilms as living catalysts in continuous
chemical syntheses. Trends in Biotechnology 30:453—465.



132

Harris HW, El-Naggar MY, Nealson KH. (2012). Shewanella oneidensis MR-1
chemotaxis proteins and electron-transport chain components essential for congregation
near insoluble electron acceptors. Biochem. Soc. Trans. 40:1167-77.

Irie Y. (2008). Quorum sensing and microbial biofilms. Bacterial Biofilms.

Josenhans C. (2010). Bacterial Energy Taxis: A Global Strategy? Archives of
Microbiology.

Marx CJ. (2009). Microbiology. Getting in touch with your friends. Science 324:1150—
1151.

Molin S, Tolker-Nielsen T. (2003). Gene transfer occurs with enhanced efficiency in
biofilms and induces enhanced stabilisation of the biofilm structure. Current Opinion in
Biotechnology 14:255-261.

Oprian DD. (2003). Phototaxis, chemotaxis and the missing link. Trends Biochem. Sci.
28:167-169.

Shapiro OH, Hatzenpichler R, Buckley DH, Zinder SH, Orphan VJ. (2010). Multicellular
photo-magnetotactic bacteria. Environmental Microbiology Reports 3:233-238.

Silva A, Hirasawa J, Varesche M, Foresti E, Zaiat M. (2006). Evaluation of support
materials for the immobilization of sulfate-reducing bacteria and methanogenic archaea.
Anaerobe 12:93-98.

Stilling PD. (2003). Ecology. 4(null) ed. Prentice Hall Inc.: Upper Saddle River.

Tappe W, Laverman A, Bohland M, Braster M, Rittershaus S, Groeneweg J, et al. (1999).
Maintenance energy demand and starvation recovery dynamics of Nitrosomonas
europaea and Nitrobacter winogradskyi cultivated in a retentostat with complete biomass
retention. Applied and Environmental Microbiology 65:2471-2477.

Taylor B, Zhulin I, Johnson M. (1999). Aerotaxis and other energy-sensing behavior in
bacteria. Annu. Rev. Microbiol. 53:103—128.

Thiele JH, Chartrain M, Zeikus JG. (1988). Control of Interspecies Electron Flow during
Anaerobic Digestion: Role of Floc Formation in Syntrophic Methanogenesis. Applied
and Environmental Microbiology 54:10-19.

Tindall MJ, Maini PK, Porter SL, Armitage JP. (2008). Overview of Mathematical
Approaches Used to Model Bacterial Chemotaxis II: Bacterial Populations. Bull. Math.
Biol. 70:1570-1607.

Wirth R. (2012). Response to Jarrell and Albers: seven letters less does not say more.
Trends in Microbiology 1-2.



133

Xu KD, McFeters GA, Stewart PS. (2000). Biofilm Resistance to antimicrobial agents.
Microbiology 146:547-549.

Yates JR, Ruse CI, Nakorchevsky A. (2009). Proteomics by Mass Spectrometry:
Approaches, Advances, and Applications. Annu. Rev. Biomed. Eng. 11:49-79.

Zhang G, Zhang F, Ding G, LiJ, Guo X, Zhu J, et al. (2012). Acyl homoserine lactone-
based quorum sensing in a methanogenic archaeon. 1-9.



134

REFERENCES CITED



135

Adler J. (1966). Chemotaxis in bacteria. Science 153:708.

Adler J, Dahl MM. (1967). A method for measuring the motility of bacteria and for
comparing random and non-random motility. J Gen Microbiol 46:161-173.

Ahmed T, Shimizu TS, Stocker R. (2010). Microfluidics for bacterial chemotaxis. Integr.
Biol. 2:604.

Ahmed T, Stocker R. (2008). Experimental Verification of the Behavioral Foundation of
Bacterial Transport Parameters Using Microfluidics. Biophysical Journal 95:4481-4493.

Al-Ahmad A, Follo M, Selzer AC, Hellwig E, Hannig M, Hannig C. (2009). Bacterial
colonization of enamel in situ investigated using fluorescence in situ hybridization.
Journal of Medical Microbiology 58:1359-1366.

Allesen-Holm M, Barken KB, Yang L, Klausen M, Webb JS, Kjelleberg S, et al. (2006).
A characterization of DNA release in Pseudomonas aeruginosa cultures and biofilms.
Molecular Microbiology 59:1114-1128.

Armon L, Caplan SR, Eisenbach M, Friedrich BM. (2012). Testing Human Sperm
Chemotaxis: How to Detect Biased Motion in Population Assays Scalas, E, ed. PLoS
ONE 7:€32909.

Bantscheff M, Schirle M, Sweetman G, Rick J, Kuster B. (2007). Quantitative mass
spectrometry in proteomics: a critical review. Anal Bioanal Chem 389:1017-1031.

Bardy SL. (2003). Prokaryotic motility structures. Microbiology 149:295-304.

Barton LL, Hamilton WA. (2007). Sulphate-Reducing Bacteria. 1st ed. Cambridge
University Press: Cambridge.

Bender KS, Yen HCB, Hemme CL, Yang Z, He Z, He Q, et al. (2007). Analysis of a
Ferric Uptake Regulator (Fur) Mutant of Desulfovibrio vulgaris Hildenborough. Applied
and Environmental Microbiology 73:5389-5400.

Berck, Levy, Chowdhury. (2012). An analysis of the world's environment and population
dynamics with varying carrying capacity, concerns and skepticism. Ecol Econ 73:10-10.

Bernstein HC, Paulson SD, Carlson RP. (2012). Synthetic Escherichia coli consortia
engineered for syntrophy demonstrate enhanced biomass productivity. Journal of
Biotechnology 157:159-166.

Blank CE, Kessler PS, Leigh JA. (1995). Genetics in methanogens: transposon insertion
mutagenesis of a Methanococcus maripaludis nifH gene. Journal of Bacteriology
177:5773-5777.



136

Boucher DH. (1988). The Biology of Mutualism. New York : Oxford University Press.

Brenner K, Arnold FH. (2011). Self-Organization, Layered Structure, and Aggregation
Enhance Persistence of a Synthetic Biofilm Consortium El-Sayed, N, ed. PLoS ONE
6:¢16791.

Bryant M, Campbell L, Reddy C, Crabill M. (1977). Growth of Desulfovibrio in Lactate
or Ethanol Media Low in Sulfate in Association with H2-Utilizing Methanogenic
Bacteria. Applied and Environmental Microbiology 33:1162—-1169.

Canfield DE, Stewart FJ, Thamdrup B, De Brabandere L, Dalsgaard T, Delong EF, et al.
(2010). A Cryptic Sulfur Cycle in Oxygen-Minimum-Zone Waters off the Chilean Coast.
Science 330:1375-1378.

Chaplin MF, Kennedy JF. (1994). Carbohydrate Analysis: A Practical Approach. 2nd ed.
Ir] Press.

Clark ME, Edelmann RE, Duley ML, Wall JD, Fields MW. (2007). Biofilm formation in
Desulfovibrio vulgaris Hildenborough is dependent upon protein filaments. Environ
Microbiol 9:2844-2854.

Clark ME, He Q, He Z, Huang KH, Alm EJ, Wan XF, et al. (2006). Temporal
Transcriptomic Analysis as Desulfovibrio vulgaris Hildenborough Transitions into
Stationary Phase during Electron Donor Depletion. Applied and Environmental
Microbiology 72:5578-5588.

Clark ME, He Z, Redding AM, Joachimiak MP, Keasling JD, Zhou JZ, et al. (2012).
Transcriptomic and proteomic analyses of Desulfovibrio vulgaris biofilms: Carbon and
energy flow contribute to the distinct biofilm growth state. BMC Genomics 13:1-1.

Congestri R. (2008). FISH methods in phycology: Phototrophic biofilm and
phytoplankton applications. Plant Biosystems - An International Journal Dealing with all
Aspects of Plant Biology 142:337-342.

Costa KC, Lie TJ, Jacobs MA, Leigh JA. (2013). H2-Independent Growth of the
Hydrogenotrophic Methanogen Methanococcus maripaludis. mBio 4:e00062—13—
e00062-13.

Cussler EL. (1997). Diffusion: Mass Transfer in Fluid Systems. Cambridge University
Press.

Cvetkovic A, Menon AL, Thorgersen MP, Scott JW, Poole FL II, Jenney FE Jr, et al.
(2010). Microbial metalloproteomes are largely uncharacterized. Nature 466:779—782.

Daims H, Liicker S, Wagner M. (2006). daime, a novel image analysis program for
microbial ecology and biofilm research. Environ Microbiol 8:200-213.



137

Danov KD, Kralchevsky PA, Boneva MP. (2006). Shape of the Capillary Meniscus
around an Electrically Charged Particle at a Fluid Interface: Comparison of Theory and
Experiment. Langmuir 22:2653-2667.

Drews GG. (2005). Contributions of Theodor Wilhelm Engelmann on phototaxis,
chemotaxis, and photosynthesis.

Editorial. (2012). The cultural revolution. Nat Rev Micro 11:1-1.

Ellen AF, Rohulya OV, Fusetti F, Wagner M, Albers SV, Driessen AJM. (2011). The
Sulfolobicin Genes of Sulfolobus acidocaldariusEncode Novel Antimicrobial Proteins.
Journal of Bacteriology 193:4380—4387.

Ellen AF, Zolghadr B, Driessen AMJ, Albers S-V. (2010). Shaping the Archaeal Cell
Envelope. Archaea 2010:1-13.

Ettwig KF, Shima S, van de Pas-Schoonen KT, Kahnt J, Medema MH, op den Camp
HIM, et al. (2008). Denitrifying bacteria anaerobically oxidize methane in the absence of
Archaea. Environ Microbiol 10:3164-3173.

Fairbank M, St-Pierre P, Nabi IR. (2009). The complex biology of autocrine motility
factor/phosphoglucose isomerase (AMF/PGI) and its receptor, the gp78/AMFR E3
ubiquitin ligase. Mol. BioSyst. 5:793-801.

Falkowski PG, Fenchel T, Delong EF. (2008). The Microbial Engines That Drive Earth's
Biogeochemical Cycles. Science 320:1034-1039.

Ferry JG. (1993). Methanogenesis : ecology, physiology, biochemistry & genetics. 1st ed.
New York : Chapman & Hall: New York.

Flemming H-C, Wingender J. (2010). The biofilm matrix. Nat Rev Micro 8:623—633.

Franklin O, Hall EK, Kaiser C, Battin TJ, Richter A. (2011). Optimization of biomass
composition explains microbial growth-stoichiometry relationships. Am. Nat. 177:E29—
42,

Fu HC, Powers TR, Stocker R. (2012). Bacterial rheotaxis. Proc. Natl. Acad. Sci. U.S.A.
109:4780-4785.

Fuhrman JA. (2009). Microbial community structure and its functional implications.
Nature 459:193—-199.

Furutani M, lida T, Yoshida T, Maruyama T. (1998). Group II chaperonin in a
thermophilic methanogen, Methanococcus thermolithotrophicus - Chaperone activity and
filament-forming ability. Journal of Biological Chemistry 273:28399-28407.



138

Gadd GM. (2010). Metals, minerals and microbes: geomicrobiology and bioremediation.
Microbiology 156:609—643.

Gadd GM. (2001). Microbial metal transformations. Journal Of Microbiology-Seoul-
39:83-88.

Gibbons IR. (1981). Cilia and flagella of eukaryotes. J Cell Biol 91:107s—124s.

Gluch MF, Typke D, Baumeister W. (1995). Motility and thermotactic responses of
Thermotoga maritima. Journal of Bacteriology 177:5473-5479.

Gokhale CS, Traulsen A. (2012). Mutualism and evolutionary multiplayer games:
revisiting the Red King. Proceedings of the Royal Society B: Biological Sciences
279:4611-4616.

Goo E, Majerczyk CD, An JH, Chandler JR, Seo Y-S, Ham H, et al. (2012). Bacterial
quorum sensing, cooperativity, and anticipation of stationary-phase stress. Proceedings of
the National Academy of Sciences 109:19775-19780.

Gorby Y, Mclean J, Korenevsky A, Rosso K, El-Naggar MY, Beveridge TJ. (2008).
Redox-reactive membrane vesicles produced by Shewanella. Geobiology 6:232-241.

Gross R, Hauer B, Otto K, Schmid A. (2007). Microbial biofilms: New catalysts for
maximizing productivity of long-term biotransformations. Biotechnol. Bioeng. 98:1123—
1134.

Gruden C, Fevig S, Abu-Dalo M. (2003). ... -Cyano-2, 3-ditolyl tetrazolium chloride
(CTC) reduction in a mesophilic anaerobic digester: Measuring redox behavior,
differentiating abiotic reduction, and comparing .... Journal of microbiological ....

Guggenheim M, Shapiro S, Gmiir R, Guggenheim B. (2001). Spatial arrangements and
associative behavior of species in an in vitro oral biofilm model. Applied and
Environmental Microbiology 67:1343—1350.

Haider S, Wagner M, Schmid MC, Sixt BS, Christian JG, Hiacker G, et al. (2010). Raman
microspectroscopy reveals long-term extracellular activity of chlamydiae. Molecular
Microbiology 77:687-700.

Halan B, Buehler K, Schmid A. (2012). Biofilms as living catalysts in continuous
chemical syntheses. Trends in Biotechnology 30:453—465.

Hall-Stoodley L, Costerton J, Stoodley P. (2004). Bacterial biofilms: From the natural
environment to infectious diseases. Nat Rev Micro 2:95-108.

Hall-Stoodley L, Hu FZ, Gieseke A, Nistico L, Nguyen D, Hayes J, et al. (2006). Direct
detection of bacterial biofilms on the middle-ear mucosa of children with chronic otitis



139

media. JAMA 296:202-211.

Hamamura N, Meneghin J, Reysenbach A-L. (2013). Comparative community gene
expression analysis of Aquificales-dominated geothermal springs. Environ Microbiol
n/a-n/a.

Harris HW, El-Naggar MY, Nealson KH. (2012). Shewanella oneidensis MR-1
chemotaxis proteins and electron-transport chain components essential for congregation
near insoluble electron acceptors. Biochem. Soc. Trans. 40:1167-77.

Hatzenpichler R, Lebedeva EV, Spieck E, Stoecker K, Richter A, Daims H, et al. (2008).
A moderately thermophilic ammonia-oxidizing crenarchaeote from a hot spring.
Proceedings of the National Academy of Sciences 105:2134-2139.

Heidelberg JF, Seshadri R, Haveman SA, Hemme CL, Paulsen IT, Kolonay JF, et al.
(2004). The genome sequence of the anaerobic, sulfate-reducing bacterium Desulfovibrio
vulgaris Hildenborough. Nat. Biotechnol. 22:554-559.

Hendrickson EL, Kaul R, Zhou Y, Bovee D, Chapman P, Chung J, et al. (2004).
Complete genome sequence of the genetically tractable hydrogenotrophic methanogen
Methanococcus maripaludis. Journal of Bacteriology 186:6956—6969.

Herzog B, Wirth R. (2012). Swimming Behavior of Selected Species of Archaea. Applied
and Environmental Microbiology 78:1670-1674.

Hillesland KL, Stahl DA. (2010). Rapid evolution of stability and productivity at the
origin of a microbial mutualism. Proceedings of the National Academy of Sciences
107:2124-2129.

Inadome H, Noda Y, Kamimura Y, Adachi H, Yoda K. (2007). Tvp38, Tvp23, Tvpl8
and Tvpl5: Novel membrane proteins in the Tlg2-containing Golgi/endosome
compartments of Saccharomyces cerevisiae. Experimental Cell Research 313:688—697.

Irie Y. (2008). Quorum sensing and microbial biofilms. Bacterial Biofilms.

Jakubovics NS. (2010). Talk of the town: interspecies communication in oral biofilms.
Molecular Oral Microbiology 25:4—-14.

Jarrell KF, Albers S-V. (2012). The archaellum: an old motility structure with a new
name. Trends in Microbiology 20:307-312.

Jarrell KF, Stark M, Nair DB, Chong JPJ. (2011). Flagella and pili are both necessary for
efficient attachment of Methanococcus maripaludis to surfaces. FEMS Microbiology
Letters 319:44-50.

Jessup CM, Kassen R, Forde SE, Kerr B, Buckling A, Rainey PB, et al. (2004). Big



140

questions, small worlds: microbial model systems in ecology. Trends in Ecology &
Evolution 19:189-197.

Jorgensen BB. (1982). Mineralization of Organic-Matter in the Sea Bed - the Role of
Sulfate Reduction. Nature 296:643—-645.

Josenhans C. (2010). Bacterial Energy Taxis: A Global Strategy? Archives of
Microbiology.

Juretschko S, Timmermann G, Schmid M, Schleifer KH, Pommerening-Roser A, Koops
HP, et al. (1998). Combined molecular and conventional analyses of nitrifying bacterium
diversity in activated sludge: Nitrosococcus mobilis and Nitrospira-like bacteria as
dominant populations. Applied and Environmental Microbiology 64:3042—-3051.

Kato S, Watanabe K. (2010). Ecological and evolutionary interactions in syntrophic
methanogenic consortia. Microbes and environments 25:145-151.

Keller EF, Segel LA. (1971). Model for chemotaxis. Journal of Theoretical Biology
30:225-234.

Kim M, Kim T. (2010). Diffusion-Based and Long-Range Concentration Gradients of
Multiple Chemicals for Bacterial Chemotaxis Assays. Anal. Chem. 82:9401-94009.

Kokoeva MVM, Storch K-FK, Klein CC, Oesterhelt DD. (2002). A novel mode of
sensory transduction in archaea: binding protein-mediated chemotaxis towards
osmoprotectants and amino acids. EMBO J 21:2312-2322.

Konhauser KO. (2009). Introduction to Geomicrobiology. Wiley-Blackwell.

Kulp TR, Hoeft SE, Miller LG, Saltikov C, Murphy JN, Han S, et al. (2006).
Dissimilatory Arsenate and Sulfate Reduction in Sediments of Two Hypersaline,
Arsenic-Rich Soda Lakes: Mono and Searles Lakes, California. Applied and
Environmental Microbiology 72:6514—6526.

Lacal J, Garcia-Fontana C, Mufioz-Martinez F, Ramos J-L, Krell T. (2010). Sensing of
environmental signals: classification of chemoreceptors according to the size of their
ligand binding regions. Environ Microbiol 12:2873-2884.

Lapidus IR, Schiller R. (1976). Model for the chemotactic response of a bacterial
population. Biophysj 16:779—7809.

Lawrence D, Fiegna F, Behrends V, Bundy JG, Phillimore AB, Bell T, et al. (2012).
Species Interactions Alter Evolutionary Responses to a Novel Environment Ellner, SP,
ed. PLoS Biol 10:¢1001330.

Lee N, Nielsen P, Andreasen K, Juretschko S, Nielsen J, Schleifer K, et al. (1999).



141

Combination of fluorescent in situ hybridization and microautoradiography - a new tool
for structure-function analyses in microbial ecology. Applied and Environmental
Microbiology 65:1289-1297.

Leloup J, Fossing H, Kohls K, Holmkvist L, Borowski C, Jergensen BB. (2009). Sulfate-
reducing bacteria in marine sediment (Aarhus Bay, Denmark): abundance and diversity
related to geochemical zonation. Environ Microbiol 11:1278-1291.

Lewus P, Ford RM. (2001). Quantification of random motility and chemotaxis bacterial
transport coefficients using individual-cell and population-scale assays. Biotechnol.
Bioeng. 75:292-304.

Lewus P, Ford RM. (1999). Temperature-sensitive motility of Sulfolobus acidocaldarius
influences population distribution in extreme environments. Journal of Bacteriology
181:4020-4025.

Lie TJ. (2004). Regulation of nif Expression in Methanococcus maripaludis: Roles Of
The Euryarchaeal Repressor Nrpr, 2-Oxoglutarate, And Two Operators. Journal of
Biological Chemistry 280:5236-5241.

Lie TJ, Costa KC, Lupa B, Korpole S, Whitman WB, Leigh JA. (2012). Essential
anaplerotic role for the energy-converting hydrogenase Eha in hydrogenotrophic
methanogenesis. Proc. Natl. Acad. Sci. U.S.A. —.

Lloyd JR, Nolting HF, Solé¢ VA, Bosecker K, Macaskie LE. (1998). Technetium
reduction and precipitation by sulfate! Ireducing bacteria. Geomicrobiology Journal
15:45-58.

Lovley DR, Phillips EJ. (1994). Reduction of chromate by Desulfovibrio vulgaris and its
c3 cytochrome. Applied and Environmental Microbiology 60:726—728.

Lovley DR, Widman PK, Woodward JC, Phillips EJ. (1993). Reduction of uranium by
cytochrome c3 of Desulfovibrio vulgaris. Applied and Environmental Microbiology
59:3572-3576.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. (1951). Protein measurement with the
Folin phenol reagent. J biol chem 193:265-275.

Malic S, Hill KE, Hayes A, Percival SL, Thomas DW, Williams DW. (2009). Detection
and identification of specific bacteria in wound biofilms using peptide nucleic acid
fluorescent in situ hybridization (PNA FISH). Microbiology 155:2603-2611.

Marx CJ. (2009). Microbiology. Getting in touch with your friends. Science 324:1150—
1151.

Marx RBR, Aitken MDM. (1999). Quantification of chemotaxis to naphthalene by



142

Pseudomonas putida G7. Applied and Environmental Microbiology 65:2847-2852.

Mashburn-Warren L, Mclean RJC, Whiteley M. (2008). Gram-negative outer membrane
vesicles: beyond the cell surface. Geobiology 6:214-219.

Masson J-B, Voisinne G, Wong-Ng J, Celani A, Vergassola M. (2012). Noninvasive
inference of the molecular chemotactic response using bacterial trajectories. Proc. Natl.
Acad. Sci. U.S.A. 109:1802-1807.

Matzke MM, Brown JN, Gritsenko MA, Metz TO, Pounds JG, Rodland KD, et al.
(2012). A comparative analysis of computational approaches to relative protein
quantification using peptide peak intensities in label-free LC-MS proteomics experiments
Dunn, MJ, ed. Proteomics 13:493-503.

Mclnerney MJ, Sieber JR, Gunsalus RP. (2009). Syntrophy in anaerobic global carbon
cycles. Current Opinion in Biotechnology 20:623-632.

Menon AL, Poole FL, Cvetkovic A, Trauger SA, Kalisiak E, Scott JW, et al. (2009).
Novel Multiprotein Complexes Identified in the Hyperthermophilic Archaeon Pyrococcus

furiosus by Non-denaturing Fractionation of the Native Proteome. Molecular & Cellular
Proteomics 8:735-751.

Migas J, Anderson KL, Cruden DL, Markovetz AJ. (1989). Chemotaxis in
Methanospirillum hungatei. Applied and Environmental Microbiology 55:264-265.

Miller TL, Wolin MJ. (1974). A serum bottle modification of the Hungate technique for
cultivating obligate anaerobes. Appl Microbiol 27:985-987.

Milucka J, Ferdelman TG, Polerecky L, Franzke D, Wegener G, Schmid M, et al. (2013).
Zero-valent sulphur is a key intermediate in marine methane oxidation. Nature 491:541—
546.

Moissl-Eichinger CC, Huber HH. (2011). Archaeal symbionts and parasites. Current
Opinion in Microbiology 14:7-7.

Molin S, Tolker-Nielsen T. (2003). Gene transfer occurs with enhanced efficiency in
biofilms and induces enhanced stabilisation of the biofilm structure. Current Opinion in
Biotechnology 14:255-261.

Momeni B, Brileya KA, Fields MW, Shou W. (2013). Strong inter-population
cooperation leads to partner intermixing in microbial communities. eLife 2:¢00230—
€00230.

Moore BC, Leigh JA. (2005). Markerless mutagenesis in Methanococcus maripaludis
demonstrates roles for alanine dehydrogenase, alanine racemase, and alanine permease.
Journal of Bacteriology 187:972-979.



143

Moreau JW, Zierenberg RA, Banfield JF. (2010). Diversity of Dissimilatory Sulfite
Reductase Genes (dsrAB) in a Salt Marsh Impacted by Long-Term Acid Mine Drainage.
Applied and Environmental Microbiology 76:4819-4828.

Moiller S, Sternberg C, Andersen JB, Christensen BB, Ramos JL, Givskov M, et al.
(1998). In situ gene expression in mixed-culture biofilms: evidence of metabolic
interactions between community members. Applied and Environmental Microbiology
64:721-732.

Neal AL, Amonette JE, Peyton BM, Geesey GG. (2004). Uranium complexes formed at
hematite surfaces colonized by sulfate-reducing bacteria. Environ. Sci. Technol.
38:3019-3027.

Neef L, van Weele M, van Velthoven P. (2010). Optimal estimation of the present-day
global methane budget. Global Biogeochem. Cycles 24:n/a—n/a.

Newman DK, Kennedy EK, Coates JD, Ahmann D, Ellis DJ, Lovley DR, et al. (1997).
Dissimilatory arsenate and sulfate reduction in Desulfotomaculum auripigmentum sp.
nov. Archives of Microbiology 168:380-388.

Ng SYM, Chaban B, Jarrell KF. (2006). Archaeal flagella, bacterial flagella and type IV
pili: a comparison of genes and posttranslational modifications. J. Mol. Microbiol.
Biotechnol. 11:167-191.

Nielsen AT, Tolker-Nielsen T, Barken KB, Molin S. (2000). Role of commensal
relationships on the spatial structure of a surface-attached microbial consortium. Environ
Microbiol 2:59-68.

Oprian DD. (2003). Phototaxis, chemotaxis and the missing link. Trends Biochem. Sci.
28:167-169.

Orphan VJ. (2009). Methods for unveiling cryptic microbial partnerships in nature.
Current Opinion in Microbiology 12:231-237.

Overmann J, Gemerden H. (2006). Microbial interactions involving sulfur bacteria:
implications for the ecology and evolution of bacterial communities. FEMS Microbiol.
Rev. 24:591-599.

Pal A, Paul AK. (2008). Microbial extracellular polymeric substances: central elements in
heavy metal bioremediation. Indian J. Microbiol. 48:49-64.

Perez-Osorio AC, Williamson KS, Franklin MJ. (2010). Heterogeneous rpoS and rhIR
mRNA Levels and 16S rRNA/rDNA (rRNA Gene) Ratios within Pseudomonas

aeruginosa Biofilms, Sampled by Laser Capture Microdissection. Journal of Bacteriology
192:2991-3000.



144

Pester MM, Knorr K-HK, Friedrich MWM, Wagner MM, Loy AA. (2012). Sulfate-
reducing microorganisms in wetlands - fameless actors in carbon cycling and climate
change. Front. Microbio. 3:72-72.

Plugge CM, Zhang W, Scholten JCM, Stams AJM. (2011). Metabolic Flexibility of
Sulfate-Reducing Bacteria. Front. Microbio. 2.

Poli A, Anzelmo G, Nicolaus B. (2010). Bacterial exopolysaccharides from extreme
marine habitats: production, characterization and biological activities. Mar Drugs
8:1779-1802.

Porter SL, Wadhams GH, Armitage JP. (2011). Signal processing in complex chemotaxis
pathways. Nat Rev Micro 9:153-165.

Prosser JI, Bohannan BJM, Curtis TP, Ellis RJ, Firestone MK, Freckleton RP, et al.
(2007). The role of ecological theory in microbial ecology. Nat Rev Micro 5:384-392.

Purdy KJ, Embley TM, Nedwell DB. (2002). The distribution and activity of sulphate
reducing bacteria in estuarine and coastal marine sediments. Antonie van Leeuwenhoek
81:181-187.

Ramsing N, Gundersen J. (1994). Seawater and gases—Tabulated physical parameters of
interest to people working with microsensors in marine systems.

Rittle KA, Drever JI, Colberg PJS. (1995). Precipitation of arsenic during bacterial
sulfate reduction. Geomicrobiology Journal 13:1-11.

Robinson JA, Tiedje JM. (1984). Competition between sulfate-reducing and
methanogenic bacteria for H2 under resting and growing conditions. Archives of
Microbiology 137:26-32.

Sarmiento F, Mrazek J. (2013). Genome-scale analysis of gene function in the
hydrogenotrophic methanogenic archaecon Methanococcus maripaludis.

Scharf B, Wolff EK. (1994). Phototactic behaviour of the archaebacterial
Natronobacterium pharaonis. FEBS Lett. 340:114-116.

Schaudinn C, Carr G, Gorur A, Jaramillo D, Costerton JW, Webster P. (2009). Imaging
of endodontic biofilms by combined microscopy (FISH/cLSM - SEM). J Microsc
235:124-127.

Schenk, Gartner. (2004). Solving unsymmetric sparse systems of linear equations with
PARDISO. Future Gener Comput Syst 20:13-13.

Schlesinger WH, Bernhardt ES. (2013). Biogeochemistry: An Analysis of Global
Change. 3rd ed. Academic Press: Waltham.



145

Schlesner M, Miller A, Streif S, Staudinger WF, Miiller J, Scheffer B, et al. (2009).
Identification of Archaea-specific chemotaxis proteins which interact with the flagellar
apparatus. BMC Microbiol 9:56-56.

Schlosser A, Hamann A, Bossemeyer D, Schneider E, Bakker EP. (1993). NAD+ binding
to the Escherichia coli K(+)-uptake protein TrkA and sequence similarity between TrkA
and domains of a family of dehydrogenases suggest a role for NAD+ in bacterial
transport. Molecular Microbiology 9:533-543.

Shapiro OH, Hatzenpichler R, Buckley DH, Zinder SH, Orphan VJ. (2010). Multicellular
photo-magnetotactic bacteria. Environmental Microbiology Reports 3:233-238.

Shen Y, Buick R. (2004). The antiquity of microbial sulfate reduction. Earth-Science
Reviews 64:243-272.

Shimoyama T, Kato S, Ishii S, Watanabe K. (2009). Flagellum Mediates Symbiosis.
Science 323:1574-1574.

Shindell DT, Faluvegi G, Koch DM, Schmidt GA, Unger N, Bauer SE. (2009). Improved
Attribution of Climate Forcing to Emissions. Science 326:716-718.

Sieber JR, Mclnerney MJ, Gunsalus RP. (2012). Genomic Insights into Syntrophy: The
Paradigm for Anaerobic Metabolic Cooperation. Annu. Rev. Microbiol. 66:429-452.

Silva A, Hirasawa J, Varesche M, Foresti E, Zaiat M. (2006). Evaluation of support
materials for the immobilization of sulfate-reducing bacteria and methanogenic archaea.
Anaerobe 12:93-98.

Sment KAK, Konisky JJ. (1989). Chemotaxis in the archaebacterium Methanococcus
voltae. Journal of Bacteriology 171:2870-2872.

Soyer OS, Goldstein RA. (2011). Evolution of response dynamics underlying bacterial
chemotaxis. BMC Evolutionary Biology 11:240.

Stams AJM, Plugge CM. (2009). Electron transfer in syntrophic communities of
anaerobic bacteria and archaea. 1-10.

Stathopoulos C, Kim W, Li T, Anderson I, Deutsch B, Palioura S, et al. (2001).
Cysteinyl-tRNA synthetase is not essential for viability of the archacon Methanococcus
maripaludis. In:Vol. 98, pp. 14292-14297.

Stewart PS. (2003). Diffusion in biofilms. Journal of Bacteriology 185:1485-1491.

Stewart PS, Franklin MJ. (2008). Physiological heterogeneity in biofilms. Nat Rev Micro
6:199-210.



146

Stewart PS, Griebe T, Srinivasan R, Chen CI, Yu FP, deBeer D, et al. (1994).
Comparison of respiratory activity and culturability during monochloramine disinfection
of binary population biofilms. Applied and Environmental Microbiology 60:1690—-1692.

Stilling PD. (2003). Ecology. 4(null) ed. Prentice Hall Inc.: Upper Saddle River.

Stoecker K, Dorninger C, Daims H, Wagner M. (2010). Double Labeling of
Oligonucleotide Probes for Fluorescence In Situ Hybridization (DOPE-FISH) Improves

Signal Intensity and Increases rRNA Accessibility. Applied and Environmental
Microbiology 76:922-926.

Stolyar S, Van Dien S, Hillesland KL, Pinel N, Lie TJ, Leigh JA, et al. (2007). Metabolic
modeling of a mutualistic microbial community. Mol Syst Biol 3.

Streif S, Staudinger WF, Marwan W, Oesterhelt D. (2008). Flagellar rotation in the
archaeon Halobacterium salinarum depends on ATP. Journal of Molecular Biology
384:1-8.

Sustar V, Zelko J, Lopalco P, Lobasso S, Ota A, Ulrih NP, et al. (2012). Morphology,
Biophysical Properties and Protein-Mediated Fusion of Archaeosomes Fatouros, D, ed.
PLoS ONE 7:¢39401.

Taffs R, Aston JE, Brileya KA, Jay Z, Klatt CG, McGlynn S, et al. (2009). In silico
approaches to study mass and energy flows in microbial consortia: a syntrophic case
study. BMC Syst Biol 3:114.

Tappe W, Laverman A, Bohland M, Braster M, Rittershaus S, Groeneweg J, et al. (1999).
Maintenance energy demand and starvation recovery dynamics of Nitrosomonas
europaea and Nitrobacter winogradskyi cultivated in a retentostat with complete biomass
retention. Applied and Environmental Microbiology 65:2471-2477.

Taylor B, Zhulin I, Johnson M. (1999). Aerotaxis and other energy-sensing behavior in
bacteria. Annu. Rev. Microbiol. 53:103—128.

Terasawa SS, Fukuoka HH, Inoue YY, Sagawa TT, Takahashi HH, Ishijima AA. (2011).
Coordinated Reversal of Flagellar Motors on a Single Escherichia coli Cell. Biophys;j
100:8-8.

Thauer RK. (2012). The Wolfe cycle comes full circle. Proc. Natl. Acad. Sci. U.S.A.

Thauer RK, Kaster A-K, Seedorf H, Buckel W, Hedderich R. (2008). Methanogenic
archaea: ecologically relevant differences in energy conservation. Nat Rev Micro 6:579—
591.

Thiele JH, Chartrain M, Zeikus JG. (1988). Control of Interspecies Electron Flow during
Anaerobic Digestion: Role of Floc Formation in Syntrophic Methanogenesis. Applied



147

and Environmental Microbiology 54:10-19.

Thomas NA, Bardy SL, Jarrell KF. (2001). The archaeal flagellum: a different kind of
prokaryotic motility structure. FEMS Microbiol. Rev. 25:147-174.

Thomas NA, Jarrell KF. (2001). Characterization of flagellum gene families of
methanogenic archaea and localization of novel flagellum accessory proteins. Journal of
Bacteriology 183:7154.

Thurnheer T, Gmiir R, Guggenheim B. (2004). Multiplex FISH analysis of a six-species
bacterial biofilm. Journal of Microbiological Methods 56:37—47.

Tindall MJ, Maini PK, Porter SL, Armitage JP. (2008). Overview of Mathematical
Approaches Used to Model Bacterial Chemotaxis I1: Bacterial Populations. Bull. Math.
Biol. 70:1570-1607.

Ueno Y, Yamada K, Yoshida N, Maruyama S, Isozaki Y. (2006). Evidence from fluid
inclusions for microbial methanogenesis in the early Archaean era. Nature 440:516-519.

Ullrich S, Karrasch B. (1999). Is the CTC dye technique an adequate approach for
estimating active bacterial cells? Aquatic microbial ecology.

van Groenigen KJ, Osenberg CW, Hungate BA. (2012). Increased soil emissions of
potent greenhouse gases under increased atmospheric CO2. Nature 475:214-216.

Vuppula RR, Tirumkudulu MS, Venkatesh KV. (2010). Mathematical modeling and
experimental validation of chemotaxis under controlled gradients of methyl-aspartate in
Escherichia coli. Mol. BioSyst. 6:1082.

Wagner M, Ivleva NP, Haisch C, Niessner R, Horn H. (2009). Combined use of confocal
laser scanning microscopy (CLSM) and Raman microscopy (RM): Investigations on EPS
- Matrix. Water Research 43:63-76.

Walker CB, He Z, Yang ZK, Ringbauer JA, He Q, Zhou J, et al. (2009). The Electron
Transfer System of Syntrophically Grown Desulfovibrio vulgaris. Journal of
Bacteriology 191:5793-5801.

Walker CB, Redding-Johanson AM, Baidoo EE, Rajeev L, He Z, Hendrickson EL, et al.
(2012). Functional responses of methanogenic archaea to syntrophic growth. 6:2045—
2055.

Wanner O, Gujer W. (1986). A multispecies biofilm model. Biotechnol. Bioeng. 28:314—
328.

Wende A, Furtwangler K, Oesterhelt D. (2009). Phosphate-Dependent Behavior of the
Archaeon Halobacterium salinarum Strain R1. Journal of Bacteriology 191:3852-3860.



148

Wilke CR, Chang P. (1955). Correlation of diffusion coefficients in dilute solutions.
AIChE Journal 1:264-270.

Wirth R. (2012). Response to Jarrell and Albers: seven letters less does not say more.
Trends in Microbiology 1-2.

Xia Q, Hendrickson EL, Zhang Y, Wang T, Taub F, Moore BC, et al. (2006).
Quantitative proteomics of the archaeon Methanococcus maripaludis validated by
microarray analysis and real time PCR. Mol. Cell Proteomics 5:868—881.

Xie X, Johnson TM, Wang Y, Lundstrom CC, Ellis A, Wang X, et al. (2013).
Mobilization of arsenic in aquifers from the Datong Basin, China: Evidence from
geochemical and iron isotopic data. Chemosphere 90:1878—1884.

Xu KD, McFeters GA, Stewart PS. (2000). Biofilm Resistance to antimicrobial agents.
Microbiology 146:547-549.

Yates JR, Ruse CI, Nakorchevsky A. (2009). Proteomics by Mass Spectrometry:
Approaches, Advances, and Applications. Annu. Rev. Biomed. Eng. 11:49-79.

Yaws C. (1998). Chemical Properties Handbook. McGraw-Hill Professional.

Zehr JP, Oremland RS. (1987). Reduction of selenate to selenide by sulfate-respiring
bacteria: experiments with cell suspensions and estuarine sediments. Applied and
Environmental Microbiology 53:1365-1369.

Zhang G, Zhang F, Ding G, LiJ, Guo X, Zhu J, et al. (2012). Acyl homoserine lactone-
based quorum sensing in a methanogenic archaeon. 1-9.

Zhang W, Olson JS, Phillips GN Jr. (2005). Biophysical and Kinetic Characterization of
HemAT, an Aerotaxis Receptor from Bacillus subtilis. Biophysj 88:2801-2814.

Zijnge V, van Leeuwen MBM, Degener JE, Abbas F, Thurnheer T, Gmiir R, et al.
(2010). Oral Biofilm Architecture on Natural Teeth Bereswill, S, ed. PLoS ONE 5:€9321.



149

APPENDICES



150

APPENDIX A

IN SILICO APPROACHES TO STUDY MASS AND ENERGY FLOWS IN

MICROBIAL CONSORTIA: A SYNTROPHIC CASE STUDY



151

APPENDIX A

IN SILICO APPROACHES TO STUDY MASS AND ENERGY FLOWS IN

MICROBIAL CONSORTIA: A SYNTROPHIC CASE STUDY

Contribution of Authors and Co-Authors

Manuscript in Appendix A
Author: Reed Taffs

Contributions: Data analysis, acquisition, and interpretation, drafted manuscript, read and
approved the final manuscript.

Co-Author: John E. Aston

Contributions: Data analysis, acquisition, and interpretation, drafted manuscript, read and
approved the final manuscript.

Co-Author: Kristen A. Brileya

Contributions: Data analysis, acquisition, and interpretation, drafted manuscript, read and
approved the final manuscript.

Co-Author: Zackary Jay

Contributions: Data analysis, acquisition, and interpretation, drafted manuscript, read and
approved the final manuscript.

Co-Author; Christian G. Klatt

Contributions: Data analysis, acquisition, and interpretation, drafted manuscript, read and
approved the final manuscript.

Co-Author: Shawn McGlynn

Contributions: Data analysis, acquisition, and interpretation, drafted manuscript, read and
approved the final manuscript.

Co-Author: Natasha Mallette



152

Contributions: Data analysis, acquisition, and interpretation, drafted manuscript, read and
approved the final manuscript.

Co-Author: Scott Montross

Contributions: Data analysis, acquisition, and interpretation, drafted manuscript, read and
approved the final manuscript.

Co-Author: Robin Gerlach

Contributions: Conception and design of experiment, revised the manuscript critically for
intellectual content, read and approved the final manuscript.

Co-Author: William P. Inskeep

Contributions: Conception and design of experiment, revised the manuscript critically for
intellectual content, read and approved the final manuscript.

Co-Author: David M. Ward

Contributions: Conception and design of experiment, revised the manuscript critically for
intellectual content, read and approved the final manuscript.

Co-Author: Ross P. Carlson
Contributions: Conception and design of experiment, data analysis, acquisition, and

interpretation, drafted manuscript, revised the manuscript critically for intellectual
content, read and approved the final manuscript.



153

Manuscript Information Page

Reed Taffs, John E. Aston, Kristen Brileya, Zackary Jay, Christian G. Klatt, Shawn
McGlynn, Natasha Mallette, Scott Montross, Robin Gerlach, William P. Inskeep, David
M. Ward, Ross P. Carlson

BMC Systems Biology

Status of Manuscript:

Prepared for submission to a peer-reviewed journal

Officially submitted to a peer-review journal

____Accepted by a peer-reviewed journal

__X_Published in a peer-reviewed journal

BioMed Central, Ltd.
Published December 10, 2009
Issue



154

© 2009 Taffs et al; licensee BioMed Central Ltd.

This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.




155

BMC Systems Biology Bloted Corw

Research article Open Access
In silico approaches to study mass and energy flows in

microbial consortia: a syntrophic case study

Reed Taffs'?, John E Aston'?, Kristen Brileya™?, Zackary Jay’,

Christian G Klatt’, Shawn McGlynn', Natasha Mallette'-?,

Scott Montross’, Robin Gerlach’?, William P Inskeep’,

David M Ward' and Ross P Carlson**?

Addmsses 'Thermal Biology Institute, Montana Sute University, Boaeman, MT 59717, USA and “Cemer for Biofilm Engineering, Mormana Suse
Univesdty, Baseman, MT 59717, LSA

E-mal Read TS - i@ ec montna.ada, kohn E Aston - johnassongooe mo mana eda Krsen Baleya - krsten bed eyad e montana ada,
Za kary y - ;adg@momanaeds Cwstian G Khas - Kan dwistian @gmallcom, Shawn MoClynn - simpl swhawn@gmall com,

Nausha Malleme - neaha mallene @erc momanaedy 500t MONToss - 50RO N oss @ gma il co m

Rabin Cedach - robin_g@ivoe montana adu Willam P lnskeep - brskeepd mamana edu, David M Wasd - umbdwid mananaeda,

Ross P Carlson * - rossoi erc monuna eda

* Corespanding author

Publahes 10 December 2009 Received & june 2009
BMC Syatans Boibgy 2009, 34 14 doi 101 186/1752.050%.3-1 14 Accsgted 10 Decenbor 2009
Tha ardde ia srainlie from hapd wew Somed entralcom IT52-050W31 14

© 2009 Tafhs et o, licensee Bioted Coneral Lt
Tha & a» Open Accas arsde datrbuted under he mrmg of B Crestive Commons Asribution Ucense

which pormia wr as & and repe iy medium, provided fe original work & properly deed
Abstract
Background: Three methods were developed for the applicmion of soichiometry-based
network analys's approaches incuding o y mode amlysis to the study of mass and energy

fows in microbial communities Each has distinct advantages and dsadvantages sutable for
amlyzing systems with dfferent degrees of complexity and a priori inowledge. These approaches

were tested and comgared wing daa from the thermophil ic. ph: ophic ma ities from
Octopus and Mushroom Springs in Yclmm Natiomml Park (USA). The mo&tswﬂba-dm
three dstinct microbal guilds: oxygenic p ophs. fila ¥E phototrophs. and

sulate-reducing bacteria. Two phases. day and night. were modeled to account for differences in
the sources of mass and energy and the routes avalable for their excange

Results: Thein siico models were used to explore fundamental questions in ecology induding the
prediction of and explanzion for d refative sbundances of primary producers in the mat.
theoretical tradeofs between overall productivity and the generation of toxic by-products. and the
relative robustness of various guid interactions.

Concusion: The three modding approaches represent a flexible toolbox for creating cellular
metabolic networks to study microbial communities on scales ranging from cdlls to ecosystems.
A comparison of the three methods highiights derations for selecting the one most appropriate
for a gwen microbial sy For i ities represented only by metagenomic data can
be mo deled using the pooled method whi ch amlyzes acommunity’s tota metabolic potental without
attempting to partition enzymes to different organisms. Sy stems with extersive npmnlatmhm
on microbal guilds can be represented wsing the compartmentalized technig wploying
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ri creates an unacceptable computational burden, the nested amlysis

memnhb&ruhcudmurnmmmrw muitiple rounds of

pathway analyss.

Background

Complex microbial communities drive the Eanls
biogeochemical cycles [1]. In spite of their impornance,
the biochemical interactions within these communities
are not yet well undenstood, nor have in siio methodol)
ogies for studying them matured. An improved under-
standing of how natural microbial com munities mediate
biogeochemical cycles will sugment predictions of how
these proesies respond to disturbances from climate
change 10 anthropogenic chemical deposition. Imp roved
understanding may also provide a rational basis for
using microbial consontia to produce biofuels and
biomaterials from renewable resources [2].

Microbial communities desaribed in terms of their
environmental chemistry, ecophysiology, and phyloge
netic diversity can be wed & a foundation © develop,
test, and compare in sifico tools for analyzing community
inkeractions. The phototrophic microbial mats of Octo-
pus and Mushroom Springs of Yellowstone National
Park (Wyoming, USA) represent an ideal test case due to
the extensive available data |eg. [3-9), and numerous
other references found throughout this stdy]. These
alkaline siliceous hot spring mats (50-74°C) are
inhabited predominanily by unicellular cyanobacteria
related to Synechocoacus spp. and filamentous anoxygenic
phototrophs (FAP) related 1o Chloroflexus and Roseiflacus
spp. The community also comtains sulfate reducing
bacteria (SRE) and other prokaryotes sustained by the
primary productivity of the photosynthetic bacteria (3]

Previous studies of the mat have revealed diel (day-night)
metabolic variation in variows community members,
driving shifis in the concentration and fate of dissolved
metabolites [5,6,10-12]. Omganic metabolites including
glycolate and other acids, along with hydrogen, form the
basis for mass and enengy exchanges between community
members (Figure 1A). For example, during the day, the
photosynthetic cyanobacteria consume CO, and produce
0, a8 a by product of photosynthesis. High levek of O,
relative to CO, promote oxygen competition at the
ribulose-1,5-bisphosphate carboxylase/oxygenase
(rubisco) active site, leading to the production of
glycolate [9,13,14]. Other community members, includ.
ing the photoheterotrophic FAP, can use glycolate as a
carbon and energy source | 15). The cyanobaderia can ako
store excess photosynthate as polyglucose [16]. This
carbon and energy storage material is fermented at night

to omganic acids (Figure 1B) [10]. FAP can incofporate
fermentation products photoheterotrophically
[12,15,17), while SRB appear 1o oxidize some of these
products under anaerobic conditions [6,15,1 8]

Moleaslar level metabolic models were constructed to
represent the central metabolsm of three functional
guikds thought to be important © material and energy
flows through this com munity [12]. A guild is 2 group of
species that exploit the same class of environmental
resources in a similar manner [19). Oxygenic photo-
autotrophs related to Synechococaus spp. were selected to
represent the mat’s primary source of fixed cubon and

mesmmmemwl

Fi I
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nitrogen. FAP from the family Chbroflexaceas, an
important structural component of the mat ommunity,
were incorporated & metabolically versatile (photo)
heterotrophs, capable of capturing light energy as
phosphodiester bonds (eyelic photophosphorvlation),
but requiring externally supplied reducing equivalents.
An SRB guild was included 2 a comsumer of the
metsbolites produced by photosynihetic guilds. Other
sub-dominamt omganisms (eg. aerobic heterotrophic
bacteria and methanogenic archaea) present in the mat
[ 3] were not included in this first in slico representation
of the system (see methods).

Metabolic netwo rks were studied using thestoichiometry-
based network analysis approach known as elementary
maoxde analysis (EMA) [20-22 ] EMA evaluates a metabolic
network by decomposing the system into a complete set
of the simplest biochemical pathways satisfying steady
state comservation constraints with enzymatic fuxes
occurring in physiologically reasonable directions (ie.
unidirectional enzyvme catalyzed reactions are not per
mitted 1 nun backwards ). These explicitly defined path-
ways are known a elementary modes and are frequently
represented as vectors containing relative rates for every
reaction inthe metabolic network. The approach permits
the description of any sustainable physiological behavior
as a linear combination of the simplest biologically
meaningful metabolic pathways [23,24]

Metabolic network modeling methodologies have been
used extemsively to amalyze single omganisms and
monoculture systems [e.g. [2526]). An allemative
stoichiometry-based technique, flux balance amalysis,
has been applied to a two.species laborstory miaobial
system [27]. That study wsed a compantmentalized
approach analogows 1o strategies for modeling metabolic
fMuxes between omganelles in eukaryotic organisms
[28,29). Topological approaches to metabolic network
analysis have also been used at tree of life scales to
analyze evolution of metabolism and the interactions of
metabolic networks among species and with the envir
onment [30-34]. However, these solely topological
studies implicitly assume all genome encoded genes
are simubaneously active with no comsideration of
critical readion quantitative aspects like cabon and
electron comservation relationships.

In the present study, novel methods for handling
multispecies EMA are developed and applied 10 a
microbial consortium representing a wellstsdied ther
mophilic community from Yellowstone National Park
(¥NP). To the best knowledge of the authors, this is the
fist time a stoichiometry-based network analysis
approach has been applied 1o 2 natural, in s microbial
community and the fist time these approaches have

Mp/www. iomedoenal camy 17520509/ 3114

been wsed 10 analyze microbial biofllms/mats Mas and
energy fluxes were investigated using three different
approaches exch representing different levels of detail
and computational complexity. The three approaches
provide a general set of tools for studying microbial
communities that can be selected based on the levels of
available knowledge and community @ mplexity. Each
approach has advantages and disadvantages which are
discussed along with examples illustrating how these
methods can be used to gain imsight into basic
community metabolic processes. In particular, our
work demonstrates a trade-off between Inowledge of
the distribution of metabolic capabilities between guilds
in a consortium and the ability 1o conservatively predict
and interpret limits for that community’s behavior.

Results

Development and implementation of three consortium
analysis ap proaches

The primary aim of this theoretical stusdy wasto develop,
amalyze, and compare different in silio approaches for
moleailar-level analyses of mass and energy flux through
a microbial community. The following section detaiks
three distinet approaches, using the Yellowstone thermo-
philic phototrophic mat system a5 3 test case. Advantages
and dissdvantages of eachtechnique are highlighted and
discussions detailing which approach s most appro-
priate for a given set of microbial data are provided. For
eachof the three methodologies discaumsed, both day and
night scenarios were considered (Figure 1). All metabolic
models, induding an explicit listing of the reactions and
metabolites, can be found in the additional file 1:
Supple ment.

Com partmentadlized consortium analysis approach

A companmentalized model was constructed in which
each of the three guilds was a disting companment and
exchangeable metabolites were tramsferred through a
founh companment representing the extracelhalar envir-
onment (Fgure 2A). This strategy has been used in the
past for spatially and demically segregated eukaryotic
and microbial systems [27.29] The approach was
implemented by msigning reactions and metsbolites 1o
a network representing each guild (suffizes on metabo-
liee identifiers prevented sharing of compounds com-
mon to the metabolism of multiple guilds) while
explicit transpont reactions accounted for the exchange
of metabolies between guild members and the exra
cellular space. A short illustration of the separation
mechanim i provided in additional file 1: Supplement.

The companmentalized modeling approach has the
advantage of conceptual tractability. Dividing the com-
munity into guild-level compantments linked by trans-
ferred metabolites (e.g. glycolate) is an intuitive way to
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Figure 2

Multi-species modeling approaches. Conceptua depiction of the (A) comparomenalized (B) pocled. and (C) nested

tum
boundaries

deing approach

Dashed red lines indicate system boundaries while thin sofid ines represent guild

represent interactions within a consortium. It & abo an
ideal method for undemstanding which guild performs a
patticular metsbolic tasbmation. For example, the
fraction of total biomass (carbon moles) or total
maintenana ATP (used 1o account for enengy-dependent
cellular processes other than growth) produced by each
guild is clear from the output.

One drawback to the comparnmentalized approach is the
sheer quantity of unique interactions possible. The size
of the resuling network can lead 10 2 ‘@mbimtorial
explosion’ of elementary modes |35 To address this
limitstion, the models for each guild member were
comstructed 1o caplure the necessary metabolic capabil
ities while maintaining comptational tractability (see
methods section). A second drawback of the compan-
mentalized method is the requirement for significam
@ priori information of ssumptions, a8 engymes must be
assigned to each separate guild. The Octops and
Mushroom Spring phototrophic mats are wellstudied,
permitting the use of compartmentalized resulls = a
benchmark for the other two methodologies.

Pooled reactions consortium analysis approach

The second approach, referred to as the pooled reactions
corsortium analysis treated the consortium a 2 single
entity (Figure 2B). All metabolic reactions and metabo.
lites from the three guilds were combined into a single
companment. Rextions catalyzed by more than one
guild were only considered once. The method captures
the metabolic comstraints of the overall mauer and
energy tramformations without the need for detailed
knowledge of every organism in the community.

The pooled reactions approach is ideally suited for
investigating the metabolic potential of a community

based solely on metagenomic data because the msign.
ment of each reaction to a constituent guild is
unnecessaty. The technique is quite flexible and can be
scaled to different levels of detwsil. An additional
advantage of the pooled reactions approach i the
reduction of computational burden. With these advan
tages, the method is uniquely suited for initial and
exploratory amalyses of diverse or poorly undemtood
communities. For scientists acastomed © welldocu.
mented hiborsory microbes, this approach may seem
coarse however, the vast majority of organisms on the
planet have not been cultured in the laboratory, much
less isolated to purity [36]. This method represents a
flexible starting point for analyzing such systems.

A weakness in the pooled reactions approach is that
model output does not spedfy which guilds employ a
particular enzyme of produce biom ss and maintenance
ATP. Instead, the results describe potential performance
of the entire consortium. The method also neglects the
logistics associated with transferring metabolites
between organisms, including convension of the given
metabolite into one for which tramsporters are available.
The approach is presented here using the well character
ized cyanobacterial mats 1o highlight strengtls and
drawbadis to the method.

Nested pathwoy consortium analysis approach

The third approach, termed the nested comsortium
analysis or EMA ‘squared, ses sumessive rounds of
EMA to anmalyze potential interactiors within a con-
sortium (Figure 2C). The first round of EMA isapplied to
each guild model inisolation. The output data are mined
for ecologically relevant elementary modes such
efficient biomass production from sunlight or efficien
ATP generation from lactate and sulfste. The selected
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elementary modes are then compiled and used as inpun
readions for a second round of EMA 10 examine the
potential for interactions between guilds. Conceptually,
the first round of EMA provides guild-level stoichiome.
tries relating substrates 1o products. These stoichiome.
tries can be further processed in the same way that
traditional EMA uses enzymatic stoichiometries 1o
comsider inter- and intraguild interactions, An exam.
ple of the process ik provided in additional file 1:
Supplement.

The first round mode] output was explored for metabaolic
strategies representing ‘selfish’ and ‘altruistic’ operation
ofeach guild. Selfish selection criteria were based on the
efficient production of biomass and mainkenance ATP.
Altruistic selection criteris were based on efliciem
production of metabolites that could be consumed by
other guilds, induding for instance H;, NH,y, acetate, and
glycolate. Efficiency was evaluated by normalizing the
amount of production by the required input (eg
amount of glycolate or sunlight). A list of the ecological
criteria considered can be found in additiona] file 1:
Supplement.

Stable pum erical implementation of the pested spproach
using CellNetAnalyzer v 90 required some heuristics,
Elementary modes from the first round of analvsis were
normalized 1o vecton of unit length prior 1o the second
round of EMA; without this step, erron occurred during
calculation of elementary modes; specifically, the
attempled invesion of matrices that are very nearly
singular. Normalized coefficients were rounded to two
decimal places 1o prevent simillar problems. When
rounding converted an otherwise nonzero coefficient
to zero, the entire elementary mode was scaled s0 the
smallest coefficient was equal to 0.01. The MATLAB
script wsed for normalizing and rounding intermediate
results s provided in additional file 1: Supplement. This
step was necessary although it introduced 2 modicum of
eror, Error amalysis is included in the following sections.
These steps are not neeessary il EMA & performed wsing
the new bit pattern tree algorithm which is mumerically
mote stable [37)

The nested pathway approach allows for the analysis of
maore complex metabolic networks and larger @mmu-
nities than the compatmentalized approsch became
each guild is initially considered separately. 1t ako has
the advantage of retaining guild specific ouput lost in
the pooled technigue. The mamul selection of specific
modes permits a guided community analysis based on
ecological strategies of interest for each guild: resulis can
then be reexamined in light of the selection criteria
used, relating community stoichiometry and guild
strategy. The ability to msemble multiple sets of fimt-
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round and con the resulis allows the
system m expand freely. The nested approach is
unrelated to the decompasition approach for the
analysis of large celhular networks with EMA [38], but
is well.suited for reconnecting the output of the resuling
subnetworks wactably.

The nested pathway analysis approach has the disadvan.
tage of requiring two rounds of processing. In addition,
manual selection of ecologically interesting modes from
individual models requires a priori knowledge and can
significantly influence the solution space. Hmally, inter-
mediste processing introduces some rounding ermor.

Comparison of consortium anolysis opprooches

Two test cases were analyzed 1o compare the three
approsches in terms of their ability to describe and
explain the flows of cabon nitrogen and enemgy
through the mat community. The first case study
considered daylight production of biomass fueled by
solar enengy, while the second case study comsidered the
fermentation of stored polyglucose 1o drive nitrogen
fixstion during the night. Table 1 highlights key model
outputs associsted with the differemt daytime simula
tions, including the number of modes identified as well
as imponant parameters like maximum yield of biomass
or mainterance ATP per photosynthetically-available
photon. Table 2 shows similar results for the nighttime
simulations.

Table 1: Emmentary mode analysls outpul summary for
comparison of daylight modeling spproache

et pooied nested
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Table 1 Elementary mode amlysis output summary for
conmgir ison of nighttim e nvodeling ap pro aches

compartment pooled nested
o of moda 1 4004 36213 4£018
Yoo 0063 0103 0.063
P 0259 0288 0203
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Cae one: Consortium photo-efficiency

The relationship between solar energy input and com-
munity productivity is a fundamental subject of ecologi
calinguiry, asis the relative abundance ofvarious species.
The model community is an example of how metabolic
knowledge eds into these questions, providinga matural
point for compatison of the three methods. Oxygenic
photosynthesis drives primary productivity in the com.
munity by spliting water into reducing equivalens and
O, The reducing equivalents can be wsed to fix CO, via
the Calvin-Benson-Basham cycle. The Oy, however, an
compete with CO, for the nibisco active site, resulting in
the production of glyolite instead of an additional
Cmole of reduced carbon (equations 1 and 2). ACmole is
a molke of arbon stoms; one mole of gliscose (CsH;,04)
is equivalent to six Cmoles of ghicose.

CO, + ribulose - § = P+ ATP = 2 wicse phophate + ADP
()
0, + ribulose =5~ P + ATP = glyclate + trose phophate + ADP
2)

Experimental characterization of these fuxes from the
Octopus and Mushroom Spring microbial mats has been
reported. The 03)/00; flux ratio at the rubisco active site
is estimated 10 be approximately 0.03.0.07 when
dissolved gas concentrations represent mid-afiemoon
conditions 2t the springs [9). The derivation of these
estimates from the reported data is demomstrated in
additional file 1: Supplement.

M/ wvww. iomedoant al com/1752-0509/3 114

The outpust from the three in slice community amalysis
approaches was plotted wsing two physiological vari-
ables thought to be important 1o comimunity imerac
tions: 1) O, competition at the rubise enzyme (O,/
C0,) and 2) the quantity of biomass (Cmole) synthe.
sized per mole of absorbed photons (Figure 3). Relation-
ships between these properties are examined below
as a vehicle for mmparison of the three modeling
approaches.

Biomass yisids (CMoKs BIoMass produced Do PHoIon CoNSumsd)

[ [T o1 0 s as
Flus o at rubiecs (0/C05)

Oiarwrton scepgera hkorophs (TAP)
o o

LT =y
@ twsrurnog tacers S

Figure 3
Ihy‘imc case mldy output. Daylight biomass-producing
tary modes. p d for (A) comgartmentalized,
(B) pooled and (C) nested simulations in terms of total
consortium biomass yield on photons (Cmole/mole) and
exygen competition at the rubisco erzyme (Oz fux relative
to CO, Sux). Each pomtrq:wumu a single mode Solid ine
segments in (A) bined to represent
ecologcd scenarios, while dashed lines represent the
experimentaliy.derived limits for oxygen competition at
the r\bumm:yﬂunﬂumdﬂtﬂoﬂ\ Asrows denote
cranclacterial bi {see text for
more deﬂds} Potu are color-coded by biomass-producing
guild (A &C) or SRB-assocated reductive acetyl-CoA
activity (B).
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Comp lized rtium analysis
The com pantmentalized approach, wherein guilds inter-
act through a mass-balinced extemal compartment (see
section la, Fgure 2A, and additional file 1: Supple
ment), served x a basis for comparison of the @mmu-
nity modeling techniques. This method led only
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identical ratios. That relstionship is demonstrated in
additional file 1: Supplement. For each considered case,
a combined metabolism was identified using the ratio
of fluxes through mbisco (0,/C0O,) derved from
experimental data [9]. The derived values were wsed to
bound the solution space (i.e set of aceptable flux

two elementary modes (out of a total of 74,507 distinct
elementary modes) producing cyanobacterial biomass.
These modes, highlighted with amows in Figure 3A,
differ based on ATP produdion strategy. The higher
yielding elementary mode genersted ATP by oxidizing
reducing equivalents from non-cyclic photophosphory-
lation, while the lower-yielding elementary mode
produced ATP through cyclic photop hosphorlation.

All other biomass producing elementary modes gener
ated FAP, SRE, or a combinsion of FAP and SRE
biomass. At low levels of O, competition at the rubisco
erzyme, Figure 3A illustrates that optimal FAP and SRB
biomass synthesis efficiency incremes with oxygen
competition [positive trend for highest biomssyielding
elementary modes for each increment of oxygen compe.
tition). This i due to an increase in gyobie production,
shuutling electrons either direaly or indirectly 1o the
other guilds. The trend continues until a rubisco O,/C0,
flix ratio near 0.13 is reached. At O, competition levels
greater than about 0.17, O, interferes with the efficient
photonbased production of cellular carbon (Le. the
reducing equivalents liberated with the oxygen are
insufficient to cover the costs of processing the addi
tional glycolate).

Theoretical ecological studies have suggested that organ-
isms adapted 10 a biofilm or mat lifestyle will draw on
available resources in a manner which maximizes yields
and thus favors the whole community [39,40]. Combin.
ing this theory with the experimentally determined O,/
CO; competition ot the nubisco enzyme made it possible
to predict relative viekds of the cyanobacteria and FAP.
Two different cases were considered. The first case (i)
examined the ramifications of each guild striving to
maximize its own biomass yield and the second case (if)
examined different guilds working in concent 1o max.
imize biomass for the entire consortium (see Figure 3A).

Cellular metabolism can be expressed accurately = a
linear combination of distinat elementary modes
[24,41]. 1vis hypothesized that 2 @msonium’s metsbolic
activity can also be described using linear combinations
of the elementary modes (with nonnegative coeffi-
cients). When exaclly two elementary modes are con-
sidered, the contribution of each mode to the ovenall
metabolic process (represented by a point on the
connecting line segment) & fixed by the mato of any
two fluxes for which the constituent modes have non-

distributions).

This relationship was applied 1o the highestvielding
biom ss produdng modes from the com panmentalized
maodel 1o predict the relative abundance of cyanobacteria
and FAP for a fixed photon input budget (line segments
in Figure 3A connect the elementary modes of interest).
Modes producing SRB biomass could easily be combined
in the same way, but were not among the highest-
yielding strategies. The scenario normalized biomass toa
pet photon basis. The case § scenario predids ratios of
cyanobacteria to FAP biomass production ranging from
251 to 65:1 (cyanobacteria 1o FAP) baed on the
experimentally determined oxygen @mpetition at the
rubisco enzyme. The case ii scenario predicts ratios from
8.21 to 17.7:1 on the same basis. The numerical
procedure i demonstrated in additional file 1: Supple-
ment. The analysis ¢ | volume consists of the top 1
mm of mat. The control volume growth i exactly equal
to the rate ot which biomass leaves the control volume.
Physically speaking this represents the new growth
burying the old growth

The atio of cyanobacterial 1o FAP biovolume in a
Mushroom Spring mat sample was experimentally
measured 10 be 1.6:1 [16]. It is assumed here tha
biom ass and biovolume are related in the same manner
for both spedes. The relative abundanees of metage-
nomic reads suggest biomass ratios for these guilds
between about 15:1 and 35:1 in the top | mm of
Odops and Mushroom Spring mats, assuming no bis
in the sampling and sequencing pipeline (Klan & ol in
preparation). The reported ratios are closer to the
modeled semrio where each individual guild seels to
maximize s own biomass yields rather than the
scemario optimizing biomas yield of the entire con
sotium. A potential explanation for the modest dis-
crepancy between prediction and experimental data &
the experimental underestimation of glycolate produc-
tion due to comsumption of radiolabeled photosynthate
during incubation. Increasing the flux mtio (0,/C0O;)
at rubisco (to correspond with higher glycolate produsc-
tion rates) drives the solution space for the case i
scemario into stionger agreement with experimental
values much more quickly than for the case i scenario.
It should also be noted that in sty environmental
systems vary considerably in both space and time, and
the flux ratios were derived from measurements at a
single condition.
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Pooled reactions ¢ " by si
The same varizbles were pluud for elementary modes
identified with the pooled technique, wherein all
reactions and metabolites were combined into a single
metabolic unit (Figure 3B). The predicted maximum
community biom s effidency was 9.4% higher for the
pooled approach than the compartmentalized approach.
The eyanobaderia (resporsible for the highestyielding,
st lized bi mode) do not possess a full
du‘l: acid eyde; with the pooled trestment, however, the
entire cycle becomes available, effidently atabolizing
photosynthate withowt the wsual logistical costs of
metabolite transport between guilds. The genome of
RS-1, a FAP isolated from a hot spring microbial mat,
appears to code for the enzyme mising from O5.A and
OSB', sequenced cyanobacteria from Octopus Spring.

Contrary to the compantmentalized approach, the
pooled output suggests that oxvgen competition at the
rubisa active site does not necessarily affect the biom ass
yield per photon (note the nearly flat trend of uppermost
points in Figure 3B). This represents an uncoupling of
heterotrophy and photorespiration, neglecting the role
of glycolate & a transfer metabolite. These seemingly
contradiciory elementary modes all wtilized the SRB.
amocisted reductive acetyl-CoA CO, flxstion pathway,
and are stiped gray in Fgure 3B, This pathway is
metabolically inexpensive in the pooled approach due 10
the direct availability of reducing equivalemts derived
from oxygenic photosynthesis. These enzymes are gen-
erally very sersitive to Oy [42], calling the feasibility of
these panticular elementary modes into question. SRE
activity has been repornted in the upper 0.5 cm of the mat
during day [6], but the activity may be limited 1o small
anoxic microenvironments and is unlikely to represemt a
major daytime CO; flxation strategy.

Filtering out elementary modes wsing the reductive
acetyl-CoA pathway leaves 2 trend of decreasing optimal
biomass per photon viekls with inaesing 0;/00; flux
ratics at the nubisco enzyme. The tremnd appeas very
similarto case i from the com pantmentalized analysis as
a result of the pooled approach’s of bi

A nonguild-specific biomass term means that maximiz-
ing the yield optimizes production of biomass for the
consortium as awhaole, the same criteria used to generate
the case ii scenario.

This analysis highlights potential dhallenges msociated
with the pooled community approach. First, pooled
reactions can result in higher predided yields than
compartmentalized reactions because there are no
logistical costs asmocisted with inter-guild metabolite
trarsfer. The second challenge s the combination of
enzymatic activities that are not compatible. The use of
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oxygenic photosynthesis 1o drive extremely oxygen
sensitive enzymes, for instance, seems unreasonable.
The pooled analysis generates more appropriate trends if
a priori information regarding the oxygen sensitivity of
the reductive acety)-CoA enzymes is applied s a fiker. In
addition, becase enzymatic activities are shared rather
than apportoned between individual guilds, maximiz
ing any vield does so for the entire msontium rather
than a single guild. This approach & well suited for
initial work on systems hcl:hgsuﬂidmlapdaﬂ data o

cta lized model The fact that such
data is hddng for the vast majority of all natural
ecosystems emphasizes the isefulness of this approach.

Nested consortium analysis

The nested approach produces similar results 1o the
companmentalized method While this may not be
readily apparent from a cumory @mparison of Figures
3A and 3C, mnnecting the extreme upper-lefi and upper-
right points on each subfigure shows that the limits of
the solution space (intermsoflbi vield on ph

and oxygen competition at the rubisco enzyme) are quite
comparable, although the nested approach identifies
fewer suboptimal solutions. The biomass vield on
photons decresses with increasing 0,/C0, flux ratios
at the rubisco enzyme. The initial incresing trend seen
in the comparimentalized model consisted of subopti-
mal solutions not identified = ecologically relevamt in
the fist-round processing Those metabolic behavions
are all outperformed by linear combinations denoted by
the case i line in Figure 1A, The optimal biomass vield on
photons & equivalent (within the emor introduced by
rounding) to the companmentalized predigion. Com-
bination of modes, as in the case i compantmentalized
scenario, identifies very similar ratios of biomass
productivity for cyanobacteria to FAP (from 201 to
5.9:1) at the 0,/CO, flx ratios of 0.03-0.07 suggested
by experiment [cakulitions are demorstrated on the
companmentalized output in additional file 1: Supple-
ment). The total mumber of elementary modes is lower
than the companmentalized approach (428 w. 74,507)
becase the initial round of EMA selects only strategies
deemed emlogically competitive or relevant. The first
round of procesing removes many mathematical solu-
tiors that are not necessarily of interest for additional
analysis, Caution is required; neglect during firstround
selection can prevent discovery of interactions or cause
underestimations of metabolic potential.

Any system characterized well enough 1o construct a
compartmentalized model can also be analyzed using
the nested approach. The approach © best suited for
complex systems that prove com putationally difficult 1o
amlyze using 2 companmemalized simulation. In
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addition, the nested community analysis approach
facilitstes intemmogation of the competitive strategies
employed by individual guilds to produce 3 compan.
mentalized modeling result. For instance, the experi
mentally relevant case i resuls shown in Figure 3A
(biomass production efficency optimized by guild
rather than 3 a community) require the FAP guild 1o
maximize biomass yiekl (based on carbon influx) for the
strictly h phic co- bolism of glycolate and
acetate. The cranobacterial guild must @noumently
operate a metabolism comprised of three distina
elementary modes: the highest yielding strategies for
biomass, glycolate, and acetate production all based on
photons. This information is embedded in the criteria
used to select the first-round elementary modes.

The nested community analysis approach requires the
elementary mode coefficients 10 be normalized and
rounded. Error amalysis was performed to gauge the
effect of this processing on the results. Each mode was
examined for the error in cabon ficed and the amount
of absorbed energy. The maximum ertor introduced was
0.004 Cmoles per mole of photors. The complete emmor
results from both case studies are inchaded in additional
file 1: Supplement.

Case two: Nitrogen fixation

Nitrogen fixation fueled by the fermentation of poly-
glucose is thought to be an important process in the mat
during night and early moming [5,11]. The presented
maodels only consider nitrogen fxation st night, since the
oxygen sensitivity of nitroge nose should render it inoper-
able during the day when the mat i superoxic Rature
maodeling efforts will consider the moming separately,
acknowledging evidence that suggests a large fraction of
nitrogen fixation in sty occurs after sunrise but before O,
production exceeds consum ption 5]

The second case stdy examined the efficiency of N,
reduction with polyglucose and the comesponding
production of five potentially inhibitory or toxic
fermentation by-products: formate, acetate, ethanol,
prop Their toxicities have not been
explicitly chamcterized in this system, but their 1012
molar yield on polyghicose represents a convenient
“toxicity parameter’ for comparison of modeling
approaches. It should be notked, however, that nitrogen
fizstion and the incidental production and fate of
fermentation products are separately questions of
ecological interest.

lactat 4

The FAP guild was induded in the night-time simula
tions. They were imactive however, because unlike the
SRE, they are inapable of drawing on sulfate as an
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electron aceptor. While the FAP guild can jettison
electrons & hydrogen, this requires energy input from
light or an alternstive oxidant (oxygen was ssumed to
be unavailable during the night seenario).

Figure 4A depicts the relstionship between the secretion
of fermentation products and the efficiency of the
metabolic strategy according to the companmentalized
results. The high density of points is an explicit
illustration of the system robustnes. As the viel of
NHy synthesis increases, more fermentation products are
produced. If heterotro phic guilds such as the SRB rapidly
metabolize the fermentation products (of those products
are removed efficiently through physical transpon
processes), the highvielding strategy would likely be
the meost ecologically competitive strategy for the
cyanobacteria. If, altematively, fermentastion products
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Figure 4

Night case study output Nighttime nitrogen-fodng
dementary modes. plotted for (A) comgartmentalized,

(B) poocled, and (C) nested consortium simulations in terms
of total fxed nitrogen yields on polyglucase (Nmole/Cmole)
and fermentation byproduct loading (total moles of
fermentation by-products produced for each Cmole of
polyglucose consumed). Each point represents a single mode.
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are building up 10 10xic levels, than the mode associated
with lowest by-product loading could be preferred.

The pooled results in Figure 4 B demonstrate the effects
of neglecting constraints on the exchange of metabolites
between guilds. The results suggest, in contrast to
predictions by the other two models, that nittogen
fixation st night is possible without ssocisted produc-
tion of potentially inhibitory or oxic fermentation
products (all points in Figure 4B located on the yaxis
above the origin). Similar to the photo-efficiency st
case, the pooled analysis provides a less conservative
solution space than the other approaches. Less informa.
tion is required to build the pooled model, but predicted
yields have 1o be viewed a theoretical upper limits, with
the actual comsortium probably operating at lower
vields. The approach offers a ratiomal, @nstraint-based
approximation o the balic p ial of a poory
characterized miaobial consontium.

The night nested results have nitrogen-fixing efficiencies
similar to the compartmentalized approach. The simi
larity of the shape and size of the solution spaes
b d and ¢ lzed techniques
(Figures 4A and 4C) indicates that modes of interest
were selected sppropristely during fistround proees
sing. Considering the corresponding fist-round eriteria
allows mapping of resulis imo ecological sirategies for
individual guilds. For example, in the elementary mode
resulting in the highest vield of fixed nittogen on
polygk , the cyanobacteria guikd uses two strategies,
maximizing production of free NH, and oranophycin
and coproducing acetate, formate, and ethanol. Three
distinct SRB physiologies are employed, maximizing
biomass production on each fermentation product
individually. Emor analysis on the night nested model
was performed by comparing erfor in the catbon balince
with polyglucose comumption for every mode. The
lamgest error due © rounding was a reasomable 0.033
Cmoles for every Cmole of polyglucose consumed. The
complete emor results from both case studies are
induded in additional file 1: Supplement.

Consortium food web robustness analysis

The companmentalized consontium analysis approach
was used to explore additional community properties.
Metabolic networks within individual ells are highly
branched, forming robust and decidedly redundant
systems thought 1o be resiliem 1o perturbations and
disruptions [34,43-45]. Figure 5 details how the 74 507
unigue daytime elementary modes can be divided into
16 different interguild mass and energy exchanges.
Interadions ssociated with a large number of elemen-
tary modes are more likely 1o remain functional during
emvitonmental perurbations [46,47).
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Figure 5 indicates that a lamge number of meubolic
strategies (93.9% of elementary modes revealed by the
comp alized simulstion) exist for the daytime
trarsfer of carbon and eledrons from the cyanobacterial
guild to the FAP guild with sssociated FAP production of
H, providing eledroms to the SRB guild. In fact daylight
SEB activity in silico is overwhelmingly dependent on
such hydrogen (97.1% of companmentalized elemen-
tary maodes with non-zero SRB fluxes). There are only 58
unique elementary modes involving the tramsfer of
actate from the cyanobacteria to SRB whidh do not
imvolve any FAP activity. The interadion amalysis also
highlights the imponane of the well-connected and
functionally versatile FAP guild in the mat community
metabolism. Only 74 out of the 74,507 unique
elementary modes (0.1%) identified by the daytime
companmentalized simulation can function without the
FAP guild.

Discussion

Theee in siio corsortum analysis methods were devel-
oped and applied 10 a thermophilic phototrophic mat
community from Yellowstone National Park as a test
case. The results of this systems ecology study demon-
strate the applicability of comsontium EMA explicitly
mapping the genestofunction emergent properlies
asocisted with the connectivity of metabolic reactions
via the exchange of mass and energy. Since the presented
techniques are culture-independent, they are compatible
with metagenomic approaches and other studies in
which ailtsring or solation has proven difficult. This
stidy provides 2 foundation for funher work to refine
and test the models wing coculture studies; potential
inquiries inclide the mesurement of substrate uptake
and growth rates, biomass compositions, mENA and
protein expression, and quantification of intemal fluxes.
Toxicity profiles of the various fermentation products to
representative mictobes would also be of interest.
Representative organisms or entichiment cultures are
available for each guild, and the resulis of such
experimentation will be quite weful for model valida
tion and improvement. That work, however, is beyond
the scope of the curmrent study, which seeks only to
provide methods for the extension of EMA to microbial
consortis.

An alternative approach to the massbalance based
analysis of large networlks, fhux balance analysis|48.49),
has been applied 10 genome-scale metabolic networls
|50 ), which is cumremtly not possible with EMA [37). Flux
balance amalysis has been used to investigate cenwral
catbon and enemgy metabolism of a two species
consortium [27]. Flux balance amalysis could likely be
applied 1o the presented model system and could be
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used 10 sk similar questions. The oulpu, however,
would be a single flux distribution denoting an optimal
use of the network as defined by an objeadive funclion,
rather than a generating set for all flux distributions
allowed by the network (abhough methods have been
established 1o examine the effecs of varistions in
external comstraints on the value of the objective
function| 51]). As the choiee of an appropriste objective

function is not always clear prior to extersive experi
mentation [52,53] a generating set is useful for
exploratory modeling The wility of 3 generating set for
explamatory modeling has also been recently demon
strated [24]. These benefits justify the development of
methods for the application of EMA 1o multispecies
systems alongside largescale network methods. It i
warth considering how the methods developed here will

Page 11 o 18
(g nusder 0 for ¢ Latan puipases )



BMC Systems Biolagy 2009, 3:114

be affected by larger network sizes. This is important
because potential applications include more diversified
communities and more complex cellular metabolisms.
Systems cast & companmentalized models which prove
to be too computationally heavy for current EMA
algorithms can be analyzed wsing the nested approach.

The compartmentalized community amlysis method has
the advantage of imuitive tractability and separstes
activity and function by guild, bt requires substantially
more knowledge of the community than the pooled
reactions approach. Tables 1 and 2 dlustrste how the
energy added 1o electrons during oxygenic photosynth.
esis is dissipated with the movement of mass and energy
through the @montium. The cyanobacteria exhibit a
predicted maximum biomass yield of 0.117 Cmoles for
each mole of photons absorbed by the mat, This value is
0.078 for the FAP guild, with the difference providing a
rough messure of the cost of tamsferring reducing
equivalents between guikds The SRB also rely on the
by-produds of the primary producer guilds for eledrons,
but are further mmstrained by an inability to derive
energy from light or respiration on Oy, The highest SRB
biomass vield predided by the daytime compartme nia.
lized model is 0016 Cmoles per absorbed mole of
photons, slightly more than one tenth of the cyanobac
tetial vield The ratio between theoretical optima for
photosynthetic and SRB biomass yiekls is similar 10
observed matios between primary producers and the
secondary productivity of consumens in macroscale

ecological systems [19,54).

The compartmentalized method also lends itself
uniquely to investigation of the obustness of specific
corsotium intemaction types (see Figure 5). Investigating
ineractions in the model showed that the FAP are
central to the metabolic capabilities of the consonim as
a whole; FAP imvolvement was required for the vast
majority (99.9%) of elementary modes. Fimally, the
highestyielding biomassproducing modes from the
compartmentalized approach were mmbined to show
that experimental data supports strategies oplimizing
productivity by individual guilds more strongly than
strategies optimizing productivity for the entire con
sortium [[9,16]; Klaw et al, in preparation].

The pooled reactions comsortium amalysis method
modeled community metabolic potential by treating all
enzymatic activities and metabolites as residents of the
same physical space, withowt membrane boundaries.
The pooled reactions approach represents the coarsest
scale methodology, requires the least @ prioni informa.
tion, and is easier to implement than allemative
approaches. The pooled approach can often be used
when other approaches cannot (due to complexity) or
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should not (due to lack of detailed data). These
advantages are balanced against a tendency to over
estimate the metabolic potential. This is unsurprising, =
real communities are not superomganims; individuals
are membrane separated and must contend with the
logistics associated with matter and energy tramsport. The
pooled technigque i best for initial work on ‘poorly’
characterized systems. The vast majority of ecosystems
are not charaderized 1o a level permitting a compan-
mentalized analysis, suggesting the pooled approach will
be relevam for a long time 1o come.

Finally, the nested community analysis has properties
very similar to the companmentalized approach, but
with the important advantage of easy scalability,
achieved by concatemating multiple rounds of EMA
amalysis. The approach ako provides additional emlogi-
cal insight imo the competitive strategies underlying
each guilds Fenction. This information is contained
within the aiteria wsed to select fistround building
blocks. The nested method also emily aplures interac-
tions between different guilds a well as between
members of the same guild expressing different physiol-
ogies. For instance, different eyanobacierial elementary
modes can combine, representing exchange of metabo-
lites between cyanobacleria expresing different meta
bolic activity due to differing positions acros spatial
gradients of light, tempe rasture, and concemtration. This
type of exchange appears 1o be very relevant 1o actual
mat function, as other work suggests the presence of
functionally distina Spechacacaus populations that are
adapied to particular microenvironments [55]. As with
the companmentalized approach, the daylight case study
found that optimal gaild strategies were more strongly
supported by experimental data than optimal comsor
tium strstegies.

Combinations of the pooled and compartmentalized
methods can be used 1o provide information not easily
obtsimable with any single approach. As an ecologically
relevant example, a @st-benefit relationship was quan-
tified for a @mmplete citric acid cycle in the cyanobacier
ial guild, as opposed 1o the incomplete cycle indicated
by the genomic sequence of relevant isolates. Synech

coarus spp. O5-A and OS-F genomes do not comtain the
oxaloacetste-producing malate dehydrogenase. The
pooled reactions modeling approach identified a cluster
of optimal elementary modes using a primarly qrano-
bacterial metabolism along with the missing diric acid
cycle ermyme, whidch is FAP.derived. The biomass yields
in this chaster are 2 9.4% improvement relative to purely
cyanoh ial bolic potential, given by the com-
panmentalized methodology. This is a lage difference in
yiekls and laborawty evolution experiments have shown
that musch smaller differences (0.5% difference in growth
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rate) are selectable under competitive conditions [56].
These hot spring mat communities are thought to be
modern derivatives of ancient prokaryotic communities,
and the long history of cyanobacterial and FAP
colubitation suggests the potential for horizomal gene
transfer. Evidence for actual horizontal gene transfer
events between cyanobaderia and FAP has been pub-
lished elsewhere [57] The cyanobacteria in our study
have not acquired and pased on the missing Krebs cycle
gene, suggesting that the costs of production, main
tetance, and regulation for malae debydrogenase are
unlilely 10 be offset by the benefit of 2 9.4% improve
ment in biomass vield.

Conclusion

Each of the three in silio modeling approaches devel
oped in this study provides a mathematical description
of physical comstraints on metabolic activity in a
corsontium, These techni allow the extension of
EMA 1o ecologically relevant multi-species, biofilm
systems. Their comtrasting strengths can be combined
10 amrive 8 a more holistic description than & possible
with any of the methods alone, allowing a broad
pemspective from which 1o frame observations and base
predictions. These approaches can be adapted to a wide
range of microbial communities induding both matural
and anthropogenic systems. Potential applications
indude modeling communities involved in wastewater
tremment, bioprocess engineering and environmental
remediation, a3 well as the study of host-pathogen
interactions in medicine and symbiotic relationships
such = nitrogen-fixing oot communites.

Methods

Metabolic models

The metabolic models presented in this study exist in &
control volume consisting of the upper 1| mm of the
microbial mat The steady state c@ntro] volume considers
biomass production but does not include an explicit
biomass degradstion term. To maintain steady state,
biomass would leave the control volume at the same rate
it is produced. This would @mespond with the physical
process of new growth burying old growth. Central
carbon and energy metabolism network models foreach
guild corsidered to be in the control volume were
constructed from literature reviews and annotsed
genomes of representative organisms including Synecho-
cocaus spp. O5-A and OS-F 58] as well as Roseiflecus sp.
RS-1[59]. GenBank accession numbers are CPODOGSS. 1,
CP000239 .1, and CP000240.1 for the RS-1, OS.A, and
OSB’ genomes, respectively. These genomes are highly
representative (>90% nucleotide identity 1o metage
nomic reads) of native dominam FAP and cyanobacterial
populations in these mas (Klan et o, in prepanation).
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The metabolic potential of the SRE guild was based on
several well.studied organisms (Deulfovibrio vulgaris
Hildenborough, Desulfotalea psychrophils, Desulfovibrio
desilfiricans (20, Daulpbacerium sp., and Archaaglobus
Sulgidus), = well as Th lesul fowibrio yel b i, a
thermophilic SRE related 10 kolates from Mushroom
Spring |6,60-63]. CenBank accession numbers for these
genomes, in the stated order, are AE017285.1,
CR522870.1, CPODD112.1, CPOD1087.1, AEODO782.1,
and CPOO1147.1.

The use of guilds 1o minim ke community complexity is
wseful for the companmentlized spproach For the
cument study, guilds were defined based on four
important parameters: energy sources, carbon sources,
electron donors and eledron acceptors. Each guild
utilized a different combitation of metabolites to satisfy
these parameters. Subdominant guilds were not inchsded
in the model (g methanogenic archaea). Here it &
asumed that the methanogens would be responsible for
degrading phototroph biom ass buried within the mat
Since the control volume only considers the aaive
phototrophic region, the decaying biomass would
occur oubide this control volume removing any possible
role plaved by this subdominant guild.

The metabolic model input mmisis of the arbon and
eledron balanced substrates and products for each
considered reaction. It should be noted that these
organisms are not characterized at 2 level which would
justify genome-scale reprodudions. While such modek
are admirable for well doaimenied organisms, problems
with inaccurate, amtomated genome annotations call
into question the benefit of such atempts with any bt
the best studied microbes [64]. The biomass composi-
tions of these functional guilds have not been experi-
mentally determined due to tight physical coupling of
the cells within the microbial mats The Rinctional guilds
reside within a distance of 100 pm. Biomass reactions
were written to represent bacterial biosynthetic require-
ments for a composition of 78% proteing, 16% mcleic
acids, and 10% other macromolecules. While the
biomass compositions of actual mat constituents were
not messured, previous published accounts [eg. [48]] =
well & unpublished obsemvations from the msthors
suggest that overall yields are relatively insensitive 10
the biomass equation 2 long as the biomass has a
biologically relevant degree of reduction (e.g. approxi-
mately 4.8 on an N; basis). The supplemental material
contains a degree of reduction analysis of the utilized
biomass expression. lis degree of reduction is 4.7. The
methods developed here could be applied with alter-
native biomass synthesis reactions based on fisture
experimental knowledge. Carbon storage consisting of
polyglucose or polyhydroxybutyrate was considered
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sepanately from biomas production. The metabolic
models used in this study are inchuded in additional
file 1: Supplement.

Separate modelk were constructed to represent two
distinct phases of a2 diel cycle, day and night. Differences
between the modeled phases were based on the extensive
geo- and biochemical data at these sites [5,11,12,55,65)
and included sources and shuttles for carbon and energy
as well as oxygen and light availability (see Figure 1 for
graphical summary). The dav and night metabolisms are
connecied through the fluxes of reduced carbon and
fixed nitrogen. The amount of CO, fixed during the day
determines the mat’s overall dark phase reduced catbon
budget while the nitrogen fived during the night using
energy stored as polyghicose sets the consortium’s fived
nitrogen budget.

Briefly, during the day, the Synwhoavews spp. convert
solar enemgy, CO;, and water into oxygen, AIP, and
reduced catbon Concurmrently, the anoxygenic FAP
derive energy from sunlight and exploit the reduced
carbon (glycolate and acetate) produced by the Synecho-
coceus guild. By-produas of cyanobacterial activity ako
serve as cartbon and enegy sources for SRB. These
ineractions were used to guide seleaion of relevam
ormganismal modes for the day nested approach.

At night, the mat was treated & anoxic due 1o the lack of
oxygenic photosynthesis and low oxygen solubility at
60°C. This is a simplification: low levels of oxygen are
actually available at the mat surface while most of the
mat is amaerobic. The model Spmechvoccus guild fer
ments stored polyglumse into a variety of omganic
compounds including ladate, propionate, acetate, and
formate as well a ethanol. In addition to being the
primary producer of reduced catbon, Synechacoccus is
also thought to be the primary producer of fixed
nivogen for the mat |11} These were the ineractions
used to guide first-round selection of modes for the night
nested method The nitrogen fixation reactions are
comsidered solely in the night model because of the
sensitivity of nitrogenase 1o oxygen. This could be a
simplification of actusal mat behavior: mRNA exprestion
evidence and in sty activity assays suggest that a large
fraction of nittogenase synthesis occurs in the moming,
when light-derived reducing equivalents are available
but before the mat becomes oxic [5].

The Mishroom and Octopus Spring phototroplic mat
commumnities are found within flowing geothermal
springs. Consequently, it was assumed that the mass of
each metabolite lost fom the control volume due to
comvective tramsport was exactly equsal to that gained by
the contiol volume through comvective tramsport from
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upstream microbes. The gases CO,, O, and H, were not
constrained by this trestment and could vent to the
atmosphere.

The nested models require the defining of ‘transfer
metabolites’, which are permitted to serve s metabolic
sinks and sources for the individual guild simulations,
but not for the community simulation. They were chosen
based on knowledge of the springs and compounds
commonly transported across bacterial membranes and
are shown in Figure 1, ssociated with amows between
guikls. Individual guild networks were then evaluated for
elementary modes with ‘transfer metabolites’ allowed 10
acumulate (or deplete). This was accomplished by
defining them as extemal metabolites in CellNetAnaly.
zer. The resulting modes were sorted in Exceel based on
product synthesis yields comsidered relevant to the
system. These criteria are listed in additional file 1:
Supplement. The modes with high yields, which
represent overall guild stoichiometries, were then used
as inputs for the second round of EMA (with ‘tansfer
metsbolites’ now trested = imemal metsbolites in
CellNetAnalyzer). The fist tound of EMA used enzyme
substrate and product stoichiometries 1o determine how
the numerous etzymes can work together a8 2 system,
while the second round of EMA used guild stoichiome.
tries to determine how the guilds could work together a
a system.

Elementary mode analysis

Algorithms for cakulsting elementuy modes from
metabolic network topology are desaribed elsewhere
[46). These algorithms are based on a field of mathe-
matis known as convex analysis. Calculation of ele
mentary modes in this work was performed using the
softwate CellNetAnalyzer 9.0 and MATIAB v 7.6 [66]
CeliINetAnalyzer is freely available 1o scademics at hupy/
www.mpl-magdebung mpgde/projectsfonafena himl,
but requires MATLAB vemsion 6.1 or higher. Due to
computational burden, the models had 1o be construded
to avoid mising essential ersymatic activity while stil
permitting a computationally wactable network. Neces-
sary simplifications induded rounding neglecting the
acumulation of fermentation products &t night, com-
bining macromolecular syntheses into ‘lumped’ reac-
tions based on draws from the central metabolism, using
a proxy for cellular maintenance enengy requirements,
and streamlining treatment of nitrogen storage. The
models presented in additional file 1: Supplement were
wsed 1o produce all discused resulis. A new algorithm
for EMA has been recently described that permits the use
of 2 64 bit Linux based svstem [37] this will likely
permit amalysis of lager networks than was previously
pomible. Algorithms for parallel processing have been
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proposed and will likely reduce the need for simplifica.
tion, but are nol yet publically availsble [67].
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Strong inter-population cooperation leads
to partner intermixing in microbial
communities

Babak Momeni', Kristen A Brileya?, Matthew W Flelds?, Wenying Shou™™

'Division of Basic Sciences, Fred Hutchinson Cancer Research Center, Seattle, United
States; *Department of Microbiclogy and Center for Biofilm Engineering, Montana
State University, Bozeman, United States

Abstract Patterns of spatial positioning of individuals within microbial communities are often
critical to community function. However, understanding patterning in natural communities is
hampered by the multitude of cellcell and cell-environment interactions as well as environmental
variability. Here, through simulations and experiments on communities in defined ervironments, we
examined how ecological interactions between two distinct partners impacted community
patteming. ‘We found that in strong cooperation with spatially localized large fitness benefits to
both partners, a unique pattem is generated: partners spatially imtermixed by appearing
successively on top of each other, insensitive to initial conditions and interaction dynamics.
Intermixing was experimentally observed in two obligatory cooperative systems: an engineersd
yeast community cooperating through metabolite-exchanges and a methane-produdng community
cooperating through redox-coupling. Even in simulated communities consisting of several species,
most of the strongly-cooperating pairs appeared intermixed. Thus, when ecological interactions are
the major patterning force, strong cooperation leads to partner intermixing.

OOk 10,7554/ Life. 00230.001

Introduction

Biological interactions drive pattem formation at different levels of organization (Murray, 2003), rang-
ing from developmental patterning within multicellular organisms and biofilms (Shapire, 1998; Lewis,
2008; Viamakis et al, 2008; Chuong and Richardson, 2009), to ecological patteming within multi-
species communities (Levin, 1992; Rietkerk and van de Koppel, 2008; Momeni et al, 2011).
Patterning, reflecting the relative spatial positioning of individuals with respect to each other, can be
critical for the proper functioning of a community. Consider microbial communities: in a synthetic com-
munity, three bacternial spedes, each contributing an essential benefit whils simultanscusly competing
for these benefits, can only grow when they are separated by an intemmediate distance (Kim et &,
2008); different types of patterning are comelated with different levels of biofilm growth (Christensen
et al, 2002; Brenner and Arnold, 20 11); branching colony morphology allows more effective spread-
ing across a nutrient-poor surface (Levine and Ben-Jacob, 2004); and inwaste treatment granules, the
layered pattam of bacteria and archasa is thought to facilitate the sequential degradation of sub-
strates (Satoh et al, 2007).

Despite the wide-ranging importance of microbial communities in, for example, human health and
the biogeochemical cycling of elements, it is still unclear how cell-cell and cell-environment interac-
tions govem the patteming of communities (Ellas and Banin, 2012). Understanding the mechanistic
basis of pattern formation from observations of natural communities is stymied by the multitude of
cell-call and cell-ervironment interactions, as well & ervironmental variations within and across com-
munitiss. Thus, it & not uncommon to cbserve qualitatively differsnt patterms in samples of essantially
the same type of community (Christensen et a., 2002; Wilmes et al, 2008; Dekas et al, 2009).

Mornani ot al elife 20132:200230. DOK 10.7554/eLif e 00230 10f 23
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elife digest Micoorganisms such as bacteria, archaea and tiny eukaryotes are found
throughout the bicsphere. Some of these microorganisms are pathogens that cause diseases in
animals, while others provide nutrients, including essential amino acids and vitamins; there are also
microorganisms that have aritical roles in recycling elements such as carbon, nitrogen and cxygen in
the biosphere. In the natural world, microorganisms interact with their environment and with each
other, often competing for space, light and nutrients, but sometimes they act cooperatively, which
benefits all parties imvolved.

Microbial communities exhibit spatial patterns that reflect the relative positioning of different
microbes in a community. These pattems can be critical for the proper functioning of a miaobial
community. For example, in the micobial granules that digest organic compounds in waste water,
the stratified pattern of different microbial species can be thought of as a sequence of catalysts
needed to perform a series of bicchemical processing steps. Thus, it is important to understand the
mechanisms that drive pattern formation in multispedes communities.

Now, through a combination of simulations and experiments, Momeni et al. have identified two
features of spatial pattems in two-population microbial communities when pattern formation is
driven by fitness effects related to the ecological interactions between cells. First, interactions that
confer significant advantages to at least one of the populations can potentially result in the
generation of a stable community; the community is stable in the sense that if it is disturbed, it will
return to its stable population composition following the disturbance. Indeed, in engineered
Saccharomyces cerevisize communities, very different initial population ratios corverged to the
same value over time when one strain depended on the other strain, or when the two strains
depended on each other, but not when the two strains competed.

The second feature applies to migobial communities composed of two cooperating populations:
whereas two populations that compete with each other tend to segregate, cooperation results in
the members of the two populations mixing together. Momeni et al. observe the formation of such
an “intermixed” community in simulations, and also in two experimental systems that involve
cooperation—a community containing two different strains of yeast cooperating through
metabolite exchange, and a biofilm inwhich Methanococcus maripaludis, an archaeon that produces
methane, cooperates with the bacterium Desulfovibrio wigaris.

These two features of spatial patterning are conceptually similar to the competitive exclusion
principle, which states that two species competing for the same resources cannot stably coexist if
competition is the sole force at work. This principle has, therefore, encouraged scientists to search
for the other forces that must be responsible for the coexistence of different spedes. Similarly, by
predicting the sorts of pattems that will form when the fitness effects of ecological interactions
between cells are the only forces at work, Momeni et al lay the groundwork for investigations into
other mechanisms, such as cell-environment interactions and active cell motility, that can govem
pattem formation in miaobial communities.

DO!: 10,7554/ Life.00230.002

To circumvent the lack of control in natural communities, we employed mathematical and
experimental systems to systematically investigate how different types of ecological interactions
might lead to distinct community patteming. Interactions can be classified into different ecologi-
cal types based on their fitness sffects on the interacting partners. We focused on the fitness
effects rather than the molecular mechanisms of interactions, because diverse molecular mecha-
nisms, ranging from physical assodations in cell coagaregatss and bicfilms (Kolenbrander et al.,
2010y to chemical interactions such as quorum sensing (Parsek and Greenberg, 2005), toxin
warfare (Vetsigian et al, 2011), and metabolite supply (Christensen et al., 2002), all have fitness
consequences which can be positive, neutral, or negative. Among different ecological interac-
tions, we have placed a sp=cial emphasis on strong cooperation, interactions with large positive
fitness effects on both partners including obligatory cooperation. This is because 1) it is important
in a wide variety of microbial communities ranging from syntrophic systems critical for nutrient
cycling (Schink, 2002; Fabkowski et al., 2008; Mcinerney et al., 2009) to pathogenic biofilms
(Kelly, 1980; Kolenbrander et al, 2010; Hias and Banin, 2012); and 2) the codependence
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betwesn cooperative partners poses special challenges for isclating and culturing cells (Schink,
2002; Mcinerney et al., 2009).

We investigated patterning in three-dimensional communitiss grown from two flucrescently-
marked populations of cels initially randomly distributed on top of a surface (Figure 14). Starting
with a generalized model basad on fitness effects of ecological interactiors betwean two popula-
tions (A and B) occurring at a local scale (fitness model’), we predicted: 1) interactions benefiting
at least one partner could potentially allow initially disparate partner ratics to converge over tims,
and 2) unlike other types of ecological interactions that caused partner segregation or layering of
ane population over the other (A over B or B over A), strongly cooperating partners intermixed by
forming patches that successively accumulatad on top of each other (A over B over A over B, etc).
We testad these predictions sxperimentally in obligatory cooperative systems including engineersd
yeast communities and syntrophic methanogenic biofilms. Finally, we used the fitness model to show
‘strongly cooperating partners intermix’ could be generalized to communities consisting of multiple
species.

Results

All microbial communities exhibit intra- and inter-population compstition as cells compste for sharsd
resources, induding space. Therefore, for simplicity, we use [~ ~] to denots the "bassline” competition.
The fitness ffect of bassline compstition can start at zero if shared resources are in excess, but will
aventually become negative as shared resources become limited. In "addition’ to competition, interac-
tions between two partners can exert positive, negative, or no fitness effects on one or both partners,
The “net’ fitness effects of all interactions between two partners, including competition, on the two
partners can be representsd as two symbols in a square bracket. There are six possibilities{~ ~] (no
fitness effects other than those from baseline competition), [~ *] (commensalism, inwhich one partner
experiences nothing more than competition whermeas the other enjoys an overall fitness benefit even
when competition has been taken into consideration), [~ . | (amersalism), [+ | ] imutual antagonism),
[+ t)ivictim-=xploiter), and [+ * ] (cooperation). The identities of partners may be added to the nota-
tion such that Al +|B would mean that the overall interaction (including compstition) inhibits A and
promotes B. Under this notation, inter-population toxinwarfare (Vetsigian et al, 2077) would be [ |
+Jwhile interpopulation cooperation based on the exchange of distinct net benefits would be [+ 1]
Some interactions may at the first sight seem cooperative, but the net interaction may tum out not to
be cooperative after corsidering the negative effects of compstition (Kim et al, 2008). In the game
theory definition, cooperative acts incur fitness costs to the performers. Here we have taken a more
lib=ral definition of cooperation to indude mutually-bensficial intemctions that may or may not involve
fitness costs.

Predicting ecological patterning in simple communities using a
generalized fitness model
To search for ecological patteming nules in microbial communities, we built a three-dimensional fitness
maodel that ignored maolecular details and instead focused on the fitness effects of interactions (The
fitness model” in "Materials and methods’). Specifically, two populations of cells, marked as red
and gresn, were initially randomly distributed on a surface (Figure TA). Calls grew horizontally
until sufficiently confined, atwhich point they grew upward to accommaodate the birth of new cells
(Figure 1—figure supplement 1, Video T). Thus, no active o=l motility was present during community
growth. The growth rate of a focal cell was determined by its basal fitness as a single cell and by its
interactions with other cells in a defined interaction neighborhood. To reflect the negative fitness
effects of intra- and inter-population competition for shared resources [~ ~J), the fitness of the focal
cell was decreased as the total population size in the interaction neighborhood increased. In addition,
the focal and partner cells affectad =ach other’s fitness positively (*), negatively (2 ), or neutrally (~).
The maanitude of fitness effect is quantitative. Thus, to obtain qualitative ecological pattarning rules,
we focused on strong interactions in which *+ and | exart fitness effects large enough to be compara-
ble to the r=cipient’s basal fitness. In most simulations using the fitness model, the basal fithesses of
both partners wers non-zsro, and thersfore ¢+ represanted strong facultative interactions: a participant
could survive on its own at its basal fitness but fared much better in the presence of its partner

‘We first analyzed the population composition of communitiss formed in the fitness maodel.
Simulations (Figure 1—figure supplement 2 and Figure T—source data 1) and analytical calculations

Momeni ot al elife 20132:200230. DO 10.7554/Lif e 00230 Jof 23
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("Requiements for steady-state ratios in the six
types of communities” in ‘Materials and methocs?)
show that for interactions benefiting at least one
partner, induding cooperation ([* t]), commen-
salism ([~ t], and exploitation ([: ], different
initial partner ratios can potentially comverge over
time (Figure 1B). Ratio convergence requirss
‘balanced’ fitness. For example, for A~ *PB to
achieve ratio convergence, the basal fitness of
A must be higher than that of B and after gaining
the fitness beneafit from commensalism, B must be
able to grow at least as fast as A. This way, a
situation incompatible to ratio convergence, that
is, one partner always fitter than the other, does
not occur. Using engineersd compstitive, oblig-
atory commensal, and obligatory cooperative
yeast communitiss (see below), we confirmead
that population ratios converged in the com-
mensal and cooperative but not competitive
communities (Figure 2—figure supplement 1)
This comvergence of population ratios reflects a
balance between supply and consumption when
growth is limited by supply (Shou et al, 2007): if,
for instance, the supplier population suddenly
increasad in relative abundance, then each indi-
vidual in the corsumer population would receive
more benefit and grow faster, which would returmn
the ratio to its onginal value.

Wea next examined pattams in vertical cross-
sections of communities simulatad by the fitness
model (Figure 1A, parameters in Figure T—
source data 1), because patteming along the

x and y directions can depend on the initial spatial distribution of cells whersas patteming along the
vertical z direction results from growth under the fitness influences of ecological interactions. In [~ ~]
[~ 4] and [+ :] red and green populations primarily formed columns that are spatially segregated
from each other (Figure TC-E). In[t i]and [~ t] fraquently one of the populations (areen) either

Mearmreni ot al elife 20132:000230. DOI: 10.7554/sLif 00230 50f 23
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formed a column or became covered by the partner population (red) (Figure 1F-G). Only in coop-
eration [+ * ] conferring large fimess benefits to both partners, the two partner populations appears<d
to be extensively ‘intermixed’, manifested as the two different cell types successively piling on top of
=ach other (Figure 1H).

To compare levels of intermixing in different communities, we defined an intermixing index” as
the average number of cell type transitions spanning community height (Spatial analysis’ in ‘Matenials
and methods’). Since the intermixing index can be a function of community height, we compared
intermixing indexes of simulated communities at equivalent heights. Statistically significant differ-
ences were observed betwesn strong cooperation versus other types of interactions (Figure TI).
Thus, we predicted that partner intermixing would distinguish strong cooperation from other eco-
logical intsractions.

Partner intermixing in engineered obligatory cooperative yeast
communities and a corresponding diffusion modo?

To test the pradiction that strong cooperation is the only ecological interaction capable of driving
partner intarmixing, we engineerad yeast communities engaged in competitive [~ ~ ], obligatory com-
mersal [~ *], and obligatory cooperative ([* * ) metabolic interactions. Competitive communities
represanted the baseline intra- and inter-population competition common to “all” communities, while
commensalism served as the most stringent control to be discriminated against.

All engineered yeast communities consisted of two non-mating S. cerevisiae strains, a G strain
exprassing GFP or YFP and an R strain expressing DsRed (see Materials and methods?). In competi-
tive communitiss, prototrophic R and G competed for shared nutrients in agarose and for space
(Figure 2—figure supplement 1A). Depending on their genetic backgrounds, the two strains
=ngaged in sither equal-fitness or unequal-fitness competition. In obligatory commensal communi-
ties, R took in lysine from the media and overproduced adenine to feed the adenine-requiring G™
(Figure 2—figure supplement 1B). In obligatory cooperative communities (previously described
as Cooperation that is Synthetic and Mutually Obligatory, or "CoSMO”), R%; overproduced ade-
nine and required lysine while G overproduced lysine and required adenine (Shou et al., 2007)
(Figure 2—figure supplement 1C). When mixed, the two cooperative strains could form a viable
community, growing from low to high densities in synthetic minimal medium (SD) lacking adenine
and lysine (Shou et al., 2007).

To predict and extrapolate experimental results of yeast communities, we developed a three-
dimensional model based on the consumption, releass, and diffusion of metabolites in the ysast com-
munities (“the diffusion model” in "Materials and methods’). Specifically, the diffusion model assumed
that metabolites diffused in the community and agarose (Figure 2—figure supplement 2) and that
cell growth depended on the local concentration of its limiting metabolite according to Monod's
equation (Monod, 1949). Most parameters in the diffusion model were measured experimentally
(Figure 2—source data T). We reasoned that if predictions from the diffusion model were comsistent
with experimental obssrvations, we could use this model to simulate experiments that would be tech-
nically difficult to perform.

To examine vertical pattaming in yeast communities, we first used top-view time-lapse images to
infer patterns which were subsequently verified by cryosectioning. This is because confocal and two-
photon microscopy cannot penstrate deep into yeast communities (Vichovd et al., 2009). In competi-
tive communities, whether in the diffusion model or experiments, time-lapse top-views suggestsd
population segregation. For equal-fitness compstitive communities (Figure 24, left; Video 2), indi-
vidual cells (i grew into microcoloniss (i) which continued to grow and expand until they reached
neighboring microcolonies (iii). After this stage, cells were unable to push other celks to the side, and
further cell divisions mainly occurred in the vertical z direction (Figure T—figure supplement T).
Consaquently, columns of primarily a single call type formed, and top-views of the community remained
static (compare iv and v). Competitive communities composed of populations with different fithesses
developed similarly (Figure 24, right; Video 3), except that the fitter population expanded in the top
visw during growth (compars the green population in iv and v).

In obligatory commensal communities, time-lapse top-views suggested a ‘laysred’ pattam with one
population covering the other (Figure 28; Video 4). We found that in both the diffusion model and
experiments, R7% intially grew rapidly by consuming lysine in the agarcse (compare i, §i, and iii). In
contrast, G initially grew skowly, presumably limited by the low level of adenine released by RY

Marneni ot al olife 20132:000230. DOI: 10.7554/6Lif¢.00230 6of 23
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Figure 2. Continued

pettems (D, leftl. Whan competing strairs had diffsrent fitnessas [unaqual-fitnass compstition, abbreviatad as ‘Uneg-fitness Comp.'), the fitter
popuation G expandad during growth, as evidant in top views (A, ight) and vertical cross-sections (D, right). In obligatory commensal communitias,
since one supphar could support the birth of multiple consumars, consumers eventualy cvergrew and covered suppliars [top-views in B and vertical
cross-sactions in B). Okligatory cooperative communities showed substantial population intarmixing as suggestad by alternating cel types in top-viaws
[C, &x magrification insets in axperiments) and patchy cross-section patterns (F). Top views of communities from the diffusion modsal intagrate intarsity
and color owver height such that brightar colors raprasent higher call numbers and yellowness indicates the simultansous prasence of graen and red.
Scale bar: 100 ym. All communities started from total 500 calls/mm? and R:G = 1:1. [G) Quantification of intermixing in axpermantal (symbols) and
diffusion-modal (lines) communitias showed that while the intermixing index remainad low for commansal fbrown) and competitive (arey and bladk)
communitias, it increased lineady with community height in cbligatory cocperative {(magenta) communities. Results from tha diffusion medel underesti-
mated intermixing indexas bacause a corfined call was medaled to dvide strictly vartically upward (Figure 1—fig ure suppl 1) without all

cell movemants in horzontal drections (Agure 3—figure supplement TF). [H) A concaptual medsl illustrates the devalopmant of intermixing over tims
in a strongly cooparative community with 1:1 staady-state population ratic. Local dewiations from tha steady-stats ratic result from asymmetric partner
proparties and/or stochastic fluctuations in cell rumbars (i). The under-abundant population red) grows fastar than its nid1bnﬁng over-abundant
partner (graen). Due to the spatial localzation of largs ccoperative benafits, calls near population borders grow faster than those farther away.
Corsequently, calls fram the initially under.abundant red population at the border divide the fastest. Progeny that pile on the graan partnar hava
more access to cooperative banefits than those who do not (i), which favors intermining. Whan the previcusly over-abundant partner becomes undar-
skurdant fiil), pilingup in the cpposite dirsction occurs (iv, graen on red).

DOI: 10.7554/6Life 00230.008

The following source data and figure supplements ars available for figurs 2:

Source data 1. Dafiniticns and values of perametars used in the diffusion modal.

DOl 10.7554/eLife 00230.010

Figure supplement 1. In angineared yaast communitias, obligatory cooparation and obligatory commensalism allow initially different partner ratios to
COnverga ovar tima.

DOl 10.7554/elife 00230.011

Figure supplement 2. Basic assurmptions in the diffusion modal.

DOl 10.7554/6Life 00230.012

Figure supplement 3. Cooperative communities exhibit a characteristic patch size associsted with the spatial localization of benefits.

DOl 10.7554/eLife D0230.013

Figure supplement 4. Obligatory cocperative yeast partners intenmix

DO 10.7554/slife 00230.014

before B3 became abundant (compare i, i, and iii). During the growth of R%%, some G** cells had
been pushed to the top layer of the community (iii). As the 73 population continued to expand and
release adenine, G™ started to grow rapidly (compare iii and iv). Eventually, R75 stopped growing
after lysine in the agarcse had been depleted. Since the amount of adenine released during the life-
time of every R c=ll could support the birth of multiple G™* celks (Shou et al,, 2007), G™* population
outnumbersd and coverad R V).

In contrast, time-lapss top-views of cbligatory cooperative communities suggested population
intermixing (Figure 2C; Video 5). After plating on agarose lacking adenine and lysine (i), cells in
both populations divided once or twice by utilizing metabolites stored in their vacuoles (Shou et al.,
2007). R*5 released adenine and entered the death phase while G continued to grow by utilizing
the releasad adenine (i) (Shou et al, 2007). G*2* enterad the death phase and released lysine after
a significant delay due to their better starvation tolerance compared to R7, (Shou et al, 2007).
Released lysine supported the growth of surviving R75 cells into microcolonies (iif). R7% in tum
released adenine which promoted growth of nearby G2 cells and lad to partial covering up of R°%
microcolonies by rapidly growing G (iv and v, insets). Abundant G772 cells provided enough lysine
for rapid growth of local R” cells, which gave rise to patches of 7 cells on top of the community
{vi, inset). These community growth kinetics were consistent with previous measurements in liquid
cultures (Shou et al., 2007).

To confirm that partners intermixed in cooperative but not non-coopemtive communities, we
obtained vertical cross-sections of competitive, commensal, and cooperative communities at their
maximal community heights (‘Cryosactioning’ for experimental communitiss in ‘Matenals and meth-
ods’). We found that in both the diffusion model and experiments, equal-fitness competitive com-
munities formed segregated columns (Figure 2D, left). Unequal-fitness (Figure 2D, right) and
obligatory commensal communities (Figure 2E) displayed a layered pattem in which the top
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Video 2. Top views of an equal-fitnea: compatitive
munity suggest population segregation
ssponding to Figure 24, lof), Compstitive
munities of strairg with aqual fitnass showed
populstion sagregation as sugoested by static
Iste-stage top-views. The community startad from 2
wrifoem distributicn of total 500 celle/mn? and R:G = 111
Intarsities of both fluorescant channals in images ot
different times wers normalzed to the same maximum
walua for bettar representation of patterns throughout
growth. Blanks in the video ware dus to removal of the
dish to sampls other replicats communities for
flow-cytometry or sactioning. Scale bar is 100 um.

l/elite

Video 3. In unaqual-fitness compatition, the fitter
population gradually covers tha lass fit population
wsponding to Figure 24 right). Hare, G is fittar
than R. The community started from a unifoem
distribution of total 500 cells/mm® and R:G = 1:1
Intensities of both fluorescent channsls in images at
:Hfamnt bmes wers narm.‘.ll:-‘. d to d'lﬁ SAME MaCmium
walus for batter reprasentation of patterns throughout
cale baris 100 pm

d/elite

;r:wﬂ'\.

portion of a community was dominatsd by ane
partner. In contrast to competitive and obligatory
commensal communitiss, obligatory coopera-
tive communities gpp=arsd to show population
intermixing with patches of red and green cells
emerging on top of each other (Figure 2F and
Figure 2—figure supplement 4A and B)

Cooperative intermixing app=ared to be less in the
diffusion model than in yeast communities. This is
presumably because the diffusion model assumed
that a confined call would bud strictly upward
whereas in y=ast communities, cell divisions could
stray to the side (Figure 3—figure supplement 1F)

To compare levels of intermixing in different
communities, we quantified the intermixing indsx
of each community (Figure 2G, symbols for
expenments and lines for results from the diffu-
sion model). As expected, equal-fitness compe-
tition resulted in small intermixing indexes at all
community heights (Figure 26, gray). In unequal-
fitness competition (Figure 2G, black) and cblig-
atory commensalism (Figure 2G, brown), the
formation of a layerad pattern caused a small
increass in the intermixing index that subse-
quently leveled off. In contrast, the intemixing
index in ligatory pperative  communities
increasad proportionally to community height
in both experiments and the diffusion model
(Figure 2G, magenta). This proportionality sug-
gestad the existence of a characteristic patch size
("Spatial analyss” in "Materals and methods”),
denoted A, of 10-20 pm. The characteristic
patch size was independent of initial «
(Figure 2—figure supplement JA). Ind==d, a cal-
culation of the patch size based on expenmentally-
determined releass, diffusion, and consumption
of exchanged metabolites yielded comparable
results (‘Calculating the charactenstic patch size
in cooperative yeast communities” in ‘Materials
and methods?)

What causad partner intermixing during ¢
eration? Using the diffusion model, we found that
if cooperative bensfits were not spatially local-
ized because of instant distribution of benefits
throughout the community or because of exces-
sive supply levels, intermixing was diminished
Figure 2—figure supplement 3B), Based on this
result and based on patterns observed in top-
views and vertical cross-sectiors of cooperative
communities, we propose that local deviations
from the steady-state ratio coupled with localized

large cooperative bensfits cause partners to ‘taks turrs’ to grow, which leads to population intermix-

ing (Figure 2H). In summary, in communities ngaging in strong cooperation, but notin c

mmunitiss

governsd by other types of ecological interactions, the intsrmixing index increases proportionally as a
function of community height. This propartionality is due to a fixed patch size determined by localized

nutrient supply and consumption

Moaormeni ot &
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Video 4. Top views of an obligatory commenzal
community suggast population layenng (correspending
to Figure 2B). For a detailad explanation of the growth
kinetics =f the community RS |~+]G™*) please refer
to tha main text. The community started from 2 uniform
distribution of total 500 cells/mmé and R4 G = 11
Intensities of both flusrescent channsls in imagss at
differant times were normalized to the same maximum
value for battar representation of pattems throughout
growth. Blanks in ths video wers dus to ramoval of the
dish to sasmple othar reglicate communities for
flow-cytometry or sectioning. Scale bar is 100 pm

d/elite

Video 5. Top views of an obligatory cooparative
community suggest popuations intermixing
{corrasponding to Figure 2C). For a datailed
sxplanaticn of the growth kinstics of the community
Rl ']G':I-. plaase rafer to tha main text. Tha
munity started froen 8 unifoem distnbution of total
00 cella/men® and R4 :G2 = 1:1. Intensities of both

fluorescant channals in images st dfferant times were
normalzed to the same maximum valus for battar
reprassntation of pattarns throughout growth. Blanks
in tha video were dua to removal of the dith to sample
other raplicate communities for llow-cytometry or
sectioning. The vidso started at ~300 hr, after the
formation of R7;; microcolonies. Scale bar is 100 pm

cooperative benefits is not growth-limiting. However, cooperative benefits are unlikely te
cause of the potential fitness cost of generating bensfits and because

in large excess be

y and infecticus dissass

structural biclogy | Microbicleg

Strongly cooperative partners
intermix under a wide range of
conditions
Under what conditions can we cbserve partner
intermidng in coopsration? First, we expsrimen-
tally tested partner intermixing in obligatory y=ast
cooperative communities initiated under differ-
ent population ratics and densities. Next, we
used the diffusion model to examine communities
in which obligatory cooperative partners inter-
acted with differ=nt dynamics. Finally, using the
fitness model, we tasted intermixing in facultative
operation by varying the relative magnitude of
cooperative bensfits compared to the basal fit-
ness of the two interacting populations. We uti-
lized yeast communities when sxperimentally
possible and othemwiss took advantage of the dif-
fusion and the fitness modeks

We found that intermixing was insensitive to
initial conditions in the y=ast obligatory cocper-
ative communities. The initial partner ratio did
not significantly affect the level of intermixing
(Figure 3—figure supplement 1D). At very high
initial c2ll densities, we cbserved significant inter-
mixing in communities directly above the inocula-
tion area even in the absence of cooperation
(Figure 3—figure supplement 1E, yellow shad-
ing). This is because high cell densities put differ-
ent cell typss in close proximity to one anocther,
and cell divisions that were not perfectly straight
upward (Figure 3—figure supplement 1F) caused

intermixing. Howsver, we reasonad that commu-
nities bayond the inoculation ar=a might reveal
patta=ms indicative of the underlying intsractions,
b=cause these regions are formed by cell growth
under the fitness influences of interactions. To test
this possibility, we spotted cell mixtures at high
dersities on agarcss and allowed the community
to expand to new temtonss b=yond the inocu-
lation area. Even though communities directly

above the inoculum always appeared highly
intermixed (Figure 34, ‘Centar’ and Figure 2—
figure supplement 4C), in edge sactions, signifi-
cant intermixing was only observed in cooperative
communities (Figure 3A, ‘Edge’ and Figure 2—
figure suppiement 4D)

Intermixing is insensitive to interaction dynam-
ics, 50 long as large cooperative benefits remain
sufficiently localized for both partners. As
described above, in the diffusion model exces-
sive supply amounts or instant distribution of
bensfits throughout the community diminished
intermixing (Figure 2—figure supplement 3B)
The former can occur if the local availability of
be available
competition

Momeni ot a
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Figure 3. Strongly coopsrating populations intermix under 8 wide range of conditiors. (A) I enginserad yeast
communities, even though both obligatory cooparative and nonsooperative communities directly sbove the
high-density inoculation spot showed high population intarmixing (\Canter?), edge sections {'Edga') of abligatory
cooperative communities showsd significantly mere intemixing than thoss from non-cocperative communities
(Mann-Whitnay U test, p<5 » 10°%. Atotal of 10°R and G cells st 2 1:1 ratic wars daposited in an incculstion spot
of ~2 mm?, cormsponding to 10 cell layars. Communities wara allowsd to grow and axpand bayond tha ineculation
spot on a 4-mm-tal agaross pad of SO0 mm arsa. Vertical sactions from the edges were taken at 2 haight spprowi-
mately half of the masimum community haight ot the center. Bax plots show the 25th to 75th percentia range, with
tha median marked with a line and whiskers axtending to the 95% corfidarce ntarval. (B) In simulaticns using the
fitnaas modsl, facultative cooperation cordsrming smaller fitness benefits required grester community heights to
axchibit a significant lavel of intermixing. The strength of facuhative cooparation is shown as the rtio of fitness benefit
recaivad from sach cooparmtive patnet <sllin the intaraction neighborhood to the basal fitness of the focal cell.
Simulaticn paramatars can bs found in Figure 3—ssurce data 1. Error bers indicate 95% confidence nterval,

DOl 10.7554/6Life 20230.017

Tha following source data and figurs supplements ars availabls for figure 3:

Source data 1. Parametor values used in ths fitnass madel in Figure 28.

DO 10.7554/eLife 00230.020

Figure supplement 1. Intermixing is obsarved in cbligatory cooperative communities over a wida rangs of
conditions.

DOI: 10.7554/eLife £0230.021

for these benefits in the partner population. As far as diffusion is considered, the diffusion model
showed significant population intermixing in obligatory cooperative communities with diffusion con-
stants varying more than 10-fold (Figure 3—figure supplement 1A). Additional calculations showed
that intermixing was largely insensitive to diffusion kinstics, because the characteristic patch size
was related to the diffusion comstant by 1/5 power ('Calculating the characteristic patch size in coop-
erative yeast communities’ in ‘Materials and methods’). The diffusion model also showed that
intermixing was present with or without a delay in G supplying lysine bensfits to the partner
(Figure 3—figure supplement 1B). Furthermore, even though asymmetry between properties of
partners (Figure 2C) would se=m to facilitate intermixing (Figure 2H), asymmetry in partner proper-
ties was not required to generate intermixed patterns: partners that grew, died, and released and
corsumed metabolites at identical rates intermixed (Figure 3—figure supplement 1C).

Using the fitness model, we found that in facultative cooperation, small fitness benefits gensrated
less intermixing than large fitness benefits (Figure 3B). This result is intuitive: facultative cooparation
should resamble cbligatory cooperation if fitness benefits are lamge for both partners. When only ane
partner recsives a large fitness bensfit, facultative cooperation should resemble abligatory commen-
salism. Finally, small fitness bensfits for both partners will make facultative cooperation resemble com-
petition. In facultative cooperation with smaller fitness benefits, intermixing would be apparent if
communities could grow to greater heights. Further experiments are required to test these predic-
tiors. Together, these results suggest that intermixing relies on spatial localization of cooperative
benefits that are sufficiently lange to both partners, and is otherwise irsensitive to initial conditions or
the detailed kinetics of interactions.

Moaormeni ot al. elife 20132:000230. DOI: 10.7554/6Lif ¢ 00230 11 of 23
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Communities of naturally mutualistic microbes exhibit intermixing

To test whether cocperative patteming applies to other biological systems, we examined redox-
coupling in a two-species methane-producing biofilm consisting of the bacterium Desuifovibrio vul-
garis and the archason Methanococcus maripaludis. In the absence of sulfate and hydrogen, the
two species engage in obligatory mutualism: D. vuigans ferments lactate and promotes the growth
of M. manpaludis by supplying the electron donor H;, while M. maripaiudis promotes the growth of
D vulgaris by consuming the H; gas which can be inhibitory to D, wigaris under these conditions
(Figure 4A). Similar types of syntrophic interactions leading to methane production typically occur
in microbial consortia that digest organic compounds in freshwater sediments, sewage treatment
plants, and the guts of ruminants (Conrad et al., 1985; Schink, 1997).

Vertical cross-sections of independent D vulgaris-M. mar ipaludis biofilms indeed exhibited increas-
ing intermixing as a function of community height (Figure 48). Thus, naturally mutualistic microbes
cooperating through a coupling mechanism differant from metabolite exchange also exhibited a sig-
nificant level of intarmixing. Other known cooperative communities, induding those degrading herbi-
cide pollutants (Breugelmans et al, 2008) and those colonizing testh (Palmer et al, 2001) ako
s==med to display intermixed pattems, although we do not know whether the intermixing indexss of
these communities increased linearly with height.

Most of the stron

species communities
In communities with more than two species, indirect interactions can cbscure direct interactions
(Wootton, 2002). For sxample, if A promotss B which inhibits C, it will appear that A inhibits C. This
is akin to indirect interactions between gens products in a cell. To test whether intermixing between

cooperators was affected by other members
A Acetate
(e 2 @

of a community, we used the fitness model
Lactate ’ —H; vm

-cooperative pairs intermix in simulated multi-

to simulate communities composed of five
interacting species (Figure 5 and Figure 5—
figure supplement 1). We randomly assigned
one of the six possible ecological interac-
tions between each pair of populations, and

fitness model. In most cases (26 out of 31),
- cooperative pairs intermixed (Figure SA,D).
Oecasionally, commensal pairs (Figure 5B,
@ [~ *]@) showed substantial intermixing
(3 out of 58 commensal pairs, Figure 5D),
of cooperative pairs (.q., Figure 5C, @ [+
+] @) showed little intermixing (5 out of
31, Figure 5D), presumably due to interac-

B 20 ¥ corsequently, each network had 10 pair-
13 P wise interactions. The fitness effects of *+
‘§ o o and . were sufficiently larges to be compara-
= o ¢ ble to the recipient’s basal fitness. A total
? - of 240 pairwise interactions in 24 inde-
= ) pendent communities wers ined in the
E

1 1 1

% 10 20 30 4
Community height (um)

Figure 4, Cbligatory cooperation through redox-coupling
lsads to partner intarmixing. (Al In the sbssnce of subfste and
hydrogen, the bactarium Desubovibrio vulgaris [Ov) and the
archacon Mathanococcus maripaludis (Mm) cooparate
through redox coupling. Dv ferments lactate and produces
mainly acetata, COy, and Hy. Howevar, this reaction is not
thermodynamically favorable unleas H; is kapt ot very low
concantrations. H; is used by Mm to reduce CO; to
mathane. (B) I cooparative bicfims of Dv (gresn) and

Mm [rad), tha intarmixing indax incraasad with height. Call
idertification relied on FISH (335 "Mateniaks and methods')
Scale bar: 20 pm.

DOl 10.7554/aLife 00230.022

tions through other community membsrs
(Figure 5B, @ indirectly promoted @ through
@; Figure 5C, @ promoted & which inhib-
ited @). These deviations are consistent with
the notion that the intermixing index reflects
the ‘overdl’ interaction betaveen two partners,
integrating any additional fitness effects of
indirect interactions through other commu-
nity members. Thus, strongly cooperating
partners intermix while deviations from this
expectation reflect the presence of strong
indirect interactions.

Memeni ot al olife 20132:000230. DOL 10.7554/0Uf e 00230
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Figure 5. Most of tha strongly-coopemtive pairs imemived in simulated five spedes communitias. (A-C) Examplas of
netwarks in which ccoparstive parrs intermied (Al, non-cooperative pairs imemixed (B), or cooparative pairs did not
imemix () ara shown. In the schematic natwork disgrams, line termini of =, = and — reprasent ¢, +,and ~, regpec-
tivaly, cooperative pairs ara hxghl@ﬁad n maganta. Simulstiors were performed using the fitress modal. The basal
fitnass for sach population was choten randomly from a range spenning 0.03-008/br. The fitness eflact from each
partner callin tha intaraction neighborhood was sithar Ofor ~, or otherwise randomly chosen to be approximately 2-3%
of besal fitness to achieva strong intaraction. Initial populstion ratios ware mndomly assigned such that no population
was initially lower than 5% of the total population. Simulations wars run for 10 generations, and vertical cross-sections of
tha find communities wera examined for intermibing. Wa considered intarmixing index exceading a threshald of &
{Rigure 1) 25 signibcant ired dottsd inss). The rermaining nine pansks in Figure 5B and € ars provided in Figure 5~
figure supplement 1. (D) Quartifying ntarmixing in a totdl of 240 interactiors from 24 independant commuritias
showad that most of the cooparative pairs intermibed [magenta) Indiract interactions thnugh othar community
mambers coud make cooparative pairs not intermixed [grey) or non-coopartive {commaraal) pairs intarmixed (brown).
DO!: 10.7554/eLife.00230.023

The following figure supplements ara availabla for figurs 5:

Figure supplement 1. Tha complete results of Figure 5B and C ipanel 4 and B, respactivaly).

DOl: 10.7 554/eLife.00230.024

Discussion

Using controlled systems to identify patterns driven by ecological
interactions

Patterning is driven by cellcell and cell-ervironment interactions. Here, we examined how the net
fitness =ffects of cellcell interactions could influence pattaming. Using defined mathematical and

Momeni ot al slife 20132:00230. DOk 10.7554/5Lif e 00230
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biological systems under controlled spatial emvironments, we have established wo expectations for
ecological patteming betwesn two interacting partners.

The first expectation is that interactions conferring large fitness benefits to at least one partner
It *1[~ *land|: *] can potentially result in ratio convergence (Figure T—figure supplement 2
and Figure 2—figure supplement T). Ratio convergence confers stability to community composi-
tion. The composition of a community is defined to be locally (or globally) stable if after small (or
any-size) deviations from it, either due to initial conditiors different from it or perturbations, the
community eventually returns to this composition. An analytical calculation based on the fitness
model showed thatin[+ + Jand [~ * ] global stability can be achieved whereas in [+ t ] local stability
can be achieved (Figure 1—figure supplement 2: ‘Requirements for steady-state ratios in the six
types of communities” in ‘Materials and methods’). Experimentally, obligatory cooperation and
obligatory commensalism led disparate initial ratios to corvenge (Figure 2—figure supplement T).
In contrast, in competition between two populations of equal fitness, population ratio is determined
by the initial value until a perturbation resets the value which will remain unchanged until the next
perturbation. In compsetition between two populations of unequal fitness, the fitter population
should increase in frequency and therefore, population ratio is unstable. In amersalism and mutual
antagonism, population ratios at best have an unstable fixed point (Figure 1—figure supplement
28). This means that even if the population ratio may seem “fixed’, slight deviations will send it far-
ther and farther away from the original fixed value. The reason for this instability, using mutual
antagonism as an example, is becausa if A inhibits B and B inhibits A (A[: 1 B), then an increase in
population Awill facilitate inhibition of B and therefore make B less able to inhibit A, further increas-
ing the relative abundance of A.

The second expectation is that strong cooperation results in partner intermixing in the direc-
tion vertical to the surface of initial colonization. Cooperative intermixing requires spatially local-
ized benefits that are sufficiently large to both partners (Figure 2—figure supplement 3 and
Figure 3B), and otherwise appears to be robust against variations in initial conditions (Figure 2—
figure supplement 3A, Figure 3A, and Figure 3—figure supplement 1D) or reaction dynamics
(Figure 3—figure supplement TA-C). We have observed cooperative intermixing in the fitness
model simulating strong facultative cooperation (Figure 1) and in obligatory experimental sys-
tems including engineered yeast communities (Figure 2) and syntrophic biofilms (Figure 4). The
intermixing indexes in these communities increased linearly as a function of community height,
because these communities exhibited fixed-size patches associated with the spatial localization
of benefits (Figure 2—figure supplement 3; ‘Calculating the characteristic patch size in coopera-
tive yeast communities” in ‘Materials and methods’). This is in stark contrast with other ecological
interactions which lead to segregated or layered pattems (Figures 1 and 2) in which the intermix-
ing index remained low or increased transiently before leveling off. In simulated multi-species
communities, strongly cooperative pairs intermixed in most cases; cases where coopsrative pairs
did not intermix or non-coopsrative pairs intermixed were liksly caused by strong indirsct interac-
tions through other partners. In a theorstical study using a one-dimensional stepping-stone model,
strongly cooperating partners also appearsd much more mixed than competing partners (Korofev
and Nelson, 2011).

Our work defines the expected pattern created by pair-wise interactions if the fitness effects of
interactions are the main driving force of patteming. The generality of these ecological patteming
condusions awaits further experimental validations. Many simple communities grown in laboratory
envirenments conform to these findings. For instance, competing bacterial species form a columnar
or layered pattemn (Palmer et al., 2001; Kreth et al, 2005; An et al., 2006; Hallatschek et al.,
2007; Bernstein et al, 2012). Burkholdena sp. LBA0OD and Pseudomonas sp. B13(FR1) show spatial
sagregation as competitors when grown on citrate, but when grown on chlorobiphenyl they engage
in metabolic commensalism and exhibit a layered pattem (Nielsen et al, 2000). Similady, when
grown on a non-selective carbon source, Comamonas testosteroni WDL7 outcompeted and covered
Vanovorax sp. WDL1, but when fad with an aromatic compound as the sole carbon source, compsti-
tion switched to cooperation and the two populations intermixed (Breugelmans et al,, 2008).
Cooperative oral bacteria species intermixed when grown on saliva (Palmer et al, 2001; Periasamy
and Kolenbrander, 2009). f cooperative intermixing i suspected, then examining whather the
intermixing index increases linsarly as a function of community height will be informative to exdude
transient increases.

Momeni ot al. oLife 20132:000230. DOI: 10 7554/6Lif.00230 140f 23
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Deviations from the expected ecological patterns suggest other major
patterning forces

‘We have described the expectad patteming between two c2ll populations if the fitness effects of
interactions are the major driving force. These expectations are abstract in the sens= that in =ality, no
interactions can exist in the absence of molecular mechanisms or an aiotic environment. Assigning
expected pattams to different types of ecological interactions will allow us to identify deviations from
expectations. Determining the causes of such deviations will help us better understand the biclogy of
a community.

Fitness effects of ecological interactions rely on molecular mechanisms to manifest themselves.
Different types of molecular mechanisms can conceivably alter patteming. For instance, in the fit-
ness and the diffusion modek and in the 5. cerevisiae communities, cells divide upward when
sufficiently confined horizontally. This type of cell rearrangement has alko been observed in bacte-
rial colonies (Kreft et al.,, 1998) and was adopted to model biofilm growth (Xavier and Foster,
2007). However, it is conceivable that if at l=ast one population actively moves (Houry et al.,
2012) or grows hyphae to penetrate the entire community, two populations might appear inter-
mixed even if they do not cooperate. In biofilms of Pseudomonas aeruginoss, two populations
differing only in fluorescent colors (Klausen et al., 2003) showsd modsst intermixing even though
the expactation for equal-fitness competition is a columnar pattam with an intermixing index close
to zero (Figure 2D, left). This modest intermixing was caused by P aeruginosa differentiating into
non-motile ‘stalk’ cells that anchored to the surface and maotile cells that climbed up to form the
mushroom-like caps (Klausen et al, 2003).

Environmental influsnces can also alter ecological patteming. For instance, if two cooperating pop-
ulatiors have very different preferences for axygen, then the two populations are likely not to intermix
and instead form layers in which the asrobic population is exposed to oxygen while the anasmobic
population is protectad from oxygen.

What can cause variability in patterning?

VManability in patteming has been cbserved within and between communities (Christensen et &, 2002;
Wilmes et a., 2008; Dekas et al, 2009), even if they were grown in ldboratory-controlled erwiron-
ments (Christensen et al, 2002). Stochastic events such as environmental varability, mutations, or
fluctuations in initial conditicns can all l=ad to variable patterns. For instance, if the straight-columnar
pattemn expected for equal-fitness competition is obsarved for the majority of community but a lay-
ered pattam is observed in occasional locations, then fitter mutants may have arisen in these locations,
initiating unequal-fitness competition (Hallatschek et a., 2007; Korolev et al, 2012). For mutually
antagonistic interactions, the fitness model showed that population ratios can quiddy diverge. Thus, which
population eventually dominates depends on the initial population rtio (Figure T—figure supplement 3).
In this case, stochastic variations in initial conditions can result in dramatically different pattems, giving
rise to a phanomenon equivalent to ‘survival of the first”. Indeed, different pattems have been obsenved
for communities formed by two antagonistic bacteria species (Kuramitsu et al, 2007).

In summary, our work i conceptually analogous to that of the competitive exclusion princple
(Gause, 1934). The competitive exclusion princple, also known as Gause's law, states that two species
competing for the exact same resources cannot stably coexist. Analogous to how the competitive
axclusion principle has created a framawork to examine forces that causs species cosxistancs, our
work on ecological patteming will hapefully lay the ground for examining mechanisms that shape pat-
teming in microbial communities. We encourage comments, sspecially those pertaining to the gener-
ality of our conclusions, to be posted to the elife website.

Materials and methods

Engineering yeast strains

In competitive communities, equal-fitness G and R'strains were respectively WS931 (MATs ste3 tkanMX4
op 1-289: pRS404(TRP-ADHD-venu s YFP) and '‘WS937 (MATa sted kanMX4 op 1-289: pRS404(TRP)-
ADHp-DsRed T4), both from the 5288C background. For unequal-fitness competitive communities, G
was replaced by WS1246 (MAT: ho:loxP AMNI-BY Supercontig 17(27163-27144): TDH3p-yE GFP-
loxP-kanMX-loxF) from the RM11 background with a 20% fitness advantage over the S288C back-
ground. In commensal communities, R%% and G™* strains were respectively WS950 (MATa ste3 zkanMX4
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lys2A0 aded: ADES(PURS) trp 1-289: pRS404(TRP)-ADHp-DsRed . T4) and WS932 (MATa ste3 kanMX4
ade8 A0 trp 1-289: pRS4 04(TRF)-ADHp-venus-YFF), both from the 5288C background. In cooperative
communities, R7, and G™*strains wers respectively WS950 and 'WS954 (MAT: ste3:kanMX4 adeB8A0
Iys21::LYS21(for) trp1-289: pRS404(TRP)-ADHp-venus-YFF) from the S283C background.

Culturing communities

For yeast communities, agarcse columns were prepared by pouring SD minimal medium (She man,
2002) with 2% low melting temperature agarcse in 1.3-ml deep-well plates (U96 DeepWell from
Nunc, Penfield, NY), and after agarose had solidified, adding drops of melted SD agarose to maks the
surface flat. For commensal yeast communities, SD was supplemented with lysine (80 uM final concen-
tration). Batch culturss of y=ast strains were grown to exponential phass at 20°C in SD with supple-
ments when necessary. Calls were washed free of supplements if any, mixed, and filtersd on top of
MF membrans (HAWPO4700 from Millipors, Billerica, MA). Disks wera cut from the membrans using
a &-mm-diameter Hamis Uni-Core puncher and transferred to the top of agarose columns, unless
otherwiss stated.

For the coculture of D. wuigans and M. manpaiudis, a CDC reactor (BioSurface Technologies Corp.,
Bozeman, MT) was used for anasrobic biofilm growth. Biofilm coupon holders were modified to hold
glass microscops slides (Asher Scentific #12-544-1, Fisher Scientific, Pittsburgh, PA) cut to 7.4 x 1.8 am.
Cocultures were grown in CCM (Walker et al, 2009), a modified basal salt medium withcut choline
chloride. Headspace was sparged with anoxic 80% Ny;209: CO,, and the reactor was maintained at
AT with stirring (150 rpm). The reactors were inoculatsd with planktonic coculturs, and after cell
attachment to the glass slides (48 hr), biofilms were allowed to develop and grow over time in the
presence of planktonic cells, or initially drained of planktonic cells. Pattems in the two sxperimental
regimes were similar.

Flow cytometry

Flow cytometry was performed in a modified 44aser FACS Cdibur machine (DxP; CyTek Development,
Fremont, CA). Cells in communities were diluted to ~108 cells/ml in H:O. Each sampile (90 pl) was
supplemented with 10 pl of fluorescent bead stock (Thermo Scientific Fluoro-Max Cat# RO300 at
~B8 x 10%ml, counted using a Z2 Coulter counter and a hemacytometer) as a reference to determine
total cell density and 3 pl of 1 pM ToPro3 (Ivitrogen, Grand Island, NY) to mark dead cells. The laser
and filter configurations for different fluorophores were 50 mW 488 nm laser with 530/30 filter for
YFP, 75 mW 561 nm laser with 575/26 filter for DsRed, and 25 mW 639 nm laser with 660/20 filter
for TePro3. Using an automatic micre-sampling system (DxP; CyTek Development, Fremont, CA) sam-
ples in 94-well plates were processed for 40 s at a flow rate of 0.5-1 pl's, recording 104-10° events.
FlowJo software (Tree Star, Ashland, OF) was used to measure the ratio of different populations of
fluorescent cell against the bead standard in order to calculate cell densities,

Fluorescence imaging

A Nikon TE2000 inverted microscops aquipped with a Prior stage controller, a Sutter Lambda XL fluo-
rescent lamp, and a Photometric SnapHQ CCD camera was controlled by custom LabVIEW software
to auto-focus and acquire images. All images wers taken at 10x magnification using a Nikon long
working distance CFl Plan Fl objective (NA 0.30, WD 16). For imaging YFP- and DsRed-tagged strains,
ET500/20x-ETS35/30m-TS15LP and ET545/30x-ET620/60m-TS70LP filter cubes were used, respec-
tively. Timelapss imaging took place in a 30°C chamber {In Vivo Scientific microscops incubator).

Cryosectioning
To cbtain vertical cross-sections of communities through cryosectioning, we froze communities in
liquid nitrogen for 15 s and fixed them in methanol at -20°C. After 20 min, the communities were
transfemed to a pre-cooled empty plate at —-20°C to allow methanol to evaporats, which typically
took 4 hr. The communities wers embedded in aptimal cutting temperaturs (OCT) compound for
10 min at oom temperature and subsequently frozen over diy ice and kept at —20°C for sectioning.
We also froze down communities without fixing by directly embedding them in OCT (Picdrillo et &.,
2010) and immediately freezing them on dry ice. Results abtained from the two procedures yieldad
similar conclusions.

For sectioning, communities embedded in OCT blocks were mountad on a cryotome. The blade
was adjusted to ensure cross-sections of the community wers vertical. For each community, typically
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thirty to fifty 14-um (3-cell-thick) sections were cut and trarsfermed to glass slides. Cross-sections were
imaged using the fluorescence miaoscope as described above. Only images of cross-sections that
were minimally perturbed by the fixing and sectioning processes were included in the analysis. More
detaik of the cryosectioning method can be found in (Momenl and Shou, 2012).

Fluorescence in situ hybridization (FISH)

Biofilms of D. wuigans and M. manpaludis were fixed in 4% paraformaldehyde for 4 hr, and then
embedded in polyacrylamide (Daims et al, 2006). The embedded biofilms wers dehydrated and
hybridized in 1 mi buffer solution (0.9 M NaCl, 20 mM Tris—HCI (pH 8), 0.01% SDS, and 35% deionized
formamide) with 3 ng sach of probes EUB338 (GCT GCC TCC CGT AGG AGT) 5 and 3-labsled with
Cy3 and ARCH915 (GTG CTC CCC CGC CAA TTC CT) 5 and 3'-labeled with CyS (Stoecker et 4.,
2010)for S or 8 hr at 46°C in a humid chamber. Next, samples were washed in 50 ml prewarmed washing
buffer (70 M NaCl, 20 mM Tris-HCI pH 8, and S mM EDTA) at 47°C for 20 min, then dipped in ice cold
ddH;O and quickly dried with compressed air (Amann et al, 1995). Finally, each sample was mounted
with Citifluor AF1 antifadent (Citifluor Ltd., Leicester, United Kingdom) and viewsd using a Leica TCS
SPS Il inverted confocal laser scanning microscops with 488, 561 and 633 nm lasers and appropriate
filter sets for Cy3 and Cy5. Confocal voxel size was typically 0.24 x 0.24 x 0.49 ym.

Spatial analysis

For both simulated and experimental sections, our unit of analysis was the size of one CCD camera
field of view under a 10x objective which has a width of 0.7 mm. In any unit of analysis, community
height is the value such that 90% of height values are below it. This choice is made to exdude artifacts
such as height spikss in simulations. Images of experimental community sections were otated in
Image) such that the x-z axes of the frame matched those of the community. We further digitized
these images into fx.z) with assigned values of +1, =1, and 0 for pixels identifisd as population 1,
population 2, and no-signal, respactively. No-signal pixels were defined as having a fluorescence inten-
sity per unit exposure time less than 10-20% abowve the background in fluorescence channels. For the
remaining pixels, the intensity values of 90th percentiles were found in each fluorescence channel
These values were used to normalize the comesponding areen- or red-flucrescence intensity for each
pixel whose identity was then assigned to be the color with the higher normalized value. In simulated
communities with more than two populations, analysis was performed on two focal colors at a time,
and in ach analysis, pixels identified as other colors were treated as no-signal.

To compare levels of intermixing in different communities, we estimated the number of cell
type transitions spanning community height. We define the intermixing index as the average
number of color changes along community height: let hix) and cix) respectively be the local
height and the number of color changes along z at the lateral position x.. The intermixing index iM
can be calculated as

IM=[Zc(x,)h(x,)]/[{.Zh(x,)-], )

Int=rmixing is small for segregated patterns with few color changes along height, and increases
when patches of differant cell types successively appear on top of 2ach other. Note that this choice
of imtermixing index yields small valuss when one population is very rare comparad to the other.
We weighted c{x) by the local community height hix), thus giving more emphasis to taller regions.
This is because taller regions have gone through more growth regulated by the fitness effects of
interactions.

To estimate the vertical patch size A, the ratio of height hix) to number of cell-typs layers, 1 + clx),
was averaged across the community cross-section

| 1 '
A= ShoR m+coc | / [):mx;:]. @
L ¥l q

For enginesred yeast communities, typically 10-20 frames from different locations of each com-
munity were included in the analysis to ensurs an unbiased epresentation of community patterns. For
biofilms of D vuigans and M. manpaludis, vertical cross-sections ~2.4 pm apart were sampled from
confocal z-stack images of biofilms.
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Calculating the characteristic patch size in cooperative yeast
communities
The characteristic patch size can also be cakculated as the effective length of interaction between two
partnes. We calculate how far inside the community released lysine can diffuse before being con-
sume<d; similar discussion applies to adenine. Assume one cell has =leasad & fmale of lysine that dif-
fuses at most a distance | before being corsumed. We define the sphere of radius | as the diffusion
domain of the releass svent. The number of consuming cells within the diffusion domain can be esti-
matad as N, = (2I/cF, where ¢ is the diameter of a cell. The average time nutrient can diffuse in the
diffusion domain before being consumad is t, = F/2D,, where D, = 380 ym?/s is the diffusion constant
within the community. Assuming that each consuming cell takes up lysine with a rate v = a/T, with
@ being the amount of lysine required for a cell division and T being the minimum doubling time,
we have
(2vVa I
=Nwvt s]—] Lt—;
R =N \¢c J T 2D,

3 vs

2 L ADf ] =50um.
L al 4

Within radius | the average number of release events within time t. is (2i/c)*t.d,; 0.2, Thus, the
probability of a sscond release avent occuring in the same diffusion domain before nutrient from the
first release vent has been consumed is low. Therefore, | defines the intemction length scale. Nate
that diffusion constant contributes by fifth root to [ and therefors, different diffusion constants in
the community should not considerably alter pattems, as obssrved in simulations (Figure 3—figure
supplement 1A). The cdculated | of 50 pm is larger than the experimental patchsize A} of ~10 to 20 ym.
What could account for this discrepancy? Experimentally measu red diffusion constant of Sulforhodamine
101 in community (20 pm?/s) reduces | to ~30 pm. In addition, cells may take up more nutrients than
what is required for producing one daughter and may store extra nutrients in vacucles (Shou et a.,
2007), further reducing the estimatad interaction length scale.

The fitness model

The individual-based fitness model followed cell growth in a three-dimensional simulation arid of
100 x 100 x 300 c=lls with pericdic boundary conditions along the x and y directions. Consider popu-
lation i (i = R or G) interacting with population | (| = G or R). Without loss of generality, consider a focal
cell from population i. The growth of the focal cell is influsnced by cells in its cubic three-axial interac-
tion neighborhood (Deutsch and Dormann, 2004) defined by cell-width to the left, ight, front, back,
above, and below. Let @, and @, be the fraction occupancy of i and jin the interaction neighborhood,
respectively. The growth rate of the focal cell is 1§ = [rg +,(1-@)I1- xi@, +@)]. 1, is the basal fitness
(growth rate of | without any interactions); r‘prti-q) represents the fitness effect on | by j, which
increases with parmer abundance and decreasss with redpient abundance due to intra-population
competition for partner; [1- ¥{@ + @] reflects intra- and inter-population compstition for sharsd
resources with fitness decr=asing as the neighborhood bacomes more occupied. Calls were inoculated
in the bottom surface of the simulation grid. In each simulation time step At the probability of cell
division is r, At. A cell would divide sither to the side if there was space within its (x, y) planar confine-
ment neighborhood of n-cell radius or upward otherwise (Figure 1—figure supplement 1). Parameters
used are listed in Figure 1—source data 1. y =08, I=3,and n = 2 in all cases. See Source code 1
for an example (and Source code 4 for the MATLAB function).

The diffusion model

The individ ual-based diffusion model followsd actions of cells (nutrient uptaks, c2ll division, cell d=ath,
and possibly relsase of nutrients) and the distribution of nutrients in a three-dimensional simulation
grid. Since cell division and death occur at a time-scale much longer than diffusion and nutrient uptaks,
we used a multi-grid scheme in both space and time. In this model, a three-dimensional simulation
domain consisted of call grids representing individual cells and nutrient arids representing nutrient
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concentrations (Figure 2—figure supplement 2). Cell actions and nutrient distributions were updatsd
at discr=te time steps over the simulation domain. Simulations wers typically performed over an aga-
rose domain of 0.75-mm length x 0.75-mm width x 24-mm depth and a community domain of
0.75-mm length x 0.75-mm width x 0.3-mm height with parameters listed in Figure 2— source data 1.
Nutrient concentrations as a function of space and time are based on the diffusion equation

%%szovspum, @

with
S

U=v ,———n, @
S+Kyu

Q=pn, ©

Equation (3) states that 5, the amount of limiting nutrient in a diffusion grid, depends on thres proc-
esses: i) diffusion of nutrient with diffusion constant D, il uptake of nutrients (Walther et al., 2005) by cells
(L, and iil) in cooperative communities, release of nutrients by the parner popuation (Q). In equations (4)
and (5), n, and n_ are the number of consuming and releasing cells within the diffusion grid, respectively,
Ky 15 the Michaslis-Menten constant for uptake, v, is the maximum uptake rate per cell, and p is the
release rats per cell. To solve this diffusion equation, we used a finits difference time—domain method
(Crank, 1980) with no-flow (25 /éz = 0) boundary conditions sppliad to the top and bottom surfaces
of the simulation domain and p=nadic boundary conditions applied to the four vertical sides of the domain.

Call growth rate r in the model is dictated by Monod's equation

_5
(s (6
()= Lo Ky’

in which ry, is the maximum growth rate when nutrients are abundant, S is the concentration of the
limiting nutrient, and Ky is the S at which half maximal growth rate s achieved. We assume that indi-
vidual cells take up nutrients with Kuw = Ky, and once they have accumulated the required amount of
the limiting nutrient, cell division cccurs.

To incomporate realistic assumptions about cell marrangement upon division in the community, we
maonitored single yeast cells growing into microcolonies on solid media (Figure T—figure supplement
TA). Initially, @ach cell budded in the same plane and pushed others in its immediate neighborhood to
the side. Once a call was completaly surounded on each side by roughly five cells, it budded upward.
The same process was implementad in the diffusion model (Figure 2— figure supplement 2). It should
b= notad that by forcing the confined cells to bud strictly upward, the model underastimatss intsrmix-
ing. As a result, communitiss show more vertical featurss in simulations than expsriments (Figure 2F).

Temporally, the update time-step for nutrient diffusion and uptaks (~1 s) was smaller than that for
cell division and death (~340 s). Spatially, cell actiors tock place on a cell grid with single-cell resolu-
tion (5 pmi, while nutrient distributions were followsd on a diffusion grid at lower spatial resolution
(~15 to 40 pm). Thess values were selected considering the trade-off between simulation time and
accuracy, while ensuring the stability of simulations. For instance, at each time-step within a diffusion
grid, the total amount of nutrients consumed should be corsiderably smaller than available nutrients.
In other words, assuming that the length of a diffusion arid is nc where c is the length of a cell grid
which is equivalent to the size of a cell, there are at most n? cells in each diffusion grid and

Sinc)® >n'v_ (4]

"S5+ Km ST O
where S is the concentration of the limiting nutrient in the spatial grid, K is the Michaelis-Menten
coefficient for nutrient uptake, v, is the maximum uptake rate, and dt, i the uptake time-step. After
simplifying e quation (7), we obtain

dt, < s:&c’_ (8)
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Table 1. Summary of steady-state occupancy, conditions to achieve steady-state, and the stability of
steady-state for six types of ecological interactions

Interaction Steady-state occupancy Steady-state condition Stability

Gl~JR Any o Crlywhan ry =1, Unstable
Gt +JR " =rﬂ'_;¢ e > ey =80 | Globally stable
Gl~+]R ®-= r' g > By —lg >0 Unztable
Gl~*JR o= ;“r"" Fr > Gy =T >0 Globally stable
"

Gl iR = =‘h—ﬂ—"'_;,_” For Iz =0 | Unztable

- 1
Gli*R k-=%" 'zrh'T Fou > foy =Ty >0 Locally stabls fwhen & > %,

L] Few < Aty =Fag) 206 Figure 1—figure supplement 2)

DOI: 10.7554/sLife 00230.025

In the worst case scenano of S b=ing much smaller than Ky, using parametars of our engineersd
yeaststrairs, we find dt, ~0.5 5. Thus, we chose dt, = 0.5-1 5 as the time-step for updating the nutri-
ent uptaks and diffusion equations. To ensure stability of the finite-difference equations for diffu-
sion, the diffusion grid-size (nc) and the time-step (dt) for the diffusion equation have to satisfy
(Iserles, 2009)

+
PRI .
2 D
where D is the diffusion constant in the region of interest. From this relation, we chose diffusion
grid size nc = 50 pym, and consequently, each diffusion grid contairs 10 x 10 x 10 cells
(Figure 2—figure supplement 2A). Since diffusion i fast within =ach grid (~1 s), this choice of
arid size is unlikely to introduce a notable ermror in our calculations. See Source codes 2 and 3
for examples (and Source code 4 for the MATLAB function).

Requirements for steady-state ratios in the six types of communities

Let @ and @ be the fraction cccupancy of Rand G in an interaction neighborhood, respectively. ¢
is the fraction occupancy of G that leads to equal fitness of the two populations and thereby result in
a steady state ratio within the interaction neighborhood. Following the assumptions of the fitness
model, the growth rate of each population is 1, = [rg +@,(1-@)[1- xi@ +@ )]whers i =R or G and
J =G or R. For simplicity, we assume that @, +@, =1, which leads to £ =r /(1= ¥) =1, +r'ﬂ‘.

In two-population cooperative communities, using the simplifying assumption of ry, =, =, >0,
we have i —F; = (5, =ho +1y) = 250 (Figure 1—figure supplement 2B). Setting i; ~i; to 0, the com-
munity can achisve a steady-state value of @, =gy =G, +5,, )2, To satisfy 0 <@ <1 1, 2|15 =1 |
wihich means that the interaction term has to be strong enough to overcome the differance in the basal
fitness of the two populations. Hers, @_ is stable, since f - is positive (favoring G) when g < @, and
negative (favoring R) when ¢ > @... At @.., two populations grow at the same rate and population
ratio is fixed at RG = (1 - g )@

Similar analysis shows the existence of a stable partner ratio under commensalism G[~* R. A steady-
state ratio @ can exist under exploitation. However, initial ratios below the aitical value @ _ (Figure 1—
figure supplement 2B) will not corverge to @;.. Other interactions ([~ ~] [~ ] and [ 1] do not
converge to a stable ratio. Similar condusions on ratio convergence hold if we assume § =g, + gfi@)
for any continuous function fthat monaotonically increases with @; {proof not shown). Results are sum-
marized in Table 1.
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