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ABSTRACT

Biofilms are an ancient survival strategy in which communities of organisms can
grow as a cohesive ungererally attached to a surfaead/or at interfacesDespite the
paradigmthat 99% of microorganisms grow as a biofimthe environmentgurrent
research methods dergelylimited to monoculture planktonic studies. Although more
investigations are trying to improve culture complexity by evaluating interactions
between two or morpopulationsexperiments arstill more readily performedwith
microorganisms ithe planktonigrowthmode The research presented here aims to
elucidate the complexity of interactiohstween twanicroorganisms from different
domains of lifethatresulsin enhanced metabolism due to lozation of cells in close
proximity within an anaerobic biofilmDesulfovibrio vulgariHildenborough (DvH) and
Methanococcus maripaluds2 (Mmp) form a syntrophic mutualism when grown in
sulfatelimited medathat requireglectron flux fromDvH to Mmp throughwhat is
commonly assumed to lieterspecies hydrogen transfer, thereby establishing-cross
feeding The biofilm has beeshown to promote a stable and more even carrying
capacityfor both populations that is likely linked bmproved hydrogen transféand/or
other potential carbon and electronroetabolitesps compared to planktonic
populatiors. Transcriptomic and proteomanalyss, utilizing RNA-seq and deuterated
water respectivelywere used to elucidate genes and proteins that conttiotite
biofilm growth modehatresults in a more efficient metabolism for the sgphic ce
culture(defined by biomass per substrate jluXhe results demonstratiee expression
of many genes with unknown functigradothers that contribute well-cell interactions
as well asactive proteins in electron processiegy, lactate oxidation) in DvH and GO
reduction €.g, methanogenesis) in Mm@ metabolic model of the coculture provided
reinforcement for transcriptomic assumptions and aided in th&fidation of a
sulfonate and other amino acids as important syntrophic metabolites. Assessment of
biofilm co-culture activity utilizing a new metho@&iorthogonal Noncanonical Amino
Acid Tagging(BONCAT), showed Mmp was less active in tingtakeof a mehionine
analog as compared to DvH. Alternate assessments confirmed that Mmp was in fact
active (based upon methane generation) although transladicthaty was below the
detection limit. Furtherinvestigationof the system under sulfate stress shotheatlthe
metabolicpairingis morestablethan previously thougtand could indicate survival
strategieghat drivethes e e mi ngl y o6 mut uash forsed coopératiorehé at i o n s
sulfate stress response coincided with obseagslinDvH growth wren grown in Mmp
spent medium that was associated with a decoupling of lamtatation and sulfate
reduction Together the results demonstrate metabolic interactions and activity
partitioning withina methanogeniarchaeabacterialbiofilm. The dogma bmutualism
being synonymous with equal reciprodsychallengeds it pertains to this model
biofilm system Moreover, this unique bacteratchaeal biofilm represents interdomain
interactions that coulcepresent systems thaintributedshared metalhic processes that
lead to the development of eukaryotic life
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CHAPTER ONE

INTRODUCTION

Interspecies Communicatiamd Model Organisms

Microbial communities araeterogenous, diverse, and ubiquitcarsdform
complex networks ohteractions betweemultiple specis as well aghe environment
Advancenentsin technologyhave illuminatedhe seemingly boundlegxpanse that
microorganism&ncompass araccompanied with it has been the shift away ftben
debate ofvhatmicroorganism®xistin an envionmenjto an emphasis on the
methodology tadentify environmentally relevamopulations and thierespective
biochemical capacityMicrobial communities have permeated every aspect of our daily
livesin both a positive and negative fashexmd have beome essential to not only
maintain, but advance modern life. Microorganisms are not just important to human
healthand diseaséyut they also help to provide us with technolégyinnumerable
industrial applications from waste water treatment to thdymioon of food and
medication. To predict and alter microbial community physiology, the dynamic
metabolic interactions between different populationst bebetter understoodThe
research outlined hergilizes model organisms &ssess the dynamic @naictions in an
anaerobic biofilm assembly betwette sulfatereducing bacteriunesulfovibrio
vulgarisHildenborough, anthearchaeal methanogeMethanococcus maripaluds2.

Approximately50 years agoscientists discovered that bacteria couldagitelt

to-cell communication through the use of chemical sigfééslsonet al, 1970; Tomasz,
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1965) The term quorum sensing was used to describe this signaling between lzdcteria
the same populatiosince it was repeatedtiscernedvhen acritical populationdensity
was reachedandfurther research has demaraséd that the signaling can impact
different populations nearl{fruquaet al, 1994) Theobserve outcomewasdue toan
accumulation of chemical signisbm an increasingpopulationof cells which resulted in
the coordinatedexpression of specific target gemnveishin those bacterial members
therebymimicking the behavior aé multicellular organisniEberhard et al., 1981;
Engebrechet d., 1983; Matz, 2011)Unlike the planktonic growth modéhe diffusion
limitations and close proximity of cells within a biofilm make chemical communication
an idyllic route for interspecies interactiafi@echoet al, 2010) For example, iofilm
populations rely omhemical communication in order to overcome adverse environmental
conditions thereby increasing the fitness of the assembled comr{Kielityr & Surette,
2006)

While celtto-cell communication has been rigorously studied, the ecological
framework for the role of cheal signaling is still not well understood, as interactions
are vast and complgKeller & Surette, 2006) The types of chemical signaling
molecules and pathways, along with the environmemdlcemetabolicinteractions that
can be controlleds an eveexpanding eea of researchs different microorganisms are
cultivated under environmentally relevant conditio@urrently, quorum sensing is
grouped into three different classesablyl homoserine lactone based signaling by some
Gramnegative bacteria, LuxS/automckr2 signaling by some Gramegative and

Grampositive bacteria, and oligopeptide signaling by some Grasitive bacteria. The
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complexity of these communication molecules is exemplified by oligopeptide signaling.
Oligopeptides can be highly specifit ¢ertain species while also exhibiting inhibitory
antimicrobialproperties in other grougsi et al, 1997; Lyonet al, 2002; Mayuvilleet al,
1999) Oligopeptide signalthereforenot only coordinate cooperation but can also
function in canpetitionas well as having metabolic ramificationg.( utilization as
carbon and/or energy source).

Interspecies communication infers tkanalsare released telicit a directed
responsghoweverit can also be an unintentiomale that nearby commity members
can respond tas a result of crosspecies signalin(Bassler, 1999) The need to better
understand the ecological implications that signaling can have is particularly emphasized
by recognizinghat there aréhreegenerakypes of chemical interactions that can occur.
Signaling isthe primary interaction recognized which is an intentional, directed response
that typically results in a behavior change. Thereatsmbe indirect effects, or cae
whereby bacteria passively recognize and modify gene expression due to chemical
molecules that are produced by nearby community menolbarsother species
Additionally, intentional chemical manipulation of obacteriumby anotheican occur,
whichtypically functions to hava negative impact on the fitness of the recip{&etler
& Surette, 2006) Competition, defense mechanisms, and symbiosis can all be facilitated
by chemicakignaling(Matz, 2011)

Model organisms that have a wstlidied genetic systersuch ag®>saidomonas
aeruginosacan have up to five percent of its total genes controlled by quorum sensing

(Whiteleyet al, 1999) TheP. aeruginosagenesnbserved to bander signaling control
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include genes that are responsible for virulence, exoenzymes, and extracellular structures
that are important for biofilm formatiofwWhiteleyet al, 1999) There is also evidence of
inte-domain communication such as the interference oPtreerugnosaquorum

sensing system that is modulated by compounelsfosmarinic acid) secreted by plants
(Comral-Lugo et al, 2016) Within the last 20 yearsegomics, transcriptomics,

proteomics, and metabolomics have become commonplace tools to elucidate the vast
array of complex microbial interactiongcluding novel signaling and communication
pathways Through these approaches, an understanditiyeoégulatory responses that
microorganisms employ in their environmeanbe identified and biomined in an effort

to control the effect microbial communities may have in a géegting Therefore, in

addition to the traditional modes of quorum sensing that can impacipopalation
communication, direct metabolic interactions could be considered as a mechanism of
inter-population communication that subsequeeffgcts the optimization of resource

sharing(e.g, symbiosis).

Types of Symbiosis

Socialbehaviorhas been wetlocumentedhroughout the biospherie and
across all three domains of lifeom microbes taants to lions. Theotential interactions
in complexcommunitiescan be characterized esoperative, altruistic, or hierarchal with
the overarching goal wirectly and/or indirectlymprovereproductive succegérchetti
et al, 2011; Hammerstein & Selten, 1994)/ith the advances in microbiological
methodologiesecologi@l theorieghat wereoriginally formed for the macroscopic world

have becomenoreapplicableto microbial interactions The discovery of quorum
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sensingand thesignificantrole communication has withimicrobialcommunitieshas
been the pinnacle thdirecteda new area of research deemed sociomicrobiology
(Whiteleyet al, 2017)

Many of the general characteristics observed in aggregati@msméls can also
be observed for microbial communitieshe term social, or symbiosis, can erroneously
lead people to envision an amicable, cooperative interaction that is geassaliyied to
beequallybeneficial tothe interacting populationdt isimportant to remember that
social behavior on any scale is the product of competing interests for the organisms
involvedin terms of available resources, investment costs, and outcdevesutionary
theory emphasizes that social behavéarliimatelymotivated by the desire to survive
and reproducéHammerstein & Selten, 1994; Prosseal, 2007)

Microbial relationsform within complex ecological interactions acah be
broadly defined asooperative ocomgetitive (Faust & Raes, 2012Jhe nature of the
interaction igypically classifiedaccordingtaa A b i n a if gadh pantigamtlis
benefitting, unchanged, negatively impacted, or a combination tHexgoft+/-, -/+, +/+).
Typical competitive or parasitic associations can be explained in a predeyalynamic
with one benefitting at the expense of another to varying degrees of seVeéhign two
organisms benefit from an interaction it is referred to as a mutualfghe organisms
are benefitting specifically due to the crdssding of metadlites, then it is considered
bea syntrophic mutualism.

Amensalism refers toonditionsthat harm one partner withoatfectingthe other.

An example of this would be the creation of a more acidic environmdradigbacilus
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which would negativelympactorganisms thatre notacidophilic. Conversely,
commensalism is when one partner benefite neutral impact othe other partner.
This type of interaction is common with biodegradation where a population of
microorganisms is sustained off of tthegradation products produced by another
population.

These types of direct and indirect ecological interactions between microorganisms
have been observed to produce pattern formatiatien multispecies films. When
the relationship is cooperaéMhe biofilm hasan everintermixing of thepopulations
throughout If competitive interactions exist, the organisspatially segregate within the
biofilm as they compete for space and nutri¢htemeniet al, 2013) The research
presented hergtudies ecological interdons ina controlled biofilm system #t creates a
syntrophic mutualismwvith even interspecies mixing between two model organisms, the
sulfatereducing bacteriunesulfovibrio vulgariHildenborough, and an archaeal

methanogenylethanococcus maripaluds2.

SulfateReducing Bacteria

Anaerobic, sulfateeducing bacteria (SRB) are the most common microbial
induced corrosiofMIC)-associated organismSulfatereducing bacteria (SRB), such as
Desulfovibrio vulgaridHildenborough and their biofilms on diérent surface types have
been both of great interest and subject to scrutiny for the last several desRekave
been recognized as ideal organisms for bioremediation of sites that contain toxic
hydrocarbons and soluble toxic heavy metals or radiaesfHamilton, 2003; Micheét

al., 2001; Paynet al, 2002) Theyhavegained attentionlue to theieconomic
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implications fromoil field souring, steel and concrete corrosiangdmetalpipe fouling
Hence, there is considerable interest in understanding and ultimately controlling the
sulfidogenic activity of SRB, particularly at sofiiduid or liquid-liquid interfacesi(e.,
biofilms).

The SRB, Desulfovibrio vulgariHildenborough, haafully sequenced genome
anda geneticsystenthat hadranspiredover the years as a result of the interest in
understanding and controlling its physiolddieidelberg et al2004) D. vulgaris
Hildenborough, as a SRB, can generate eneygysing an ancient metabolism that
transfes electrons to sulfate which results in the production of sulfide, a reactive yet
toxic product(Konhauser2006; Shen & Buick, 2004; Truper, 1984). vulgaris
Hildenborough is valuable for bioremediation as it can also subsist by directing electrons
to oxidized toxic metal ions such as uranium (VI) and chromium (VI), thereby converting
these to less toxiceduced, insoluble formsThereforeD. vulgarisis a model SRB for
studying anaerobic metabolism, metal reduction, aerotolerance, and microtdalted
corrosion(Holmanet al, 2009; Rabust al, 2015) andnumerous studies have
characterize®esulfovibriobiofilms (Clark et al, 2006, 2012; Kurczgt al, 2015; Stylo
et al, 2015) Desulfovibriospeciesepresent an important guild in microbial
communitieghat link the turnover of organic carbon with the cycling of sulfur and
nitrogen compoundsandDesulfovibriocan also fornsyntrophc relationshipswvith

archaeal methanogg(Brileyaet al, 2014; Truper, 1984; Widdel, 1988)
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Hydrogenotrophidethanogenic Archaea

Hydrogen gas (b is a crucial subsate for methanogens as well as a common
source of energy for other organisms in both anaerobic and aerobic environments,
including acetogens, sulfatand sulfur reducers, and hydrogen oxidiz¢Ferreraet al,
2007; Peterseet al, 2011; Reysenbadt al, 2000) Hydrogenotrophic methanogens
are obligate anaerobes that reduce carbon dig&i@e) to methan€CH.) by using
hydrogen gagH>) as tle electron donor. In addition to playing a role in the global
carbon cyclethemethandhat is generated from this ancient metabols@powerful
greenhouse gas thiads aglobalwarming potential about 30 times higher than carbon
dioxide (Thauer, 2012; Uenet al, 2006; YvonrDurocheret al, 2014) Understanding
the ecological interactions of methanogens is important for elucidatingezatly
processes and modern challenges such as determining the role methateygenthe
turnover of carbon in anaerobic eronment, the formation of biogas, amdman health
(Conway de Macario & Macario, 2009; Jarrell et al., 2011)

Methanococcus maripaluds2 is an anaerobic arctmagthat can use tHor
formate as an electron donor to reduce @OCH; and is considered a model mesdighi
methanogen with its fully sequenced, and genetically tractable, gelowas recently
demonstratethatMethanococcus maripaluduld usehydrogen independent
electromethanogeness$ carbon dioxiddoy cathodic electrons generated from a graphite
electrodgLohneret al, 2014) Additionally, it was observed thlethanococcus
maripaludiscan exhibit taxis toward hydrogen gas which may impart a competitive

advantage in the environmeanrtd could helpa maintain specific community interactions
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(Brileyaet al, 2013) FurthermoreM. maripaludisincorporates int@esulfovibrio
biofilms under methanogenic and/or nitrogedng conditions(Brileya et al., 201H)

(unpublished results).

Syntrophy betweeB®esulfovibrioandMethanococcus

The syntrophy between sulfateducing bacteria and methanogenic archaea
represent two different guilds that botontributecritical parts in various anaerobic
environments.Desulfovibriocan use organiacidssuch as lactate, pyruvate, and formate
as carbon and electron donors for sulfate redu¢Boyantet al, 1977; Hatchikian, 1975;
Odom & Peck, 1981; Peck, 1960; Postgate, 19%9jhe environmentDesulfovibrio
will outcompeteMethanococcufor free hydrogerfH) assulfate reduction is more
thermodynamically favorable compared to £Z€duction(Pluggeet al, 2011)
Conversely, when sulfate concentrations are Biwre Desulfovibriospeciesan
produce hydroge(H-) thereby facilitating a syntrophy witlethanococcugand other
methanogens) through interspecies hydrogen tra(Bfgant et al., 1977) This
metabolic coupling is favorable whéfethanococcuscavenges the hydrogen from
Desulfovibriobecause it keeps the partial pressure of hydrogemha eliminates
product inhibition feedbaciuptonet al, 1984) At the same timehts intricate
interdomaininteractioncan be fleeting depending on the availability and flux of the
substrategleloup et al., 2009; Plugge et al., 2011; Stams & Plugge, 2009)

In laboratorymonoculturesD. vulgarisHildenborough readily forms a biofilm
that is flat and thin, but stable. WhN& maripaludishas been observed to form a

pellicle (Brileyaet al, 2013) when grown in ceculture withD. vulgarisHildenborough
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it doesndt contri but e butisreadilyemcorpanatet anc | bi of i
evenly dispersethto an existing lofilm (Brileya et al., 2014). The cooperative
syntrophy in the caulture also results in a thicker biofilm with topographical features
such as ridges, spires, and valleyswas recently shown that the biofilm promoted a
stable, more even, carrying capacity with improved hydrogen transfer as compared to the
planktonic bulk phase populatio(Brileya et al., 201d). Little work has been done to
characterize the interactive populations in anaerobic biofilms and how structure impacts
function within that communityThe estabished model systems f@esulfovibrioand
Methanococcuand theevidence for increased efficiency, as defined by biomass per
substrate flux, within this biofilm mutualism via product inhibition syntrophy was the

basis for further investigation presentedehe

Biofilm Interactions

Microorganismghatgrow as multicellular surface bound aggregaietsermed a
biofilm. Biofilms have been dated back to 3.4 billion years ago in-deagydrothermal
vents(Hall-Stoodleyet al, 2004) In natural environments, ove®®% of bacteria select
to exist as highdensity groups of surface attached commun(tBzssterton et al., 1987;
Geeseet al, 1978) Biofilms provide many advantages as compared to the free
swimming planktonic state. Along withxhibiting a different phenotype, physiological
activities of biofilms differ from the planktonic most likely driven by mass transport
limitations dictated by flow regimes and biofilm composition. As an intricate-three

dimensional structure, biofilms caoncentrate nutrients, create microenvironments
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through gradients, communicate via signaling, and exhibit genetic heterogeneity.
Furthermore, the cellular organization of biofilms effectually creates a protective outer
layer that allows the inner commiynmembers to survive damaging UV, antibiotics, or
other antimicrobial¢Costerton & Wilson, 2004; Costerton, 1999hese factors make
biofilms especially resilient to external stresses.

Biofilms are globally significant dut® immense implications they have for the
environment, medical field, and economy. Wastewater treatment facilities and
bioremediation efforts commonly rely on the use of beneficial living biofilms.
Unfortunately, the main driving force behind biofilnsearch has arisen from the
negative aspects of biofilm formation. In the United States alone, it is estimated that
$276 billion is spent on corrosion damggétle & Lee, 2007) In other countries this
cost accounts for-5% ofthe Gross National Produ@eechet al, 2005) Biofilms are
believed to contribute over 50% of this total cost through microbial induced corrosion
(MIC) (Flemming, 1996) Additionally, many chronic infections have been attributed to
biofilms. Biofilm based infections are seldom resolved and can be detrimental even to

those that have competent immune systEswart & Costerton, 2001)

Historical Significance

Biofilms have been described from environments where there are-figlit
liquid-gas or solidsolid interfaces that include terrestrial and deep sea hydrothermal
features, riparian zones, ship hulls, metal pipes, saturated soils, and the human body
(Hall-Stoodley et al., 2004)It is becoming increasingly clear that a mode of attached

growth more closely resemblgssitu conditions for many microorganisms in different
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environments and might likely be a universal feature that presents an important
physiology to explore in addition to the typically conducted studies on planktonic cells
(Dunne, 2002; Kolter, 2005; Shirtli&t al, 2002) As opposed to the individual free
swimming planktonic growth mode, cells growing as a biofilm are known to have
different physiologies and properties such as increased resistance to external stresses such
as antimicrobials, heavy metal exposure, desiccation, and substrate utiliZididnet
al., 2012; Kurczy et al., 2015; Stylo et al., 201%his is inpart due to the structure of
the biofilm itself which can slow antibiotic penetration, alter the microenvironment in the
inner layers, or provide a physical layer of protection by means of dead outéGeetis
et al, 2007; HallStoodley et al., 2004; Stewart & Costerton, 2001; Stewart & Franklin,
2008) Most microbial environments are physically dynamic habitats where fluxes in
water, nutrients, temperature, pH, and osmolarity can create challenges for
microorganisms to survivend thrive, and dehydration events can inhibit motility and
limit nutrient availability that can result in decreased microbial act{@tyet al, 2007)
Biofilm matrices can retain water, sorb nutrients, and protect against rapid changes in
salinity, osmolarity, pH, nutrient availability, and redox, and these attributes significantly
impact the cycling of C, N, S, and P in almost every environment on the planet.

Hardiress of biofilm cells can be attributed to the distinct physiological state of
cells existing and growing in the biofilm growth mode and also to the secreted matrix
components that interact with surfaces and the external environment. The biofilm EPS is
anall-inclusive term for the extracellular macromolecules that enable cells to adhere to

surfaces and each othérhe understanding of the biofilm matrix has progressed to
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include, but are not limited tpolysaccharides, extracellular DNA, membrane vesjcle
cell debris from lysed cells, enzymes, and structural pro(Biamdaet al, 2005;
Flemming & Wingender, 2010; Stewart & Franklin, 2008Yhile some of these
components have been identified and a function established for a particular species, there
are still many matrix components thatvie not been identified or described, including
membrane vesicles and related structures, particularly for environmental microorganisms.
Moreover, the biofilm matrix is increasingly being realized to contain a variety of intra
and inter matrix interactbns that contribute and may control biofilm behayorE.
Payne & Boles, 2016; Schooling & Beveridge, 2006)

In addition to aiding in surface attachment, the matrix can determine unique
features of the biofilmwch as structure and diffusion limitatiofBraissant et al., 2007,
Decho, 2000; Kreft et al., 2007; Lawrereteal, 2007; Loverdeet al, 2008; Nadelkt al,
2008) Cells within the biofilm have the ability to move and it has been well documented
that proximity of cells facilitates signali@tahlet al, 2011) Eukaryoic cells utilize
filament tracks to shuttle large molecules around more rapidly than diffukarefore, it
is possible that biofilms might function to exchange large signals similarly through the
EPS(Loverdo et al., 2008)More recently, Hooper and Burstein posited that the
minimization of extracellular space in prokatig (i.e., BacteriaandArchaed biofilms
promoted cellular associations that impacted metabolism and may have contributed to the
evolution ofEukarya(Hooper & Burstein, 2014)Thus DvH and Mmp represent a good

model systenof an interdomain biofilm to elgidate novel interactions.
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The structure and function of multispecies biofilms can be more coraptex
difficult to cultivatethan monoculturesut multispecies biofilms likely represent a
natural statéor in situbiofilms. Moreover, @spite the ubigjty of biofiims and
importance of anaerobes, little work has been done to understand how biofilm structure
affects function in anaerobic microbial communitiBernsteiret al, 2012; Brenner &
Arnold, 2011; Nielsert al, 2000; Raskiret al, 1996) While inteactions between SRB
and methanogens have been studied, very little has been done to characterize the
emergent properties of interactive populations in anerobic biofibesulfovibrioand
Methanococcugprovide good model systems given the extent of inanae, knowledge,
and available resources.€, genomes, mutants, 33eq libraries).

Inhabitants of anaerobic ecosystems are assumed to function at the
thermodynamic limit for energy generation and biomass production given system
constraintgBryant et al., 1977; Kato & Watanabe, 2010; Mclnereegl, 2009; Thauer
et al, 2008) When one metabolism is obligately coupled to another through interspecies
H>, formate, or electron transfer, organisms must persist by sharing the overall free
energy of the reactiofKato & Watanabe, 2010)Syntrophic physiology plays an
important role in microbial communities dominated by fluctuations in nutrient
availability and stress, where communityaractions are thought to provide stability
(Hanseret al, 2007)

In addition to the applied microbiology context, fundamentally, this unique
bacterialarchaeal biofilm represents interdomain interacttbas could have contributed

to evolutionary processes thad to the development of eukaryotic l{fdooper &
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Burstein, 2014; Wredet al, 2012) The research presented here will provide insight into
the internal and external biochemical environments that promoted differentiated,

localized, and shared metabatis

Pure Culture Paradigm

Natural biofilms represent multispecies communities of interacting
microorganisms howevgphysiology and regulatory biofilm studies have been
performed without excessive consideration of spegpexies interaction®atz, 2011)
Additionally, metabolic changes for adaptation to a syntrophic community may not be
apparent when grown in pure culturBranscriptomic studies of planktonic systems have
repeatedly demonstrated that syntrophic growth resulted in the differential exp@ssio
hypothetical uncharacterized gerfgato & Watanabe, 2010; Plugge et al., 2011; Walker
et al., 2009)

Most studies utilize pure cultures for the ease of interpretation and analysis.
Mixed cultures provide an added level of complexégpecially fotranscriptomics
(which measures\RNA transcript levelsand proteomis(which quantifies protein
abundanck due to thesignificant computational effortsf individual organism
assignment even with pestablished libraries to referen@®ndi & Lio, 2015; Gutleben
et al., 2018; Zhangt al, 2010) Additionally, nonspecific proteomics accomplished
with deuterium oxid¢D-0) labeling can confound results when multiple populations are
considerediue totheintricacyof makingpeak assignments to individual proteins
belonging to individual microorganism®ure culture studies asdll invaluablein order

to decipher microbial physiology and curate database annotdtimnsver, they cannot
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fully unveil the complexities of microbial community interactioriherefore, more
studies are needed of mixed communities under anaerobic conditions in the biofilm
growth modeo better elucidata broader understanding of the emergent propeaties

complex biesystens.

Research Objectives

While pure culture studies using simplified and controlled conditions are
necessary to expand our basic understanding of microbial physiology, they are not
necessarily relevant to understanding how individual microorganismtida in
ecosystems, which are complex networks of interacting microorganigmeswork
presented here faees on the developahaerobico-culture biofilm system betwedhe
sulfatereducing bacterium (SRBPesulfovibrio vulgaridHildenboroughandthe
archaeal hydrogenotrophic methanogdethanococcus maripalud®2. Despite the
effortsthat have beenput forthto study the interactions between SRB and methanogens,
the emergent properties of interactive populations in anaerobic biofilesbabea
well characterizedThe environmentally relevant, genetically tadie, and welktudied
D. vulgarisandM. maripaludismicroorganisms providamodel system in which to
assess ecological interactiorisurther,D. vulgarisHildenborough an#lethanococus
maripaludiscan metabolically pair themselves in what has been previously described as a
product inhibition syntroph{Dean, 1985) This occurs wheb. vulgarisoxidizes lactate
into acetate and Hwhich both can become inhibitory in excess concentrations. The

methanogeny. maripaludis alleviates thisurden on the SRB through the pursiiit®
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own energetic requirements whiatilizesthe H andsomeacetate in order to run
methanogenesisvhich results in Chlproduction. The research goalerewas to analyze
thedynamicmetabolic interactionsf this syntrophic mutualism within the intkamain,
anaerobicbiofilm in order to determine activity partitioning that may occur.

Previous worlestablishedhat the syntrophic biofilm created betwd&nvulgaris
andM. maripaludisenhanced the carrying capacity of the system as defined by mass flu
of lactate or CHI(See AppendibD andE). Chapter 2 explores these findings and
hypothesizes that the stability is dueutdquecarbon and electron cycling that is
facilitated by the proximity of the populations within the biofilfrurthermore, it was
anticipated that there would be uniggenetic expression in the biofilm growth mode in
addition to expression differences unique to thewture environmentA full
transcriptomic assessment utilizing RMAq orD. vulgarisandM. maripaludisgrown
asplanktonic monocultures was ustedcompare expression profilasthat of the ce
culture biofilm growth modeExpression in the coulture biofilmwasalsocompaed to
theco-culture inthe planktonic stateAdditionally, the metabolic profile for each
organism was used to create an elementary flux mode model that was used to make
predictions about energetic requirements and how this could influence the interactions
between the organisms.

The stability of the ca@ulture biofilm was further investigatea Chapter 3.1t
was hypothesized that in the presence of a more energetically desirable electron acceptor
(i.e., sulfate) thaD. vulgariswould metabolically disassociate frdvh maripaludis

Community interactionbased upon interspecies hydrogemgfarwere challenged in an
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established biofilm grown in a continuous culture reactor when it was exposed to a
sulfate perturbationBasedontheresults, further growth studies were conducted using
filtered spent medifrom the organisms grown in plankic monocultures. The filtrate
was tested with various amendments and used as backgrounamh&decross
inoculation growth studiesThe results indicate that cdiiee spent medium frorl.
maripaludisimpactsD. vulgarisgrowth and sulfateeduction.

Expression data alorsgenot always representative of actual functias mRNA
and protein expression can be uncorrel@Brdder & Liu, 1998; Bollmanret al, 2005;
Morgenroth et al., 2000; Od# al, 2000; Taniguchi et al., 2010T herefore Chapter 4
explores the translational activity for the-calture biofilm. Deuterated waterid-0)
wasadded to the continuoes-culture biofilm reactor and used to assess activitypfor
vulgarisandM. maripaludisattwo developmermatl stages: the early, or developing,
biofilm stage and the late, or steady state, biofilm stigmvly synthesized proteins for
the respective populations in the@dture biofilm were determined from mass shifts
occurringin liquid chromatography mass spectretny (LC-MS) data. Therotein
activity resultssuggested from this analysis were further explored using a new method of
Biorthogonal Noncanonical Amino Acid Tagging, or BONC/MTatzenpichler et al.,
2014; Hatenpichler & Orphan, 2015)

Chapter 5 explores the effect of sulfoacetate and sulfopyruvate on monoculture
planktonic growth of the SRB and methanog&esults from the previous studies
outlined identified candidate metabolitesich as sulfonate compaisand amino acids

that could be important for the syntrophic association bet®eenlgarisandM.
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maripaludis Sulfonates are widespread and important contributors to the global sulfur
cycle. Most of our knowledge on sulfonates has originated fremsttidy of
methanogenesis, specifically coenzyme Mr@rcaptoethanesulfonic acidreports
have demonstrated the ability of microorganisms (€igpriavidus necatoH16,
Rhodopseudomonas palusti@esulfovibriolC1) to utilize sulfonates as terminal
electron acceptors, sole carbon sourocedoth(Dengeret al, 2004; Lieet al, 1996;
Weinitschkeet al, 2007) The potential for sulfonate compounds to be used in this
manner became of particular interegetb the implication that it@uld have for
syntrophic interactions within this limited @ulture system and was therefore
characterized

Further emphasis on the importance of linking the distinction between genetic
capacity and observed function was describe@rfoenvironmental ate inAppendix
A. After a lactate amendment to stimulate sulat#ucing bacteria in a chromium
contaminated site was madrelosinus fermentandlBW45, was recoverednitial
analysis of functional annotations in the genome (See Appendix B ande@)egv
unexpected capacities for heavy metal tolerance. Literature reviews revealed that other
stimulated contaminated sitbecameenrichedn Pelosinusspp. populatios as well
which warranted further characterization. The subsequent physiologicsdrasse is

outlined along with the unexpected findings.
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ABSTRACT

Symbiosis is widespread throughout the biosphere withstdied examples in
and across all three domains of lifehe syntrophy between sulfateducing bacteria
(SRB) and methan@gic archaea is of interest because both guilds play crucial roles in
many different anaerobic environmentdethanococcus maripaluds2 and
Desulfovibrio vulgaridHildenborough can form a syntrophic mutualism when grown in
the absence of sulfatén order to better understand the interactions betWéen
maripaludisandD. vulgaris RNA-Seq was used to create a transcriptomic profile of the
co-culture biofilm as compared to the planktonic moaiod ce culture stateso
demonstrate unique expression aethavior in the biofilm state. Transcriptomic analysis
indicated that the most differential expression fecatiure biofilm compared to
planktonic monocultures occurredvh maripaludis The results demonstrated that key
genes known to be involved methanogenesis were dovempressed foM. maripaludis
and electron transfer related genes were dempressed fob. vulgarisHildenborough.
Many of the upexpressed genes for both populations inclutede encoding for
hypothetical proteindut also iludedgenes known to encode foell surface
modifications, communication via small metabolites;y¢ling, and metal homeostasis.
Insight into the interactions of this anaerobic syntropkyaalsogainedusing
stoichiometric modeling. Predictions abaunino acid exchange in the two populations
identified alanine, cysteine, glycine, and serine as integral to decreasing the hydrogen or
carbon dioxide requirement M. maripaludis These results highlight unique gene
expression and predicted metabaoditaring for the interdomain biofilm and indicate that
the biofilm growth mode is both phenotypically and physiologically unimeest likely
due to mass transport considerations and electrogenic flux balance that may be alleviated
by amino acid sharing.
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INTRODUCTION

Biofilms are an ancient adaptation as well as the predominant mode of growth for
many microorganisms across a variety of natural environnjelgisiming & Wuertz,
2019) Biofilms contribute to microbial tolerance of many physically dyicamabitats
where fluxes in water, nutrients, temperature, pH, and osmolarity can create challenges
for microorganisms to survive and thrive especially when limited nutrient availability can
result in decreased microbial activity and/or niche sp@cetal., 2007) Therefore,
biofilm physiology is important to explore in addition to the typical studies conducted on
the more readily cultivated planktonic cegl3osterton, 2007; Dunne, 2002; Kolter, 2005;
Wyndham & Costerton, 1981 Moreover, biofilms faititate the development of
complex interactions between community members and enhance metabolism by the
localization of cells in close proximity such that cooperative interactions can be fostered,
or competitive interactions minimiz€Burmglle et al., 204; Carlson et al., 2018)
Previous work has shown that the structure of a mixed biofilm community is dependent
upon cooperative or competitive interactions and that the degree of intermixing of a two
member community is indicative of ecological interas {.e., cooperation/competition)
(Momeni et al., 2013)

Desulfovibrio vulgaridHildenborough (DvH) is a biofilaforming, sulfate
reducing bacterium commonly grown with lactate and sulfate that results in oxidation to
acetate and the reduction to sadfi(with transient Bproduction)(Clark et al., 2007;

Odom & Peck, 1981; Pankhania et al., 1988; Peck, 1960; Voordouw,. 2002)



35
Methanococcus maripalud{#mp) is a rapidly growing archaeal methanogen that uses
H2 as an electron donor to reduce carbonid@xo methane by methanogenesis, which is
possibly one of the oldest microbial metaboligfisauer, 2012; Ueno et al., 2006)he
association oDesulfovibrio vulgariHildenborough witiMethanococcus maripaludis
under low sulfate conditions has beenalg®d as a product inhibition syntrophy due to
the inhibitory effect excessiveskdas production has ddesulfovibrioduring lactate
oxidation in the absence of sulfdfeean, 1985) The growth of these two species in the
absence of sulfate results imatualistic, biofilmforming, coculture that sel
assembles, but most of the work on the mutualism betlesulfovibrioand
Methanococcubas been studied under planktonic conditi@ryant et al., 1977;
Mclnerney & Bryant, 1981; Plugge et al., 2010; IW¢a et al., 2009) Despite being
model organisms that have been studied for over 50 years, relatively little is known about
specific mechanisms of syntrophic interactions or how structure relates to function in
terms of biofilm. With the recent demoration of structural changes in the-calture
biofilm and the increased efficiency in terms of flux to biomass for a
DesulfovibridMethanococcubiofilm compared to planktonic grow{Brileya et al.,
2014) we hypothesized that the-calture biofilm exhilited distinctly different
metabolisms as compared to the planktonic physiology with altered carbon flux that
could be identified through transcriptomic and metabolic model analyses to provide
insight into potential investment strategies to gain benef freetabolic interactions in a

bacterialarchaeal biofilm.



36

MATERIALS AND METHODS

Culture Conditions

Desulfovibrio vulgaridHildenboroughandMethanococcus maripaludis2were
anaerobically cultured in eculture medium (CCM) with 80% MN20% CQ sparged
headspace at 30°C and shaking at 125 (iMalker et al., 2009)Batch, planktonic,
monocultures ob. vulgarisHildenborough were grown in serum bottles with the
addition of 30 mM sulfate. Batch, planktonic, monocultureSlomaripaludiswere
grown in seam bottles and amended with 30 mM acetate instead of lactate, along with an
over pressurization of 80%:H20% CQ gas to 200 kPa. Ceulture biofilm was
propagated on glass slides held in a modified, continuously stirred, 1 L CDC reactor as

previously desribed(Brileya et al., 2014; Clark et al., 2006, 2012)

Sample Collection

Triplicates of each culture were harvested immediately upon reaching stationary
phase, or steady state for biofilm samples based upon lactate consumption and methane
production (300 h; ~8.5 generations in planktonic phase). A 450 miwater bath was
made with 2 g of potassium chloride added. Sterile, coiled, stainless steeldnes1(}
were submerged in the potassium chloride slurry and attached to a variable flow
peristaltt pump (Fisher Scientific). A stand and clamp were used to hold the serum
bottle containing the planktonic cultures upside down. A sterile filter and needle were

attached to the nitrogen gas line then inserted into the bottle, while the sterile line
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conneted to the pump was inserted. The pump was turned ofysiow allowed to
flow into a sterile 50 mL conical on ice until the line was purged. The samples were
immediately centrifuged at 10,000y¥or 10 minutes at 4°C. The supernatant was
removed andhe pellets were flash frozen using liquid nitrogen. For theutture
biofilm, thereplicatesamples were scraped off the glass slides into sterile
microcentrifuge tubes on ice under a stream of filter sterilized nitrogen gas before being

centrifuged ad frozen in liquid nitrogen. All samples were then store@@tC.

Total RNA Extraction

RNA was extracted from the triplicate samples using the RNeasy® Mini Kit
(Qiagen, Valencia, CA, USA) as per manufacturer instructions with the optional DNase
treatrent performed. Biofilm was homogenized by passing it through a sterile, RNase
free, 23gauge needle. To increase RNA yield, 1X TE buffer was added to each RNA
sampl e. RNA quantificationTwaRNdAoassagihg

Qubit® fluorameter (Invitrogen, Carlsbad, CA, USA).

lllumina Library Construction and Sequencing

Total RNA samples (5 pg) were enriched for mRNA using the Kb
Metabacteria Kit (Epicentre, Madison, WI, USA), followed by a clepstepusing the
RNA Clean & Conentrator (Zymo), the process was repeated for samples with more
than 5% ribosomal RNA contamination. The mRNA enriched sample was fragmented to

a 200250 bp peak range using the Ambicon RNA Fragmentation kit (Ambicon, Austin,
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TX, USA). Complementary DNAythesis was performed as described (@ress et
al., 2013) Briefly, cDNA was made by annealing random hexamers, then first strand
synthesis was created using Superscript Il (Invitrogen) and samples were purified using
AMPure XP beads. For the secastthnd cDNA synthesis, a mixture of dNTPs, with
dUTP instead of dTTP was used. A double AMpure XP SPRI bead purification was also
utilized to select for a size range 2500 bp. Indexed TruSeq libraries were made using
manufacturer instructions (lllumingan Diego, CA). Strands with dUTP incorporated
were destroyed with AmpErase uracigi/cosylase (Applied Biosystems, Foster City,
CA). The sample was enriched for products with both adaptors with 10 cycles of PCR as
is indicated in lllumina TruSeq DN&ample Prep Kit. The library was sequencedimn

lllumina HiSeq 2000.

Transcriptome Assembly and Analyses

lllumina Hi-Seq reads were checked for quality using the FastQC software
[http://www.bioinformatics.babraham.ac.uk/projects/fastqc/], and checked f
contaminants using the FastQ Scréafingett & Andrews, 20183oftware together with
a database of known lllumina adapters and vector sequences from NCBI UniVec.
Following these quality checks, reads were trimmed with the Trimmomatic software
(Bolger etal., 2014)o remove lowguality ends. Reads were then mapped againfd.the
vulgarisHildenborough anl. maripaludisS2 genomes (NCBI references NC002937,
NC005791 and NC005863) using BowtiéLangmead & Salzberg, 2012pd

consistency across replicatassessed by PCA performed on counts of single and
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multiple hits. Counts of reads per CDS were calculated by H{/S®tprs et al., 2015)
and differential expression analysis based on these counts was performed by edgeR

(Robinson et al., 2010)

RNA-Seq Epression Analysis

Expression was calculated for the following comparisénsulgarisin the co
culture biofilm versu®. vulgarisbatch planktonic monocultur®. maripaludisin the
co-culture biofilm versu$/l. maripaludisbatch planktonic monoculturand ceculture
biofilm versus ceculture in batch planktonic (Figure 1). Genes with an adjustedyg

and FDR < 0.05, and fold change > 0.75 were identified as being differentially expressed.

=

Co-culture Biofilm

VS
~ O '
-_— ® .ra.'—/ =~
DvH Monoculture Mmp Monoculture  Co-culture Planktonic

Figure 1. D. vulgarisHildenborough(DvH, in greef andM. maripaludis(Mmp, in red
co-culturebiofilm RNA-Seqgtranscript data was compared to planktonic cultuRISA
was harvested during the late exponential phase for the respective samples. The
transcriptomic profile foD. vulgarisin the ceculture biofilm was compared againist
vulgarisexpression in planktonic batch monoculture and planktonic batchltae.
Similarly, M. maripaludisexpression in the eoulture biofilm was compared to the
expression in planktonic batch monoculture and planktorighlas-culture.
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Stoichiometric modeling

The online bioinformatics platform KBagarkin et al., 2018was used to
generate metabolic models esulfovibrio vulgariHildenborough an#lethanococcus
maripaludisS2 based on mapped genomic annotations fesnpkate models describing
the metabolism obesulfovibrio alaskensi&20 andviethanospirillum hungatel~1
(Table S1 and S2). Briefly, the templ ate
model from Excel, 0 the pr ot edederganismméwetrehe t e
compared using ACompare Two Proteomes, 0 an
devel op the output models using APropagate
models were curated manually for elemental balance and metabolic functionality,
including genes for the consumption and production of amino acids. Since neither
organism is auxotrophic for amino acids in isolation, missing biosynthetic genes were
added to complete synthesis pathways based on pathways described in the literature in
phylogenetically similar organisms. Reaction rate distributions were obtained for single
organism models using RegeEFMTool version (&&rstl et al., 2015; Gerstl et al., 2015)
and analyzed for physiological context usinghouse MATLAB scripts. Community
analysis of DvH and Mmp used the overall reaction stoichiometries determined from
individual models as inputs for linear optimization allowing for representative metabolic
flexibility (i.e., production or consumption of amino acids) with tractable eatdbgi

context (.e., individual organism minimizes carbon flux).
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RESULTS

Transcriptomic comparisons were made from RSiEq data obtained from
replicateD. vulgarisHildenborough andl. maripaludisco-culture biofilm, monoculture
planktonic, and caultureplanktonic growth conditions (Figure 1). The gene expression
profiles revealed distinct physiological differences between thaultore biofilm and
planktonic growth modes f@. vulgaris(Figure 2) and. maripaludis(Figure 3). D.
vulgarishad approknately 220 genes that were significantlyexpressed compared to
monoculture and were also at lower expression levels in the plankteoidtace (Figure
2). Likewise,D. vulgarishad approximately 325 genes that were significantly down
expressed comped to monoculture that were also at higher expression levels in the
planktonic ceculture (Figure 2). Between @mlture biofilm and planktonic, most genes
displayed similar trends, although a small number were drastically lower (n=5) or higher
(n=27) inco-culture. M. maripaludisdisplayed greater variability in expression levels for
a greater number of genes, with mostexpressed genes (~300) and desxpressed
genes (~250) showing a stronger respective change than-tutwe planktonic cells
(Figure 3). SyntrophicallgrownDesulfovibriohad 540 (43% of the 1257 genes with
statistically significant expression changesyexpressed genes and 717 (57% of the
1257 genes with statistically significant expression changes)-damessed genes in the
co-culture biofilm as compared with the planktonic monoculture (Figure 4A). Over half
of the genes significantly ugxpressed for coulture biofilm and over a third of the

genes significantly dowexpressed for coulture biofilm were annotated as hypetical



42
proteins (Figure 4A). Whereas the syntrophicaltgwn planktonidesulfovibriohad
132 (43% of the 308 genes with statistically significant expression changesprgssed
genes and 176 (57% of the 308 genes with statistically significant exjprebanges)
downexpressed genes in the planktoniecatture as compared with the planktonic
monoculture and correspondingly a lower number of the significant changers were

annotated as hypothetical proteins (Figure 4B).

Co-culture Biofilm Specific Gene Expression in Desulfovibrio
3.00

225 .
150 M' “.

075 | [ — f . . ..t
0.00

- — g
-1.50

225

-3.00

-3.75
® DvH Expression in Co-culture Biofilm

« DvH Expression in Planktonic Co-culture

Figure 2. D. vulgarisHildenborough(DvH) co-culturebiofilm expressiorwas plotted

for all genes Thelog. fold-changeprofile for all D. vulgarisgenes from greatest to least
expresseththecocul t ure biofilm (y) as compared to
the corresponding expression profile for the same genes in the planktanic ¢ot ur e ( 0 ) .
The grey box represents the -ait threshold for significant expression levels (0.75<X
0.75).
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Co-culture Biofilm Specific Gene Expression in Methanococcus
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« Mmp Expression in Planktonic Co-culture

Figure 3. M. maripaludis(Mmp) co-culturebiofilm expressiorwas plotted for all genes

Thelog> fold-changeprofile for all M. maripaludisgenesrom greatest to least expressed
inthececul ture biofilm (y) asocdtaenpiththed t o t he
corresponding expression profile for the same genes in the plankteniccdot ur e ( 0) .
grey box represents the enff threshold for significant expression levels (0.75<X<

0.75).
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(A) Statistically significant expression for Desulfovibrio in co-culture biofilm

20% Down
Expressed

15% Up
Expressed -

(B) Statistically significant expression for Desulfovibrio in planktonic co-culture

5% Down
Expressed - ;5 ps
5 HP
4% Up
Expressed

Figure 4. D. vulgarisHildenborouglco-culturestaistically significant &presed genes

were represented as a percentage of all genes in the gggmbe statistically

significant gene fraction (usingyalues and FDR <0.05) as compare®to/ulgaris

planktonic monoculture for all annotated geneke @ctual number of genes (down=211

and up=309) with altered expression annotated as hypothetical p(i€ijfer D.

vulgarisin co-culture biofilm. @) D. vulgarisin planktonic ceculture had 5% and 4%

total genes display dowexpression or iexpressn, respectively. The actual number

of genes (down=70 and up=35) with altered expression annotated as hypothetical proteins
(HP)for D. vulgarisplanktonic cells.
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(A) Statistically significant expression for Methanococcus in co-culture biofilm

26% Down
Expressed

20% Up
Expressed

(B) Statistically significant expression for Methanococcus in planktonic co-culture

19% Down
Expressed 327 total
113 HPs
233 total
14% Up 97 HPs
Expressed

Figure 5. M. maripaludisco-culturestatistically significant presgd genes were
represented as a percentage of all genes in the ger@n€&he statistically significant
gene fraction (using-palues and FDR <0.05) as comparedtanaripaludisplanktonic
monoculture for all annotated genes. The actual number of genes (down=131 and
up=147) with altered expression annotated as hypothetical pr{it#msor M.
maripaludisin co-culturebiofilm. (B) M. maripaludisin planktonic ceculture had 19%
and 14% total genes display dowrpression or texpression, respectively of all
annotatd genes. The actual number of genes (down=113 and up=97) with altered
expression annotated as hypothetical protgi#) for M. maripaludisplanktonic cells.

SyntrophicallygrownMethanococcubad 347 (44% of the 788 genes with
statistically signifi@ant expression changes)-appressed genes and 441 (56% of the 788

genes with statistically significant expression changes) eoypnessed genes in the-co

culture biofilm as compared with the planktonic monoculture (Figure 5A). Whereas the
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syntrophicallygrown planktonidViethanococcubad 236 (42% of the 566 genes with
statistically significant expression changes) statistically significargxppessed genes
and 330 (58% of the 566 genes with statistically significant expression changes) down
expressed ges in the planktonic eoulture as compared with the planktonic
monoculture (Figure 5B). Between 25 to 50% of the genes with altered expredgion in
maripaludiswere annotated as hypothetical proteins (Figure 5).

Overall, there were more significantrgeeexpression changes for both populations
in the coculture biofilm condition as compared to the planktonic monocultures (Figure 4
and 5). Methanococcubad 111 more genes both up and daxpressed in coulture
biofilm as compared to the planktonic-colture, whileDesulfovibrioshowed 408 more
genes ugexpressed and 541 more genes dewpressed in coulture biofilm as
compared to planktonic eculture. Interestingly, whil&. maripaludismaintained
similar relative abundances of-snd dowrexpresed genes between biofilm-calture
and planktonic condition§). vulgarishad a decline of significant changers for the
planktonic ceculture condition.

D. vulgarisgenes with significantly altered expression forcotture biofilm were
binned into COG based upon cellular functions, and most of the COGs displayed a
downward trend in gene expression (Figure 6). After hypothetical/general function, COG
T (signal transduction), COG M (cell wall/membrane), COG L (replication/repair), COG
E (amino acids)and COG C (energy production/conservatiae)e the next
predominately changed categor{égyure 6). Interestingly, only three COGs had more

up-expressed genes than deexpressed genes fbr. vulgarisin the coeculture biofilm:
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unknown function, generéunction, and defenseM. maripaludisgenes with
significantly altered expression for-calture biofilm were binned into COGs based upon
cellular functions, and the COGs displayed a mixed response (Figure 7). After general
function and unknown functioas the two largest tgxpressed groups, COG V
(defense), COG M (cell wall/membrane), COG J (translation/ribosome), COG H
(coenzyme), COG E (amino acid), and COG C (energy production/conservation) were
the most ugexpressed (Figure 7). COGs that weremyadownexpressed fok.
maripaludisin the ceculture biofilm included COG T (signal transduction), COG Q
(secondary metabolites), COG L (replication/repair), COG K (transcription), COG |

(lipids), and COG D (cell cycle).
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Figure 6. D. vulgarisClusters of Orthologous Gene3he statistically significant genes
with expression differences f@. vulgarisin the coculture biofilm(CCBF D)or

planktonic ceculture(CCPL D)as compared to the planktonic monoculture categorized
into predefined COG catagies. Each category is represented as a percentage of all the
genes for each COG with the representative gene numbers listed in the boxes.
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Methanococcus
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V: Defense mechanisms

U: Intracellular trafficking, secretion, and vesicular transport

T: Signal transduction mechanisms

S: Function unknown

R: General function prediction only
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L: Replication, recombination and repair

K: Transcription

J: Translation, ribosomal structure and biogenesis

I: Lipid transport and metabolism

H: Coenzyme transport and metabolism

G: Carbohydrate transport and metabolism
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Figure 7. M. maripaludisClusters of Orthologous Geneghe statistically significant
genes with expressionftirences foM. maripaludisin the coculture biofilm(CCBF M)
or planktonic ceculture(CCPL M)as compared to the planktonic monoculture were
categorized into prdefined COG categories. Each category is represented as a
percentage of all the genes &ach COG with the representative gene numbers listed in
the boxes.

D. vulgarisexpression could be easily categorized into two groups, those that
were unique to the eoulture biofilm and those that were specific to thecatiure (.e.
syntrophy) in geeral. Upon analysis, it was apparent tiathanococcubkad a third
group of genes that could only be classified as those genes that were statistically
significant to the ceculture biofilm and planktonic eoulture {.e., co-culture), but also

were diffeentially expressedM. maripaludishad six statistically significant up

expressed genes in the-calture biofilm that were also dowexpressed in the planktonic
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co-culture (Table 1). For example, MMP0O83% annotated as a ri

boni

pl aryolae i n control of cell activity throught

r i b o s Additosally, there were 19 statistically significant doexpressed genes in
the coculture biofilm that were significantly upxpressed in the planktonic-calture
(Table 1). Interestingly, five of these genes were annotated as ribosomal proteins and
could be suggestive of a dovirend for overall translation. In the context of carbon
processing, the eoulture biofilm (but not planktonic eoulture) dowrexpresse@n
annotated formate dehydrogenase subunit (MMP1297), a carbonic anhydrase
(MMP1299), hypothetical protein (MMP1300), and formate transporter (MMP1301)
(Figure 8). While the presumptive formate dehydrogenadd fonaripaludiswas down
expressed, the forate dehydrogenase bf vulgaris(DVU2811 and DVU2812) was
significantly upexpressed. In addition, methyl viologen was used to measure formate
dehydrogenase activity betweenadture planktonic and biofilm samples and the co

culture biofilm had 18old higher formate dehydrogenase activity (Figure S1).
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CCBF CCP1 CCBF vs CCP1
Log,FC|Gene ID |L0og,FC|Gene ID Log,FC Description
1.3796 MMPI1179 -1.4970 MMP1179 2.8771 methyltransferase
1.1266 MMPO875 -1.2987 MMPO875 2.4253 S layer protein
0.9010 MMP0870 -0.9315 MMPO0870 1.8326 glycerate dehydrogenase
0.9007 MMPO0837 -1.1361 MMPO837 2.0371 ribonuclease H
0.8736 MMP1548 -0.8664 MMP1548 1.7402 Fe-S type hydro-lyase tartrate/fumarate subunit beta
0.7864 MMP1343 -1.0023 MMP1343 1.7887 hypothetical protein [Superfamily, evalue = 9.77e-
22]cl00446, Metallo-beta-lactamase superfamily
-2.8399 MMP1299 1.4750 MMP1299 -4.3150 carbonic anhydrase
-2.1474 MMP0252 1.3835 MMP0252 -3.5314 hypothetical protein
-1.8633 MMP1300 2.4679 MMP1300 -4.3312 hypothetical protein
-1.7551 MMP1301 19144 MMP1301 -3.6695 formate/nitrite transporter
-1.5796 MMPO0457 1.7625 MMPO0457 -3.3422 DEAD/DEAH box helicase domain-containing protein
-1.4648 MMP0948 1.4047 MMP0948 -2.8698 hypothetical protein
-1.4449 MMP1297 2.4984 MMP1297 -3.9433 formate dehydrogenase subunit beta
-1.3626 MMP0489 0.8174 MMP0489 -2.1805 hypothetical protein
-1.3438 MMP0443 1.1954 MMP0443 -2.5395 308 ribosomal protein S24e
-1.3326 MMP1147 1.1745 MMP1147 -2.5072 50S ribosomal protein L37e
-1.2607 MMP0577 1.4229 MMPO0577 -2.6837 308 ribosomal protein S17e
-1.2482 MMPO0578 1.7434 MMPO0578 -2.9919 chorismate mutase
-12213 MMP1385 1.6418 MMP1385 -2.8631 coenzyme F420-reducing hydrogenase subunit beta
-1.1477 MMPO0136 1.0504 MMPO0136 -2.1983 3-isopropylmalate dehydratase small subunit
-1.0678 MMP1643 1.1082 MMP1643 -2.1761 hypothetical protein
-1.0594 MMPI1658 0.9424 MMP1658 -2.0019 30S ribosomal protein S8e
-1.0026 MMP0062 12108 MMP0062 -2.2136 508 ribosomal protein L31e
-0.9191 MMP1505 0.8472 MMP1505 -1.7663 pyruvate oxidoreductase (synthase) subunit alpha
-0.9082 MMP1693 MMP1693 -1.5382 F420 non-reducing hydrogenase subunit

Table 1. M. maripaludishad dfferential expressiorfor a subset of geneghe

statistically significant genes (usingvplues and FDR <0.05) with differential expression
(Logz Fold Change) betven M. maripaludis(as compared to planktonic monoculture) in

the coculture biofilm (CCBF), ceculture planktonic (CCPI), and as theadture
biofilm compared to the eoulture planktonic (CCBF vs CCPI).
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Figure 8 Transcriptomic differences in meti@yenicrelated electron and carbon
processing genes fdethanococcumaripaludisbetween planktonic eoulture and
biofimco-c u | t ur & Na gradienfNHMPT, tetrahydromethanopterin; MFR,
methanofuran; CoMsH, coenzyme M; CoisH, coenzyme B; CoMs-S-CoB,

heterodisulfide of CoM and CoBaf/Fa2dH2, coenzyme ko, ox/red (most kely

ferredoxin);ehdehh hydrogenase A or Bdhl/2, formate dehydrogenads,
formyltransferasefmdfwd, formylmethanofuran dehydrogenagejfrc, Fs2o-reducing
hydrogenasddr, heterodisulfide reductasemd Hx-dependent methylerdsMPT

dehydrogeasemch methenyHsMPT cyclohydrolase; Mcr, methy@oM reductase;
mer, methyleneHsMPT reductasemtd, Fs2c-dependent methyleAdsMPT
dehydrogenasentr, methytHsMPT:CoM methyltransferasehuvhc. Modified from

Costa et al., 2013.
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Expression as Result of Syntrophy

Genes that showed similar expression trends and that were statistically significant
to the ceculture biofilm and ceculture planktonic growth modes were identified as being
important for syntrophic interaction®esulfovibriohad 9 gaes more than-bld up-
expressed, and 30 genes more thdol® downexpressed that were-colture specific
(Table S3). The upxpressed genes greater thaiold were annotated as lactate
permeases (DVU2451 and DVU3026), lipoproteins (DVUQG&)% 7a reponse regulator
(DVUO0145), and hypotheticals with predicted membrane associations (DVU0146,
DVU014950, DVU1105). The genes with2-fold downexpression in the eoulture
biofilm were annotated as important for energy, cell motility, inorganic ion toasmd
hypothetical proteins and included hypothetical proteins (DVU0304, DVU2681,
DVU0303, DVU2108, DVU0772), flagellin (DVU2082, DVU1441), chemotaxis protein
CheX (DVU0302), and ferrous iron transport proteins (DVU28Y.1 These genes were
similarly down-expressed in the planktonic-calture however they were significantly
more dowrexpressed in the eculture biofilm growth mode in general.

Overall, a much wider range in expression changes were observed for
Methanococcu the coculture biofilm depite having similar expression trends with
the planktonic ceculture. The highest expressed genes related to syntrophic growth were
for hypothetical proteins (MMPO0O501 a predicted homology to a hydrocarbon precursor of
the pentalenolactone family of antibics, and MMP0998 a predicted virulence factor
related to pectin that mediates adhesion to target cells), a surface protein with a collagen

triple helix repeat (MMP1194), blue (type 1) copper domain protein (MMPQ0997 which is
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predicted to be similar to aipredoxin for intermolecular electron transfer reactions),
cobalt transport protein (MMP1483), glutamine amidotransferase (MMP1656), and
aspartate racemase (MMPQ0739) among numerous other hypothetical proteins with no
known function (Table S4). The mostwdeexpressed genes fivtethanococcus co-
culture were in hypothetical proteins (MMP0601, MMP1016, MMP0629, MMP1302,
MMP0846, MMP0692, MMP1586, MMP0235, MMP1633), flagellin (MMP 1666
MMP1670), nitrogenase (MMP0857), ammonia transporter (MMPO0065), ares ge
central to the methanogenesis pathway such as coenzyme F4gfloomg
hydrogenase (MMP0822, MMP0817), methylenetetrahydromethanopterin reductase
(MMPO0058, MMP0127, MMP0372), and formylmethanofuran dehydrogenase

(MMP12489); however, CHproductionwas steady under the tested growth conditions.

Expression as a Result of Growth Mode

Overall, Desulfovibriodid not exhibit changes in expression above kgl@
change that could be identified as beinegcatiure biofilm specific (Table S5). The most
up-expressed genes unique to the biofilm growth mode were annotated as lipoprotein
(DVU1126, DVU2301), NiFe hydrogenase (DVU1922), tryptophanase (DVU2204),
hypothetical alcohol dehydrogenase (DVU2603), mefaditalactamase (DVU2804),
predicted phage ges¢DVU1107, DVU1140, DVU1139, DVU2716, DVU2723), and
numerous hypothetical genes with no known function. Theuttare biofilm genes for
Desulfovibriothat had the most dowexpression were related to chemotaxis

(DVU1904), RNAbinding (DVU1257, DVU2215)periplasmic [NiFeSe] hydrogenases
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(DVU1918, DVU1917) which is preferentially used under lower hydrogen conditions,
rubredoxin (DVU3093), rubrerythrin (DVU3094), acidic cytochrome ¢3 (DVU0263),
type | secretion protein (DVU1013), lipoprotein A (DVUO0O407)juwersal stress protein
(DVUO0261), and hypothetical proteins.

Interestingly, in the ceulture biofilm conditionMethanococcubad 17 genes
more than Zold up-expressed and 87 genes more thdol@ downexpressed. Most of
the annotations available ftire most ugexpressed genes were hypothetical with no
known function (Table S6). The highestexpressed genes fitethanococcum the
co-culture biofilm when compared to the planktonieatdture were in hypothetical
proteins é.g, MMP0750, MMPOQ775, \IP0467, MMP0466, MMP0745, MMP0211,
MMPQ0782, MMP0518, MMP0530, MMP0462, MMP0673, MMPO0747), cobalt ABC
transporter inner membrane protein (MMP1483), thiamio@mophosphate kinase
(MMP1124), molybdopterin biosynthesis protein (MMP0513), lysine/homoserirankact
exporter (MMP0849), and various other ATPase related gergsMMP0408,
MMP1649, MMP0520). The most dovaxpressed genes identified were annotated as a
heterodisulfide reductase (MMP0825, MMP16953 30S/50S ribosomal proteins
(MMP1420, MMP1419, MNP1421), methytoenzyme M reductase | (MMP1559,
tetrahydromethanopterg-methyltransferase (MMP1565 MMP1563), and alanine

racemase/dehydrogenase (MMP1512/13).
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Stoichiometric Modeling of Amino Acid Exchange

Model predictions revealed that whBnvulgarisis grown with lactate oxidation
and sulfate reduction, the amino acids serine, alanine, cysteine, aspartate, valine, and
glycine can be synthesized for the least mole of lactate oxidized per mole of amino acid
produced (Table 2). While the morgpensive amino acids per mole are tryptophan,
tyrosine, phenylalanine, arginine, histidine, and isoleucine. Furthermore, the relative
ranking of nutrient requirements was maintained for both electron donor and acceptor
limited simulations. The relativeutrient requirements to produce these amino acids are
also reflected in previous observations of amino acid excreti@ebulfovibrio(He et
al., 2010) and extracellular detection coincides with predicted, relative less cost to
synthesizei(e., excretdhe least expensive amino acids). Whereas, the amino acids that
are predicted to be more expensive to synthesize are not detected at high levels
extracellularly (He et al., 2010).

Simulations of amino acid utilization féA. maripaludisdemonstrate that ost
amino acids are predicted to not contribute to the production of biomass beyond simple
supplementation that could theoretically reduce the need to fix carbon. The baseline plot
shows the condition in which amino acids were not fed and overlays @édlrgzewhere
the supplemental amino acids were fed. The close overlap of the physiological space for
the H/biomass and C&biomass (mmol/gCDW) for the baseline conditions indicate that
M. maripaludisdoes not produce energy solely from these amino &€idare 9 and 10).
In addition, the plots demonstrate that most of the amino acids do not contribute to the

production ofenergybeyond supplementation. Whether the simulations are plotted as
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CQO; or H2 consumed per unit biomass (Figure 9) or energy (Ei@Q), the model

predicts the amino acids alanine, cysteine, glycine and serine could result in less H

and/or CQ consumed per unit biomass or energy produced, and thus ultimately result in

more biomass produced or lessen the direct need for bahdér CO when the amino

acids are available exogenously. The modes predict that alanine and cysteine would be

converted to acetate, glycine would be oxidized via a-Tikdé-(tetrahydrofolate)

pathway, and serine could be indirectly converted to acetategtiicysteine.

mole of lactate oxidized per mole of individual
[AA (simulated production of on one AA type)

1.55

1.75

25

2.85

3.25
3.65

3.9

4.55

4.7

5.35

5.4

5.4

5.8

6.4
9.866667
10.06667
10.3

11.43333
14.8]

Lactate oxidation sulfate reduction

mole of sulfide produced
per mole of AA

0.525

0.375
1
0.925
0.625
1.075

1.2

1.025
1.35
1.175
1.45

22

1.15

1.45
3.516667
3.366667
34
4.883333

5.65

Pyruvate oxidation sulfate oxidation
'mole of pyruvate oxidized

[per mole of AA

1.192308

2272727
5
2.192308
4.090909
3.192308
3.192308
5.285714
4.192308
6.285714
5285714
4.153846
7.428571
7.285714
7.589744
7.74359
7.923077

8.794872
11.38462

imole of sulfate reduced
iper mole of AA

0.048077

0.068182
1
0.048077
0.022727
0.048077
0.048077
0.071429
0.048077
0.071429
0.071429
0.538462
0.107143
0.071429
0.480769
0.269231
0.230769

1.365385
1.096154

mmol/g

Normal
13
9.89

7.41
5.39
8.86)
0.5
10.25
1.45
0.15
3.63
0
1.46
0.69)
0.21
0.01
0.94

0.07
0.005

Salt
stress

254
17.53

10.21
43
10.32
0.79
82.82
221
0.28
6.48
1.87
2.03
0.72
0.13
0.01
0.89

0.2
0.003

Serine

Alanine
Cysteine
Aspartate
Valine
Glycine
Leucine
Glutamate
Threonine
Lysine
Glutamine
Asparagine
Proline
Isoleucine
Tyrosine
Phenylalanine
Arginine
Histidine
Tryptophan
Methionine

Table 2. Stoichiometric model predictions esulfovibrio Mole of amino acids
produced per mole of lactate oxidized from least (cheapest) to most (expensive).
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Figure 9. M. maripaludismodelingidentified four amino acids thabuld be used for
biomassThe plots demonstrate that most of t
production of biomass beyond supplementation, as evident by the close overlap of the
physiological space on plot (A) where the baseline scenario depietino acids fed

and overlays all scenarios where the supplemental amino acids were fed. Scenarios for
(B) Alanine, (C) Cysteine, (D) Glycine, (E) Serine, demonstrate hydrogen production and
carbon dioxide consumption (upper left quadrant), biomasiupeal per carbon dioxide

and hydrogen consumed for methanogenesis (upper right quadrant), hydrogen and
carbon dioxide production (bottom left hand quadrant), and carbon dioxide production
with hydrogen consumption.
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Figure 10. M. maripaludismodeling showed four amino acids could be used for energy
production The plots demonstrate carbon dioxide consumption and hydrogen
consumption per energy, the (A) baseline shows the overlap of all the amino acids that
cannot make energy. The amino acids (B)Wie, (C) Cysteine, (D) Glycine, and (E)
Serine can make energy g maripaludisthe closer to the origin, the more energy

there is.
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DISCUSSION

Previous work has demonstrated that thewture biofilm growth mode
enhances the efficiency tfe syntrophy betweebesulfovibrio vulgaridHildenborough
andMethanococcus maripaludis2 in terms of carbon fluxe(g.lactate or methane) to
biomasgBrileya et al., 2014) Despite inherent variability and heterogeneity in biofilm
structure, the caulture biofilm appeared to promote cooperative resource sharing that
resulted in maximized carryirgapacity for both species (Brileya et al., 201@ur
current hypothesis is that the SRB and methanogen biofilm could have multiple
metabolic interactions addition to (or rather than) the typically consideredakid/or
predicted alanin@/Nalker et al., 2012)Particularly in light of the fact that previous work
has not focused on the biofilm growth mode where cellular interactions and mass
transport can & significantly different. While proximity of the two studied populations
in biofilm is believed to facilitate metabolic exchanges, the full extent of possible
metabolites and the underlying gene expressions that impact efficiency in the system in
terms & carbon and electron flow is unknown. The role of metabolic dependencies such
as amino acids as major drivers of community structure and function is being
increasingly observed in different syste(dslezniak et al., 2015and model work with
constructd consortia of varying genotypes has demonstrated thatfemdisig can be
selected under a range of conditigRande et al., 2016)n addition, metabolite leakage

is increasingly thought to be commprD 6 So u z a eahd therefore, me2abalit8 ) ,
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exchange would most likely be even more pronounced for biofilm communities and
possibly a selectable trad encourage association

The aim of this study was to identify genetic and metabolic components unique to
a syntrophic ceculture biofilm that cotained a metabolicaliinked bacterium and
archaeon, as previous transcriptomic work has only focused on-thdtare in the
planktonic statéWalker et al., 2009, 2012The results demonstrated a unique
transcriptomic profile that was different frgplanktonic systems, and the methanogen
showed much broader expression changdise coculture biofilm. In addition to the
expected ugexpression of membrane associated genes and a decrease in expression for
cell motility, there was an increase in gefasboth organisms that had homology to
various antimicrobials which could indicate cell signaling pathways or possible
antagonisms.

Previous work has identified genes important for syntrophy, yet the data presented
here shows that a unique set of gaeemportant for biofilm syntrophy that maximizes
lactate utilization and electron transfer. Many of the genes previously identified for the
same ceculture grown in the planktonic state had different responses to the biofilm
growth mode, although many thfe differences between planktonic syntrophs and
biofilm syntrophs were observed in the methanogen. One of the main differenbes for
vulgariswas the increased expression for lactate permeases (DVU2451, DVU3026)
compared to planktonic exulture (Walke et al., 2009)suggeshg that the biofilm
might need to overcome mass transport limitations for lactate compared to planktonic

cells.
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Additionally, the ceculture biofilm had increased transcripts for electron
processing genes that differed from désed planktonic cecultures. In the biofilm, the
vhuy, vhe fdhl, fdh2, hdrAv, andhdrAu hydrogenases were dovexpressed but thehy,
fdhl, fdh2, andhdrAu were upexpressed in the planktonic-calture (Figure 8).
Whereadru was upexpressed in plantthic but dowrexpressed in biofilm. Thehaand
ehbexpression was static in biofilm, belhawas increased arehbdecreased in
planktonic (Figure 8). AlthoughHwvas never detected in the biofilm system as
previously reported for the planktonic-calture (Walker et al., 2009)expression of the
NiFe hydrogenases (higdffinity H> oxidation) and the dowaxpression of the low
affinity NiFeSe hydrogenases indicated thatd¥els are not limitingKrumholz et al.,
2015) Another sign that Havailability is maximized within the coulture biofilm is
from the observed dowexpression of the methanogenesis pathwaitamaripaludis
which has been reported to increase mRNA abundance as a function of deceeased H
availability (Hendrickson et al., 2007)Taken together, these results suggest thdtux
between the bacterium and archaeon have been optimized. Furthermore, the results are in
line with previous reports of transcript discordance between expression and function and
further work is needed to fiylunderstand the role of mMRNA and protein Halés for
different organisms in different physiological states.

The CQ-reduction pathway also displayed differences for biofilm versus
planktonic growth modes (Figure 8). The forArgnsfer related gesgfiwd andfmd,
were upexpressed or static, respectively in planktonic cellsfiedtvas dowrexpressed

andfmdwas upexpressed in biofilm coulture. The gendsr, mch, mtdandmerwere
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static for planktonic caulture butftr, mtd,andmerexpressin were decreased in
biofilm. Thepor was dowrexpressed in both planktonic and biofilm wherediswas
static in biofilm but dowrexpressed in planktonic. Thendandhmdlwere static or
downexpressed in biofilm but were static oreppressed in planénic. Lastly,mcr, the
enzyme for the final methykeducing step, was ugxpressed in planktonic but down
expressed in biofilm (Figure 8). Overall, the electron and carbon processing associated
proteins for methanogenesishh maripaludiswere mostly p-expressed in the
planktonic condition and static to decreased for the biofilm. These results suggested the
local environment of the syntrophic biofilm afforils maripaludisthe opportunity to
modulate electron and carbon flow compared to conditiottseibulk aqueous phase.
Further work is needed to elucidate the mechanisms of metabolic modulation in terms of
the potential impacts of flux and/or additiongl@rbon, and nitrogen inputs.

Although alanine was previously observed to be importantyfargphy in
planktonic cecultures, appreciable differences in growth rates or yields were not
observed in the presence of alanine or with mut@hitdker et al., 2009) For the
syntrophic biofilm, the alanine dehydrogenase and racemase weresapvasse
compared to the planktonic state. Previous work has showhklgthanococccan
assimilate alaningJones et al., 1987and our metabolic models predicted that alanine
could impact H/CO, consumption by. maripaludis In addition, the flux balance
model predicted that alanine biosynthesis is relatively inexpensiv. faulgaris The
down-expression for alanine relatg@nes in this case may be another instance of

discordance between mRNA and protein. In addition, as put forth by Walker et al.
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(2012), the cost of synthesis to one organism could be compensated for by an advantage
provided by the partner. The-caolture biofilm also had increased expression in
tryptophanase and tryptophapecific transporters that could be involved in nitrogen
cycling as well as biofilm formatioHamilton et al., 2009) The decreased expression of
the rare lipoprotein A genes and the outer membrane patgiH in D. vulgaris
suggests a response to an unknown antimicrobial possibly secrétedraripaludis.
Forexample, MMP1103 annotated as a protein involved in trifolitoxin production and
MMPO0501 annotated as a terpenoid cyclase involved in antibiotic precursors were highly
up-expressed. Further work is needed to ascertain to what degree the syntrophic biofilm
may be experiencing a combination of syntrophic and antagonistic interactions.

The metabolic flux models favl. maripaludispredicted that most of the amino
acids do not increase biomass production beyond supplementation which could reduce
the need to fixxarbon (acetylCoA) and indirectly provide negligible energy
conservation. Alanine, cysteine, glycine, and serine were predicted to decrease the
amount of H or CQ: consumed because these amino acids might be utilized as carbon
backbone and/or electronwsoe under different conditions. The alanine coincides with
predictions for the planktonic exulture (Walker et al., 2012), but cysteine, glycine, and
serine have not been previously considered and no other amino acids have been shown to
serve as energgarbon, and/or nitrogesourcedor M. maripaludis Preliminary data
suggests that cysteine could increase growM.imaripaludis and further work is

needed to delineate growth impacts of different amino acids.
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The caculture biofilm represents a upie phenotypic and physiological state as
evident by the majority of significant changes unique to the syntrophic biofilm compared
to the same coulture condition in the planktonic state. Given the unique differences to
the biofilm state, the transcriptoc data suggested thise two populations modulated
carbon and electron flow but also altered characteristics at the cell surface (membranes,
defense). Howeveg majority of the significant changes were putative proteins with
unknown function(s), andifther work focused on the biofilm growth mode and the

emergent properties of metabolic interactions are needed.
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SUPPLEMENTAL MATERIAL
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Figure S1. Enzymatiactivity of co-culturewas tested Activity profiles for alcohol
dehydrogenas@ADH) and formate dehydrogenad€DH) were performed with methyl
viologen (578 nm) and normalized to biomass levels for (A) Planktoratiktore
samples oD. vulgarisandM. maripaludis, and (B) Ceculture biofilm samples db.
vulgarisandM. maripaludis
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Table S1.Stoichiometric equations used for thesulfovibrio vulgaridHildenborough
model.

aa b~ WODN

10
11
12

13

14

15

16

17

18

19

20

21

<->

gpr
kb|g.3562.peg.1908

kb|g.3562.peg.2084
kb|g.3562.peg.2251
kb|g.3562.peg.681
kb|g.3562.peg.915

kb|g.3562.peg.365

kb|g.3562.peg.2111

kb|g.3562.peg.2245

kb|g.3562.peg.2084
kb|g.3562peg.2251
kb|g.3562.peg.681
kb|g.3562.peg.915

kb|g.3562.peg.365

kb|g.3562.peg.2111

kb|g.3562.peg.2245

kb|g.3562.peg.1204

kb|g.3562.peg.1682

kb|g.3562.peg.1442

kb|g3562.peg.1682

kb|g.3562.peg.1442

kb|g.3562.peg.1699

gene ID

DvU2147

DVU0360
DVU0361
DVU1376
DVU1377

DVU1378

DVU3373

DVU3197

DVU0360
DVU0361
DVU1376
DVU1377

DVU1378

DVU3373

DVvU3197

DvU2981

DvU2982

DVU2983

DVvU2982

DVU2983

DVU2985

KO

K01752

K01652
K01653
K01652
K01653

K00053

K01687

K00826

K01652
K01653
K01652
K01653

K00053

K01687

K00826

K01649

K01703

K01704

K01703

K01704

K00052

enzyme

4.3.1.17

2216
2216
2216
2216

1.1.1.86

42.19

2.6.1.42

2216
2216
2216
2216

1.1.1.86

42.1.9

2.6.1.42

2.3.3.13
4.2.1.33
+4.2.1.
35
4.2.1.33
+4.2.1.
35
4,2.1.33
+4.2.1.
35
4.2.1.33
+4.2.1.
35

1.1.1.85

definition

(1) L-Threonine_c0[c0] <= (1) NH3_c0[c0]
+ (1) 20xobutyrate_c0[c0]

(1) Pyruvate_cO[c0] + (1) H+_cO0[cO] + (1} =
Oxobutyrate_c0[c0] <> (1) CO2_c0[c0] + (1)
2-Aceto-2-hydroxybutanote_c0[c0]

(1) NADPH_cO0[c0] + (1) H+_cO0[c0] + (1) -2
Aceto-2-hydroxybutanoate_c0[cO]-= (1)
NADP_c0[cO] + (1) 2,Dihydroxy-3-
methylvalerate_cO[cO]

(1) 2,3Dihydroxy-3-methylvalerate_c0[c0]<
> (1) H20_c0[cO] + (1) 3MOP_c0[c0]

(1) 2Oxoglutarate_c0[c0] + (1) L
Isoleucine_c0[c0] <> (1) L-Glutamate_c0[cO0]
+ (1) 3MOP_cO0[cO0]

(2) Pyruvate_cO0[cO] + (1) H+_cO0[c0] = (1)
C0O2_c0[cO] + (1) ALCTT_cO0[cO]

(1) NADPH_c0[c0] + (1) H+_cO0[cO] + (1)
ALCTT_cO[c0] <> (1) NADP_cO[cO}+ (1)
2,3-Dihydroxy-isovalerate_c0[cO0]

(1) 2,3Dihydroxy-isovalerate_c0[c0] <> (1)
H20_c0[c0] + (1) 3aMethyl-2-
oxobutanoate_c0[c0]

(1) 2OxoglutaratecO[cO] + (1) L
Valine_c0[c0] <> (1) L-Glutamate_c0[c0] +
(1) 3Methyl-2-oxobutanoate_c0[cO]

(1) H20_cO0[c0] + (1) AcetyCoA_c0[c0] +
(1) 3Methyl-2-oxobutanoate _cO[c0]-= (1)
CoA_c0[cO] + (1) H+cO[cO] + (1) 2
Isopropylmalate_c0[cO]

(1) 2Isopropylmalate_c0[c0]== (1)
H20_c0[cO] + (1) Asopropylmaleate_c0[c0]

(1) 3lsopropylmalate_cO[c0]== (1)
H20_c0[cO] + (1) Asopropylmaleate_c0[cO0]

(1) NAD_cO[cO0]+ (1) 3
Isopropylmalate_c0O[cO] <= (1)
NADH_cO[c0] + (1) H+_cO0[cO] + (1) 2
isopropyt3-oxosuccinate_c0[c0]



22

23

24

25
26

27

28

29

30

31
32
33
34

35

36

37

38

39

40

41

<->
<->

<->
<->
<->
<->

gpr

Spontaneous

kb|g.3562.peg.2245

kb|g.3562.peg.2501

kb|g.3562.peg.3198
kb|g3562.peg.2686

kb|g.3562.peg.2358

kb|g.3562.pe@101

kb|g.3562.peg.2797

kb|g.3562.peg.2756

kb|g.3562.peg.2598
kb|g.3562.peg.2973
kb|g.3562.peg.2598
kb|g.3562.peg.3125

Unknown

Unknown

kb|g.3562.peg.180

kb|g.3562.peg.3121

kb|g.3562.peq.3177

kb|g.3562.peg.916

kb|g.3562.peg.2146

gene ID
Spontaneo
us
DVU3197

DVU0462

DvU0841
DVU3223

DVU0465

DVU0467

DVU0469

DVU0468

DVU0471
DVU0470
DVU0471
DVU0085

#N/A

#N/A

DVU1585

DVU0997

DVU0930

DVU1953

DVU3319

72

KO
Sponta
neous
K00826

K14170

K11358
K00812

K01657

K00766

K01817

K01609

K01695
K01696
K01695
K01696

K00641

K01740

K00548

K00297

K00931

K00147

K00294

enzyme definition
(1) H+_c0[cO] + (1) Zsopropyt3-
Spontan oxosuccinate_c0[c0] (1) CO2_c0[c0] +
eous (1) 4MOP_c(c0]
(1) 2Oxoglutarate_c0[c0] + (1) -L
Leucine_c0[c0] < (1) L-Glutamate_c0[c0] +
2.6.1.42 (1) 4MOP_cO[c0]
5.4.99.5 (1) NAD_cO[cO] + (1) Prephenate_cO[cO}<
+4.2.1. (1) NADH_cO[c0] + (1) CO2_c0[cQ] + (1)-p
51 hydroxyphenylpyruvate_c0[cO]
(1) 2Oxoglutarate_c0[c0] + (1) -L
Tyrosine_c0[c0] < (1) L-Glutamate_c0[c0]
2.6.1.1 + (1) phydroxyphenylpyruvate c0[cO]
26.1.1
(1) L-Glutamine_c0[c0] + (1)
Chorismate_c0[c0] <> (1) Pyruvate_c0[c0] +
(1) L-Glutamate_cO[cO] + (1) H+_cO[c0] +
4.1.3.27 (1) Anthranilate_c0[cO]
(1) PPi_c0[cO] + (1) MNb-phosphoribosyl
anthranilate_c0[c0] <> (1)
2.4.2.18 Anthranilate_c0[c0] + (1) PRPP_c0[c0]
(1) N-5-phosphoribosyanthranilate_c0[c0] <
> (1) Z(2-carboxymenylaminojl-
5.3.1.24 deoxyribuloses-phosphate_c0[cO]
(1) H+_c0[cO] + (1) 4(2-
carboxyphenylamine})-deoxyribuloses-
phosphate_c0[c0]= (1) H20O_c0[c0] + (1)
CO2_c0[cO] + (1) Indoleglycerel
4.1.1.48 phosphate_c0[cO0]
(1) L-Serine_c0[cO] + (1) Indoleglycerol
phosphate_c0[c0]== (1) H20_c0[cO0] + (1)
L-Tryptophan_c0[c0] + (1) Glyceraldehyde3
4.2.1.20 phosphate_c0[cO0]
4.2.1.20
4.2.1.20

4.2.1.20

(1) AcetylCoA_cO0[c0] + (1) L

Homoserine_c0[c0] <> (1) CoA_cO0[c0] + (1)
2.3.1.31 O-Acetyl-L-homoserine_c0[cO0]

(1) H2S_c0[c0] + (1) eAcetyl-L-

homoserine_c0[c0] < (1) Acetate_c0[cO] +
2.5.1.49 (1) Homocysteine_c0[c0] + (1) H+

(1) Homocysteine_c0[c0] + (1)-5

Methyltetrahydrofolate_c0[cO]< (1) L-
2.1.1.13 Methionine_c0[c0] + (1) THF_c0[cO0]

(1) NAD_cO[c0] + (1) 5

Methyltetrahydrofolate_c0[c0]== (1)

NADH_cO[c0] + (1) H+_cO[cO] + (1) B0
1.5.1.20 Methylenetetrahydrofolate_cO[cO]

(1) ATP_cO[c0] + (1) EGlutamate_cO0[cO] +

(1) H+ <> (1) ADP_cO0[cO] + (1) L
2.7.2.11 Glutamyt5-phosphate_c0[cO]

(1) NADP_cO[c0Q] + (1) Phosphate_c0[c0] +

(1) L-Glutamate&semialdehyde_¢60] <->

(1) NADPH_c0[c0] + (1) EGlutamy}5-
1.2.1.41 phosphate_c0[cO]

(1) L-Glutamate5semialdehyde_c0[c0] + (1)
1.2.1.88 NAD_cO0[c0] + (1) H20_c0[c0] = (1) L



42

43

44
45

46

47

48

49

50

51

52

53

54

55

56

57

58

<->
<->

gpr

Sportaneous

kb|g.3562.peg.1883

kb|g.3562.peg.3198
kb|g.3562.peg.2686

kb|g.3562.peg.1183

kb|g.3562.peg.2B
kb|g.3562.peg.454

kb|g.3562.peg.1908

kb|g.3562.peg.12

kb|g.3562.peg.1576

kb|g.3562.peg.3126

kb|g.3562.peg.1681

kb|g.3562.peg.2320

kb|g.3562.pe@156

kb|g.3562.peg.2524

kb|g.3562.peg.547

kb|g.3562.pe@649

gene ID

Spontaneo
us

DVU2332

DvU0841
DVU3223

DVU2476

DVU3392
DvU1878

DvuU2147

DVU1913

DVvU3048

DVU0890

DVU0292

DVU3210

DVU0662

DVUO0663

DvU1624

DVU0461

73

Sponta
neous

K00286

K11358
K00812

K00266

K01915
K01620

K01752

K00928

K00133

K00003

no KO
assigne
d

K01733

K00640

K01738

K01627

no KO
assigne
d

enzyme

Spontan
eous

1512

26.1.1
2.6.1.1

1.41.13
+1.4.1.
14

6.3.1.2

4.1.2.48

43.1.17

2724

1.21.11

1113

4231

2.3.1.30

2.5.1.47

2.5.1.55

definition
Glutamate_c0[c0] + (1) NADH_cO0[c0] + (2)
H+_c0[c0]

(1) H20_c0[c0] + (1) H+_cO0[c0] + (1)-1
Pyrroline5-carboxylate_cO[c0] <> (1) L-
GlutamateSsemialdehyde_c0[cO0]

(1) NADPH_cO0[c0] + (1) H+_cO0[c0] + (1)-1
Pyrroline-5-carboxylate_c0O[c0] <> (1)
NADP_cO0[c0] + (1) LProline_c0[cO0]

(1) 2Oxoglutarate_c0[c0] + (1) -L
Aspartate_c0[c0] <> (1) L-Glutamate_c0[cO]
+ (1) Oxaloacetate_c0[cO]

(1) H20_c0[c0] + (1) NADP_cO[cO] + (1)-L
Glutamate_c0[c0] <> (1) NADPH_cO0[cO0] +
(1) NH3_c0[cO] + (1) 2xoglutarate_c0[cO]
+ (1) H+_c0[cO]

(1) ATP_cO[cO0] + (1) NH3_c0[c0] + (1) -L
Glutamate_c0[c0] < (1) ADP_c0[c0] + (1)
Phosphate_c0[c0] + (1) -Glutamine_c0[c0] +
(1) H+_c0[c0]

(1) L-Threonine_c0[c0] <> (1)
Glycine_c0[c0] + (1) Acetaldehyde_c0[cO]
(1) L-Serine_c0[c0] < (1) NH3_c0[c0] +
(1) Pyruvate_cO0[c0]

(1) ATP_cO[c0] + (1) EAspartate_c0[c0] +
(1) H+c(c0] <-> (1) ADP_cO0[c0] + (1) 4
Phosphel-aspartate_c0[cO0]

(1) NADP_cO0[c0] + (1) Phosphate_c0[c0] +
(1) L-Aspartatedsemialdehyde_cO[cO]-= (1)
NADPH_cO0[c0] + (1) 4PhospheL-
aspartate_c0[cO]

(1) NADP_c0[cO] + (1) L
Homoserine_c0[c0] <> (1) NADPH_cO0[c0] +
(1) H+_c0[c0] + (1) EAspartate4
semialdehyde_cO0[cO0]

(1) ATP_cO[c0] + (1) EHomoserinecO[cO]
<-> (1) ADP_cO0[cQ] + (1) @hosphel-
homoserine_c0[c0]

(1) H20_c0[cO] + (1) @hosphel-
homoserine_c0[c0] < (1) Phosphate_c0[cO]
+ (1) L-Threonine_c0[c0] + (1) H+_cO0[cO]
(1) AcetytCoA _c0[c0] + (1) LSerine_c0[c0]
<-> (1) CoA_cO[cO] + (1) Acetyl-L-
serine_cO0[cO0]

(1) H2S_c0[c0] + (1) eAcetyl-L-
serine_c0[c0] < (1) Acetate_cO[cO] + (1).-
Cysteine_c0[c0] + (1) H+_c0[c0]

(1) H20_cO0[cO] + (1)
Phosphoenolpyruvate_c0[c0] + (1)- D
Erythrosedphosphate_c0[c0]== (1)
Phosphate_c0[c0] + (1) DAHP_cO0[c0] + (1)
H+_c0[c0]

(1) DAHP_cO[c0] <> (1) Phosphate_c0[cO]
+ (1) 5Dehydroquinate_cO0[cO] + (1)
H+_c0[c0]



59

60

61
62

63

64

65

66

67
68

69

70

71

72

73

74
75

76

77

<->

<->
<->

<->

<->

gpr
kb|g.3562.peg.721

kb|g.3562.peg.463

kb|g.3562.peg.1964
kb|g.3562.peg.3064

kb|g.3562.peg.2655

kb|g.3562.peg.3229

kb|g.3562.peg.547

kb|g.3562.peg.2501

kb|g.3562.peg.3B®
kb|g.3562.peg.2686

kb|g.3562.peg.1091

kb|g.3562.peg.905

kb|g.3562.peg.643

kb|g.3562.peg.401

kb|g.3562.peg.47

kb|g.3562.peg.258
kb|g.3562.peg.18

kb|g.3562.peg.2545

kb|g.3562.peg.206

gene ID

DVU1665

DVUO0115

DvU2521
DvU0892

DVU0463

DVU0894

DVU1624

DVU0462

DvU0841
DVU3223

DVU3014

DVU1868

DVU1609

DVU1655

DvU1867

DvuU1647
DVU2566

DvU0823

DVU1466

74

KO

K03786

K00014

K00891
K00891

K00800

K01736

K01627

K14170

K11358
K00812

K01953

K01714

K00215

K10206

K01778

K01586
K01586

K00620

K00930

enzyme

4.2.1.10

1.1.1.25

27.1.71
27.1.71

2.5.1.19

4.2.3.5
2.5.1.55
5.4.99.5

+4.2.1.
51

2.6.1.1
26.1.1

6.3.5.4

4.3.3.7

1.17.1.8

2.6.1.83

5.1.17

4.1.1.20
4.1.1.20

2.3.1.35
+2.3.1.

27.28

definition

(1) 5Dehydroquinate_c0[c0]-= (1)
H20_c0[cO] + (1) 3Dehydroshikimate_c0[c0]
(1) NADP_cO[cQ] + (1) Shikimate_cO[cO}x
(1) NADPH_cO0[c0] + (1) H+_cO0[c0] + (1) -3
Dehydroshikimate_c0[c0]

(1) ATP_cO[c0] + (1) Shikimate_cO[cO}x
(1) ADP_cO[c0] + (1) 3
phosphoshikimate_c0[c0]

(1) Phosphoenolpyruvate_cO[c0] + (1) 3
phosphoshikimate_cO0[cO}3 (1)
Phosphate_c0[c0] + (1)-6--1-Carboxyvinyl-
3-phosphoshikimate_c0[c0] + (1) H+_c0[cO0]
(1) 50--1-Carboxyvinyt3-
phosphoshikimate_c0[cO}3< (1)
Phosphate_c0[c0] + (1) Chorismate_c0[cO] :
(1) H+_cO[cO]

(1) Chorismate_c0[c0]-= (1)
Prephenate_c0[c0]

(1) H+_c0[cO] + (1) Prephenate_cO[cOp<
(1) H20_c0[cO] + (1) CO2_c0[c0] + (1)
Phenylpyruvate_c0[c0]

(1) 2Oxoglutarate_c0[c0] + (1) -L
Phenylalanine_c0[c0]< (1) L-
Glutamate_c0[c0] + (1)
Phenylpyruvate_c0[cO0]

(1) H20_c0[c0] H1) ATP_cO[cO] + (1) L
Aspartate_c0[cO] + (1) 4Glutamine_c0[c0] <
> (1) PPi_cO[c0] + (1) AMP_cO[cO] + (1)-L
Glutamate_c0[c0] + (1) HAsparagine_c0[cO0]
(1) Pyruvate_cO0[cO0] + (1) JAspartate4
semiatlehyde_c0[c0] <> (2) H20_c0[c0] +
(1) H+_c0[c0] + (2)
Dihydrodipicolinate_c0[cO0]

(1) NADPH_c0[c0] + (1) H+_cO0[cO] + (1)
Dihydrodipicolinate_c0[c0] < (1)
NADP_c0[cO] + (1)
tetrahydrodipicolinate_¢60]

(1) 2Oxoglutarate_c0[c0] + (1) L&2,6-
Diaminopimelate_c0[c0] <> (1) H20_c0[c0]
+ (1) L-Glutamate_c0[c0O] + (1) H+_cO0[c0] +
(1) tetrahydrodipicolinate_c0[cO]

(1) LL-2,6-Diaminopimelate_cO0[c0] <> (1)
mese2,6-Diaminopimelate_c0[cO]

(1) H+_c0[cO] + (1) mes@,6-
Diaminopimelate_c0[c0] <> (1) CO2_c0[c0]
+ (1) L-Lysine_cO0[cO0]

(1) AcetytCoA c0[cO] + (1) L
Glutamate_c0[c0] < (1) CoA_c0[c0] + (1)
H+_cO[cO] + (1) NAcetyl-L-
glutamate_cO0[cO0]

(1) ATP_cO[cO] + (1) NAcetyl-L-
glutamate_c0[c0] + (1) H+_cO[cO}x (1)
ADP_cO0[c0] + (1) macetylglutamw
phosphate_c0[c0]



78

79

80

81
82

83

84

85

86

87

88

89

90
91

92

93

94

<->
<->

gpr

kb|g.3562.peg.2162

kb|g.3562.peg.1885

kb|g.3562.peg.2545

kb|g.3562.peg.622
kb|g.3562.peg.2343

kb|g.3562.peg.56

kb|g.3562.peg.195

kb|g.3562.peg.352

kb|g.3562.peg.603

kb|g.3562.peg.515

kb|g.3562.pe$15

kb|g.3562.peg.3234

kb|g.3562.peg.1962
kb|g.3562.peg.1128

kb|g.3562.peg.3159

kb|g.3562.pg.3026

kb|g.3562.peg.1308

gene ID

DVU0492

DvU2347

DVU0823

DVU0162
DVU3113

DVU1096

DVU1095

DVU1094

DVU0114

DVU0113

DVvU0113

DVU1038

DVvU0285
DVU0286

DVU1040

DVvU1029

DVU2490

75

K00145

K00821

K00620

K01955
K01956

noKO
assigne
d

K01940

K01755

K00765

K01496

K01496

K01814

K02501
K02500

K01693

K00817

K04486

enzyme

1.2.1.38

2.6.1.11
+2.6.1.
17
2.3.1.35
+2.3.1.

6.3.5.5
6.3.5.5

6.3.4.5

43.2.1

24217

3.5.4.19

3.54.19

5.3.1.16

2.4.2-
4.1.3-

42.1.19

26.19

3.1.3.15

definition

(1) NADP_cO[c0] + (1) Phosphate_c0[c0] +
(1) 2Acetamide5-oxopentanoate 0fc0] <->
(1) NADPH_cO0[c0] + (1) racetylglutamy
phosphate_c0[c0]

(1) 2Oxoglutarate_c0[c0] + (1) N
Acetylornithine_c0[c0] <> (1) L-
Glutamate_cO0[c0] + (1) -Acetamide5-
oxopentanoate_cO[t0

(1) L-Glutamate_cO[c0] + (1) N
Acetylornithine_c0[c0] < (1) N-Acetyl-L-
glutamate_cO0[c0] + (1) ornithine_c0[c0]

(1) H20_c0[cO] + (2) ATP_c@p] + (1) L
Glutamine_c0[c0] + (1) H2CO3_c0[c0}>x
(2) ADP_cO0[c0] + (1) Phosphate_c0[c0] + (
L-Glutamate_cO0[c0] + (1) H+_cO0[c0] + (1)
Carbamoylphosphate_c0[c0]

(1) Carbamoylphosphate_c0[c0] + (1)
Ornithine_c0[c0] <> (1) Phosphate_c0[c0] +
(2) H+_c0[c0] + (1) Citrulline_c0[cO0]

(1) ATP_cO[c0] + (1) EAspartate_cO[c0] +
(1) Citrulline_c0[c0] <> (1) PPi_c0[c0] + (1)
AMP_cO[c0] + (1) L=
Argininosuccinate_c0[cO0]

(1) L-Argininosuccinate_c0[c0]<= (1) L-
Arginine_c0[c0] + (1) Fumarate_cO0[cO0]

(1) PPi_c0[c0] + (1) Phosphoribosyl
ATP_c0[cQ] <> (1) ATP_cO0[c0] + (1)
PRPP_c0[c0]

(1) H20_c0[cO] + (1) Phosphoribosyl
ATP_c0[c0] <> (1) PPi_c0[c0] + (1)
PhosphoribosyAMP_c0[c0]

(1) H20_c0[cO] + (1) Phosphoribosyl
AMP_c0[c0] <> (1)
phosphoribosylformiminoaicar
phosphate_c0[c0]

(1) phosphoribosylformiminoaicar
phosphate_c0[c0]== (1)
phosphoribuloglformimino-AICAR-
phosphate_c0[c0]

(1) L-Glutamine_cO0[c0] + (1)
phosphoribulosylformimindAICAR -
phosphate_c0[c0]- (1) L-Glutamate_cO[cO]
+ (1) H+_cO[cO] + (1) Berythroimidazot
glycerotphosphate_d@a0] + (1)
AICAR_c0[c0]

(1) D-erythroimidazolglycerot
phosphate_c0[c0]== (1) H20O_c0[c0] + (1)
imidazoleacetolphosphate_c0[cO0]

(1) 2Oxoglutarate_c0[c0] + (1) -histidinok
phosphate_c0[c0]= (1) L-Glutamate_c0[cO]
+ (1) imidazoleacetotphosphate_c0[cO0]

(1) H20_c0[cO] + (1) thistidinok
phosphge_c0[c0] <> (1) Phosphate_c0[cO0] +
(1) L-Histidinol_c0[cO] + (1) H+_c0[c0]



95

96

97

98

99

100

101

102

103
104
105
106
107

108
109
110
111
112
113

114
115
116
117
118
119
120

->

<->

<->

<->
<->
<->
<->
<->

<->
<->
<->
<->
<->
<->
<->

gpr

kb|g.3562.peg.2553

kb|g.3562.peg.2004

kb|g.3562.peg.1853

Unknown

Unknown
Unknown
Unknown

kb|g.3562.peg.445

kb|g.3562.peg.98
kb|g.3562.peg.96
kb|g.3562.peg.228
kb|g.3562.peg.611
kb|g.3562.peg.669

kb|g.3562.peg.1806
kb|g.3562.peg.1%5

kb|g.3562.peg.1152
kb|g.3562.peg.1160
kb|g.3562.peg.1242
kb|g.3562.peg.1420

kb|g.3562.peg.1957
kb|g.3562.peg.1514
kb|g.3562.peg.1644
kb|g.3562.peg.1241
kb|g.3562.peg.1102
kb|g.3562.peg.1528
kb|g.3562.peg.1415

gene ID

DVU0796

DVUO0571

DVU2929

#N/A

#N/A

#N/A

#N/A

DVU1636

DVU1769
DVU1770
DvU1917
DvU1921
DvU1922

DVU2399
DVU2400
DvU2401
DvU2402
DvU2403
DvU2404

DVU2286
DvU2287
DvU2288
DvU2289
DVU2290
DvU2291
DvU2292

76

KO

K00013 1.1.1.23

K00259 14.1.1

K03046 2.7.7.6

#N/A

#N/A

#N/A

#N/A

K01507 3.6.1.1

K00533 1.12.7.2
K00534 1.12.7.3

#N/A

#N/A

#N/A

#N/A

enzyme definition

(1) H20_c0[c0] + (2) NAD_c0[c0] + (1) -L
Histidinol_c0[c0] <> (2) NADH_c0[c0] + (3)
H+_c0[c0] + (1) LHistidine_c0[cO0]

(1) H20_c0[c0] + (1) NAD_cO[c0] + (1)
Alanine_c0[c0] <> (1) NADH_c0[c0] + (1)
NH3_cO0[c0] + (1) Pyruvate_cO[cO] + (1)
H+_c0[c0]

(1) H20_c0[c0] + (1)N-
Acetylornithine_c0[c0] < (1)
Acetate_cO[c0] + (1) Ornithine_c0[cO]

11.5 Alanine_c0 + 1.5{cysteine_c0 + 5.7L
aspartate_cO + 5.9-¢lutamate_c0 + 3.6-L
phenylalanine_c0 + 8.6 Glycine_c0 + 2.4 L
histidine_c0 + 4.4 tisoleucine_c0 + 3.11
lysine_cO + 10.4 Heucine_c0 + 2.8 L
methionine_c0 + 2.44asparagine_c0 + 5.2-L
proline_c0 + 3 kglutamine_c0 + 7.6 L
arginine_c0 + 5.2 {serine_c0 + 5.51
threonine_c0 + 7.84valine_cO+ 1.2 L
tryptophan_c0 + 2.34tyrosine_c0 + 100
ATP_cO + 198 GTP_c0 + 199 H20_c0 = 19¢
phosphate_c0 + 100 PPi_c0 + 100 AMP_c0
198 GDP_cO0 + 1 Protein_c0 + 193 H+_c0
0.1838 dATP_c0 + 0.1838 TTP_cO + 0.3162
dGTP_c0 + 0.3162 dCTP_c0 =1 DNA _c0 +
Ppi_c0

1.94 ATP_c0 + 2.5 UTP_c0 + 2.37 GTP_cO -
3.19 CTP_c0 =1 RNA_c0 + 10 PPi_c0

5 glucosel-phosphate_c0 + 4 H20_c0=1
Glycogen_cO0 + 5 phosphate_c0 + 5 H+_c0
(1) H20_®[cO0] + (1) PPi_c0[cO] = (2)
Phosphate_c0[c0] + (2) H+_c0[cO]

(1) H2_c0[c0] + (2)
Ferricytochromec3_c0[c0]-% (2) H+_e0[e0]
+ (2) Ferrocytochromec3_c0[cO]

(1) H2_cO[cO] + (1) NAD_cO[cO] < (1)
NADH_cO[cO] + (1) H+_cO[cO]

(1) H2_cO0[c0] + (2) H+_cO0[cO] + (1)
Menagunone 8_c0[c0] < (2) H+_e0[e0] +

1.6.99.5 (1) Menaquinol 8_c0[cO0]



121

122
123
124
125
126
127

128
129
130
131
132
133
134
135

136
137
138
139
140
141

142

143
144
145

146

147
148
149
150
151
152
153
154
155

<->
<->
<->
<->

<->

<->
<->
<->

<->
<->
<->
<->

gpr
kb|g.3562.peg.1795

kb|g.3562.peg.2708
kb|g.35@.peg.2885

kb|g.3562.peg.2659
kb|g.3562.peg.2533
kb|g.3562.peg.2943
kb|g.3562.peg.2336

kb|g.3562.peg.2037
kb|g.3562.peg.2498
kb|g.3562.peg.2377
kb|g.3562.peg.2627
kb|g.3562.peg.2805
kb|g.3562.peg.3214
kb|g.3562.peg.3178
kb|g.3562.peg.2504

kb|g.3562.peg.2565
kb|g.3562.peg.2416
kb|g.3562.peg.2314
kb|g.3562.peg.2837
kb|g.3562.peg.2911
kb|g.3562.peg.2566

DORF6830

kb|g.3562.peg.2241
kb|g.3562.peg.2827
kb|g.3562.peg.2768

Unknown

kb|g.3562.peg.1122
kb|g.3562.peg.1112
kb|g.3562.peg.1409
kb|g.3562.peg.1793
kb|g.3562.peg.1722
kb|g.3562.peg.1005
kb|g.3562.peg.1232
kb|g.3562.peg.1912
kb|g.3562.peg.1897

gene ID
DVU2293

DVU0429
DVU0430
DVU0431
DvU0432
DVU0433
DvU0434

DVUO0775
DVUO777
DVUO0776
DVUO0778
DVUO0774
DVU0917
DVU0918
DVUO0779

DVU0536
DVUO0535
DVU0534
DVUO0533
DVU0532
DVUO0531

DORF6830

DVU0694
DVU0693
DVU0692

DVU2809
DvU2810
Dvu2811
DvuU2812
DvU2481
DVvU2482
DVU2483
DVvU2484
DvU2485

77

KO enzyme

1.12.7.2

K02112 3.6.3.14
K02111
K02115
K02113
K02114
K02110
K02108
K02109

no KO
assigne
d

no KO
assigne
d

K00184
K00185

K00122
K02380

1.21.2

definition

(1) H2_c0[c0] + (1) H+_eO0[e0] + (2)
Oxidizedferredoxin_c0[c0] < (3) H+_c0[c0]
+ (2) Reducedferredoxin_c0[c0]

(1) H20_cO0[c0] + (1) ATPcO[cO0] + (2.4)
H+_c0[c0] <> (1) ADP_cO[cO] + (1)
Phosphate_c0[c0] + (3.4) H+_e0[e0]

(1) Reducedferredoxin_c0[c0] + (1)
Ferricytochromec3c0[c0] <> (1)
Oxidizedferredoxin_c0[cO] + (1)
Ferrocytochromec3_cO0[cO0]

(2) H+_cO0[c0] + (1) Menaquinone 8_c0[c0]
(2) Ferrocytochromec3_cO[c0}x<(2)
Ferricytochromec3_c0[c0] + (1) Menaquinol
8 _c0[c0]

1 formate_cO[cO] + 1 H_c0[c0] = 1
formate_e0[e0] + 1 H_e0[e0]

(1) Formate_cO[cO] + (2)
Ferricytochromec3_c0[c0]-%= (1)

C0O2_c(c0] + (2) Ferrocytochromec3_c0[cO]
+ (1) H+_c0[cO0]



156
157
158

159

160

161
162
163
164
165
166
167

168

169
170
171
172
173
174

175

176

177
178
179
180
181

182

183

<->
<->
<->
<->
<->
<->

gpr

kb|g.3562.peg.2733
kb|g.3562.peg.2613

kb|g.3562.peg.736

kb|g.3562.peg.381

kb|g.3562.peg.244
kb|g.3562.peg.461
kb|g.3562.peg.85
kb|g.3562.peg.2656
kb|g.3562.peq.2747
kb|g.3562.peg.2836
kb|g.3562.peg.1750

kb|g.3562.peg.2004

kb|g.3562.peg.1529
kb|g.3562.peg.1677
kb|g.3562.peg.1562
kb|g.3562.peg.1475
kb|g.3562.peg.1243
kb|g.3562.peg.1%D

kb|g.3562.peg.1021

kb|g.3562.peg.757

kb|g.3562.peg.3158
kb|g.3562.peg.3141
kb|g.3562.peg.3086
kb|g3562.peg.3074
kb|g.3562.peg.3189

kb|g.3562.peg.540

kb|g.3562.peg.1714

gene ID

DVU0586
DVU0587
DVU0588

DVU1290

DvU1289

DVU1288
DvU1287
DVU1286
DVU0402
DVU0403
DVU0404
DVU2776

DVUO0571

DVU2791
DvU2792
DVU2793
DVU2794
DVU2795
DVU2796

DvU2797

DVU1295

DvU0847
DVU0846
DvU0848
DvU0849
DVvU0850

DvuU1207

DVU2225

78

KO

K00374

no KO
assigne
d

no KO
assigne
d

K00184
K00185
K11180
K11181

K11179

K00259

K03615

K03614
K03612
K03613
K03617

no KO
assigne
d

K00958

K00394
K00395
K16885
K16886
K16887

K00648

K01962

enzyme

1751
+1.799

1.8.99.5

2.81-

1411

2774

1.8.99.2

2.3.1.18

6.4.1.2

definition

(1) Sulfite_c0[cO] + (6)
Ferrocytochromec3_cO0[c0] + (7) H+_c0[cO]
<->(3) H20_c0[c0] + (1) H2S_c0[c0] + (6)
Ferricytochromec3_c0[cO]

(1) NAD_c0[c0] + (1) NADPH_cO0[c0] <>
(1) NADH_cO0[c0] + (1) NADP_cO0[c0]

(1) NADP_c0[c0] + (2)
Reducedferredoxin_c0[c0] + (2) H_c0[cOp<
(1) NADPH_®[cO] + (1) H+_e0[e0] + (2)
Oxidizedferredoxin_c0[cO]

(1) ATP_cO[c0] + (1) Sulfate_cO[cO] + (1)
H+_c0[c0] <> (1) PPi_cO0[c0] + (1)
APS_c0[cO]

(1) APS_cO[cO] + (1) Menaquinol 8_c0[cO0] -
(2) H+_c0[c0] <> (1) AMP_cO0[c0] + (1)
Sulfite_c0[c0] + (1) Menaquinone 8_c0[c0] 4
(2) H+_e0[eq]

(1) AcetytCoA c0[c0] + (1) ACP_c0[c0]<
> (1) CoA_cO0[c0] + (1) AcetyACP_cO[cO]
(1) ATP_cO[c0] + (1) AcetylCoA c0[cO] +
(1) H2CO3_c0[c0] < (1) ADP_cO0[c0] + (1)
Phosphate_c0[c0] + (1) H+_cO0[c0] + (1)
Malonyl-CoA_cO0[cO0]



184

185

186
187

188

189

190
191

192

193

194
195

196

197

198
199

200

201

202
203

gpr

kb|g.3562.peg.639

kb|g.3562.peg.946

kb|g.3562.peg.112
kb|g.3562.peg.1281

kb|g.3562.peg.2345

kb|g.3562.pe®46

kb|g.3562.pg.112
kb|g.3562.peg.1281

kb|g.3562.peg.2345

kb|g.3562.peg.946

kb|g.3562.peg.112
kb|g.3562.peg.1281

kb|g.3562.peg.2345

kb|g.3562.peg.946

kb|g.3562.peg.112
kb|g.3562.peg.1281

kb|g.3562.peg.2345

kb|g.3562.peg.946

kb|g.3562.peg.112
kb|g.3562.peg.1281

gene ID

DVvU1249

DvU1204

DVU1206
DVU2368

DVU0794

DVU1204

DVU1206
DVU2368

DVU0794

DVU1204

DVU1206
DVU2368

DVUO0794

DVU1204

DVU1206
DVU2368

DVU0794

DvU1204

DVU1206
DVU2368

79

KO

K00645

K09458

K00059
K02372

K00208

K09458

K00059
K02372

K00208

K09458

K00059
K02372

K00208

K09458

K00059
K02372

K00208

K09458

K00059
K02372

enzyme

2.3.1.39

2.3.1.17

1.1.1.10

4.2.1.59
1.3.1.9
+1.3.1.
10

2.3.1.17

1.1.1.10

4.2.1.59
1.3.19
+1.3.1.
10

2.3.1.17

1.1.1.10

4.2.1.59
1.3.1.9
+1.3.1.
10

2.3.1.17

1.1.1.10

4.2.1.59
1.3.1.9
+1.3.1.
10

2.3.1.17

1.1.1.10

4.2.1.59

definition

(1) H+_c0[c0] + (1) MalonylCoA_c0[c0] +
(1) ACP_c0[c0] <> (1) CoA_c0[c0] + (1)
Malonyl-acyl-carrierprotein_c0[c0]

(2) NADPH_cO0[c0] + (2) H+_cO0[c0] + (1)
Malonyl-acylcarrierprotein_c0[c0] + (1)
Acetyl-ACP_c0[c0] <> (1) H20_c0[cQ] + (2)
NADP_c0[cO] + (1) CO2_cO0[c0] + (1)
Butyryl-ACP_c0[c0] + (1) ACP_c0[c0]

(2) NADPH_c0[c0] + (2) H+_c0[cO] + (1)
Butyryl-ACP_cO0[c0] + (1) Malonyhcyt
carrierprotein_c0[c0] <> (1) H20_c0[c0] +
(2) NADP_c0[c0] + (1) CO2_c0[cO] + (1)
HexanoytACP_c0[c0] + (1) ACP_cO[cQ]

(2) NADPH_c0[c0] + (2) H+_c0[c0] + (1)
HexanoytACP_cO[cO]+ (1) Malonytacyt
carrierprotein_c0[c0] <> (1) H20_c0[cO0] +
(2) NADP_cO0[c0] + (1) CO2_c0[cO] + (1)
OctanoytACP_c0[c0] + (1) ACP_c0[cO0]

(2) NADPH_c0[cQ] + (2) H+_c0[cO] + (1)
OctanoytACP_c0[c0] + (1) Malonyhacy}
carrierprotein_c0[c0] <> (1) H20_c0[cO] +
(2) NADP_c0[c0] + (1)CO2_c0[cO] + (1)
DecanoyACP_cO0[c0] + (1) ACP_c0[c0]

(2) NADPH_cO0[c0] + (2) H+_cO0[c0] + (1)
DecanoyACP_cO0[c0] + (1) Malonyhcyt
carrierprotein_c0[c0] <> (1) H20_c0[c0] +
(2) NADP_c0[c0] + (1) CO2_c0[c0] + (1)
DodecanoyACP_c0[c0] + (1) ACP_cO0[cO0]



204

205

206
207

208

209

210
211

212

213

214
215

216

217

218

219
220

221
222

223

224

gpr

kb|g.3562.peg.2345

kb|g.3562.peg.946

kb|g.3562.peg.112
kb|g.3562.peg.1281

kb|g.3%2.peg.2345

kb|g.3562.peg.946

kb|g.3562.peg.112
kb|g.3562.peg.1281

kb|g.3562.peg.2345

kb|g.3562.peg.946

kb|g.3562.peg.112
kb|g.3562.peg.1281

kb|g.3562.peg.2345

kb|g.3562.peg.288

kb|g.3562.peg.1171

kb|g.3562.peg.2712
kb|g.3562.peg.1700

kb|g.3562.peg.1895
kb|g.3562.peg.1654

kb|g.3562.peg.848

kb|g.3562.peg.2684

gene ID

DVU0794

DvU1204

DVU1206
DVU2368

DVU0794

DVU1204

DVU1206
DVU2368

DVU0794

DVU1204

DVU1206
DVU2368

DVUO0794

DvU1428

DvU2143

DvU0748
DVU2969

DVvU2885
DVU2405

DVU1179

DVU3294

80

KO

K00208

K09458

K00059
K02372

K00208

K09458

K00059
K02372

K00208

K09458

K00059
K02372

K00208

K01835

K01624

K01895
K01895

K00001

K03738

K04073

enzyme
1.3.1.9
+1.3.1.
10

2.3.1.17

1.1.1.10

4.2.1.59
1.3.1.9
+1.3.1.
10

2.3.1.17

1.1.1.10
4.2.1.59
1.3.19

+1.3.1.
10

2.3.1.17

1.1.1.10

4.2.1.59
1.3.1.9
+1.3.1.
10
5.4.2.2

4.1.2.13

6.2.11
6.2.11

1.111

1275

1.2.1.10

definition

(2) NADPH_cO0[c0] + (2) H+_cO0[c0] + (1)

DodecanoyACP_c0[cO] + (1) Mbonyl-acyt
carrierprotein_c0[c0] <> (1) H20_c0[c0] +
(2) NADP_c0[c0] + (1) CO2_c0[c0] + (1)

Myristoyl-ACP_c0[c0] + (1) ACP_c0[cO0]

(2) NADPH_c0[c0] + (2) H+_c0[cO] + (1)
Myristoyl-ACP_c0[c0] + (1) Malonyhcyk
carrierprotein_c0[c0] <> (1) H20_c0[c0] +
(2) NADP_c0[c0] + (1) CO2_c0off + (1)
hexadecanoyhcp_c0[c0] + (1) ACP_cO0[c0]

(2) NADPH_c0[c0] + (2) H+_c0[c0] + (1)
hexadecanoyhacp_c0[cO] + (1) Malonyacyt
carrierprotein_c0[c0] <> (1) H20_c0[cO0] +
(2) NADP_cO0[c0] + (1) CO2_c0[cO] + (1)
ACP_cO0[c0] + (1) OctadecanefiCP_c0[c0]

(1) Glucosel-phosphate_c0[c0]< (1) D-
glucose6-phosphate_c0[cO0]

(1) D-fructosel,6-bisphosphate_c0[cO]-x
(1) Glyceronephosphate_c0[c0] + (1)
Glyceraldehydeghosphate_c0[cO0]

(1) ATP_cO[c0] + (1) CoA _cO0[c0] + (1)
Acetate_cO0[cO0] + (1) H+_cO0[c0]-= (1)
PPi_c0[c0] + (1) AMP_cO0[c0] + (1) Acetyl
CoA_c0[c0]

(1) NAD_cO[c0] + (1) Ethanol_c0[c0]-= (1)
NADH_cO[cO]+ (1) H+_cO0[c0] + (1)
Acetaldehyde_cO0[cO]

(1) acetaldehyde_c0O[c0] + (1) H20O_c0[c0] +
(2) Oxidizedferredoxin_c0[c0] = (1)
acetate_c0[c0] + (3) H_cO0[c0] + (2)
Reducedferrdoxin_c0[cO0]

(1) acetaldehyde_c0[c0] + (1) CoA_cO0[c0] +
(1) NAD_c0[c0] = (1) acetylCoA_c0[c0] + (1)
NADH_c0[c0] + (1) H_c0[c0]



225

226

227
228

229

230
231

232

233

234

235

236

237
238

239

240

241

242

243

244

245

<->
<->

gpr
kb|g.3562.peg.1271

kb|g.3562.peg.188

kb|g.3562.peg.1387
kb|g.3562peg.1561

kb|g.3562.peg.2993

kb|g.3562.peg.1110
kb|g.3562.peg.2261

kb|g.3562.peg.1981

kb|g.3562.peg.3153

kb|g.3562.peg.2709

kb|g.3562.peg.1221

kb|g.3562.peg.404

kb|g.3562.peg.192
kb|g.3562.peg.870

kb|g.3562.peg.2993

kb|g.3562.peg.305

kb|g.3562.peg.1444

kb|g.3562.peg.2525

kb|g.3562.peg.1217

kb|g.3562.peg.1109

kb|g.3562.peg.67

gene ID
DVU2603

DVU1677

DVU2784
DvU3027

DvU3222

DvU2144
DVUO0565

DVU2529

DVU0889

DVvU0322

DvU2514

DVU2061

DvU1841
DVU1539

DvU3222

DVU1575

DVvU2313

Dvu0477

DVU2531

DVU2530

DVU1658

81

K01803

no KO
assigne
d

K01810

K00134
K00134

K00927

K15635

K01689

K00873

K00850

K03841
K02446

K01810

K00948

K01057

K00031

K01783

K00615

K00616

enzyme

531.1

5.3.1.9

1.2.1.12
1.2.1.12

2723

5.4.2.12

42111

2.7.1.40

27111

3.1.3.11
3.1.3.11

5.3.1.9

2761

3.11.31

1.1.1.42

5.13.1

2211

2212

definition

(1) Glyceraldehydephosphate_c0[c0]-
(1) Glyceronephosphate_c0[c0]

(1) Menaquinone 8_c0[c0] + (1)-L
Lactate_c0[c0] < (1) Menaquinol 8_c0[cO0]
+ (1) Pyruvate_c0[cO0]

(1) D-glucose6-phosphate_c0O[cO]<= (1) D
fructose6-phosphate_c0[cO0]

(1) NAD_cO[c0] + (1) Phosphate_c0[c0] + (:
Glyceraldehyd3-phosphate_c0[c0]= (1)
NADH_c0[c0] + (1) 1,3BisphospheD-
glycerate_c0[c0]

(1) ATP_cO[c0] + (1) 3
Phosphoglycerate_c0[c0] + (1) H+_cO[cOp<
(1) ADP_c0[c0] + (1) 1,BisphospheD-
glycerate_c0[cO]

(1) 2PhospheD-glycerate_c0[c0] < (1) 3
Phosphoglycerate_c0[c0]

(1) 2PhospheD-glycerate c0[c0] <> (1)
H20_c0[c0] + (1)
Phosphoenolpyruvate_c0[cO0]

(1) ATP_cO[c0] + (1) Pyruvate_c0[cO}x<
(1) ADP_cO[c0] + (1)
Phosphoenolpyruvate_c0[cO0]

(1) ATP_cO[cO] + (1) Bfructose6-
phosphate_c0[c0]== (1) ADP_cO0[cO0] + (1)
D-fructosel,6-bisphosphate_c0[cO0]

(1) H20_c0[c0] + (1) Bfructosel,6-
bisphosphate_c0[c0]-= (1)
Phosphate_c0[c0] + (1Ip-fructose6-
phosphate_c0[c0] + (1) H+_cO0[cO0]

(1) D-glucose6-phosphate_c0O[c0]== (1)
betaD-Glucose6-phosphate_c0[c0]

(1) ATP_cO[cO] + (1) ribos&-
phosphate_c0[c0]== (1) AMP_c0[c0] + (1)
PRPP_c0[c0]

(1) H20_c0[cO] + (1) §hospheD-gluconoe
1-5-lactone_c0[c0] < (1) H+_cO0[c0] + (1)
6-PhospheD-gluconate_c0[cO0]

(1) NADP_cO0[cO] + (1) @hospheD-
gluconate_c0[c0] < (1) NADPH_cO0[c0] +
(1) CO2_cO0[cO] + (1) ERibulose5
phosphate_c0[c0]

(1) D-Ribulose5phosphate_c0[c0]% (1) D
Xylulose5phosphate_c0[c0]

(1) D-fructose6-phosphate_c0[c0] + (1)
Glyceraldehyde®hosphate_c0[c0] (1) D
Xylulose5phosphate_c0[c0] + (1) -D
Erythrose4phosghate_c0[cO]

(1) Glyceraldehydephosphate_c0[c0] + (1)
Sedoheptulosephosphate_c0[c0]% (1) D
fructose6-phosphate_c0[c0] + (1) -D
Erythrosed4phosphate_c0[c0]



246

247

248

249

250

251

252
253

254

255

256

257

258

259

260

261

262

<->
<->

gpr

kb|g.3562.peg.1109

kb|g.3562.peg.68

kb|g.3562.peg.1227

kb|g.3562.peg.1941

kb|g.3562.peg.1836

kb|g.3562.peg.406

kb|g.3562.peg.1049
kb|g.3562.peg.1440

kb|g.3562.peg.1789

kb|g.3562.peg.1135

Unknown

kb|g.3562.peg.3051

kb|g.3562.peg.689

kb|g.3562.peg.457

kb|g.3562.peg.1647

kb|g.3562.peg.1148

kb|g.3562.peg.2077

gene ID

DVU2530

DVU1580

DVU3079

DVU2765

DVU0253

DVU1833

DvU2272
DvU2824

DVU3030

DVU3029

#N/A

DvU0871

DVU1623

DvU1202

DvU2140

DVU2254

DVU0736

82

KO

K00615

K01808

no KO
assigne
d

no KO
assigne
d

K18930

K01007

K00656
K00656

K00925

K13788

#N/A

K09903

K01937

K01493

K00943

K03465

K11175

enzyme

2211

5.3.1.6

2.79.2

2.3.1.54
2.3.1.54

2721

2.3.18

#N/A

2.7.4.22

6.3.4.2

3.54.12

2749

21114

2122

definition

(1) Glyceraldehydephosphate_c0[c0] + (1)
Sedoheptulosephosphate_c0[c0]-= (1)
ribose5-phosphate_c0[c0] + (1) -Blylulose5
phosphate_c0[c0]

(1) ribose5-phosphate_c0[c0]= (1) D
Ribulosé-phosphate_c0[c0]

(1) (R)-S-Lactoylglutathione_c0[c0] <> (1)
GSH_c0[c0] + (1) ZOxopropanal_c0[c0]

(1) H20_c0[c0] + (1) (RYS
Lactoylglutahione_c0[c0] < (1)
GSH_c0[c0] + (1) H+_cO0[c0] + (1) D
Lactate_c0[cO]

(1) NAD_c0[c0] + (1) BLactate_c0[c0] <
(1) NADH_cO0[c0] + (1) Pyruvate_c0[c0] +
(1) H+_c0[cO0]

(1) H20_c0[c0] + (1) ATP_cO[cO] + (1)
Pyruvate_c0[c0] <> (1) Phosphate_c0[c0] +
(1) AMP_cO0[cO] + (1)
Phosphoenolpyruvate c0[c0] + (1) H+_cO[ct
(1) AcetytCoA c0[c0] + (1) Formate OfcO]
<-> (1) CoA_c0[cO] + (1) Pyruvate_c0[cO]

(1) ATP_cO[c0] + (1) Acetate_cO[cO] + (1)
H+_c0[c0] <> (1) ADP_cO[cO] + (1)
Acetylphosphate_c0[cO]

(1) Phosphate_c0[cO] + (1) Acetyl
CoA_c0[cO] + (1) H+_c0[c0] = (1)

CoA _c0[cQ] + (1) Acetylphosphate_c0[cO0]
(1) L-Aspartate_cO[cO] + (1) PRPP_c0[c0] +
(1) Carbamoylposphate_c0[c0] + (1)
menaquinone 8_c0[c0}- (1) H20_c0[cO0] +
(1) Phosphate_c0[cO] + (1) CO2_cO0[c0] + (:
PPi_c0[c0] + (1) UMP_cO[cO] + (1)
Menaquinol 8_c0[c0]

(1) ATP_cO[c0] + (1) UMP_cO[c0]== (1)
ADP_cO0[c0] + (1) UDP_cO0[cO]

(1) H20_cO0[c0] + (1) ATP_cO[c0] + (1)-L
Glutamine_c0[c0] + (1) UTP_cO[cO}x (1)
ADP_cO0[c0] + (1) Phosphate_c0[c0] + (1} L
Glutamate_c0[c0] + (1) CTP_c0[c0] 2)(
H+_c0[c0]

(1) H+_c0[cO] + (1) H20_c0[c0] + (1)
dCTP_cO0[c0] < (1) NH3_c0[c0] + (1)
dUTP_cO0[cO0]

(1) ATP_cO[c0] + (1) dTMP_cO0[c0]-= (1)
ADP_c0[c0] + (1) dTDP_c0[c0]

(1) 510-Methylenetetrahydrofolate_c0[c0] +
(1) dUMP_c0[c0] <> (1) dTMP_c0[c0] + (1)
Dihydrofolate_c0[cO]

(2) H20_cO0[c0] +4) ATP_cO0[cO] + (1)
C0O2_c0[c0] + (1) Glycine_c0[c0] + (1)-L
Aspartate_c0[c0] + (2) 4Glutamine_c0[c0] +
(1) PRPP_cO[cO] + (1) 10
Formyltetrahydrofolate_cO[cO]-% (4)
ADP_cO0[c0] + (4) Phosphate_c0[c0] + (1)
PPi_c0[c0] + (2) EGlutamate_cO0[c0] {7)



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280
281

<->

<->

<->

gpr

kb|g.3562.peg.2828

kb|g.3562.pg.2561

kb|g.3562.peg.2828

kb|g.3562.peg.2561

kb|g.3562.peg.3162

kb|g.3562.peg.3150

kb|g.3562.peg.3100

kb|g.3562.peg.1042

kb|g.3562.peg.1042

kblg.3562.peg.1042

kb|g.3562.peg.1042

kb|g.3562.peg.2330

kb|g.3562.peg.1494

kb|g.3562.peg.683

kb|g.3562.peg.1976

kb|g.3562.peg.1976

kb|g.3562.peg.1976

kb|g.3562.peg.2896
kb|g.3562.peg.2

gene ID

DVU3206

DVU3235

DVU3206

DVU3235

DVU1044

DVvU1043

DVU0900

DvU2947

DvU2947

DvU2947

DvU2947

DVU3204

DvU2942

DvU1932

DVU2333

DVU2333

DVU2333

DvU0377
Dvu1457

83

K00602

no KO
assigne
d

K00602

no KO
assigne
d

K00088

K01951

K00942

K00527

K00527

K00527

K00527

K01939

K01756

K00939

K00940

K00940

K00940

K00384
K00384

enzyme

2.1.23
+3.5.4.
10

2.1.23
+3.5.4.
10

111D

6.3.5.2

2748

1.17.42

1.17.4.2

1.17.4.2

1.17.4.2

6.3.4.4

4.3.2.2

2743

2.7.4.6

2.7.4.6

2746

1.81.9
1.8.1.9

definition
H+_c0[c0] + (1) Fumarate_cO[c0] + (1)
AICAR_c0[c0] + (1) THF_c0[cQ]

(1) 10Formyltetrahydrofolate_c0[c0] + (1)
AICAR_c0[c0] <> (1) FAICAR_cO[cO] + (1)
THF_cO0[cO0]

(1) H20_c0[c0] + (1) IMP_cO0[c0]== (1)
FAICAR_cO0[c0]

(1) H20_c0[c0] + (1) NAD_cO0[c0] + (1)
IMP_cO[c0] <> (1) NADH_cO0[c0] + (1)
H+_c0[cO] + (1) XMP_cO0[cQ]

(1) H20_c0[cO] + (1) ATP_cO[c0] + (1)-L
Glutamine_c0[c0] + (1) XMP_c0[cO0]-% (1)
PPi_cOE0] + (1) AMP_cO[cO] + (1) L
Glutamate_c0[c0] + (1) H+_cO[c0] + (1)
GMP_cO0[cO0]

(1) ATP_cO[cO0] + (1) GMP_c0[c0]-= (1)
ADP_c0[c0] + (1) GDP_cO0[c0]

(1) ATP_cO[c0] + (1) trdrd_cO[c0]-= (1)
H20_c0[c0] + (1) dATP_cO0[cO] + (1)
trdox_cO0[c0]

(1) GTP_cO[c0] + (1) trdrd_cO[cO]-x (1)
H20_c0[c0] + (1) dGTP_c0[cO0] + (1)
trdox_c0[c0]

(1) CTP_cO[cO] + (1) trdrd_cO[cO]-x (1)
H20_c0[c0] + (1) dCTP_c0[c0] + (1)
trdox_cO0[c0]

(1) UTP_cO[cO] + (1) trdrd_cO[c0]-*= (1)
H20_c0[c0] + (1) dUTP_@fcO] + (1)
trdox_c0[c0]

(1) GTP_cO[c0] + (1) tAspartate_c0[c0] +
(1) IMP_cO0[c0] <> (1) Phosphate_cO[cO] +
(1) GDP_c0[c0] + (2) H+_cO0[cO] + (1)
Adenylosuccinate_c0[c0]

(1) Adenylosuccinate_cO[cO}3< (1)
AMP_cO0[c0] + (1) Fumarate_c0[cO]

(1) ATP_cO[c0] + (1) AMP_c0[c0]== (2)
ADP_c0[cO0]

(1) ATP_cO[cO] + (1) dTDP_cO[c0]== (1)
ADP_c0[cO] + (1) TTP_cO[cO0]

(1) ATP_cO[cO0] + (1) GDP_cO[c0]-= (1)
ADP_cO0[c0] + (1) GTP_c0[c0]

(1) ATP_cO[cQ+ (1) UDP_cO0[c0] < (1)
ADP_cO0[c0] + (1) UTP_cO0[cO0]

(1) NADPH_c0[c0] + (1) H+_cO0[cO] + (1)
trdox_cO[c0] <> (1) NADP_cO0[cO0] + (1)
trdrd_cO0[cO0]



282

283

284

285

286
287

288

289

290

201
292

293

294
295

296
297

298

299

300

301
302

<->
<->

<->
<->

<->
<->

gpr
kb|g.3562.peg.1773

kb|g.3562.peg.851

kb|g.3562.peg.1538

kb|g.3562.peg.2077

kb|g.3562.peg.1713
kb|g.3562.peg.53

kb|g.3562.peg.2525

kb|g.3562.peg.2553

kb|g.3562.peg.2161

kb|g.3562.peg.44
kb|g.3562.peg.61

kb|g.3562.peg.1752

kb|g.3562.peg.887
kb|g.3562.peg.497

kb|g.3562.peg.891
kb|g.3562.peg.423

kb|g.3562.peg.61

kb|g.3562.peg.1707

kb|g.3562.peg.2161

kb|g.3562.peg.3163
kb|g.3562.peg.2243

gene ID

DvU2348

DVU1203

DvU2891

DVU0736

DVU2226
DVvU1834

DVU0477

DVU0796

DVU3262

DVU1569
DVU1570

DVU3025

DVU1946
DvU1947

DVU1945
DVU1064

DVU1570

DvU2137

DVU3262

DVvU0080
DVU0446

84

KO

K01520

K00600

KO07722

K11175

no KO
assigne
d

K01958

K00031

K00013

K00244

K00174

K03737

K00175
K00177

K00174
K01681

K00175

K01902

K00244

K01679
K14393

enzyme definition
(1) H20_c0[c0] + (1) dUTP_cO0[c0]}-%= (1)
3.6.1.23 PPi_c0[c0] + (1) dUMP_c0[c0]
(1) L-Serine_c0[cO] + (1) THF_cO0[c0}-3 (1)
H20_c0[cO] + (1) Glycine_c0[c0] A} 510
2.1.2.1 Methylenetetrahydrofolate_c0[cO0]
(1) NADPH_cO0[c0] + (1) H+_cO0[c0] + (1)
Dihydrofolate_c0[c0] <> (1) NADP_cO[c0] +
0 (1) THF_cO[cO0]
(1) H20_cO[cOF (1) 106
Formyltetrahydrofolate_cO[c0]-% (1)
Formate_cO0[cO] + (1) H+_cO0[cO] + (1)
2.1.2.2 THF_c0[cO]
(1) ATP_cO[c0] + (1) Pyruvate_c0[cO] + (1)
H2CO03_c0[c0] < (1) ADP_c0[c0] + (1)
Phosphate_c0[c0] (1) Oxaloacetate_c0[cO0] -
0 (1) H+_c0[cO]
6.4.1.1
(1) NAD_cO0[cO0] + (1) Isocitrate_cO[c0]-x
(1) NADH_cO[c0] + (1) CO2_c0[c0] + (1)-2
1.1.1.42 Oxoglutarate_c0[cO]
(1) NAD_c0[c0] + (1) LMalate_cO[c0] <
(1) NADH_cO[c0] + (1) Oxaloacetate_cO[cO
1.1.1.23 + (1) H+_c0[c0]
(1) NAD_cO0[c0] + (1) Succinate_c0[cO}x<
(1) NADH_cO0[c0] + (1) H+_c0[c0] + (1)
1.3.5.4 Fumarate_c0[cO]
(1) CO2_cO0[cO] + (1) AcetyCoA_c0[c0] +
(1) H+_c0[cO] + (2)
1.2.7.3 Reducedferredoxin_c0O[cO} (1)
+1.2.7. CoA_c0[c0] + (1) Pyruvate_c0[cO] + (2)
11 Oxidized®rredoxin_c0[c0]

1.2.7.1
+1.2.7-
1.2.7.3
+1.2.7.
11

1.2.7.3
1.2.7.3
+1.2.7.
11

4.2.1.3 (1) Citrate_c0[c0] < (1) Isocitrate_c0[c0]
(1) CoA_c0[c0] + (1) ZOxoglutarate_c0[cO]
1.2.7.3 +(2) Oxidizedferredoxin_@fc0] <-> (1)
+1.2.7. C0O2_c0[cO] + (1) H+_cO[cO] + (1) Succinyl
11 CoA_c0[c0] + (2) Reducedferredoxin_c0[cO0]
(1) ATP_cO[c0] + (1) CoA_cO0[c0] + (1)
Succinate_c0[c0] <> (1) ADP_c0[c0] + (1)
6.2.1.5 Phosphate_c0[c0] (1) Succinj#CoA_c0[c0]
(2) H_c0[c0] + (1) Fumarate_c0[c0] + (2)
Reducedferredoxin_c0[cO} 3 (1)
Succinate_c0[c0] + (2)
1.3.5.4 Oxidizedferredoxin_cO0[cO0]
(1) L-Malate_c0[c0] <> (1) H20_c0[c0] +
4.2.1.2 (1) Fumarate_cO[cO]
0 (1) Ethanol_c0[c0] <> (1) Ethanol_eO[e0]



303
304

305

306

307

308

309
310
311
312

313
314
315

316

317

318
319

320
321
322

323

324

325

326

327

<->
<->
<->

<->
<->

gpr
Unknown

kb|g.3562.peg.842
Unknown

Unknown

Unknown
kb|g.3562.peg.2549

kb|g.3562.peg.2243
kb|g.3562.peg.1712

Unknown

kb|g.3562.peg.2243
Unknown
Unknown

gene ID
#N/A
DVU1231

#N/A

#N/A

#N/A
DvVU0747

DVU0446

DVU3026

DVvU2285
#N/A

DVU0446
#N/A
#N/A

#N/A

85

KO
#N/A
K03320

#N/A

#N/A

#N/A
K06857

K14393

#N/A

K14393
#N/A
#N/A

#N/A

enzyme
#N/A
0

#N/A

#N/A

#N/A
3.6.3.55

0

#N/A

#N/A
#N/A

#N/A

pyruvat
e
transpor
ter

Alanine
L-
Arginin
e

L-
Aspara
gine

L-
aspartat
e

L-
cysteine
L-
glutama
te

definition

(1) H+_e0[e0] < (1) H+_c0[cO0]

(1) NH3_e0[e0] < (1) NH3_c0[c0]

(1) Phosphate_cO[cO}3 (1)
Phosphate_e0[e0]

(1) H+_c0[c0] + (1) H2CO3_cO0[cO]-x= (1)
H20_c0[c0] + (1) CO2_c0[cO0]

(1) H20_c0[cO] + (1) ATP_cO0[c0]= (1)
ADP_cO0[c0] + (1) Phosphate_c0[c0] + (1)
H+_c0[c0]

(1) Sulfate_e0[eQ] + (2) H+_e0[e0}<(1)
Sulfate_c0[c0] + (2) H+_c0[cO]

(1) H+_e0[e0] + (1) tLactate_eO[e0] == (1)
L-Lactate_cO[c0] + (1) H+_cO0[cO0]

(1) H2S_c0[c0] < (1) H2S_e0[e0]

(1) Acetate_cO[c0] + (1) H+_cO[cO}<(1)
Acetate_e0O[e0] + (1) H+_e0[e0]

(1) CO2_e0[e0] = (1) CO2_cO0[c0]

(1) H2_c0[c0] <> (1) H2_e0[e0]

0.055 Protein_c0 6.0648 DNA_c0 + 0.0501
RNA_cO0 + 0.1329 Glycogen_c0 + 0.1634
Lipid_cO + 139 ATP_c0 + 139 H20_c0 =1
Biomass_c0 + 139 ADP_cO0 + 139
phosphate_c0 + 139 H+_c0

1 hexadecanoyhcp_cO + 1 octadecaneyl
acp_c0 + 1 glycereB-phosphate_c0 + 1
Lipid_c0 +2 acp_c0

1 snglycerot3-phosphate_c0[cO] + 1
NAD+_cO0[c0] = 1 Glycerone
phosphate_c0[c0] + 1 NADH_c0[c0] + 1
H+_c0[c0]

1 biomass_c0[cO}> 1 biomass_e0[e0]

(1) pyruvate_e0[e0] + (1) H+_eO[e0] = (1)
pyruvate_c0[cO] + (1) H+_c0[cO0]

(1) H20_e0 = (1) H20_c0

(1) Alanine_c0 = (1) Alanine_e0

(1) L-Arginine_c0 = (1) kArginine_e0

(1) L-Asparagine_c0 = (1)1Asparagine_e0

(1) L-Aspartate_c0 = (1) {Aspartate_e0

(1) L-Cysteine_c0 = (1) {Cysteine_e0

(1) L-Glutamate_c0 = (1) {Glutamate_e0



328
329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

<->
<->

gpr

gene ID

KO

86

enzyme
L-
glutami
ne
Glycine
L_
histidin
e

L-
isoleuci
ne

L_
leucine
L_
lysine

L-
methion
ine

L-
phenyla
lanine
|__
proline
L-
serine
L-
threoni
ne

|__
tryptop
han

L-
tyrosine
L-
valine

definition

(1) L-Glutamine_c0 = (1) {Glutamine_e0
(1) Glycine_c0 = (1) Glycine_e0

(1) L-Histidine_c0 = (1) EHistidine_e0

(1) L-Isoleucine_cO0 = (1) 4ilsoleucine_e0
(1) L-Leucine_c0 = (1) tLeucine_e0

(1) L-Lysine_c0 = (1) ELysine_e0

(1) L-Methionine_cO0 = (1) tMethionine_e0
(1) L-Phenylalanine_c0 = (1)-L
Phenylalanine_e0

(1) L-Proline_c0 = (1) EProline_e0

(1) L-Serine_c0 = (1) tSerine_e0

(1) L-Threonine_c0 = (1) {Threonine_e0

(1) L-Tryptophan_c0 = (1) {Tryptophan_e0
(1) L-Tyrosine_cO0 = (1) ETyrosine_e0

(1) L-Valine_c0 = (1) L-Valine_e0

(1) phosphoenolpyruvate + (1) sulfite => (1)
(2R)-2-O-phosphe3-sulfolactate

(1) (2R)}2-O-phosphe3-sulfolactate + (1)
H20 => (2R})3-sulfolactate + (1) phosphate
(1) Sulfolactate_c0 => (1) pyurvate_cO 4 (1
sulfite_c0



87

Table S2.Stoichiometric equations used for thiethanococcus maripaludmodel.

10

11

12

13

N

v ' AV

v ' AV

gpr
kb|g.575.peg.6
90

kb|g.575.peg.3
80

kb|g.575.peg.1
425

kb|g.575.peg.8
24

kb|g.575.peg.1
678

kb|g.575.peg.1
086

kb|g.575.peg.1

086

kb|g.575.peg.1
086

kb|g.575.peg.9
15

kb|g.575.peg.4
87

kb|g.575.peg.7
02

kb|g.575.peg.1
334

kb|g.575.peg.2
1

gene ID

MMP12
12

MMP12
11

MMPOO
87

MMP13
87

MMPOO
43

MMPOO
45

MMPOO
45

MMPOO
45

MMPO02
25

MMP16
77

MMP11
46

MMPO3
92

MMPO1
79

KO

K00626

K01641

K00021

K06990

K01823

K13787

K13787

K13787

K00096

K17105

K00764

K01945

K01952

enzyme

2.3.19

2.3.3.10

1.1.1.34

4.1.1.99

5.3.3.2

25.1.1/2.5.1.10/2.5
1.29

25.1.10/2.5.1.1/25

1.29

25.1.29/25.1.1/25

.1.10

1.11.261

2.5.1.42

24214

6.3.4.13

6.3.5.3

definition

(2) AcetykCoA _c0[c0] <> (1)
CoA_c0[c0Q] + (1) Acetoacetyl
CoA_c0[c0]

(1) CoA_c0[cO0] + (1) H+_cO0[cO0] +
(1) HMG-CoA_c0[c0] <> (1)
H20_c0[c0] + (1) Acetyl
CoA_c0[c0] + (1) Acetoacetyl
CoA_c0[c0]

(2) NAD_c0[c0] + (1) CoA _c0[c0]
+ (1) Mevalonicacid_c0[c0] <>
(2) NADH_c0[c0] + (2) H+_cO0[c0]
+ (1) HMG-CoA_c0[c0]

(1) ATP_cO[c0] + (1) 5
phosphomevalonate_c0[c0}><(1)
ADP_c0[c0] + (1) CO2_c0[c0] +
(1) Isopentenyphosphate_c0[cO]
+ (1) Phosphate_c0[c0]

(1) Isopentenyldiphosphate_c0[cO
<-> (1) DMAPP_c0[c0]

(1) Isopentenyldiphosphate_c0[cO
+ (1) DMAPP_c0[c0] < (1)
PPi_cO[cQ + (1)
Geranyldiphosphate_c0[c0]

(1) Isopentenyldiphosphate_c0[cO
+ (1) Geranyldiphosphate_c0[c0]
<-> (1) PPi_c0[cO0] + (1)
Farnesyldiphosphate_c0[cO0]

(1) Isopentenyldiphosphate_c0[cO
+ (1) Farnesyldiphosphate_c0[cO0]
<-> (1) PPi_c0[c0] + (1)
Geranylgeranyl
diphosphate_c0[cO0]

1 Gemnylgeranyl diphosphate_c0
1 sn3-O-(Geranylgeranyl)glycerol
1-phosphate_c0 =1 lipids_c0 + 1
Ppi_c0

(1) H20O_cO0[cO] + (1) E
Glutamine_c0[cO0] + (1)
PRPP_c0[c0] <> (1) PPi_c0[c0] +
(1) L-Glutamate_c0[c0] +1) 5
Phosphoribosylamine_c0[cO0]

(1) ATP_cO[cO] + (1)
Glycine_c0[c0] + (1) 5
Phosphoribosylamine_c0[c0}><
(1) ADP_cO0[cO] + (1)
Phosphate_c0[c0] + (1)
GAR_cO0[cO] + (1) H+_cO0[c0]

(1) H20_c0[c0] + (1) ATP_c0[c0]
+ (1) L-Glutamine_c0[c0] + (1) N
FormytGAR_cO[c0] <> (1)
ADP_cO0[cO0] + (1)
Phosphate_cO0[c0] + (1)L



14

15

16

17

18

19

20

21

22

23

24

25

26

27

ANV TN \%

\%

N

ANV ' ANV T AV

\%

ANV YA

\

gpr

kb|g.575.pedt
80

kb|g.575.peg.1
80

kb|g.575.peg.1
712

kb|g.575.peg.9
29

kb|g.575.peg.1
450

kb|g.575.peg.1
293

kb|g.575.peg.8
11

kb|g.575.peg.5
9
kb|g.575.peg.2
25
kb|g.575.peg.2
25
kb|g.575.pg.2
25
kb|g.575.peg.2
25

kb|g.575.peg.4
35

kb|g.575.peg.1
293

gene ID

MMPO1
78

MMP12
54

MMPO08
09

MMPO02
82

MMPO8
76

MMPO9
71

MMP02
78

MMP12
82

MMPO02
27

MMPO02
27

MMPO02
27

MMPO02
27

MMP14
32

MMPO9
71

KO

K01952

K01933

K06898

K01588

K11780

K01756

no KO
assigned

no KO
assigned

K21636

K21636

K21636

K21636

K01939

K01756

88

enzyme

6.3.5.3

6.3.3.1

5.4.99.18

25.1.77

43.2.2

1.1.1.205

2748

1.1.98.6

1.1.98.6

1.1.98.6

1.1.98.6

6.3.4.4

43.2.2

definition

Glutamate_c0[c0O] + (1) &'
Phosphoribosylformylglycinamidin
e_c0[c0] + (1) H+_cO0[cO0]

(1) ATP_cO[c0] + (1) &'
Phosphoribosylformylglycinamidin
e_c0[c0] <> (1) ADP_cO0[cO0] + (1)
Phosphate_c0[c0] + (1)
AIR_c0[c0] + (1) H+_cO0[cO]

(1) CO2_c0[c0] + (1) AIR_c0[c0]
<-> (1) H+_eO[e0] + (1) &'
Phosphoribosy#i-carboxy5-
aminoimidazole_c0[c0]

(1) ATP_cO[cO] + (1) k
Aspartate_c0[c0] + (15"
Phosphoribosy#i-carboxy5-
aminoimidazole_c0[c0] <> (1)
ADP_c0[c0] + (1)
Phosphate_c0[c0] + (1) H+_cO[cO
+ (1) SAICAR_c0[c0]

(1) SAICAR_c0[c0] <> (1)
Fumarate_cO[cO] + (1)
AICAR_c0[c0] + (1) H+_cO0[c0]

(1) ATP_cO0[cQ] + (1) GMP_c0[c0]
<-> (1) ADP_cO0[c0] + (1)
GDP_c0[c0]

(2) H+_c0[c0] + (1) ATPcO[cO] +
(1) Formate_cO[c0] < (1)
H20_c0[cO] + (1) dATP_cO[cO0] +
(1) CO2_c0[c0]

(1) H+_cO0[c0] + (1) GTP_cO0[cO0] +
(1) Formate_cO[c0] < (1)
H20_c0[c0] + (1) dGTP_c0[c0] +
(1) CO2_c0[cO]

(1) H+_cO0[c0] + (1) CTP_cO[c0] +
(1) Formate_cO[c0] < (1)
H20O_c0[cO0] + (1) dCTP_c0[c0] +
(1) CO2_c0[c0]

(1) H+_cO0[c0] + (1) UTP_cO[cO] +
(1) Formate_cO[c0] < (1)
H20_c0[cO]+ (1) dUTP_cO0[c0] +
(1) CO2_c0[cO]

(1) GTP_cO[c0] + (1) £
Aspartate_c0[c0] + (1) IMP_c0[cO
<-> (1) Phosphate_c0[cO] + (1)
GDP_c0[c0] + (2) H+_cO0[c0] + (1)
Adenylosuccinate_c0[c0]

(1) Adenylosuccinate_cO[cO}
(1) AMP_cO0[cO0] + (1)
Fumarate_c0[c0]



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

ANV ' ANV ' ANV ANV AV A

\%

[V

\%

v'"AV' AV 'AN V

ANV

\%

gpr
kb|g.575.peg.5
9

kb|g.575.peg.5
87
kb|g.575.peg.5
87
kb|g.575.peg.5
87
kb|g.575.pg.5
87

kb|g.575.peg.1
061

Kb|g.575.ped
56

kb|g.575.peg.3
50

kb|g.575.peg.8
21
kb|g.575.peg.2
60

kb|g.575.peg.1
474

kb|g.575.peg.1
509

kb|g.575.peg.5
96
kb|g.575.peg.1
241
kb|g.575.peg.1
284

kb|g.575.peg.1
719

gene ID

MMP12
82

MMPO02
83

MMPO02
83

MMPO02
83

MMPO02
83

MMPO9
59

MMP15
89
MMP10
13

MMP11
04

MMP10
09

MMPO04
39

MMPOO
79

MMP14
92

MMPO6
02

MMPO3
85

MMPO08
93

KO

no KO

assigned

K00940

K00940

K00940

K00940

K00384

K01956

K01955

K00610

K01465

K17828

K00762

K00762

K01591

K09903

K01937

89

enzyme

#N/A

2746

2.7.4.6

2746

2746

1.8.1.9

6.3.5.5

6.3.5.5

3.5.2.3

1.3.1.14

2.4.2.10

2.4.2.10

4.1.1.23

2.7.4.22

6.3.4.2

definition

(1) ATP_cO[cO0] + (1) dTDP_cO[cO]
<-> (1) ADP_c0[c0] + (1)
TTP_cO0E0]

(1) ATP_cO[c0] + (1)
dUDP_c0[c0] <> (1) ADP_cO0[c0]
+ (1) dUTP_c0[c0]

(1) ATP_cO[cO0] + (1) GDP_c0[c0]
<-> (1) ADP_cO0[cO0] + (1)
GTP_c0[c0]

(1) ATP_cO0[cO0] + (1) UDP_cO0[c0]
<-> (1) ADP_c0[c0] + (1)
UTP_c0[cO0]

(1) NADH_c0[cQ] + (1) H+_cO0[c0]
+ (1) trdox_cO0[c0] < (1)
NAD_cO0[cO0] + (1) trdrd_cO0[cO]
(1) H20O_c0[cO] + (2) ATP_c0[cO]
+ (1) HCO3_c0[c0] + (1) L
Glutamine_c0[c0] < (2)
ADP_cO0[c0] + (1)
Phosphate_c0[c0] + (1)L
Glutamate_c0[c0] + (1)
Carbamoylphosphate_c0[c0] + (2
H+_c0[c0]

(1) L-Aspartate_c0[c0] + (1)
Carbamoylphosphate_c0[c0}><
(1) Phosphate_c0[c0] + (1)
H+_c0[c0] + (1) NCarbamowL-
aspartate_c0[cO]

(1) H20_c0[c0] + (1) S
Dihydroorotate_c0[c0] <> (1)
H+_c0[c0] + (1) NCarbamoyL -
aspartate_cO[cO]

(1) NAD_cO[c0] + (1) S
Dihydroorotate_c0[cO] <> (1)
NADH_c0[c0] + (1) H+_c0[cO0] +
(1) Orotate_c0[cO]

(1) PPi_cO0[cQ] + (1) Orotidylic
acid_c0[c0] <> (1) PRPP_c0[c0] +
(1) Orotate_c0[cO]

(1) H+_cO0[c0] + (1) Orotidylie
acid_c0[c0] <> (1) CO2_cO0[c0] +
(1) UMP_c0[c0]

(1) ATP_cO[cO] + (1) UMP_cO0[cO0]
<-> (1) ADP_cO0[c0] + (1)
UDP_cO0[cO0]

(1) H20_c0[c0] + (1) ATP_c0[c0]
+ (1) L-Glutamine_c0[c0] + (L
UTP_c0[c0] <> (1) ADP_c0[c0] +
(1) Phosphate_c0[c0] + (1)} L



44

45

46

47

49

50

51

52

53

55

56

57

58

59

60

61

62

63

AV ' ANV AV AV DA

\%

AV ' ANV ' AV DA

v ' AV

v ' v ' v ' v!

v !

v ' v

gpr

Unknown

kb|g.575.peg.2
28
kb|g.575.peg.3
70
kb|g.575.peg.1

423

kb|g.575.peg.3
87

kb|g.575.peg.2
98

kb|g.575.peg.5
17
kb|g.575.peg.1
288

kb|g.575.peg.6
46
kb|g.575.peg.5
72

kb|g.575.peg.1
478
kb|g.575.peg.3
73
kb|g.575.peg.5
79
kb|g.575.peg.4
54
kb|g.575.peg.5
62
kb|g.575.peg.6
73
kb|g.575.peg.1

15
kblg.575.peg.4
54

gene ID

Unknow
n

MMP16
05

MMP10
94

MMPO3
96

MMP14
39

MMP15
32

MMPO3
25

MMPO06
87

MMP10
77

MMP11
89

MMPO04
10

MMPO1
48
MMP12
74
MMP15
05
MMP15
04
MMP15
07
MMP15
06
MMP15
05

KO

#N/A

K00873

K01007

K01689

K15635

K00927

K00150

K01803

K03431

K01807

K00948

K01895

K01895

K00169

K00170

K00172

K00171

K00169

90

enzyme

1.5.1.50

2.7.1.40

2792

42111

54.2.12

2.7.2.3

1.2.1.59

5311

5.4.2.10

5.3.1.6

2.76.1

6.2.1.1
6.2.11
1271
1271
1271
1271

1271

definition

Glutamate_c0[c0] + (1)
CTP_c0[c0] + (2) H+_c0[cO]

(1) NAD_cO0[cO0] + (1)
Tetrahydromethanopterin_c0[cO]
<-> (1) NADH_cO0[c0] + (1)
H+_c0[cO] + (1)
Dihydromettanopterin_c0[c0]

(1) 2-PhospheD-glycerate_c0[c0]
<-> (1) H20_c0[c0] + (1)
Phosphoenolpyruvate _c0[cO0]

(1) 2-PhospheD-glycerate_c0[c0]
<-> (1) 3Phosphoglycerate_c0[c0
(1) ATP_cO[c0] + (1) 3
Phosphoglycerate_c0O[c0}><(1)
ADP_c0[c0] + (1) 1,3Bisphosphe
D-glycerae_c0[cO]

(1) NAD_cO[c0] + (1)
Phosphate_c0[c0] + (1)
Glyceraldehydeg®hosphate_c0[cO0]
<-> (1) NADH_cO0[c0] + (1)
H+_c0[c0] + (1) 1,3Bisphosphe
D-glycerate_c0[c0]

(1) Glyceraldehyde3
phosphate_c0[c0]== (1)
Glyceronephosphate_c0[c0]

(1) Glucosel-phosphate_c0[c0]<
> (1) D-glucose6-
phosphate_c0[c0]

(1) ribose5-phosphate_c0[c0] <
(1) D-Ribulose5phosphate_c0[c0]

(1) ATP_c0[cO] + (1) CoA_c0[c0]
+ (1) Acetate_c0[c0] < (1)
PPi_c0[c0] + (1) AMP_cO0[cO] +
(1) AcetytCoA_[cO]



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

v ' AV YV

\%

v ' ANV ' A

\%

[V

v ' A \%

\

\%

RV

v o'V \%

ANV YA \%

\%

gpr
kb|g.575.peg.5
62

kb|g.575.peg.6
73
kb|g.575.peg.1
400

kb|g.575.peg.1
305

kb|g.575.peg.1
273

kb|g.575.peg.7
13

kb|g.575.peg.4
26

kb|g.575.peg.2
66

kb|g.575.peg.8
63

kb|g.575.peg.1
554
kb|g.575.peg.9
67

kb|g.575.peg.1
700

kb|g.575.peg.7
99

kb|g.575.peg.9
75

kb|g.575.peg.1
700

kb|g.575.peg.7
18

kb|g.575.peg.9
75

kb|g.575.peg.8
81

kb|g.575.peg.2
7

gene ID
MMP15
04
MMP15
07

MMPO3
41
MMPO03
40

MMPO06
45

MMPO1
30
MMP15
48

MMP12
77
MMP10
67

MMPO09
55
MMP11
05

MMPOO
03

Unknow
n
MMP13
15

MMPOO
03

MMPO3
05
MMP13
15

MMP14
57

MMP14
61

KO

K00170

K00172

K01959

K01960

K00024

K01677

K01678

K18209

K18210

K01902

K01903

K00174

#N/A

K00177

K00174

K00175

K00177

K14101

K14105

91

enzyme
1.2.7.1

1.27.1

6.4.1.1

6.4.11

1.1.1.37

4212

4212

1341

1341

6.2.1.5

6.2.1.5

1.2.73/1.2.7.11

1.2.7.3
1.2.7.3/1.2.7.11

1.2.7.3/1.2.7.11

1.2.7.3

1.12.7.2

definition

(1) NAD_cO[c0] + (1) L
Malate_c0[c0] < (1)
NADH_c0[c0] + (1)
Oxaloacetate_c0[c0] + (1)
H+_c0[c0]

(1) L-Malate_cO0[c0] < (1)
H20_c0[c0] + (1) Fumarate_cO[cC

(2) H+_c0[cO] + (1)
Fumarate_c0[cO0] + (2)
Reducedferredoxin_c0[cO} (1)
Succinate_c0[c0] + (2)
Oxidizedferredoxin_c0[cO]

(1) ATP_cO0[cQ] + (1) CoA_c0[c0]
+ (1) Succinate_c0[c0]-% (1)
ADP_cO0[c0] + (1)
Phosphate_c0[c0] + (1) Succinyl
CoA_c0[c0]

(1) CO2_c0[c0] + (1) H+_cO0[cO0] +
(1) SuccinytCoA_c0[c0] + (2)
Reducedferredoxin_c0[cO} (1)
CoA _cO[cO] + (1) 2
Oxoglutarate_c0[c0] + (2)
Oxidizedferredoxin_c0[cO]

(2) Oxidizedferredoxin_c0[c0] +
(1) H2_cO0[cQ] + (2) Na+_e0[e0]-<
> (2) H+_c0[c0] + (2)
Reducedferredoxin_c0[c0] + (2)
Na+_c0[c0]



83

84

85

86

87

88

89

90

91

92

93

94

95

96

N

v ' v 'v ' v!

\%

ANV ' ANV YA \%

v ' AV

gpr
kb|g.575.peg.2
95

kb|g.575.peg.6
80
kb|g.575.peg.6
80
kb|g.575.peg.4
38
kb|g575.peg.4
81

kb|g.575.peg.2
43

kb|g.575.peg.2
68

kb|g.575.peg.5
09

kb|g.575.peg.1
316

kb|g.575.peg.1
082

kb|g.575.peg.5
67

kb|g.575.peg.5
85
kb|g.575.peg.2
90

kb|g.575.peg.1
43

gene ID

MMP14
62

MMP12
48
MMP12
48
MMP16
91
MMP12
49
MMP12
47

MMP16
09

MMP11
91

MMPO3
72

MMPOO
58

MMP15
60

MMP15
61

MMP15
62

MMP15
63

KO

K14106

K00200

K00200

K00201

K00202

K00203

K00672

K01499

K00319

K00320

K00581

K00580

K00579

K00578

92

enzyme

1.2.99.5
1.2.99.5
1.2.99.5
1.2.99.5

1.2.99.5

2.3.1.101

3.5.4.27

1.5.98.1

1.5.98.2

2.1.1.86

2.1.1.86

2.1.1.86

2.1.1.86

definition

(1) CO2_cO0[c0] + (1)
Methanofuran_c0[c0] + (2)
Reducedferredoxin_c0[cO} (1)
H20_c0[cO] + (1)
Formylmethanofuran_c0[cO0] + (2)
Oxidizedferredoxin_c0[c0] + (1)
H+_c0[c0]

(3) H+_c0[cO] + (1)
Formylmethanofuran_c0[c0] + (1)
H4AMPT_c0[cO] <> (1)
Methanofuran_c0[c0] + (1)-5
FormytHAMPT_c0[cQ

(1) H2O_c0[c0] + (1) 5,10
Methenyltetrahydromethanopterin
c0[c0] <> (1) H+_c0[c0] + (1) &
FormykH4AMPT_c0[c0]

(1) 5,16
Methenyltetrahydromethanopterin
c0[c0] + (1) coenzyméderredoxin
420-2(reduced)_c0[c0] <> (1)
H+_c0[c0] + (1) 5,10
Methylenetetrahydromethanopteri
_c0[c0] + (1) coenzyme
ferredoxin420-2(oxidized)_c0[cO]
(1) 5,16
Methylenetetrahydromethanigpin
_c0[cO] + (1) coenzyme
ferredoxin420-2(reduced)_cO0[cO0]
<-> (1) 5Methyl-H4MPT_cO[cO] +
(1) coenzymeerredoxin420-
2(oxidized)_cO[cO]

(1) CoM_c0[c0] + (1) 8Methyl-
HAMPT_c0[c0] + (2) Na+_cO0[cO0]
<-> (1)H4AMPT_c0[cO0] + (2)
Na+_e0[e0] + (1) Methyl
CoM_cO0[c0]



97

98

99

100

101

104

105

106

107

ANV ' ANV ' AV YA

v'"AV' AV 'AN V

N

\%

v ' v !

\%

gpr
kb|g.575.peg.1
1

kb|g.575.peg.5
21
kb|g.575.peg.6
55

kb|g.575.peg.9
23

kb|g.575.peg.9
50
kb|g.575.peg.4
42
kb|g.575.peg.1
19

kb|g.575.peg.1
148

kb|g.575.peg.1
569
kb|g.575.peg.1
511
kb|g.575.peg.1
442
kb|g.575.peg.8
54

kb|g.575.peg.6
84
kb|g.575.peg.3
38
kb|g.575.peg.1
343
kb|g.575.peg.5
46

kb|g.575.peg.6
96

kb|g.575.peg.1
104
kb|g.575.peg.1
20

kb|g.575.peg.9
31

kb|g.575.peg.1
302

gene ID

MMP15
64

MMP15
65

MMP15
66

MMP15
67

MMP15
59

MMP15
55

MMP15
58

MMPOO
83

MMPO8
17
MMPO8
18
MMPO8
20
MMP13
82
MMP13
84
MMP13
85
MMPO08
19
MMP13
37
MMP13
83

MMPO08
25
MMP10
53
MMP11
54

MMPO9
85

KO

K00577

K00577

K00583

K00584

K00399

K00401

K00402

K00441

K00441

K00443

K00440

K00440

K00443

K00441

K00442

K00442

K00442

K03388

K03389

K03390

K00192

93

enzyme

2.1.1.86

2.1.1.86

2.1.1.86

2.1.1.86

284.1

284.1

284.1

1.12.98.1
1.12.98.1
1.12.98.1
1.12.98.1
1.12.98.1
1.12.98.1

1.12.98.1

1.8.98.1
1.8.98.1

1.8.98.1

1.2.74

definition

(1) MethyCoM_cO[c0] + (1)
HTP_c0[c0] <> (1)
Methane_c0[c0] + (1ICoM-S-S-
CoB_c0[c0] + (1) H+_c0[cO]

(1) H2_c0[c0] + (1) coenzyme
ferredoxin420-2(oxidized)_c0[cO]
<-> (1) coenzymeerredoxin420-
2(reduced)_c0[c0]

(1) CoM-S-S-CoB_cO[c0]+ (2)
Oxidizedferredoxin_c0[c0] + (2)
H2_c0[c0] <> (1) H+_cO0[cO0] + (1)
CoM_cO0[c0] + (1) HTP_cO[c0] +
(2) Reducedferredoxin_c0[cO0]

(1) CoA_c0[cO] + (1) CO2_c0[cO]
+ (2) H+_c0[c0] + (1) 8Methyl-
H4MPT_c0[cO0] + (2)
Reducedferredoxin_c0[cO} 3 (1)
H20_c0[cO] + (1) Acetyl



108

109

110

111

112

130

113

114

115

116

117

118

119

120

121

122

123

124

125

ANV 'V vV

ANV ' ANV YA \%

N \%

ANV ' ANV T AV

v ' v!

v ' v

\%

gpr

kb|g.575.peg.1
353
kb|g.575.peg.1
628
kb|g.575.peg.1
190
kb|g.575.peg.1
081

kb|g.575.peg.3
28
kb|g.575.peg.3
28

kb|g.575.peg.4
67

kb|g.575.peg.1
26

kb|g.575.peg.3
28
kb|g.575.peg.4
67
kb|g.575.peg.1
26

kb|g.575peg.5
14

kb|g.575.peg.3
34

kb|g.575.peg.3
34

kb|g.575.peg.1
429
kb|g.575.peg.7
17

kb|g.575.peg.1
084

kb|g.575.peg.1
084

kb|g.575.peg.1
632

gene ID

MMP09
83
MMP09
84
MMPO9
81
MMPO9
80

MMP10
44

MMP10
44

MMP10
42

MMP10
46

MMP10
44

MMP10
42

MMP10
46

MMPO02
19
MMP12
34

MMP12
34
MMPO5

MMPO3
91

MMPO03
91

MMPO5
53

KO

K00193
K00195
K00194

K00197

K02117

K02117

K02119

K02120

K02117

K02119

K02120

K15986

K21029

K21029
K03639

K03635

no KO
assigned

no KO
assigned

K00611

94

enzyme

2.3.1-

2.1.1.245

2.1.1.245

3.6.3.14/3.6.3.15

3.6.3.14/3.6.3.15

3.6.3.14/3.6.3.15

3.6.1.1

2.7.7.80

2.7.7.80

4.1.99.22

2.8.1.12

2.6.1.44

26.11

2.133

definition
CoA_c0[c0] + (1) H4AMPT_cO0[cO0]
+ (2) Oxidizedferredoxin_cO0[cO0]

(1) H20_c0[c0] + (1) ATP_c0[c0]
+ (3) H+_c0[c0]-> (1)

ADP_c0[c0] + (1)
Phosphate_c0[c0] + (4) H+_e0[e0

(1) H+_cO0[c0] + (1) ADP_c0[c0] +
(1) Phosphate_c0[c0] + (3)
Na+_e0[e0] < (1) H20_cO0[c0] +
(1) ATP_cO[cO0] + (3) Na+_c0[cO0]

(1) H2O_c0[cO] + (1) PPi_c0[c0]
<->(2) Phosphate_c0[c0] + (1)
H+_c0[c0]

(1) ATP_cO[cO] + (1)
C15810_c0[c0] < (1) PPi_cO[cD
+ (1) C15813_c0[cO]

(1) Glyoxalate_cO[c0] + (1)L
Alanine_c0[c0] <> (1)
Pyruvate_c0[c0] + (1)
Glycine_c0[cO0]

(1) 2Oxoglutarate_c0[cO] + (1)
Glycine_c0[c0] <> (1) L-
Glutamate_c0[c0] + (1)
Glyoxalate_c0[cO]

(1) Ornithine_c0[cO0] + (1)
Carbamoiphosphate_c0[c0] ==
(1) Phosphate_c0[c0] + (1)
H+_c0[c0] + (1) Citrulline_c0[cO]



126

127

128

129

130

131

132

54

133

134

135

ANV !

\%

gpr

kb|g.575.peg.1
265

kb|g.575.peg.5
5

kb|g.575.peg.1
662
kb|g.575.peg.9
3

Unknown
kb|g.575.peg.6
39

kb|g.575.peg.5
93

kb|g.575.peg.4
85

kb|g.575.peg.4
85

kb|g.575.peg.1
330

Unknown

gene ID

MMPOO
73

MMPOO
13

MMPO09
18

MMP10
72

Unknow
n

MMP12
05

MMP13
33

MMPO02

93

MMPO02
93

MMPO6
86

Unknow
n

KO

K01940

K01755

K01953

K00812

#N/A

K00800

K01736

K16305

K16305

K16306

#N/A

95

enzyme

6.3.4.5

4321

6.3.5.4

26.1.1

#N/A

2.5.1.19

4.2.3.5

4.1.2.13/2.2.1.10

2.2.1.11/4.1.2.13

2.2.1.10/4.1.2.13

1213

definition

(1) ATP_cO[c0] + (1)
Aspartate_c0[c0] + (1)
Citrulline_c0[c0] <> (1)
PPi_c0[c0] + (1) AMP_cO0[cO0] +
(1) H+_c0[c0] + (1) L
Argininosuccinate_c0[cO0]

(1) L-Argininosuccinate_c0[c0]<
> (1) L-Arginine_c0[c0] + (1)
Fumarate_c0[c0]

(1) H20_c0[c0] + (1) ATP_c0[c0]
+ (1) L-Aspartate_cO[cp+ (1) L-
Glutamine_c0[c0] < (1)
PPi_c0[c0] + (1) AMP_cO0[cO0] +
(1) L-Glutamate_cO[c0] + (1)1
Asparagine_c0[c0] + (1)
H+_c0[c0]

(1) 2-Oxoglutarate_c0[c0] + (1)L
Aspartate_c0[c0] < (1) L-
Glutamate_c0[c0} (1)
Oxaloacetate_c0[c0]

(1) Glyceronephosphate_c0[c0]<
> (1) Phosphate_cO0[c0] + (1) 2
Oxopropanal_c0[cO0]

(1) Phosphoenolpyruvate_c0[c0] -
(1) 3-phosphoshikimate_cO[cO}x
(1) Phosphate_c0[c0] + (1}G--1-
Carboxyvinyt3-
phosphoshikimate_c0[c0]

(1) 5-0--1-Carboxyvinyt3-
phosphoshikimate_cO[cO} (1)
Phosphate_c0[c0] + (1)
Chorismate_c0[c0]

(1) D-fructosel,6-
bisphosphate_c0[c0]-= (1)
Glyceronephosphate_c0[c0] + (1)
Glyceraldehydeghosphate_c0[cO0]
(1) D-fructosel,6-
bisphosphate_c0[c0] + (1} 2
Oxopropanal_@[c0] <-> (1)
Glyceraldehydedhosphate_c0[cO0]
+ (1) 6deoxy5-ketofructosel-
phosphate_c0[c0]

(2) H+_c0[c0] + (1) LAspartate4
semialdehyde_c0[cO] + (1} 6
deoxy5-ketofructosel-
phosphate_c0[c0]== (1)
Hydroxypyruvaldehyde
phosphate_c0[cO] + (1)}&mino-
3,7-dideoxyD-threchept6-
ulosonic acid_c0[c0]

(1) H20_c0[c0] + (2)
Hydroxypyruvaldehyde
phosphate_c0[c0] + (1)
NAD+_c0[c0] <> (1) 3
Phosphonooxypyruvate_c@Jc+
(1) NADH_c0[cQ] + (3) H+_c0[c0]



136

137

138

139

140

142

143

144

145

146

147

141

148

149

\%

ANV 'A

\%

ANV ' ANV YA \%

v ' AV

gpr

kb|g.575.peg.1
383

kb|g.575.peg.6
39

kb|g.575.peg.1
465

kb|g.575.peg.5
07

kb|g.575.peg.3
62

kb|g.575.peg.4
06

kb|g.575.peg.1
107

kb|g.575.peg.1
371
kb|g.575.peg.9
98

kb|g.575.peg.5
91

kb|g.575.peg.9
74
kb|g.575.peg.4
06
kb|g.575.peg.2
3

kb|g.575.peg.2
3

gene ID

MMPOO
06

MMP12
05

MMP09
36

MMP12
06

MMP10
18

MMPO1
36

MMPO08
80

MMPO6
51

MMPO06
54

MMPO3
18
MMPO1
32

MMPO1
36

MMP11
49

MMP11
49

KO

K11646

K00800

K00014

K01915

K09011

K01704

K10978

K01653

K00053

K01687

K00826

K01704

K01703

K01703

96

enzyme

1.41.24

2.5.1.19

1.1.1.25

6.3.1.2

2.3.1.182

4.2.1.33/4.2.1.35

1.1.1.87/1.1.%.

2216

1.1.1.86

42.1.9

2.6.1.42

4.2.1.35/4.2.1.33

4.2.1.33/4.2.1.35

4.2.1.334.2.1.35

definition

(1) Phosphoenolpyruvate_c0[c0] -
(1) 3-phosphoshikimate_cO[cO} 3
(1) Phosphate_c0[c0] + (1}G--1-
Carboxyvinyt3-
phosphoshikimate_c0[cO]

(1) NAD_cO[c0] + (1)
Shikimate_c0[c0] < (1)
NADH_c0[c0] + (1) H+_c0[c0] +
(1) 3-Dehydroshikimate_c0[cO0]
(1) ATP_cO[cO] + (1) NH3_de0]
+ (1) L-Glutamate_c0[c0] <> (1)
ADP_c0[c0] + (1)
Phosphate_c0[c0] + (1)L
Glutamine_c0[c0] + (1) H+_cO0[c0]
(1) H20_c0[c0] + (2)
Pyruvate_cO0[c0] + (1) Acetyl
CoA_c0[c0] <> (1) CoA_c0[c0] +
(1) H+_cOE0] + (1) D
Citramalate_c0[c0]

(1) H20_c0[cO] + (1)
Citraconate_c0[c0] <> (1) D-
erythro-3-Methylmalate_cO[cO]
(1) NAD_cO0[cO0] + (1)
Homoiscitrate_c0[c0] < (1)
NADH_c0[c0] + (1) CO2_c0[c0] +
(1) 2-Oxoadipate_c0[cO0]

(1) Pyruvate_cO0[cO0] + (1)
H+_c0[c0] + (1) 2
Oxobutyrate_c0[c0] < (1)
CO2_c0[c0] + (1) 2Aceto-2-
hydroxybutanoate_c0[cO]

(1) NADPH_cO0[cO0] + (1)
H+_c0[c0] + (1) 2Aceto-2-
hydroxybutanoate_c0[c0]-% (1)
NADP_c0[cO] + (1) 2,3
Dihydroxy-3-
methylvalerate_cO[cO]

(1) 2,3Dihydroxy-3-
methylvderate_c0[c0] < (1)
H20_c0[c0] + (1) 3MOP_c0[c0]
(1) 2-Oxoglutarate_c0[c0] + (1)L
Isoleucine_c0O[c0] < (1) L-
Glutamate_cO0[c0] + (1)
3MOP_c0[cO]

(1) D-Citramalate_c0[c0] < (1)
H20_c0[cO] + (1)
Citraconate_c0[c0]

(1) 2-Isopropylmalate_c0O[c0] <=
(1) H20O_cO0[c0] + (1) 2
Isopropylmaleate_c0[cO]

(1) 3-Isopropylmalate_c0[cO] = (1)
2-1sopropylmaleate_cO[c0] + (1)
H20 _c0



150

151

152

153

154

155

156

157

136

158

159

160

161

\%

N

v ' ANV

ANV ' ANV

v ' ANV

gpr

kb|g.575.peg.1
107

Unknown
kb|g.575.peg.9
74

kb|g.575.peg.6
95

kb|g.575.peg.8
70
kb|g.575.peg.1
531
kb|g.575.peg.1

716

kb|g.575.peg.4
32

kb|g.575.peg.4
32
kb|g.575.peg.1
580

kb|g.575.peg.6
89

kb|g.575.peg.1
520

Unknown

gene ID

MMPO08
80

MMPO5
39

MMPO1
32

MMP10
17

MMP13
91

MMPO5
76

MMPO09
23

MMP15
27

MMP15
27

MMPO9
17

MMP12
00

MMPO04
01

Unknow
n

KO

K10978

K00052

K00826

K00928

K00133

K01714

K00215

K10206

K01778

K01586

K00549

#N/A

97

enzyme

1.1.1.87/1.1.%.

1.1.1.85

2.6.1.42

2724

12111

4.3.3.7

1.17.1.8

2.6.1.83

26.1.1

5117

4.1.1.20

21114

#N/A

definition

(1) NAD_cO[c0] + (1) 3
Isopropylmalate_c0[c0] == (1)
NADH_c0[c0] + (1) H+_c0[c0] +
(1) 2-isopropyt3-
oxosuccinat_c0[cO0]

(1) CO2_cO0[c0] + (1)
4MOP_c0[c0] <> (1) 2isopropyt
3-oxosuccinate_c0[c0] + (1)
H+_c0[c0]

(1) 2-Oxoglutarate_c0[c0] + (1)L
Leucine_c0[c0] < (1) L-
Glutanmate_c0[c0] + (1)
4MOP_c0[cO0]

(1) NADP_cO0[c0] + (1)
Phosphate_c0[c0] + (1)L
Aspartatedsemialdehyde_c0[cO]
<-> (1) NADPH_cO0[cO] + (1)
H+_c0[c0] + (1) 4Phopho-L-
aspartate_c0[cO]

(1) Pyruvate_cO0[c0] + (1)L
Aspartatedsemialdehyde_c0[cO]
<->(2) H20_c0[c0] + (1)
H+_c0[cO] + (1)
Dihydrodipicolinate_c0[cO0]

(1) NAD_cO[c0] + (1)
tetrahydrodipicolinate_cO[c0]-=
(1) NADH_c0[cQ] + (1) H+_cO0[c0]
+ (1) Dihydrodipicolinate_c0[cO0]
(1) 2-Oxoglutarate_c0[cO] + (1)
LL-2,6-Diaminopimelate_c0[c0] <
> (1) H20_c0[cO0] + (1) £
Glutamate_c0[c0] + (1)
tetrahydrodipicolinate_c0[c0] + (1)
H+_c0[c0]

(1) 2-Oxoglutarate_c0[c0] + (1)L
phenylalanine_c0O[c0]<= (1) L-
Glutamate_cO0[c0] + (1)
Phenylpyruvate_c0[cO0]

(1) LL-2,6-
Diaminopimelate_c0[c0] <> (1)
mesa2,6-Diaminopimelate_c0[cO0]
(1) H+_c0[c0] + (1) mes@,6-
Diaminopimelate_cO0[c0] <> (1)
C0O2_c0[c0] + (1) ELysine_cO0[cO0]
(1) Homocysteine_c0[c0] + (1) 5
Methyltetrahydromethanopterin_c
[c0] <-> (1) L-Methionine_c0[cO0]
+(1)
Tetrahydromethanopterin_c0[c0]
(1) NAD_cO[c0] + (1) 5
Methyltetrahydromethanopterin_c
[c0] <-> (1) NADH_cO0[cO0] + (1)
H+_c0[c0] + (1) 510
Methylenetetrahydromethanopteri
_c0[cO]



162

163

164

439

165

166

167

168

169

170

171

172

173

\%

\% ANV TN

v ' v

\

ANV TN

\%

v ' v

gpr

Unknown

kb|g.575.peg.5
08

kb|g.575.peg.9
3

kb|g.575.peg.8
19

kb|g.575.peg.1
240
kb|g.575.peg.1
101

kb|g.575.peg.9
87

kb|g.575.peg.4
62

kb|g.575.peg.2
37

Unknown

kb|g.575.peg.2
88

kb|g575.peg.6
0

kb|g.575.peg.1
84

gene ID

Unknow

MMP15
28

MMP10
72

MMP12
16

MMPO8
97
MMPOO
63

MMPO1
16

MMP11
01

MMP17
02

Unknow
n

MMPO1
35

MMP10
06
MMP10
05

KO

#N/A

K04518

K00812

K00817

K00620

K00930

K00145

K00821

K00003

#N/A

K01733

K01657

K01658

98

enzyme

1571

4.2.1.51

26.1.1

2.6.1.9

2.3.1.35/2.3.1.1

2.7.28

1.2.1.38

2.6.1.11/2.6.1.17

1113

2.7.1.39

4231

4.1.3.27

4.1.3.27

definition

(2) H+_cO[cO0] + (1) 510
Methylenetetrahydromethanopteri
_c0[c0] + (2)
Reducedferredoxin_c0[cO} (1)
5-
Methyltetrahydromethanopier cO
[c0] +(2)
Oxidizedferredoxin_c0[cO]

(1) H+_cO0[c0] + (2)
Prephenate_c0[c0]-% (1)
H20_c0[cO0] + (1) CO2_cO0[c0] +
(1) Phenylpyruvate_c0[c0]

(1) L-Glutamate_c0[c0] + (1) N
Acetylornithine_c0[c0] < (1)
Ornithine_c0[c0] + (1) NAcetyl-
L-glutamate_c0[cO]

(1) NADP_cO0[c0] + (1)
Phosphate_c0[c0] + (1) 2
Acetamide5-
oxopentanoate_cO[cO}= (1)
NADPH_cO[c0] + (1) H+_c0[c0] +
(1) nacetylglutamy
phosphate_c0[c0]

(1) 2-Oxoglutarate_c0[cO] + (1) N
Acetylornithine_c0[c0] < (1) L-
Glutamate_cO0[c0] + (1)-2
Acetamidoe5-
oxopentanoate_c0[c0]

(1) NAD_cO[c0] + (1) L
Homoserine_c0[c0] <> (1)
NADH_c0[c0] +(1) H+_c0[c0] +
(1) L-Aspartate4
semialdehyde_c0[c0]

(1) H2O_c0[c0] + (1) @Phosphe
L-homoserine_c0[c0] < (1)
Phosphate_cO0[c0] + (1)L
Threonine_c0[cO]

(1) L-Glutamine_c0[c0] + (1)
Chorismate_c0[c0] <> (1)
Pyruvate_c0[c0] + (1) L
Glutamate_c0[c0] + (1)
Anthranilate_c0[c0] + (1)
H+_c0[c0]



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

vy

\%

v ' v

v ' v

gpr

kb|g.575.peg.9
16

kb|g.575.peg.1
0

kb|g.575.peg.5
51

kb|g.575.peg.3
67

kb|g.575.peg.5
18

kb|g.575.peg.9
3

kb|g.575.peg.1
371
kb|g.575.peg.1
467

kb|g.575.peg.9
98
kb|g.575.peg.5
91
kb|g.575.peg.9
74

kb|g.575.peg.1
660

kb|g.575.peg.2
05
kb|g.575.peg.1
24

kb|g.575.peg.1
272

gene ID

MMP10
07

MMP10
08

MMP10
02
MMP10
03

MMP15
14

MMP10
72

MMPO06
51
MMPO06
50

MMPO6
54

MMPO03
18

MMPO1
32

MMP09
47

MMPO02
80

MMP16
90
MMPO04
17

KO

K00766

K01609

K01695

K01696

K04517

K00812

K01653

K01652

K00053

K01687

K00826

K00765

K01496

K01814

K01814

99

enzyme

2.4.2.18

4.1.1.48

4.2.1.20

4.2.1.20

1.3.1.12

26.1.1

2.2.16

2.2.16

1.1.1.86

42.1.9

2.6.1.42

2.4.2.17

3.5.4.19

5.3.1.16

5.3.1.16

definition

(1) PPi_cO0[cO] + (1) N6-
phosphoribosyanthranilate_c0[c0]
<-> (1) Anthranilate_c0[cOQ] + (1)
PRPP_c0[c0]

(1) H+_cO[cO] + (1) (2-
carboxyphenylamine}-
deoxyribulose5-phosphate_c0[c0]
<-> (1) H20_cO0[c0] + (1)
C0O2_c0[c0] + (1) Indoleglycereol
phosphate_c0[c0]

(1) L-Serine_c0[cO0] + (1)
Indoleglyceroiphosphate_c0[cO0]
<-> (1) H20 _c0[c0] + (1) E
Tryptophan_c0[c0] + (1)
Glyceraldehydeg®hosphate_c@p]

(1) NAD_cO0[cO0] + (1)
Prephenate_c0[c0]-% (1)
NADH_c0[c0] + (1) CO2_c0[c0] +
1) p
hydroxyphenylpyruvate_c0[c0]
(1) 2Oxoglutarate_c0[c0] + (1)L
Tyrosine_c0[c0] < (1) L-
Glutamate_c0[c0] + (1)p
hydroxyphenylpyruvate_c0[cO]
(2) Pyruvate_c0[c0] + (1)
H+_c0[c0] <> (1) CO2_cO0[cO0] +
(1) ALCTT_cO[cO]

(1) NADPH_c0[c0] + (1)
H+_c0[cO] + (1) ALCTT_cO0[c0] <
> (1) NADP_c0[c0] + (1) 2,3
Dihydroxy-isovalerate_c0[cO]

(1) 2,3Dihydroxy-
isovalerate_c0[c0] < (1)
H20_c0[c0] + (1) 3Methyl-2-
oxobutanoate_c0[cO]

(1) 2-Oxoglutarate_c0[c0] + (1)L
Valine_c0[c0] <> (1) L-
Glutamate_c0[cO] + (1)-Blethyl-
2-oxobutanoate_c0[c0]

(1) PPi_cO0[cO] + (1)
PhosphoribosyATP_c0[c0] <>
(1) ATP_cO[cOQ] + (1) PRPP_c0[cO
+ (1) H+_c0[c0]

(1) H20_c0[c0] + (1)
PhosphoribosyAMP_c0[c0] <>
(1) phosphotiosylformiminoaicar
phosphate_c0[c0]

(1) phosphoribosylformiminoaicar
phosphate_c0[c0]== (1)
phosphoribulosylformimino
AICAR-phosphate_c0[cO]



gpr

- kb|g575.peg.7
189 > 32

- kb|g.575.peg.1
190 > 388

<

- kb|g.575.peg.8
191 > 19

192 > Unknown

- kb|g.575.peg.1
193 > 455

194 > Unknown

gene ID

MMP17
22

MMPO5
48

MMP12
16

Unknow
n

MMPO09
68

Unknow
n

KO

K02500

K01693

K00817

#N/A

K00013

#N/A

100

enzyme

4.1.3-

4.2.1.19

2.6.1.9

3.1.3.15

1.1.1.23

#N/A

definition

(1) L-Glutamine_c0[c0] + (1)
phosphoribulosylformimino
AICAR-phosphate_c0[c0]== (1)
L-Glutamate_cO0[c0] + (1)
H+_c0[c0] + (1) Derythro
imidazokglycerot
phosphate_c0[c0] + (1)
AICAR_cO0[c0]

(1) D-erythroimidazolglycerot
phosphate_c0[c0]== (1)
H20_c0[c0] + (1) imidazole
acetotphosphate_c0[c0]

(1) 2-Oxoglutarate_c0[c0] + (1)L
histidinolphosphate_c0[c0]-=
(1) L-Glutarrate_c0[c0] + (1)
imidazoleacetolphosphate_c0[cO0]
(1) H20O_c0[c0] + (1) khistidinok
phosphate_c0[c0]== (1)
Phosphate_c0[c0] + (1)L
Histidinol_c0[cO0]

(1) H2O_cO0[cOJ+ (2) NAD_c0[c0]
+ (1) L-Histidinol_c0[c0] <> (2)
NADH_c0[c0] + (3) H+_c0[c0] +
(1) L-Histidine_c0[c0]

5.7 L-Alanyl-tRNA_cO + 1.3 =
cysteinytRNA(Cys)_cO +5.6 L
aspartyitRNA(Asp)_cO + 8.1 L
glutamyHRNA-Glu_c0 + 4.3 L
phenylalanyitRNA(Phe)_c0 + 6.7
Glycyl-tRNA(Gly)_cO+ 1.5
histidyl-tRNA(His)_cO + 9.4 E
isoleucyltRNA(lle)_c0 + 8.9 L
lysyl-tRNA_cO + 9.1 kleucyt
tRNA_cO + 2.6 Lmethiony}
tRNA_cO0 + 5.7 Asn
tRNA(Asn)_cO0 + 3.4 kprolyl-
tRNA(Pro)_c0 + 1.9 Gln
tRNA(GIn)_c0 + 3.1 L-arginyt
tRNA_cO0 + 6.3 Lseryt
tRNA(Ser)_cO0 + 5 Lthreonylt
tRNA(Thr)_c0 + 7 Lvalyl-
tRNA(Val)_c0 + 0.7
tryptophanytRNA(Trp)_c0 + 3.9
L-tyrosyHtRNA(Tyr)_c0 + 198
GTP_c0 + 199 H20_c0=5.7
tRNA(Ala)_c0 + 1.3
tRNA(Cys)_c0 + 5.6
tRNA(Asp)_cO0 + 81
tRNA(GIu)_c0 + 4.3
tRNA(Phe)_c0 + 6.7
tRNA(GIly)_c0 + 1.5
tRNA(His)_c0 + 9.4 tRNA(lle)_c0
+ 8.9 tRNA(Lys)_c0 +9.1
tRNA(Leu)_cO + 2.6
tRNA(Met)_c0 + 5.7
tRNA(Asn)_c0 + 3.4
tRNA(Pro)_cO + 1.9
tRNA(GIn)_c0 + 3.1



195

196

197

200

201

202

203

204

205

206

207

208

209

210
130

AV ' ANV ' AV YAV AVE VYAV AV ANV AV \%

\%

v ' v

gpr

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

gene ID KO

Unknow
n

Unknow
n

Unknow
n

Unknow
n

Unknow
n

Unknow
n

Unknow
n
Unknow
n

Unknow
n

Unknow
n

Unknow
n

Unknow
n

Unknow
n

Unknow

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

101

enzyme

#N/A

#N/A

2411

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

definition

tRNA(Arg)_c0 + 6.3
tRNA(Ser)_c0 + 5 tRNA(THr cO

+ 7 tRNA(Val)_c0 + 0.7
tRNA(Trp)_c0 + 3.9
tRNA(Tyr)_c0 + 198 phosphate_c
+ 198 GDP_cO0 + 1 Protein_c0 +
298 H+_c0

0.3345 dATP_c0 + 0.3345 TTP_c!
+ 0.1655 dGTP_c0 + 0.1655
dCTP_c0 =1 DNA_c0 + 1 Ppi_c0
2.12 ATP_cO + 2.46 UTP_c0 +
2.33GTP_c0 +3.09 CTP_c0=1
RNA_cO + 10 PPi_c0

5 glucosel-phosphate_c0 + 1
H20_c0 =1 Glycogen_c0 +5
phosphate_c0

(1) Methane_e0[e0]== (1)
Methane_c0[c0]

(1) CO2_e0[e0] = (1)
CO2_c0[cO]

(1) H20_e0[e0] < (1)
H20_c0[c0]

(1) H2_c0[cO] <> (1) H2_e0[e0]
(1) H+_e0[e0] <> (1) H+_c0[c0]

(1) Acetate_cO0[c0] < (1)
Acetate_e0[e0]

(1) NH3_e0[e0] < (1)
NH3_cO0[cO0]

(1) H2S_c0[c0] < (1)
H2S _e0[e0]

(1) Phosphate_c0O[cO}= (1)
Phosphate_e0[e0]

(1) NAD_cO0[cO0] + (1)
NADPH_cO[c0] <> (1)
NADH_cO[c0] + (1) NADP_c0[c0]
0.0533 Protein_c0 + 0.0649

DNA c0 + 0.0502 RR_cO0 +
0.1329 Glycogen_c0 + 0.1538
Lipids_cO + 139 ATP_cO0 + 139
H20_c0 =1 Biomass_c0 + 139
ADP_cO0 + 139 phosphate_c0 + 1!
H+ c0

(1) Biomass_c0[c0] = (1)
Biomass_e0[e0]



332

333

359

372

391

472

473

508

509

516

519

520

521

528

529

530

546

549

550

553

554

558

574

581

583

590

598

599

gpr
kb|g.575.peg.6
00

kb|g.575.peg.7
49

kb|g.575.peg.1
009
kb|g.575.peg.1
394
kb|g.575.peg.1
559
kb|g.575.peg.1
537
kb|g575.peg.1
183
kb|g.575.peg.9
86

kb|g.575.peg.1
2

kb|g.575.peg.1
172
kb|g.575.peg.5
29

kb|g.575.peg.1
189
kb|g.575.peg.1
475
kb|g.575.peg.1
679
kb|g.575.peg.1
096
kb|g.575.peg.5
06
kb|g.575.peg.1
038
kb|g.575.peg.1
620
kb|g.575.peg.1
699
kb|g.575.peg.8
45

kb|g.575.peg.5
86

kb|g.575.peg.1
393
kb|g.55.peg.3
16

kb|g.575.peg.1
140

kb|g.575.peg.3
28

kb|g.575.peg.6
15
kb|g.575.peg.9
68

kb|g.575peg.1
234

gene ID

MMPO02
28

MMP13
75
MMPO06
49
MMPO08
92
MMPO5
16
MMPOO
09
MMPOO
71
MMPO3
08
MMPO3
09
MMPO09
00
MMP13
13
MMPOO
44
MMPO3
74
MMPO5
67
MMPO7
55
MMP15
70
MMPO5
59
MMPO03
87
MMPO6
59
MMP10
69
MMP11
86
MMPO03
99
MMP12
84
MMPO3
63
MMP10
44

MMPO02
16
MMPOO
30
MMPO08
90

KO

K00555

K07442

K00612

K03817

K03813

K18882

K02683

K04085

K07235

K06917

K04799

K12574

K07060

K07107

K07452

K03424

K05520

K13280

K08303

K04773

K04076

K03799

K03725

K03924

K02117

K01534

K10726

K03726

102

enzyme definition

2.1.1.215+2.1.1.21
6

2.1.1.219+2.1.1.22
0

2.1.3-
2.3.1-
2.4.2:
2.7.7-
2.7.7-
2.8.1-

2.8.1-

3.1.2-
3.1.21-

3.1.21-

3.4-.-
3.4.21-
3.4.21-
3.4.24-
3.6.1-

3.6.3-
3.6.3.14+3.6.3.15

3.6.3.3+3.6.3.5
3.6.4-

3.6.4-



600

601

638

694

695

726

739

774
126

403

298

299

573

545

402

660

VAN

\%

gpr
kb|g.575.peg.9
78

kb|g.575.peg.8
4
kb|g.575.peg.8
8
kb|g.575.peg.1
197
kb|g.575.pg.8
41
kb|g.575.peg.1
017
kb|g.575.peg.2
80

kb|g.575.peg.1
199

#N/A

kb|g.575.peg.8
50

kb|g.575.peg.8
63

kb|g.575.peg.2
66

kb|g.575.peg.1
421

kb|g.575.peg.4
09

kb|g.575.peg.5
26

kb|g.575.peg.1
531

gene ID
MMP10
24
MMP11
41
MMPO02
54
MMPOO
94
MMP16
86
MMPO5
66
MMP16
00
MMPO06
12
RNA_2
1

MMPO3
27

MMP10
67

MMP12
77

MMPOO
34

MMPO02
30

MMPO02
79

MMPO5
76

KO

K10726

K03724

K17758/K17
759

K07583

K11131

K00666

K05844

K01975

K14220

K18931

K18210

K18209

K17488

K17487

K06984

K01714

103

enzyme definition
3.6.4-

3.6.4-

4.2.1.136/5.1.99.6
5.4.99:

5.4.99:

6.2.1-

6.3.2-

6.5.1-

#N/A
(2) H+_c0[cO0] + (1) AMP_cO[c0] +
(1) Orthophosphate_c0[c0}>< (1)
Adenine_c0[c0] + (1) ERibose
2.4.257 1,5-bisphosphate_c0[c0]
(1) Fumarate_cO[c0] + (1)
Coenzyme M_cO0[cO] + (1)
Coenzyme B_c0[c0] <> (1)
Succinate_@[c0] + (1) Coenzyme
M 7-mercaptoheptanoylthreonine
phosphate heterodisulfide_c0[cO]
1.3.4.1 (1) H+_c0[cO]

1341
(1) GTP_c0[c0] + (1) H20O_c0[cO]
<-> (1) 7,8Dihydroneoperin 2',3*
cyclic phosphate_c0[c0] + (1)
Formate_cO0[c0] + (1)
Diphosphate_c0[c0] + (1)

3.5.4.39 H+_c0[c0]
(1) 7,8Dihydroneopterin 2',3'
cyclic phosphate_cO[cO] + (1)
H20_c0[c0] <> (1)
Dihydroneopterin

3.1.4.56 phosphate_@[c0] + (1) H+_c0[cO0]
(1) H+_cO0[c0] + (1) 5Phosphe
alphaD-ribose 1
diphosphate_c0[c0] + (1)}-4
Aminobenzoate_c0[c0]== (1) 4
(betaD-Ribofuranosyl)aniline 5
phosphate_c0[c0] + (1)
CO2_c0[cO] + (1)

24254 Diphoghate_c0[c0]
(1) H+_cO0[c0] + (1) LAspartate 4
semialdehyde_cO0[cO] + (1)
Pyruvate_c0[c0] <> (1) (2S,4S¥-
Hydroxy-2,3,4,5
tetrahydrodipicolinate_c0[c0] + (1)

4337 H20_c0[c0]



464

661

130

751

579

362

363

364

365

429

401

572

AN v ' AV ' A

\%

AN \

v ' ANV

gpr
kb|g.575.peg.7
19

kb|g.575.peg.1

692

kb|g.575.peg.8
56

kb|g.575.peg.3
36

kb|g.575.peg.1
69

kb|g.575.peg.2
58

kb|g.575.peg.1
498

kb|g.575.peg.1
115

kb|g.575.peg.5
12

kb|g.575.peg.9
0

kb|g.575.peg.7
79

kb|g.575.peg.9
42

gene ID

MMP16
45

MMPOO
77

MMP11
51

MMPO02
26

MMPO3
39

MMP02
01

MMPO5
13

MMPO5
45

MMP16
19

MMP13
45

MMPO02
13

MMP14
91

KO

K06981

K10026

K16179

K06920

K03574

K03750

K03750

K07219/K03

750

K03750

K15888

K05966

K12960

104

enzyme

2.7.4.26

4.3.99.3

6.3.4.20

3.6.1.55

2.10.1.1

2.10.1.1

2.7.7.75

2.10.1.1

2.5.1.89

24252

3.5.4.31+3.5.4.28

definition

(1) ATP_cO[cO] + (1) Isopentenyl
phosphate_c0[c0]== (1)
ADP_cO0[cO0] + (1) Isopentenyl
diphosphate_c0[cO0]

(1) H+_cO0[c0] + (1) 6Carboxy
5,6,7,8tetrahydropterin_c0[c0] <
(1) 7-Carboxy7-
cabaguanine_c0[c0] + (1)
Ammonia_c0[c0]

(1) Dimethylamine_c0[cO0] + (1)
Coenzyme M_c0[c0] = (1) 2
(Methylthio)ethanesulfonate_cO[c(
] + (1) Methylamine_cO0[cO0]

(1) 7-Carboxy7-
carbaguanine_c0[c0] + (1)
Ammonia_c0[c0] + (1)
ATP_c0[c0] <> (1) 7-Cyanc7-
carbaguanine_c0[c0O] + (1)
ADP_c0[c0] + (1)
Orthophosphate_c0[cO] + (1)
H20_c0[c0] + (1) H+_c0[cO]

(1) 80x0c-dGTP_cO[cO} (1)
H20_c0[c0] <> (1) 80xo-
dGMP_c0[c0] + (1)
Diphosphate_c0[c0] + (3)
H+_c0[c0]

(1) Adenylated
molybdopterin_c0[c0] + (1)
Molybdate_c0[c0] <> (1)
Molybdoenzyme molybdenum
cofactor_c0[c0] + (1) AMP_c@p]
+ (1) H20_c0[cO0] + (2) H+_c0[cO0]

(1) ATP_cO[c0] + (1)
Molybdopterin_c0[c0] + (5)
H+_c0[c0] = (1)
Diphosphate_c0[c0] + (1)
Adenylated molybdoptér_c0[cO0]

(1) Geranylgeranyl
diphosphate_cO0[c0] + (7)
Isopentenyl diphosphate_c0[c0] <
> (7) Diphosphate_c0[c0] + (1)
tritrans,heptacidJndecaprenyl
diphosynate_c0[c0]

(1) H+_c0[c0] + (1) ATP_cO[cO0] +
(1) DephosphdCoA_c0[c0] <>

(1) 2-(5-Triphosphoribosyh3*-
dephospheCoA_c0[cO0] + (1)
Adenine_c0[c0]

(1) H+_cO[cO] + (1) 5
Methylthioadenosine_c0[c0] + (1)
H20_c0[c0] <> (1) 5-S-Methyl-



742

741

740

504

493

425

426

427

510

ANV ' ANV YA

\

gpr

kb|g.575.peg.1
512

kb|g.575.peg.9
27

kb|g.575.peg.1
328

kb|g.575.peg.1
595

kb|g.575.peg.4
40

kb|g.575.peg.1
626

kb|g.575.peg.1
545

kb|g.575.peg.1
450

kb|g.575.peg.7
17

gene ID

MMPO7
02

MMPO1
70

MMPO09
37

MMPO4
04

MMPO1
17

MMPOO
56

MMPOO
57

MMPO08
76

MMP12
35

KO

K15740

K14940

K12234

K11212

K14941

K11781

K11781

K11780

K03635

105

enzyme

6.3.2.33

6.3.2.32

6.3.2.31+6.3.2.34

2.7.8.28

2.7.7.68

25.1.77

2.5.1.77

2.5.1.77

2.8.1.12

definition

5-thioinosine_c0[c0] + (1)
Ammonia_c0[c0]

(1) ATP_cO[c0] + (1) 5,6,7;8
Tetrahydromethanopterin_c0[cO] -
(1) L-Glutamate_c0[c0] < (1)
ADP_c0[c0] + (1)
Orthophosphate_c0[c0] + (1)
Tetrahydrosarcinapterin_c0[c0] +
(1) H+_c0[cO]

(1) ATP_c0[cQ] + (1) Coenzyme
F420_c0[cO] + (1) E
Glutamate_c0[c0] < (1)
ADP_c0[cQ] + (1) Corzyme
F420-3_c0[c0] + (1)
Orthophosphate_c0[cO] + (1)
H+_c0[c0]

(1) Coenzyme F420_c0[c0] + (1)
GTP_c0[cO] + (1) E
Glutamate_c0[c0] < (1)
Coenzyme F42Q_c0[cO] + (1)
GDP_cO0[cO] + (1)
Orthophoghate_c0[c0] + (1)
H+_c0[c0]

(1) 7,8Didemethyt8-hydroxy-5-
deazariboflavin_c0[c0] + (1) (2S)
Lactyl-2-diphospheb*
guanosine_c0[c0] <= (1)
Coenzyme F420_c0[cO] + (1)
GMP_cO0[cO0] + (1) H+_cO0[cO0]

(1) (2S}2-Phospholactate_c0[c0] -
(1) GTP_cO0[cQ] + (1) H+_c0[c0]<
> (1) (2S}Lactyl-2-diphosphes*-
guanosine_c0[c0] + (1)
Diphosphate_c0[c0]

(1) 3-(4-
Hydroxyphelyl)pyruvate_cO[cO] +
(1) 5Amino-6-(1-D-
ribitylamino)uracil_c0[c0] + (2) S
AdenosyiL-methionine_c0[c0] +
(1) H20_c0[c0] == (1) 7,8
Didemethyt8-hydroxy-5-
deazariboflavin_c0[c0] + (2)-L
Methionine_cO0[c0] + (2) 5'
Deoxyadenosine_c0[c0] + (1)
Oxalate_cO[cO}+ (1)
Ammonia_c0[c0] + (3) H+_c0[c0]

(1) Precursor Z_c0[c0] + (2)
Thiocarboxy[sulfur-carrier
proteiri_cO[c0] + (1) H20O_c0[c0]
<-> (1) Molybdopterin_c0[c0] +
(2) Sulfurcarrier protein_c0[cO0] +
(1) H+_cO0[cO]



743

445

220

561

337

335

336

373

492

424

719

N

ANV ' ANV

\%

\

ANV YA

\

gpr
kb|g.575.peg.6
31

kb|g.575.peg.1
485

kb|g.575peg.2
22

kb|g.575.peg.9
63

kb|g.575.pg.1
382

kb|g.575.peg.1
081

kb|g.575.peg.1
190

kb|g.575.peg.1
353

kb|g.575.peg.8
9

kb|g.575.peg.7
67

kb|g.575.peg.1
119

gene ID

MMP13
06

MMPO3
98

MMP13
48

MMP17
05

MMPO8
31

MMPO9
80

MMPO9
81

MMP09
83

MMP16
98

MMP12

40

MMPO6
88

KO

K09722

K06982

K14654

K14653

K14080

K00197

K00194

K00193

K19664

K06868

K07587

106

enzyme

6.3.2.36

2.7.1.169

1.1.1.302

3.5.1.102

2.1.1.246

2.1.1.245

2.1.1.245

2.3.1-

2.7.7.67

2.5.1.73

6.1.1.27

definition

(1) ATP_c0[c0] + (1) (R¥-
Phosphopantoate_c0[c0] + (1)
betaAlanine_c0[c0] <> (1)
AMP_c0[c0] + (3
Diphosphate_c0[c0] + (1) &*-
Phosphopantothenate_c0[c0] + (1
H+_c0[c0]

(1) ATP_cO[c0] + (1) (R)
Pantoate_c0[c0] <= (1)
ADP_c0[cO] + (1) (R4-
Phosphopantoate_c0[c0] + (1)
H+_c0[c0]

(1) 2,5Diamino-6-(5-phospheD-
ribosylamino)pyrimidind(3H)-
one_cO0[cO] + (1) NADH_c0[c0] +
(1) H+_c0[c0] <> (1) 2,5
Diamino-6-(5-phospheD-
ribitylamino)pyrimidin-4(3H)-
one_c0[cO] + (1) NAD+_cO0[cO0]

(1) 2Amino-5-formylamino-6-(5-
phospheD-
ribosylamino)pyrimidin4(3H)-
one_cO0[cO] + (1) H2O_cO0[cO0]-x
(1) 2,5Diamino-6-(5-phospheD-
ribosylamino)pyrimidind(3H)
one_c0[cO] + (1) Formate_cO0[cO0] -
(1) H+_cO[cO]

(1) Methanol_c0[c0] + (1)
Coenzyme M_cO0[c0] <> (1) 2
(Methylthio)ethanesulfonate_cO[c(
]+ (1) H2O_c0[cO]

(1) AcetytCoA_cO[c0] + (1)
5,6,7,8
Tetrahydromethanopterin_c0[cO]
<-> (1) 5Methyl-5,6,7,8
tetrahydromethanopterin_c0[c0] +
(1) CO_cO0[cO] + (1) CoA_cO0[cO]

(2) H+_c0[c0]+ (1) CTP_cO[c0] +
(1) 2,3Bis-O-
(geranylgeranyl)glycerol-1
phosphate_c0[c0]== (1)
Diphosphate_c0[cO] + (1) CDP
2,3-bis-O-(geranylgeranytsn
glycerol_c0[c0]

(1) O-Phosphoseryl
tRNA(Cys)_c0[c0] + (1) Hydbgen
sulfide_c0[c0] <> (1) L-Cysteiny}
tRNA(Cys)_c0[cO0] + (1)
Orthophosphate_c0[cO0]

(1) O-PhosphelL-serine_c0[c0] +
(1) tRNA(Cys)_c0[c0] + (1)
ATP_c0[c0] <> (1) O



443

302

518

444

517

328

606

662

944

499

658

ANV ' ANV DA

\

gpr
kb|g.575.peg.1
67

kb|g.575.peg.1
383

kb|g.575.peg.1

021

kb|g.575.peg.9
8

kb|g.575.peg.8
07

kb|g.575.peg.9
4

kb|g.575.peg.1
65

kb|g.575.peg.4
29

kb|g.575.peg.7
60

kb|g.575.peg.3
34

kb|g.575.peg.5
61

gene ID

MMPO1
84

MMPOO
06

MMPO5
95

MMP14
90

MMPOQO
02

MMP12
03

MMP15
91

MMPO02
73

MMP13
54

MMP12
34

MMPO1
03

KO

K07732

K11646

K03341

K10837

K01042

K02188

K02189

K08097

K03151

K21029

K06215

107

enzyme

2.7.1.161

1.4.1.24

29.1.2

2.7.1.164

2911

2.1.1.195

3.7.1.12

4.4.1.19

2.8.1.11

2.7.7.80

4.3.3.6

definition
PhosphoserfiRNA(Cys)_c0[c0] +
(1) Diphosphate_c0[c0] + (1)
AMP_c0[cO0]

(1) CTP_cO[cO] + (1)
Riboflavin_c0[c0] <> (1)
CDP_cO0[c0] + (1) FMN_cO0[c0]
(1) 22Amino-3,7-dideoxyD-threc
hept6-ulosont acid_c0[c0] + (1)
H20_c0[cO] + (1) NAD+_c0[cO0]
<-> (1) 3Dehydroquinate_c0[c0] +
(1) Ammonia_c0[c0Q] + (1)
NADH_c0[c0] + (1) H+_c0[c0]
(1) O-Phosphoseryl
tRNA(Sec)_c0[c0] + (1)
Selenophosphoric acid_c0[c8]
(1) H20_c0[c0] <> (1) L-
SelenocysteinytRNA(Sec)_c0[cO0]
+ (2) Orthophosphate_c0[cO0]

(1) L-SeryHtRNA(Sec)_c0[c0] +
(1) ATP_cO[c0] <> (1) O
PhosphoserfiRNA(Sec)_c0[c0] +
(1) ADP_cO0[c0] + (1) H+_cO0[cO0]
(1) L-SeryHRNA(Sec)_c0[c0] +
(1) Selenophosphoric acid_c0[c0]
<-> (1) L-Selenocysteinyl
tRNA(Sec)_c0[c0] + (1)
Orthophosphate_c0[cO0]

(1) Cobaltprecorrin5B_c0[c0] +
(1) SAdenosyiL-
methionine_c0[c0] <> (1) Cobakt
precorrin 6_c0[c0] + (1) S
AdenosyiL-homocysteine_c0[c0]
+ (1) H+_c0[cO]

(1) Cobaltprecorrin 5A_c0[c0] +
(1) H2O_c0[c0] <> (1) Cobalt
precorin 5B_c0[c0] + (1)
Acetaldehyde_cO[cO] + (1)
H+_c0[c0]

(1) (2R)O-Phosphe3-
sulfolactate_c0[c0] <> (1)
Sulfite_c0[c0] + (1)
Phosphoenolpyruvate_c0[c0] + (1
H+_c0[c0]

(1) [EnzymelS-
sulfanylcysteine_c0[c0] + (1)
Adenylyl-[sulfur-carrier
protein]_c0[c0] + (1) Reduced
acceptor_c0[c0] <> (1)
AMP_c0[c0] + (1) Thiocarboxy
[sulfur-carrier protein]_c0[c0] + (1)
[Enzymelcysteine_c0[c0] + (1)
Acceptor_c0[cO0]

(1) D-Glyceraldehyde 3
phosphate_c0[c0] + (1)1Ribulose
5-phosphate_c0[c0] + (1)-L



659

301

697

377

571

570

630

230

305

277

278

279

280
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ANV ' ANV AV YA
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gpr

kb|g.575.peg.7
21

kb|g.575.peg.1
338

kb|g.575.peg.9
29
kb|g.575.peg.3
62

kblg.575.peg.5
88

kb|g.575.peg.1
579

kb|g.575.peg.5
7
kb|g.575.peg.1
04

kb|g.575.peg.8
49

kb|g.575.peg.1
7

kb|g.575.peg.4
14
kb|g.575.peg.1
471

kb|g.575.peg.1
118

gene ID

MMP16
56

MMPO7
37

MMPO02
82

MMP10
18

MMP14
26

MMPO04
05

MMPO1
83

MMP11
74

MMP12
59

MMPO03
15

MMPO3
16

MMPO7
13

MMPO7
14

KO

K08681

K06989

K01588

K09011

K09887

K08096

K02858

K03386

K17870

K00180

K00179

K00179

K00180

108

enzyme

4.3.3.6

14.1.21

5.4.99.18

2.3.1.182

3.5.4.30

3.5.4.29

4.1.99.12

1.11.1.15

1.6.3.3

1.2.7.8

1.2.7.8

1.2.7.8

1.2.7.8

definition

Glutamine_c0[c0] < (1)
Pyridoxal phosphate_c0[c0] + (1)
L-Glutamate_cO0[c0] 1)
Orthophosphate_c0[c0] + (3)
H20_c0[c0] + (1) H+_c0[cO]

(1) L-Aspartate_c0[cO] + (1)
NADP+_c0[c0] <> (1)
Iminoaspartate_cO[c0] + (1)
NADPH_c0[cO] + (3 H+_cO0[cO0]
(1) 5-Carboxyaminel-(5-phosphe
D-ribosyl)imidazole_c0[c0] < (1)
1-(5-PhospheD-ribosyly-5-amino
4-imidazolecarboxylate_c0[c0]

(1) dCTP_cO0[c0] + (2) H20O_c0[c0
<-> (1) dUMP_c0[c0] + (1)
Diphosphate_c0[c0] + (1)
Ammonia_c0[cO0]

(1) GTP_cO0[cO0] + (3) H20_c0[c0]
<-> (1) 2Amino-5-formylamino-6-
(5-phospheD-
ribosylamino)pyrimidind(3H)
one_cO0[cO] + (2)
Orthophosphate_c0[cO0] + (2)
H+_c0[c0]

(1) D-Ribulose 5phosphate_c0[c0]
<-> (1) L-3,4-Dihydroxybutan2-
one 4phosphate_c0[c0] + (1)
Formate_c0[cO]

(1) ROOH_cO0[cQ] + (2) Thial
containing reductant_cO[cO}

(1) Alcohol_cO0[cO0] + (1)
H20_c0[c0] + (1) Oxidized thiel
containing reductant_cO[c0]

(1) NADH_cO0[cOQ]+ (1) H+_cO0[c0]
+ (1) Oxygen_c0[c0] = (1)
NAD+_cO0[c0] + (1) Hydrogen
peroxide_c0[cO0]

(1) Indolepyruvate_cO0[c0] + (1)
CoA_c0[c0] + (2) Oxidized
ferredoxin_c0[c0] < (1) S2-
(Indol-3-yl)acetylCoA_cO0[c0] +
(1) CO2_c0[cO] + (2) Reduced
ferredoxin_cO0[c0] + (1) H+_cO0[cO0]
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275

276

273

781

782

272

780

222

753

736

502
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\%

gpr

kb|g.575.peg.5
0

kb|g.575.peg.5
58
kb|g.575.peg.7
29

kb|g.575.peg.1
186

kb|g.575.peg.9
52

kb|g.575.peg.6
93

kb|g.575.peg.1
302

kb|g.575.peg.1
628

kb|g.575.peg.7
08

kb|g.575.peg.5
6

kb|g.575.peg.1
067

kb|g.575.peg.8
46

gene ID

MMP12
71

MMP12
72

MMP12
73

MMPO09
45

MMP15
02

MMP15
03

MMPO09
85

MMPO09
84

MMP11
33

MMP13
73

MMPO9
51

MMP14
23

KO

K00187

K00186

K00188

K11389

K00196

K00196

K00192

K00195

K05884

K06863

K02227

K01001

109

enzyme

1.2.7.7

1.2.7.7

1.2.7.7

1.2.7.6

1.2.7.4

1.1.1.337

6.3.4.23

6.3.1.10

2.7.8.15

definition

(1) 3-Methyl-2-oxobutanoic
acid_c0[c0] + (1) CoA_cO0[c0] +
(2) Oxidized ferredoxin_c0[c0]-=
(1) 2-Methylpropanoy
CoA_c0[c0Q] + (1) CO2_cO0[cO] +
(2) Reduced ferredoxin_c0[c0]

(1) D-Glyceraldehyde 3
phosphate_c0[c0] + (1)
H20_c0[c0] + (2) Oxidized
ferredoxin_c0[c0] < (1) 3
PhospheD-glycerate_c0[c0] + (3)
H+_c0[c0] + (2) Reduced
ferredoxin_cO0[cO]

(1) CO_cO0[c0] + (1) H2O_c0[cO0] +
(2) Oxidized ferredoxin_c0[c0]-%
(1) CO2_c0[cO] + (2) Reduced
ferredoxin_c0[c0] + (2) H+_c0[c0]

(1) Formate_cO[c0] + (1)
ATP_c0[cO] + (1) 3(5-
Phosphoribosytp-amino-4-
imidazolecarboxamide_cO[c8&}>
(1) ADP_cO0[c0] + (1)
Orthophosphate_c0[c0] + (1}(b*-
Phosphoribosytp-formamido4-
imidazolecarboxamide_cO0[cO]

(1) Adenosyl cobyrinate
hexaamide_cO[c0] + (1) {2-
Aminopropan2-ol O-
phosphate_c0[c0] 1)

ATP_c0[c0] <> (1) Adenosyl
cobinamide phosphate_c0[c0] + (.
ADP_cO0[cO0] + (1)
Orthophosphate_c0[c0] + (1)
H+_c0[c0]

(1) UDP-N-acetytalphaD-
glucosamine_c0[c0] + (1) Dolichyl
phosphate_c0[c0]== (1)
UMP_c0[c0] + (1) NAcetyl-D-
glucosaminyldiphosphodolichol_ct
[cO]



340

329

667

441

543

617

618

245

217

577

713

703

ANV ' A

\%

\%

N

v ' AV

gpr

kb|g.575.peg.9
81

kb|g.575.peg.3
40

kb|g.575.peg.4
17

kb|g.575.peg.7
93

kb|g.575.peg.6
92

kb|g.575.peg.1
408

kb|g.575.peg.3
14

kb|g.575.peg.6
63

kb|g.575.peg.9
15

kb|g.575.peg.9
22

kb|g.575.peg.7
28

gene ID

MMP12
27

MMP12
21

MMPO1
64

MMP12
96

MMPO1
61

MMPO4

11

MMP16
89

MMP11
57

MMPO02
25

MMP11
44

MMP10
11

KO

K03399

K02191

K03795

K00918

K05979

K06034

K13039

K05919

K00096

K06153

K01885

110

enzyme

2.1.1.289

2.1.1.196

4.99.1.3

2.7.1.146+2.7.1.14
7

3.1.3.71

4.1.1.79

4.1.1.79

1.15.1.2

1.11.261

3.6.1.27

6.1.1.17

definition

(1) Cobaltdihydro-precorrin
6_c0[c0] + (2) SAdenosyiL-
methionine_c0[c0] <> (1) Cobalt
precorrin 8_c0[c0] + (2) S
AdenosytL-homocysteinec0[cO0]
+ (1) CO2_c0[c0] + (1) H+_c0[c0]

(1) Sirohydrochlorin_c0[cO] + (1)
Cobalt ion_c0[c0] < (1) Cobalt
sirohydrochlorin_c0[c0] + (2)
H+_c0[c0]

(1) ADP_cO0[cO0] + (1) DFructose
6-phosphate_c0[c0]-= (1)
AMP_c0[c0] + (1) DFructose 1,6
bisphosphate_c0[c0] + (1)
H+_c0[c0]

(1) (2R)}O-Phosphes-
suffolactate_cO0[cO] + (1)
H20_c0[c0] <> (1) (2R)3-
Sulfolactate_c0[c0] + (1)
Orthophosphate_c0[cO] + (1)
H+_c0[c0]

(1) H+_c0[c0] + (2) 3
Sulfopyruvate_c0[c0] < (1)
Sulfoacetaldehyde_c0[c0] + (1)
C0O2_c0[cO]

(1) Reduced rubredoxin_c0[c0] +
(1) O2-_c0[c0] + (1) H+_c0[cO] <
> (1) Oxidized rubredoxin_c0[cO]
+ (1) Hydrogen peroxide_c0[c0]
(1) snGlycerol Xphosphate_c0[cO
+ (1) NAD+_cO0[c0] <> (1)
Glycerone phosphate_c0[cO] + (1)
NADH_c0[c0] + (2) H+_c0[c0]
(1) di-trans,polycis-Undecaprenyl
diphosphate_c0[c0] +j
H20_c0[c0] <> (1) ditrans,poly
cis-Undecaprenyl
phosphate_c0[c0] + (1)
Orthophosphate_c0[c0] + (1)
H+_c0[c0]

(1) tRNA(GIu)_c0[c0] + (1) E
Glutamate_c0[c0] + (1)
ATP_c0[c0] <> (1) L-Glutamy}
tRNA(GIlu)_c0[c0] + (1)
Diphosphate_c0[c0] + (1)
AMP_cO0[cO0]

(1) tRNA(GIn)_c0[c0] + (1) E
Glutamate_c0[c0] + (1)
ATP_c0[c0] <> (1) L-Glutamy}
tRNA(GIn)_c0[c0] + (1)
Diphosphate_c0[c0] + (1)
AMP_cO0[cO0]



709

704

624

420

779

757

770

771

503

491

A

N

v ' ANV

gpr gene ID

kb|g.575.peg.6 MMP16
27 16

kb|g.575.peg.8 MMP12
88 70

kb|g.575.peg.7 MMPO1
81 37

kblg.575.peg.1 MMPO4
420 93

kb|g.575.peg.9 MMP12
55 15

kb|g.575.peg.9 MMP14
13 77

kb|g.575.peg.8 MMP14
60 78

kb|g.575.peg.1 MMPQ9
315 38

kb|g.575.peg.1 MMPQ9
091 15

KO

K01876

K13831

K00809

K02230

K02232

K02224

K02224

K02233

K19712

111

enzyme

6.1.1.12

4.1.2.43+5.3.1.27

2.5.1.46

6.6.1.2

6.3.5.10

6.3.5.9+6.3.5.11

6.3.5.9+6.3.5.11

2.7.8.26

2.7.7.62

definition

(1) tRNA(Asn)_c0[c0] + (1) k
Aspartate_cO[cO] + (1) ATP_c0[cC
<-> (1) L-Aspartyt
tRNA(Asn)_c0[cO] + (1)
Diphosphate_c0[c0] + (1)
AMP_cO0[cO0]

(1) tRNA(Asp)_cO[cO] + (1) E
Aspartate_cO[cO] + (1) ATP_c0[cC
<-> (1) L-Aspartyt
tRNA(Asp)_cO[cO] + (1)
Diphosphate_c0[c0] + (1)
AMP_cO0[cO0]

(1) D-Ribulose 5phosphate_c0[c0]
+ (1) Formaldehyde_cO[cO}-x (1)
D-arabineHex-3-ulose 6
phosphate_c0[c0]

(2) [elF5A-precursor
lysine_c0[c0] + (1)
Spermidine_cO0[c0] < (1) [elF5A
precursorjdeoxyhypusine_c0[cO0]
+ (1) 1,3Diaminopropane_c0[c0]
+ (1) H+_c0[c0]

(1) Hydrogenobyrinate a,c
diamide_c0[c0] + (1) Cobalt
ion_c0[c0] + (1) ATP_cO[c0] + (1)
H20_c0[c0] <> (1) Cob(Il)yrinate
a,c diamide_c0[c0] + (1)
Orthophosphate_c0[cO] + (1)
ADP_c0[c0] + (3) H+_cO0[cO0]

(1) Adenosyl cobyrinate a,c
diamide_cO[c0] + (4) L
Glutarine_c0[c0] + (4)
ATP_c0[cO] + (4) H20_c0[c0] =
(1) Adenosyl cobyrinate
hexaamide_cO0[c0] + (4)-L
Glutamate_c0[c0] + (4)
Orthophosphate_c0[c0] + (4)
ADP_c0[c0] + (4) H+_cO0[cO]

(1) HydrogenobyrinatecO[cO] +
(2) L-Glutamine_c0[cO0] + (2)
ATP_c0[cO0] + (2) H20_c0[c0] =
(1) Hydrogenobyrinate a,c
diamide_c0[cO0] + (2)
Orthophosphate_c0[c0] + (2} L
Glutamate_cO0[c0] + (2)
ADP_c0[c0] + (2) H+_cO0[cO]

(1) H+_c0[c0] + (1) Cobamide
coenzyme_c0[cO] + (1)
GMP_c0[c0] <> (1) Adenosine
GDP-cobinamide_c0[c0] + (1)
alphaRibazole_c0[c0]

(1) Adenosyl cobinamide
phosphate_c0[c0] + (1)
GTP_c0[c0] + (1) H+_cO0[c0] <>
(1) AdenosineGDP-



249

250

251

252

322

321

702

296

342

317

318

A

ANV ' ANV T AV

\%

ANV TN

\

N

v ' AV

gpr

kb|g.575.peg.4
95

kb|g.575.peg.1
689

kb|g.575.peg.1
035

kb|g575.peg.1
227

kb|g.575.peg.8
12
kblg.575.peg.1
384
kb|g.575.peg.8
96

kb|g.575.peg.1
357
kb|g.575.peg.1
68

kb|g.575.peg.1
610

kb|g.575.peg.1
516

gene ID

MMPO1
47

MMPO8
53

MMPO8
56

MMPO8
57

MMP16
62

MMPO09
53

MMPO3
30

MMPO5
99

MMPOO
11

MMPO5
44

MMPO5
80

KO

K02588

K02588

K02586

K02591

K05936

K05934

K06042

K05895

K00558

K04069

K04069

112

enzyme

1.18.6.1

1.18.6.1

1.18.6.1

1.18.6.1

2.1.1.133+2.1.1.27
1

211131

5.4.99.61+5.4.99.6
0

1.3.1.54+1.3.1.106

2.1.1.37

1.97.1.4

197.14

definition

cobinamide_c0[c0] + (1)
Diphosphate_c0[c0]

(16) ATP_cO[cO] + (1)
Nitrogen_c0[c0] + (8) Reduced
ferredoxin_c0[cO0] + (16)
H20_c0[c0] <> (16)
Orthophosphate_c0[c0] + (16)
ADP_cO0[c0] + (8) Oxidized
ferredoxin_cO0[c0] + (2)
Ammonia_c0[c0] + (1)
Hydrogen_c0[c0] + (6) H+_c0[cO0]

(1) SAdenosyiL-
methionine_c0[c0] + (1) Precorrin
4_c0[c0] <> (1) SAdenosyiL-
homocysteine_c0[c0] + (1)
Precorrin 5_c0[c0] + (1)
H+_c0[c0]

(1) SAdenosyiL-
methionine_c0[cO] + (1) Precorrin
3B_c0[c0] <> (1) SAdenosyiL-
homocysteine_c0[c0] + (1)
Precorrin 4_c0[c0] + (2)
H+_c0[c0]

(1) H+_c0[c0] +(1) Precorrin
8X_c0[c0] <> (1)
Hydrogenobyrinate_c0[cO0]

(1) Precorrin 6Y_c0[c0] + (1)
NADP+_c0[c0] <> (1) Precorrin
6X_c0[c0] + (1) NADPH_cO[cO] +
(1) H+_c0[cO]

(1) SAdenosyiL-
methionine_c0[c0] + (1) DNA
cytosine_c0[c0] < (1) S
AdenosyiL-homocysteine_c0[c0]
+(1)DNA S
methylcytosine_c0[c0] + (1)
H+_c0[c0]

(1) SAdenosyiL-
methionine_cO[cO¥} (1)
Dihydroflavodoxin_cO0[cO0] + (1)
Protein glycine_c0O[c0] <> (1) 5*
Deoxyadenosine_c0[c0] + (1)} L
Methionine_c0[c0] + (1)
Flavodoxin semiquinone_c0[cO0] +
(1) Protein glycir2-yl
radical_cO0[cO] + (1) H+_c0[cO0]



680

681

744

390

392

625

626

513

514

515

311

312

313

314

315

316

419

ANV ' ANV ' AV AV AV AV ITA

N v' AV 'AV YAV

ANV ' ANV

ANV ' ANV YAV

v ' AV

gpr
kb|g.575.peg.1

272
kb|g.575.peg.1
24
kb|g.575.peg.1
454
kb|g.575.peg.5
19
kb|g.575.peg.2
96
kb|g.575.peg.4
48
kb|g.575.peg.7
32
kb|g.575.peg.4
42

kb|g.575.peg.1
19

kb|g.575.peg.9
50

kb|g.575.peg.1
104

kb|g.575.peg.1
20
kb|g.575.peg.5
66
kb|g.575.peg.9
31
kb|g.575.peg.8
83

kb|g.575.peg.2
23

kb|g.575.peg.4
87

gene ID
MMPO04
17

MMP16
90

MMPO5
40

MMPO02
56

MMP10
82

MMP10
83

MMP17
22

MMP15
55

MMP15
58

MMP15
59

MMPO8
25

MMP10
53

MMP10
54

MMP11
54

MMP11
55

MMP16
97

MMP16
7

KO

K01814

K01814

K01923

K02501

K02501

K02500

K02500

K00401

K00402

K00399

K03388

K03389

K03390

K03390

K03389

K03388

K17105

113

enzyme

5.3.1.16

5.3.1.16

6.3.2.6

2.4.2:

24.2-

4.1.3-

4.1.3:

284.1

284.1

284.1

1.8.98.1

1.8.98.1

1.8.98.1

1.8.98.1

1.8.98.1

1.8.38.1

2.5.1.42

definition

(1) H+_c0[c0] + (1) Coenzyme M
7-mercaptoheptanoylthreonine
phosphate heterodisulfide_c0[cO0]
1)
Dihydromethanophenazine_c0[c0
<-> (1) Coenzyme B_cO0[c0] + (1)
Coenzyme M_c0[c0] + (1)
Methanophenazine 0fcO]



357

304

760

761

428

303

238

451

682

358

ANV ' ANV ' AV YA

\%

gpr

kb|g.575.peg.1
590

kb|g.575.peg.1
082

kb|g.575.peg.4
80

kb|g.575.peg.2
1

kb|g.575.peg.1
238

kb|g.575.peg.1
316

kb|g.575.peg.4
22

kb|g.575.peg.8
98

kb|g.575.peg.9
57

kb|g.575.ped
55

gene ID

MMPO5
88

MMPOO
58

MMPO1
78

MMPO1
79

MMPOO
50

MMPO3
72

MMPO1
27

MMP11
38

MMP16
18

MMPO1
23

KO

K20215

K00320

K01952

K01952

K00794

K00319

K13942

K00878

K08963

K08289

114

enzyme

2.1.1.98

1.5.98.2

6.3.5.3

6.3.5.3

2.5.1.78

1.5.98.1

1.12.98.2

2.7.1.50

5.3.1.23

2122

definition

(1) SAdenosyiL-
methionine_c0[c0] + (1) Peptide 2
(3-carboxy3-aminopropyljL-
histidine_c0[c0] < (1) S
AdenosyiL-homocysteine_c0[c0]
+ (1) Pepti@ 2[3-carboxy3-
(methylammonio)propyf].-
histidine_c0[c0] + (1) H+_c0[c0]

(1) 5Amino-6-(1-D-
ribitylamino)uracil_c0[c0] + (1) £
3,4-Dihydroxybutan2-one 4
phosphate_c0[c0] (1) 6,7
Dimethy}-8-(D-
ribityl)lumazine_c0[c0] + (2)
H20_c0[c0] + (1)
Orthophosphate_c0[c0] + (1)
H+_c0[c0]

(1) H+_c0[cO] + (1) 5,10
Methylenetetrahydromethanopteri
_c0[c0] + (1) Coenzyme
F420_c0[c0] <> (1) 5,16
Methenyltetrahydromethanopterin
c0[c0] + (1) Reduced coenzyme
F420_c0[c0]

(1) 5,16
Methenyltetrahydromethanopterin
c0[cO] + (1) Hydrogen_c0[c0]=
(1) 5,16
Methylenetetrahydromethanopteri
_c0[c0] + (1) H+_cO0[cO0]

(1) ATP_cO[c0] + (1) &2-
Hydroxyethyl}4-
methylthiazole_c0[c0] <> (1)
ADP_c0[c0Q] + (1) 4Methyl-5-(2-
phosphooxyethyl)thiazole _c0[cO0] -
(1) H+_c0[cO]

(1) SMethyl-5-thio-D-ribose %
phosphate_c0[c0]= (1) S
Methyl-5-thio-D-ribulose %
phosphate_c0[c0]

1) 10
Formyltetrahydromethanopterin_c
[cO] + (1) 5*
Phosphoribosylglycinamide_cO[cC
<> (1)
Tetrahydromethanopterin_c0[cO0] -
(1) 5-PhosphoribosyN-
formylglycinamide_cO0[c0] + (1)
H+_c0[c0]



375

376

423

651

778

675

676

677

678

745

746

247

347

418

N

v ' ANV

AV ' ANV ' AV ' AV AV AV A

\%

ANV YA

\

gpr

kb|g.575.peg.3
78
kb|g.575.peg.2
85

kb|g.575.peg.1
47

kb|g.575.peg.6
78

kb|g.575.peg.1
597

kb|g.575.peg.1
332

kb|g.575.peg.8
00
kb|g.575.peg.8
74
kb|g.575.peg.4
47
kb|g.575.peg.1
663

kb|g.575.peg.1
80

kb|g.575.peg.1
716

kb|g.575.peg.7
04

kb|g.575.peg.1
213

gene ID

MMP11
84

MMP13
51

MMP12
42

MMP12
50

MMPO06
48

MMPO5
72

MMP11
28

MMP11
29

MMP11
90

MMPO8
82

MMP12
54

MMPO9
23

MMPO1
02

MMPOO
07

KO

K03789

K03789

K03517

K01737

K01974

K03775

K03768

K03768

K01802

K01933

K01933

K00215

K00573

K17104

115

enzyme

2.3.1.128

2.3.1.128

2.51.72

4.2.3.12+4.1.2.50

6.5.1.4

52.1.8

5.2.1.8

52.1.8

52.1.8

6.3.3.1

6.3.3.1

1.17.1.8

2.1.1.77

25141

definition

(1) AcetykCoA_cO[c0] + (1)
Ribosomalprotein L-
alanine_c0[c0] <> (1) CoA_cO0[c0]
+ (1) Ribosomaprotein Nacetyt
L-alanine_c0[c0]

(1) Quinolinate_c0[c0] + (2)
H20_c0[c0] + (1)
Orthophosphate_c0[cO}x (1)
Iminoaspartate_cO[c0] + (1)
Glycerone phosphate_c0[c0]

(1) 7,8Dihydroneopterin 3'
triphosphate_c0[c0]=<= (1) 6
Pyruvoyltetrahgropterin_c0[c0] +
(1) Triphosphate_c0[c0] + (1)
H+_c0[c0]

(1) ATP_cO[c0] + (1) RNA 3'
terminatphosphate_c0[c0]= (1)
AMP_c0[cO0] + (1)
Diphosphate_c0[c0] + (1) RNA
terminalt2',3"cyclic-
phosphate_cO[cOt (1) H+_cO0[cO]
(1) Peptidylproline (omega
180)_c0[c0] <> (1)
Peptidylproline (omegf)_c0[c0]

(1) H+_c0[c0] + (1) 2,3,4/5
Tetrahydrodipicolinate_cO[c0] +
(1) NAD+_cO[c0] + (1)
H20_c0[c0] <> (1) (2S,4Sy-
Hydroxy-2,3,4,5
tetrahydrodipicolinate_c0[c0] + (1)
NADH_c0[c0]

(1) SAdenosyiL-
methionine_c0[c0] + (1) Protein-L
isoaspartate_cO[c0}-%= (1) S
AdenosyiL-honocysteine_c0[cO]
+ (1) Protein Lisoaspartate methyl
ester_c0[cO]

(1) Geranylgeranyl
diphosphate_c0[c0] + (1) sn
Glycerol Xphosphate_c0[c0]-=



748

309

261

568

578

686

320

765

766

767

768

769

116

ANV YA \% ANV YA

\%

\%

AV ' ANV ' AV A

v ' AV

gpr

kb|g.575.peg.1
334

kb|g.575.peg.1
329

kb|g.575.peg.1
049

kb|g.575.peg.2
05

kb|g.575.peg.1
110

kb|g.575.peg.1
387

kb|g.575.peg.4
37

kb|g.575.peg.1
681

kb|g.575.peg.1
253

kb|g.575.peg.8
3
kb|g575.peg.3
26
kb|g.575.peg.2
21

kb|g.575.peg.5
23

gene ID

MMPO03
92

MMPO8
48

MMPOO
88

MMPO02
80

MMPOO
51

MMPO09
12

MMPO3
19

MMPO5
75

MMPO9
46

MMP15
10

MMP12
65

MMP12
66

MMP15
35

KO

K01945

K07304

K02492

K01496

K01523

K01821

K03394

K02435

K02434

K02433

K03330

K09482

K08971

116

enzyme

6.3.4.13

1.84.11

1.2.1.70

3.5.4.19

3.6.1.31

5.3.2.6

2.1.1.130+2.1.1.15
1

6.3.5.6+6.3.5.7

6.3.5.6+6.3.5.7

6.3.5.6+6.3.5.7

6.3.5.7

6.3.5.7

definition

(1) Diphosphate_c0[c0] + (1)}@-
Geranylgeranyhsn-glycerd 1-
phosphate_c0[c0]

(1) Peptidel.-methionine_c0[c0] +
(1) Thioredoxin disulfide_c0[c0] +
(1) H20_c0[c0] <= (1) Peptidd.-
methionine (S)S-oxide_cO[cO]+
(1) Thioredoxin_cO0[cO0]

(1) L-GlutamyHRNA(Glu)_c0[c0]
+ (1) NADPH_cO0[cO] + (1)
H+_c0[c0] <> (1) (S}y4-Amino-5-
oxopentanoate_c0[c0] + (1)
tRNA(GIu)_c0[c0] + (1)
NADP+_c0[c0]

(1) 2-(5-PhospheD-ribosyl)-
ATP_cO0[c0] + (1) H20_c0[c0] <>
(1) PhosphoribosyRAMP_c0[c0] +
(1) Diphosphate_c0[c0] + (2)
H+_c0[c0]

(1) 2Hydroxymuconate_c0[c0]-<
> (1) gamma
Oxalocrotonate_c0[cO0]

(1) H+_c0[c0] + (1) SAdenosyiL-
methionine_c0[c0] + (1) Precorrin
2_c0[c0] <> (1) SAdenosyiL-
homocysteine_c0[c0] + (1)
Precorrh 3A_c0[c0]

(1) GlutaminyHtRNA(GIn)_cO0[c0]
+ (1) L-Glutamate_c0[c0] + (1)
Orthophosphate_c0[c0] + (1)
ADP_c0[cO0] + (1) H+_c0[c0] <=
(1) L-GlutamyHRNA(GIn)_c0[c0]
+ (1) L-Glutamine_c0[cO] + (1)
ATP_cO[cO] + (1) H20_cO0[c0]
(1) L-glutamine_c0 + (1) L
aspartytRNA(Asn) = (1) L
glutamate_cO0 + (1)4asparaginyl
tRNA(Asn)_c0



725

715

720

708

711

716

717

707

723

721

v ' ANV ' A

gpr

kb|g.575.peg.1
126

kb|g.575.peg.6
11

kb|g.575.peg.1
068

kb|g.575.peg.1
246

kb|g.575.peg.1
103

kb|g.575.peg.4
51
kb|g.575.peg.1
37

kb|g.575.peg.8
78

kb|g.575.ped
8

kb|g.575.peg.1
022

gene ID

MMPO5
84

MMP15
92

MMPO04
14

MMPO8
79

MMPO6
96

MMP12
55

MMP14
96

MMPO3
26

MMP13
18

MMPO06
97

KO

K01873

K01867

K01868

K01875

K01881

K01890

K01889

K01874

K04566

K01869

117

enzyme

6.1.1.9

6.1.1.2

6.1.1.3

6.1.1.11

6.1.1.15

6.1.1.20

6.1.1.20

6.1.1.10

6.1.1.6

6.1.1.4

definition

(1) ATP_cO[c0] + (1)
Valine_c0[cO] + (1)
tRNA(Val)_c0[c0] <> (1)
AMP_cO0[c0] + (1)
Diphosphate_c0[c0] + (1)-\alyl-
tRNA(Val)_c0[c0]

(1) ATP_cO[cO] + (1) E
Tryptophan_c0[c0] + (1)
tRNA(Trp)_c0[c0] <> (1)
AMP_cO[cO0] + (1)
Diphosphate_c0[c0] + (1)-L
TryptophanytRNA(Trp)_c0[cO]
(1) ATP_cO[cO] + (1) E
Threonine_c0[c0] + (1)
tRNA(Thr)_c0[c0] <> (1)
AMP_cO[c0] + (1)
Diphosphate_c0[c0] + (1)-L
ThreonyHRNA(Thr)_c0[c0]

(1) ATP_cO[cO0]+ (1) L-
Serine_c0[c0] + (1)
tRNA(Ser)_c0[c0] <> (1)
AMP_c0[cO0] + (1)
Diphosphate_c0[c0] + (1)-Seryt
tRNA(Ser)_c0[c0]

(1) ATP_cO[c0] + (1)
Proline_c0[c0] + (1)
tRNA(Pro)_c0[c0] <> (1)
AMP_c0[cO0] + (1)
Diphosphate_c0[c0] + (1)-Prolyl-
tRNA(Pro)_c0[c0]

(1) ATP_cO[cO] + (1) E
Phenylalanine_c0[c0] + (1)
tRNA(Phe)_c0[c0] < (1)
AMP_cO[c0] + (1)
Diphosphate_c0[c0] + (1)-L
PhenylalanytRNA(Phe)_c0[c0]

(1) ATP_cO[cO] + (1) E
Methionine_c0[c0] + (1)
tRNA(Met)_c0[c0] <> (1)
AMP_c0[cO0] + (1)
Diphosphate_c0[c0] + (1)-L
MethionyHRNA_cO0[cO0]

(1) ATP_cO[cO] + (1) E
Lysine_cO0[c0] + (1)
tRNA(Lys)_c0[c0] <> (1)
AMP_c0[c0] + (1)
Diphosphate_c0[c0] + (1)-Lysyl-
tRNA_c0[cO]

(1) ATP_cO[cO] + (1) E
Leucine_cO[c0] + (1)
tRNA(Leu)_cO[c0] <> (1)
AMP_cO[cO0] + (1)
Diphosphate_c0[c0] + (1)-L
LeucyHRNA_c0[c0]



722

718

710

712

714

507

683

614

623

471

\

ANV TN

\%

gpr

kb|g.575.peg.3
86

kb|g.575.peg.4
88

kb|g.575.peg.1
82

kb|g.575.peg.2
51

kb|g.575.peg.7
23

kb|g.575.peg.6
37

kb|g.575.peg.3
02

kb|g.575.peg.1
0

kb|g.575.peg.8
93

kb|g.575.peg.1
411

gene ID

MMP14
74

MMP16
14

MMP02
12

MMP10
60

MMP10
26

MMPO9
04

MMP10
04

MMP10
08

MMPO02
43

MMPO05
79

KO

K01870

K01892

K01880

K01883

K01887

K01008

K01817

K01609

K09739

K07142

118

enzyme

6.1.1.5

6.1.1.21

6.1.114

6.1.1.16

6.1.1.19

2793

53.1.24

4.1.1.48

4.1.2.25

2.7.6.3

definition

(1) ATP_cO[c0] + (1)
Isoleucine_c0[c0] + (1)
tRNA(lle)_c0[c0] <> (1)
AMP_c0[c0] + (1)
Diphosphate_c0[c0] + (1)-L
IsoleucyttRNA(lle)_c0[cO]

(1) ATP_cO[cO] + (1) E
Histidine_cO0[c0] + (1)
tRNA(His)_c0[c0] <> (1)
AMP_cO[cO0] + (1)
Diphosphate_c0[c0] + (1)-L
Histidyl-tRNA(His)_c0[c0]

(1) ATP_cO[cO] + (1)
Glycine_cO0[c0] + (1)
tRNA(Gly)_c0[c0] <> (1)
AMP_cO[c0] + (1)
Diphosphate_c0[c0] + (1) Glycyl
tRNA(Gly)_c0[cO0]

(1) ATP_cO[cO] + (1) E
Cysteine_c0[c0] + (1)
tRNA(Cys)_c0[c0] <> (1)
AMP_c0[cO0] + (1)
Diphosphate_c0[c0] + (1)-L
CysteinyHRNA(Cys)_c0[c0]

(1) ATP_cO[cO] + (1) E
Arginine_cO0[c0] + (1)
tRNA(Arg)_c0[c0] <> (1)
AMP_c0[cO0] + (1)
Diphosphate_c0[c0] + (1)-L
Arginyl-tRNA(Arg)_c0[c0]

(1) ATP_cO0[cO] + (1) Hydrogen
selenide_c0[c0] + (1) H20_c0[c0]
<-> (1) AMP_cO0[c0] + (1)
Selenophosphoric acid_c0[c0] +
(1) Orthophosphate_c0[c0] + (2)
H+_c0[c0]

(1) N-(5-PhospheD-
ribosyl)anthranilate_c0[c0]== (1)
1-(2-Carboxyphenylamine}-
deoxyD-ribulose 5
phosphate_c0[c0]

(1) 22Amino-4-hydroxy-6-(D-
ernythro-1,2,3trihydroxypropyl)
7,8-dihydropteridine_c0[c0] <=

(1) Glycolaldehyde_cO0[c0] + (1)-2
Amino-4-hydroxy-6-
hydroxymethy7,8
dihydropteridine_c0[c0]

(1) ATP_cO[c0] + (1) 2Amino-4-
hydroxy-6-hydroxymehyl-7,8
dihydropteridine_c0[c0] <> (1)
AMP_cO0[cO0] + (1) 2Amino-7,8
dihydro-4-hydroxy-6-
(diphosphooxymethyl)pteridine_c(
[cO]



631

569

416

639

636

637

374

398

221

611

437

417

N

ANV A v' AV 'AV ' AV

v ' AV

ANV YA

\

gpr

kb|g.575.peg.8
10

kb|g.575.peg.5
09
kb|g.575.peg.6
39

kb|g.575.peg.1
388

kb|g.575.peg.1
256

kb|g.575.pe@
04

kb|g.575.peg.2
68

kb|g.575.peg.1
543

kb|g.575.peg.1
286

kb|g.575.peg.2
9

kb|g.575.peg.1
280

kb|g.575.peg.7
73

gene ID

MMPO1
87

MMP11
91

MMP12
05

MMPO5
48

MMPO3
81

MMP14
80

MMP16
09

MMPO8
77

MMPO7
06

MMP16
06

MMPO8
65

MMP11
39

KO

K03147

K01499

K008

K01693

K16793

K16792

K00672

K00767

K02472

K13038

K00833

K00788

119

enzyme

4.1.99.17

3.5.4.27

2.5.1.19

4.2.1.19

4.2.1.114

4.2.1.114

2.3.1.101

2.4.2.19

1.1.1.336

4.1.1.36+6.3.2.5

2.6.1.62

2513

definition

(1) Aminoimidazole
ribotide_c0[cO] + (1) SAdenosyt
L-methionine_cO0[c0] <> (1) 4-
Amino-2-methyt5-
(phosphooxymethyl)pyrimidine_c(
[cO0] + (1) 5
Deoxyadenosine_c0[c0] + (1) L
Methionine_c0[c0] + (1)
Formate_c0[c0] + (1) CO_c0[cO] +
(2) H+_c0[cO]

(1) (Ry2-Hydroxybutanel,2,4
tricarboxylate_c0[cO] <> (1) (Z)
But-1-enel,2,4
tricarboxylate_cO0[cO] + (1)
H20_c0[c0]

(1) Nicotinate D
ribonucleotide_cO0[c0] + (1)
Diphosphate_c0[c0] + (1)
C02_c0[cO] <> (1)
Quinolinate_c0[c0] + (1) 5
Phosplo-alphaD-ribose 1
diphosphate_cO0[c0] + (2)
H+_c0[c0]

(1) UDP-N-acetytD-
mannosamine_c0[c0] + (2)
NAD+_c0[c0] + (1) H2O_cO0[c0]
<-> (1) UDPN-acetylD-
mannosaminouronate_c0[c0] + (2
NADH_c0[c0] + (3) H+_©[c0]
(1) H+_c0[c0] + (1) (RY¥"-
Phosphopantothenecil-
cysteine_c0[c0] < (1)
Pantetheine 4hosphate_c0[cO0] +
(1) CO2_c0[cO]

(1) SAdenosyiL-
metionine_c0[cO] + (1) 8Amino-
7-oxononanoate_c0[c0]-= (1) S
Adenosyt4-methylthio-2-
oxobutanoate_c0[cO] + (1) 7,8
Diaminononanoate_c0[cO]

(1) H+_c0[cO0] + (1) 4Amino-5-
hydroxymethyi2-
methylpyrimidine



450

381

730

612

613

319

747

648

634

379

724

477

\%

N

v ' ANV

N

v ' AV Y AV

gpr

kb|g.575.peg.3
37

kb|g.575.peg.4
04

kb|g.575.peg.9
24

kb|g.575.peg.1
228

kb|g.575.peg.8
71

kb|g.575.peg.1
277

kb|g.575.peg.4
7

kb|g.575.peg.1
650

kb|g.575.peg.4
39

kb|g.575.peg.5
78

kb|g.575.peg.1
629

kb|g.575.peg.9
58

gene ID

MMP16
39

MMP15
74

MMP15
75

MMPO8
30

MMP11
50

MMPO09
66

MMP15
73

MMPO3
94

MMP13
94

MMP13
55

MMPO3
97

MMP10
93

KO

K21219

K00652

K01906

K01599

K01599

K02303

K01935

K01719

K03785

K00638

K01872

K02201

120

enzyme

2.7.1.49+2.7.4.7+2.
5.1.3

2.3.1.47

6.2.1.14

4.1.1.37

4.1.1.37

2.1.1.107

6.33.3

4.2.1.75

4.2.1.10

2.3.1.28

6.1.1.7

2773

definition

diphosphate_c0[c0] + (1)-4
Methyl-5-(2-
phosphooxyethyl)thiazole_c0[c0]
<-> (1) Diphosphate_c0[c0] + (1)
Thiamin monophosphate_c0[c0]

(1) 6-Carboaxyhexanow

CoA _cO[cO]+ (1) L
Alanine_c0[c0] <> (1) 8&Amino-
7-oxononanoate_c0[c0] + (1)
CoA_c0[c0] + (1) CO2_c0[cO]

(1) H+_cO[cO0] + (1) ATP_cO[cO] +
(1) Pimelate_c0[cO] + (1)
CoA_c0[c0] <> (1) AMP_c0[c0]
+ (1) Diphosphate_c0[c0] + (1} 6
CarboxyhexanoyCoA_c0[c0]

(4) H+_cO0[c0] + (2)
Uroporphyrinogen Ill_c0[c0] <
(1) Coproporphyrinogen I11_c0[c0]
+ (4) CO2_c0[cO]

(2) SAdenosyiL-
methionine_c0[c0] + (1)
Uroporphyrinogen Ill_c0[c0] <
(2) SAdenosyiL-
homocysteine_c0[c0] + (1)
Precorrin 2_c0[c0] + (2)
H+_c0[c0]

(1) ATP_cO[c0] + (1) 7,8
Diaminononanoate_c0[c0] + (1)
C0O2_c0[c0] <> (1) ADP_cO0[c0] +
(1) Orthophosphate_c0[cO] + (1)
Dethiobiotin_c0[c0] + (3)
H+_c0[c0]

(1) Hydroxymethylbilane_c0[c0]
<-> (1) Uroporgyrinogen
I11_cO[cO] + (1) H2O_cO0[c0]

(1) 3-Dehydroquinate_c0[c0]-=
(1) 3-Dehydroshikimate_c0[c0] +
(1) H20_c0[c0]

(1) AcetytCoA_cO[c0] + (1)
Chlorampheitol_c0[c0] <> (1)
CoA_c0[cO] + (1)
Chloramphenicol @&acetate_c0[cO]
(1) ATP_cO[cO] + (1) E
Alanine_c0[c0] + (1)
tRNA(Ala)_c0[c0] <> (1)
AMP_c0[c0] + (1)
Diphosphate_c0[c0] + (1)-L
Alanyl-tRNA_c0[c0]

(1) ATP_cO[cO0] + (1) Pantetheine
4'-phosphate_c0[c0]== (1)
Diphosphate_c0[c0] + (1)
DephospheCoA_c0[c0]



231

232

233

234

235

236

237

787

788

789

281

282

283

284

285

286

287

288

289

ANV ' ANV ' AV AV AV AV ITA

ANV ' ANV

AV '"ANV ' AV AV ANV ANV AV YAV AV

v ' ANV

gpr

kb|g.575.peg.1
148

kb|g.575.peg.1
569

kb|g.575.peg.1
511

kb|g.575.peg.1
442

kb|g.575.peg.8
54
kb|g575.peg.6
84
kb|g.575.peg.3
38
kb|g.575.peg.1

343
kb|g.575.peg.5
46
kb|g.575.peg.6
96
kb|g.575.peg.1
389
kb|g.575.peg.1
79
kb|g.575.peg.1
600

kb|g.575.peg.1
331

kb|g.575.peg.1
482

kb|g.575.peg.1
571

kb|g.575.peg.1
587

kb|g.575.peg.1
184

kb|g.575.peg.2
43

gene ID
MMPOO
83

MMPO08
17

MMPO8
18

MMPO8
20

MMP13
82

MMP13
84

MMP13
85

MMPO8
19

MMP13
37

MMP13
83

MMPOO
70

MMPO02
00

MMPO5
08

MMPO5
09

MMPO5
10

MM P05
11

MMPO5
12

MMPO09
65

MMP12
47

KO

K00441

K00441

K00443

K00440

K00440

K00443

K00441

K00442

K00442

K00442

K00202

K11261

K11261

K00200

K00202

K00201

K00201

K11261

K00203

121

enzyme

1.12.98.1

1.12.98.1

1.12.98.1

1.12.98.1

1.12.98.1

1.12.98.1

1.12.98.1

1.2.99.5

1.2.99.5

1.2.99.5

1.2.99.5

1.2.99.5

1.2.99.5

1.2.99.5

1.2.99.5

1.2.99.5

definition

(1) Coenzyme F420_cO0[c0] + (1)
Hydrogen_c0[c0] < (1) Reduced
coenzyme F420_cO[cO]



290

291

292

783

784

122

346

413

615

706

297

685

687

562

457

ANV ' ANV ' ANV ANV AV A

\%

\%

N

v ' ANV EA v ' ANV

N

v ' ANV

gpr
kb|g.575.peg.6
80

kb|g.575.peg.4
81
kb|g.575.peg.4
38
kb|g.575.peg.4
01
kb|g.575.peg.1
03

kb|g.575.peg.1
33

kb|g.575.peg.1
170

kb|g.575.peg.7
45

kb|g.575.peg.1
462

kb|g.575.peg.7
39

kb|g.575.peg.1
720

kb|g.575.peg.9
03

kb|g.575.peg.9
03

kb|g.575.peg.8
01

kb|g.575.peg.1
08

gene ID
MMP12
48

MMP12
49

MMP16
91

MMP12
44

MMP12
45

MMP12
46

MMPO7
35

MMP15
52

MMPO6
13

MMPO02
63

MMPOO
89

MMP12
95

MMP12
95

MMP13
98

MMP14
31

KO

K00200

K00202

K00201

K00204

K00205

K11260

K06223

K03186

K01575

K01866

K02304

K01810

K01810

K01439

K05715

122

enzyme

1.2.99.5

1.2.995

1.2.99.5

2.1.172

2.5.1.129

41.15

6.1.11

1.3.1.76+4.99.1.4

53.1.9

53.1.9

3.5.1.18

2.7.2-

definition

(1) SAdenosyiL-
methionine_c0[c0] + (1) DNA
adenine_c0[c0] <= (1) S
AdenosytL-homocysteine_c0[cO0]
+ (1) DNA G
methylaminopurine_c0[c0] + (1)
H+_c0[c0]

(1) H+_cO[c0] + (1) 4
Coumarate_c0[c0]== (1) 4
Hydroxystyrene_c0[c0] + (1)
C0O2_c0[cO]

(1) H+_c0[cO] + (1) (Sk-
Acetolactate_c0[c0] <> (1) (R}
Acetoin_c0[c0] + (1) CO2_c0[c0]
(1) ATP_cO[c0] + (1) E
Tyrosine_cO0[c0] + (1)
tRNA(Tyr)_c0[c0] <> (1)
AMP_c0[c0] + (1)
Diphosphate_c0[c0] + (1)-L
TyrosyHRNA(Tyr)_c0[c0]

(1) Siroheme_cO0[c0] + (2)
H+_c0[c0] <> (1) Fe2+_c0[c0] +
(1) Sirohydrochlorin_c0[c0

(1) H+_cO0[c0] + (1) alphdD-
Glucose éphosphate_c0[c0]-=
(1) betaD-Glucose 6
phosphate_c0[c0]

(1) alphaD-Glucose 6
phosphate_c0[c0]== (1) betaD-
fructose 6phosphate_c0[cO]

(1) N-SuccinytLL-2,6-
diaminoheptanedioate_c0[c0] + (1
H20_c0[c0] <> (1)
Succinate_c0[c0] + (1) Li2,6-
Diaminoheptanedioate_c0[c0]
(1) 2-PhospheD-glycerate_c0[cO]
+ (1) ATP_cO[c0] <> (1) 2,3
BisphospheD-glycerate_c0[c0] +
(1) ADP_cO0[c0]



460

523

348

563

731

732

733

212

216

452

693

622

447

387

ANV TN v ! \% ANV ' ANV YA

\%

gpr

kb|g.575.peg.1
101

kb|g.575.peg.1
171

kb|g.575.peg.1
373

kb|g.575.peg.1
401

kb|g.575.peg.2
01

kb|g.575.peg.2
45

kb|g.575.peg.1
146

kb|g.575.peg.1
433

kb|g.575.ped.
465

kb|g.575.peg.8

kb|g.575.peg.1
8

kb|g.575.peg.7
30

kb|g.575.peg.7
66

kb|g.575.peg.7
25

gene ID

MMPOO
63

MMPO09
26

MMP09
30

MMPO9
28

MMPO1
60

MMPO3
14

MMPO7
15

MMPO06
72

MMPO9
36

MMPO03
20

MMPO02
24

MMP11
87

MMP13
35

MMP12
20

KO

K00930

K03412

K00575

K03411

K01912

K01912

K01912

K00077

K00014

K00891

K01845

K01628

K00869

K00688

123

enzyme

2.7.2.8

3.1.161

2.1.1.80

3.5.1.44

6.2.1.30

6.2.1.30

6.2.1.30

1.1.1.169

1.11.25

27.1.71

54.3.8

4.1.2.17

2.7.1.36

2411

definition

(1) ATP_cO[cO] + (1) NAcetyl-L-
glutamate_c0[c0] <> (1)
ADP_c0[cO] + (1) NAcetyl-L-
glutamate phosphate_c0[cO0]

(1) Protein glutamate methyl
ester_c0[cQ] + (1) H20_cO[cO}x
(1) Protein glutamate_c0[c0] + (1)
Methanol_c0[c0] + (1) H+_cO0[c0]
(1) SAdenosytL-
methionine_c0[c0] + (1) Protein
glutamate_c0[c0] <> (1) S
AdenosyiL-homocysteine_c0[c0]
+ (1) Protein glutamate methyl
ester_c0[cO]

(1) Protein glutamine_c0[c0] + (1)
H20_c0[c0] <> (1) Protein
glutamate_c0[c0] + (1)
Ammonia_c0[c0]

(1) ATP_c0[cQ] + (1) Phenylacetic
acid_c0[c0] + (1) CoA_c0[c0] =
(1) AMP_cO0[cO] + (1)
Diphosphate_c0[c0] + (1)
PhenylacetylCoA_c0[c0]

(1) (RyPantoate_c0[c0] + (1)
NADP+_c0[c0] <> (1) 2
Dehydropantoate_c0[c0] + (1)
NADPH_c0[c0] + (1) H+_c0[c0]
() Shikimate_c0[c0] + (1)
NADP+_c0[c0] <> (1) 3
Dehydroshikimate_c0[c0] + (1)
NADPH_c0[c0] + (1) H+_c0[c0]
(1) ATP_cO[c0] + (1)
Shikimate_c0[c0] < (1)
ADP_c0[c0] + (1) Shikimte 3
phosphate_c0[c0] + (1) H+_cO0[cO]
(1) 5-Aminolevulinate_c0[c0] <
(1) (Sy4-Amino-5-
oxopentanoate_c0[c0]

(1) L-Fuculose Iphosphate_c0[cO]
<-> (1) Glyceone
phosphate_c0[c0] + (1) (S)
Lactaldehyde_cO0[c0] + (1)
H+_c0[c0]

(1) ATP_cO[c0] + (1) (R)
Mevalonate_c0[c0] < (1)
ADP_cO0[c0] + (1) (R)5-
Phosphomevalonate_c0[c0] + (1)
H+_c0[c0]

(1) Starch_c0[c0] + (1)
Orthophosphate_c0[cO0}x (1)
Amylose_c0[cO0] + (1) BGlucose
1-phosphate_c0[c0]



343

344

576

469

688

310

564

384

756

431

228

415

394

368
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\% ANV ' ANV

ANV A

ANV ' ANV

\

N

v ' AV

N

v ' ANV

gpr

kb|g.575.peg.1
060

kb|g.575.peg.1
06
kb|g.575.peg.3
85

kb|g.55.peg.6
32

kb|g.575.peg.6
46

kb|g.575.pg.1
159

kb|g.575.peg.2
60
kb|g.575.peg.3
80

kb|g.575.peg.1
265

kb|g.575.peg.1
415

kb|g.575.peg.1
107

kb|g.575.peg.2
4

kb|g.575.peg.5
96

kb|g.575.peg.5
64

gene ID

MMPO9
86

MMP13
79

MMP10
75

MMP10
34

MMP10
77

MMPO09
41

MMP10
09

MMP12
11

MMPOO
73

MMPOO
96

MMPO8
80

MMP15
84

MMP14
92

MMP13
08

KO

K00560

K00560

K01520

K00943

K03431

K00390

K01465

K01641

K01940

K05825

K10978

K00797

K00762

K00616

124

enzyme

2.1.1.45

2.1.1.45

3.6.1.23

2749

5.4.2.10

1.8.4.8+1.8.4.10

3.5.23

2.3.3.10

6.3.4.5

2.6.1-

1.1.1.87+1.1.1.

2.5.1.16

2.4.2.10

2212

definition

(1) dUMP_cO[c0] + (1) 5,10
Methylenetetrahydromethanopteri
_c0[c0] <> (1)
Dihydromethanopterin_c0[c0] +
(1) dTMP_cO0[c0]

(1) dUTP_cO0[c0] + (1)
H20_c0[c0] <> (1) dUMP_c0[cO0]
+ (1) Diphosphate_c0[c0] + (1)
H+_c0[c0]

(1) ATP_cO[cO] + (1)
dTMP_c0[cO] <> (1) ADP_c0[cO]
+ (1) dTDP_cO0[cO0]

(1) alphaD-Glucosamine 4
phosphate_c0[c0]= (1) D-
Glucosamine §hosphate_c0[c0]
() Thioredoxin_c0[c0] + (1) 3'
Phosphoadenylyl sulfate_c0[c0] <
> (1) Thioredoxin disulfide_c0[c0]
+ (1) Sulfite_c0[c0] + (1)
Adenosine 3',5'
bisphosphate_c0[c0]

(1) L-2-Aminoadipate_c0[c0] + (1)
2-Oxoglutarate_c0[c0] <> (1) 2
Oxoadipate_c0[c0] + (1)L
Glutamate_c0[cp

Qs
Adenosylmethioninamine_c0[c0] -
(1) Putrescine_c0[c0]-= (1) 5-
Methylthioadenosine_c0[c0] + (1)
Spermidine_cO0[c0] + (1)
H+_c0[c0]

(1) Sedoheptulose-7
phosphate_c0[c0] + (1)D
Glyceraldehyde 3
phosphate_c0[c0]== (1) D-
Erythrose 4phosphate_c0[c0] + (1
betaD-Fructose 6
phosphate_c0[c0]



691

505

448

294

701

653

671

689

229

458

650

258

399

361

360

790

N \%

ANV ' ANV

ANV ' ANV

AV

ANV ' ANV AV

\%

N

ANV ' ANV YA \%

v ' AV

gpr
kb|g.575.peg.4
19

kb|g.575.peg.1
48

kb|g.575.peg.6
20

kb|g.575.peg.5
18
kb|g.55.peg.9
99
kb|g.575.peg.5
93
kb|g.575.peg.1
90

kb|g.575.peg.3
41
kb|g.575.peg.5
00

kb|g.575.peg.2
98

kb|g.575.peg.2
88

kb|g.575.peg.7
65

kb|g.575peg.6
04

kb|g.575.peg.1
632

kb|g.575.ped
31

kb|g.575.peg.8
21

gene ID

MMP13
72

MMP11
71

MMPO02
95

MMP15
14

MMPO5
78

MMP13
33

MMP11
14

MMPO1
12

MMP15
88

MMP15
32

MMPO1
35

MMP14
87

MMPO1
85

MMPO5
53

MMP16
59

MMP11
04

KO

K01840

K17103

K00872

K04517

K04093

K01736

K01783

K15635

K00058

K00927

K01733

K19266

K00772

K00611

K00609

K00610

125

enzyme

5428

2.7.8.8

2.7.1.39

1.3.1.12

5.4.99.5

4.2.35

5131

5.4.2.12

1.1.1.95

2723

4231

1.2.1.22

2.4.2.28

2.1.33

2132

definition

(1) b-Mannose @hosphate_c0[cO
<-> (1) D-Mannose 1
phosphate_c0[c0]

(1) CDPRdiacylglycerol_c0[c0] +
(1) L-Serine_c0[c0] < (1)
CMP_c0[c0] + (1)
Phosphatidylséme_cO[cO] + (1)
H+_c0[c0]

(1) ATP_cO[cO] + (1) E
Homoserine_c0[c0] <> (1)
ADP_cO0[c0] + (1) GPhosphel-
homoserine_c0[c0] + (1)
H+_c0[c0]

(1) Chorismate_c0[c0]== (1)
Prephenate_c0[c0]

(1) H+_c0[c0] + (1) BRibulose 5
phosphate_c0[c0]= (1) D-
Xylulose 5phogphate_c0[c0]

(1) 3-PhospheD-glycerate_c0[c0]
+ (1) NAD+_c0[c0] <> (1) 3
Phosphonooxypyruvate_c0[cO0] +
(1) NADH_c0[c0]

(1) (SyLactaldehyde_c0[c0] + (1)
NAD+_c0[cOQ] + (1) H20_c0[c0]
<-> (1) (S)Lactate_cO[cO] + (1)
NADH_c0[c0] + (2) H+_c0[c0]

(1) H+_cO[cO] + (1) &'
Methylthioadenosine_c0[c0] + (1)
Orthophosphate_c0[cO0}x (1)
Adenine_c0[c0] + (1) ethyl-5-
thio-D-ribose tphosphate_cO0[cO]



758

759

307

385

649

266

267

262

263

264

265

268

269

270

271

ANV ' A

\%

AV ' ANV ' AV DA v'"AV ' AV ' AV A

ANV ' AV

ANV ' ANV

\

gpr

kb|g.575.peg.1
584

kb|g.575.peg.4
30

kb|g.575.peg.9
35

kb|g.575.peg.2
12

kb|g575.peg.5
91
kb|g.575.peg.9
75

kb|g.575.peg.2
36
kb|g.575.peg.5
62

kb|g.575.peg.4
54
kb|g.575.peg.1
15
kb|g.575.peg.6
73
kblg.575.peg.1
700
kb|g.575.peg.7
18

kb|g.575.peg.2
61

kb|g.575.peg.7
99

gene ID

MMPO08
94

MMP14
45

MMP13
32

MMP10
63

MMPO3
18

MMP13
15

MMP16
87

MMP15
04

MMP15
05

MMP15
06

MMP15
07

MMPOO
03

MMPO3
05

MMPO3
06

MMP13
16

KO

K01951

K01951

K00382

K01649

K01687

K00177

K00176

K00170

K00169

K00171

K00172

K00174

K00175

K00174

K00175

126

enzyme

6.3.5.2

6.3.5.2

1814

2.3.3.13

4219

1.2.7.3

1.2.7.3

1271

1271

1271

1271

1.2.7.3+1.2.7.11

1.2.7.3+1.2.7.11

1.2.7.3+1.2.7.11

1.2.7.3+1.2.7.11

definition

(1) ATP_cO0[cO0] + (1) Xanthosine
5-phosphate_c0[c0] + (1)
Ammonia_c0[c0] < (1)
AMP_c0[c0] + (1)
Diphosphate_c0[c0] + (1)
GMP_cO0[c0]+ (2) H+_cO0[cO0]

(1) Glycine_c0[c0] + (1)
Tetrahydromethanopterin_c0[cO] -
(1) NAD+_c0[c0] <> (1) 5,10
Methylenetetrahydromethanopteri
_c0[c0] + (1) Ammoniac0[c0] +
(1) CO2_c0[cO] + (1)
NADH_c0[c0]

(1) H+_cO0[c0] + (1) alpha
Isopropylmalate_c0[cO] + (1)
CoA_c0[c0] <> (1) Acetyt
CoA_c0[c0] + (1) 3aMethyl-2-
oxobutanoic acid_c0[c0] + (1)
H20_c0[c0]

(2) Reduced ferredoxin_c0[c0] +
(1) AcetytCoA_cO[c0] + (1)
CO2_cO[cO}+ (1) H+_cO0[c0] <>
(2) Oxidized ferredoxin_c0[c0] +
(1) Pyruvate_c0[cO] + (1)
CoA_c0[c0]



215

565

755

213

214

567

656

640

641

511

512

749

395

366

367

ANV TN v ' ANV ' A \%

ANV ' ANV A \%

v ' AV

YAV YA

\%

N

v ' ANV

ANV YA

\

gpr
kb|g.575.peg.1

455
kb|g.575.peg.1
50

kb|g.575.peg.4
35
kb|g.575.peg.1
66

kb|g.575.peg.6
4
kb|g.575.peg.4
36

kb|g.575.peg.5
5
kb|g.575.peg.7
13

kb|g.575.peg.4
26

kb|g.575.peg.9
49

kb|g.575.pg.5
98
kb|g.575.peg.7
01

kb|g.575.peg.7
02

kb|g.575peg.5
73

kb|g.575.peg.2
94

gene ID

MMPO09
68

MMP15
85

MMP14
32

MMPO1
33

MMP02
87

MMP13
10

MMPOO
13

MMPO1
30

MMP15
48

MMPO1
26

MMP12
38

MMPO1
19

MMP11
46

MMP11
13

MMP11
15

KO

K00013

K01480

K01939

K00088

K00088

K11176

K01755

K01677

K01678

K01012

K01012

K03524

K00764

K00615

K00615

127

enzyme

1.11.23

3.5.3.11

6.3.4.4

1.1.1.205

1.1.1.205

3.54.10

4321

4212

4212

2.8.1.6

2.8.1.6

6.3.4.15

24214

2211

2211

definition

(1) Agmatine_c0[c0] + (1)
H20_c0[c0] <> (1)
Putrescine_c0[c0] + (1)
Urea_c0[c0]

(1) IMP_c0[c0] + (1)
NAD+_cO0[c0] + (1) H20_c0[c0]
<-> (1) Xanthosine 5'
phosphate_c0[c0] + (1)
NADH_c0[c0] + (1) H+_c0[cO]

(1) IMP_c0[c0] + (1) H20_c0[cO]
<-> (1) 1-(5-Phosphoribosytp-
formamide4-
imidazolecarboxamide_c0[cO]

(1) Dethiobiotin_c0[c0] + (1)
Sulfur donor_c0[c0] + (2) S
AdenosytL-methionine_c0[c0] +
(2) Reducedferredoxin_c0[c0}x
(1) Biotin_c0[c0] + (2) L
Methionine_cO0[cO0] + (2) &'
Deoxyadenosine_c0[c0] + (2)
Reducedferredoxin_c0[cO0]

(1) H+_cO0[cO0] + (1) ATP_cO0[cO0] +
(1) Biotin_c0[c0] <> (1)
Diphosphate_c0[c0] + (1) Biotinyl
5-AMP_c0[c0]

(2) H+_c0[c0] + (1) BDFructose 6
phosphate_c0[c0] + (1)D
Glyceraldehyde 3
phosphate_c0[c0]== (1) D-
Erythrose 4phosphate_c0[c0] + (1
D-Xylulose 5phosphate_c0[cO]
(1) D-ribose 5phosphate_c0[c0] +
(1) D-xylulose 5phosphate_c0[c0]
<-> (1) D-sedoheptulose-7



442

470

226

627

628

566

406

609

663

435

621

218

647

v ' ANV ' A \%

\%

ANV TN

\%

\

N

v ' AV

gpr

kb|g.575.peg.1
398

kb|g.575.peg.1
478

kb|g.575.peg.1
160

kb|g.575.peg.1
84

kb|g.575.peg.6
0

kb|g.575.peg.1
658

kb|g.575.peg.1
348

kb|g.575.peg.1
241

kb|g.575.peg.1
56
kb|g.575.peg.2
2

kb|g.575.peg.1
87

kbjg.575.peg.1
376

kb|g.575.peg.5
08

gene ID

MMPO04
18

MMPO04
10

MMPO5
39

MMP10
05

MMP10
06

MMPO8
69

MMPO6
80

MMPO06
02

MMP14
68

MMP16
80

MMPO03
17

MMPO08
70

MMP15
28

KO

K00852

K00948

K00052

K01658

K01657

K01485

K00761

K01591

K20021

K00820

K01622

K00018

K04518

128

enzyme

2.7.1.15

2761

1.1.1.85

4.1.3.27

4.1.3.27

3541

2429

4.1.1.23

4.4.1.28

2.6.1.16

4.1.2.13+3.1.3.11

1.1.1.29

42151

definition

phosphate_c0[c0] + (1)-D
glyceraldehyde phosphate_c0[cO!
(1) ATP_cO[c0] + (1) B
Ribose_c0[c0] < (1) ADP_c0[c0]
+ (1) D-Ribose 5phosphate_c0[c0]
+ (1) H+_c0[cQ]

(1) ATP_cO[cO0] + (1) BRibose 5
phosphate_c0[c0]-= (1)
AMP_c0[c0] + (1) 5Phosphe
alphaD-ribose 1
diphosphate_c0[c0] + (1)
H+_c0[c0]

(1) 2-Oxobutanoate_c0[c0] + (1)
CO2_c0[c0] + (1) NADH_c0[c0]
<-> (1) D-erythro3-
Methylmalate_c0[c0] + (1)
NAD+_c0[cO0]

(1) Chorismate_c0[cO0] + (1)
Ammonia_c0[c0] <> (1)
Anthranilae_c0[c0] + (1)
Pyruvate_c0[c0] + (1) H20_cO0[cO0]
+ (1) H+_c0[c0]

(1) H+_cO0[c0] + (2)
Cytosine_c0[c0] + (1) H20O_c0[c0]
<-> (1) Uracil_cO0[c0] + (1)
Ammonia_c(@cO0]

(1) UMP_cO[c0] + (1)
Diphosphate_c0[c0] < (1)
Uracil_c0[c0] + (1) 5Phosphe
alphaD-ribose 1
diphosphate_c0[cO0]

(1) L-Cysteine_c0[c0] + (1)
H20_c0[c0] <> (1) Hydrogen
sulfide_c0[cO] + (1)
Pyruvate_cO0[c0] + (1)
Ammonia_c0[c0] + (1) H+_c0[cO0]
(1) L-Glutamine_c0[c0] + (1) b
Fructose hosphate_c0[c0]-=
(1) L-Glutamate_c0[c0] + (1) b
Glucosamine §hosphate_c0[c0]
(1) D-Fructose 1,6
bisphosphate_c0[c0] + (1)
H20_c0[c0] <> (1) D-Fructose 6
phosphate_c0[c0] + (1)
Orthophosphate_c0[cO0]

(1) Glycolate_c0[c0] + (1)
NAD+_c0[c0] <> (1)
Glyoxylate_c0[c0] + (1)
NADH_c0[c0] + (1) H+_c0[cO]

(1) H+_cO[c0] + (1) L
Arogenate_c0[c0] <> (1) L-



642

643

211

461

541

762

750

607

254

255

256

257

669

610

459

ANV ' A

\%

\% ANV 'A

ANV ' ANV ' AV ANV AV AV AV

\

gpr

kb|g.575.peg.5
51
kb|g.575.peg.3
67

kb|g.575.peg.1
457

kb|g.575.peg.5
60

kb|g.575.peg.1
211

kb|g.575.peg.1
662

kb|g.575.peg.1
719

kb|g.575.peg.2
14

kb|g.575.peg.6
74
kb|g.575.peg.3
2
kb|g.575.peg.1
85
kb|g.575.peg.2
15
kb|g.575.peg.1

553

kb|g.575.peg.8
30

kb|g.575.peg.6
95

gene ID

MMP10
02

MMP10
03

MMPO08
02

MMP11
24

MMPO5
41

MMPO9
18

MMPO08
93

MMP15
82

MMPO1
38

MMPO1
39

MMP12
97

MMP12
98

MMPO7
39

MMPO1
31

MMP10
17

KO

K01695

K01696

K00001

K00946

K01079

K01953

K01937

K02626

K00123

K00125

K00125

K00123

K01779

K18933

K00928

129

enzyme

4.2.1.20

4.2.1.20

1111

2.7.4.16

3.1.33

6.3.5.4

6.3.4.2

4.1.1.19

1212

1212

1212

1212

5.1.1.13

4,1.1.25+4.1.1.11

2724

definition
Phenylalanine_cO[dC+ (1)
H20_c0[cO0] + (1) CO2_cO0[c0]
(1) L-Serine_c0[cO0] + (1)
Indole_c0[c0] <> (1) L-
Tryptophan_c0[c0] + (1)
H20_c0[c0]

(1) Primary alcohol_c0[c0] + (1)
NAD+_cO0[c0] <> (1)
Aldehyde_cO0[c0] + (1)
NADH_c0[c0] + (1) H+_c0[c0]
(1) ATP_cO[cO0] + (1) Thiamin
monophosphate_cO[cO}x= (1)
ADP_cO0[c0] + (1) Thiamin
diphosphate_c0[cO0]

(1) O-PhosphelL-serine_c0[c0] +
(1) H20_c0[c0] <> (1) L-
Serine_c0[c0] + (1)
Orthophosphate_c0[cO] + (1)
H+_c0[c0]

(1) ATP_c0[c0] + (1) UTP_c0[c0]
+ (1) Ammonia_cO0[c0] < (1)
ADP_c0[c0] + (1)
Orthophosphate_c0[cO] + (1)
CTP_cO0[c0] + (2) H+_cO0[cO0]

(1) H+_cO0[c0] + (1)
Arginine_c0[c0] <> (1)
Agmatine_c0[c0] + (1)
C0O2_c0[cO]

(1) Formate_cO[c0O] + (1)
NAD+_c0[c0] <> (1) CO2_c0[cO0]
+ (1) NADH_c0[c0]

(1) L-Aspartate_c0[c0] <> (1) D-
Aspartate_c0[cO0]

(1) H+_c0[cO] + () L
Aspartate_c0[c0] <> (1) betr
Alanine_c0[c0] + (1) CO2_c0[c0]
(1) ATP_cO[cO] + (1) E
Aspartate_c0[c0] < (1)
ADP_cO0[cO0] + (1) 4PhospheL-
aspartate_cO0[cO]



692

608

580

672

673

476

734

735

668

300

772

773

224

605

674

ANV ' ANV YA v'AVvV'AN V v ' ANV YA

v ' ANV

ANV YA

\%

v ' ANV

gpr

kb|g.575.peg.1
311

kb|g.575.peg.6
89

kb|g.575.peg.4
20

kb|g.575.peg.1
709

kb|g.575.peg.1
702

kb|g.575.peg.5
02

kb|g.575.peg.1
554
kb|g.575.peg.9
67

kb|g.575.pg.7
36

kb|g.575.peg.4
94

kb|g.575.peg.1
305

kb|g.575.peg.1
400

kb|g.575.peg.1
273

kb|g.575.peg.8
52

kb|g.575.peg.8
02

gene ID
MMPO8
61

MMP12
00

MMPO02
14

MMPO3
57

MMPO7
05

MMP10
76

MMPO09
55

MMP11
05

MMP15
12

MMP15
13

MMPO03
40

MMPO3
41

MMPO06
45

MMP15
51

MMP10
90

KO

K01843

K01586

K02428

K01791

K01791

K04042

K01902

K01903

K01775

K00259

K01960

K01959

K00024

K03106

K01784

130

enzyme

5432

4.1.1.20

3.6.1.66

5.13.14

513.14

2.7.7.23+2.3.1.157

6.2.1.5

6.2.1.5

5111

1411

6.4.1.1

6.4.11

1.1.1.37

3.6.54

5132

definition

(1) L-Lysine_c0[c0] <> (1) 3S)
3,6-Diaminohexanoate_c0[cO0]

(1) GTP_cO0[c0] + (1) H20_c0[c0]
<-> (1) GMP_c0[cO0] + (1)
Diphosphate_c0[c0] + (1)
H+_c0[c0]

(1) UDP-N-acetytalphaD-
glucosamine_c0[c0]== (1) UDR
N-acetytD-mannosamine_cO0[cO0]
(2) H+_c0[cO]

(1) H+_cO0[c0] + (1) UTPcO[cO0] +
(1) N-Acetyl-alphaD-glucosamine
1-phosphate_c0[c0]- (1)
Diphosphate_c0[c0] + (1) UDR-
acetytalphaD-
glucosamine_c0[cO0]

(1) L-Alanine_c0[c0] <> (1) D-
Alanine_cO0[c0]

(1) L-Alanine_c0[c0] + (1)
NAD+_c0[c0] + (1) H2O_cO0[c0]
<-> (1) Pyruvate_cO[cO] + (1)
Ammonia_c0[c0] + (1)
NADH_c0[c0] + (1) H+_c0[6]
(1) ATP_cO[cO] + (1)
Pyruvate_c0[c0] + (1) HCG3
_c0[c0] <> (1) ADP_cO0[cO0] + (1)
Orthophosphate_c0[c0] + (1)
Oxaloacetate_c0[c0] + (1)
H+_c0[c0]

(1) (2R)3-Sulfolactate_cO[c0] +
(1) NAD+_c0[c0] <> (1) 3
Sulfopyruvate_c0[c0] + (1)
NADH_c0[c0] + (1) H+_c0[c0]
(1) GTP_c0[cO] + (1) H20_c0[c0]
<-> (1) GDP_cO[cO}+ (1)
Orthophosphate_c0[c0] + (1)
H+_c0[c0]

(1) UDP-glucose_c0[c0] < (1)
UDP-alphaD-galactose_c0[c0]



501

386

380

763

764

737

727

728

729

449

506

548

404

405

N

\%

ANV 'V ' A

AV 'V ' AV

\%

N \%

v ' AV

gpr
kb|g.575.peg.9
45

kb|g.575.peg.5
43

kb|g.575.peg.1
240

kb|g.575.peg.3
50

kb|g.575.peg.6
56

kb|g.575.peg.5
07
kb|g.575.peg.3
73

kb|g.575.peg.5
79

kb|g.575.peg.4
77

kb|g.575.peg.2
28

kb|g.575.peg.3
70

kb|g.575.peg.1
362

kb|g.575.peg.7
58

kb|g.575.peg.1
147

gene ID

MMP10
91

MMPO1
53

MMPO8
97

MMP10
13
MMP15
89
MMP12
06

MMPO1
48

MMP12
74

MMPO02
53

MMP16
05

MMP10
94

MMPO9
20

MMPO1
45

MMPO6
60

KO

K00963

K10977

K00620

K01955

K01956

K01915

K01895

K01895

K01905

K00873

K01007

K01251

K00759

K00759

131

enzyme

2.7.7.9

2.3.3.14+2.3.3.

2.3.1.35+2.3.1.1

6.3.5.5

6.3.5.5

6.3.1.2

6.2.1.1

6.2.1.1

6.2.1.13

2.7.1.40

2792

3.3.11

2427

2427

definition

(1) H+_cO0[c0] + (1) UTP_cO[cO] +
(1) D-Glucose iphoghate_c0[c0]
<-> (1) Diphosphate_c0[c0] + (1)
UDP-glucose_c0[c0]

(1) AcetytCoA_c0[c0] + (1)
H20_c0[c0] + (1) 2
Oxoglutarate_c0[c0] <> (1) (R)}2-
Hydroxybutanel,2,4
tricarboxylate_cO[c0] + (1)
CoA_c0[c0] + (1) H+_cO0[c0]

(1) AcetykCoA_c0[cO] + (1) L=
Glutamate_c0[c0] <= (1)
CoA_c0[cO] + (1) NAcetyl-L-
glutamate_c0[c0] + (1) H+_cO0[cO0]

(1) ATP_c0[c0] H1)
Acetate_c0[c0O] + (1) CoA_c0[c0]
<-> (1) ADP_cO0[c0] + (1) Acetyl
CoA_c0[cO] + (1)
Orthophosphate_c0[cO0]

(1) ATP_c0[c0] + (1)
Pyruvate_c0[c0] < (1)
ADP_c0[cO0] + (1)
Phosphoenolpyruvate_c0[c0] + (1
H+_c0[cO0]

(1) ATP_cO[cO] + (1)
Pyruvate_cO0[cO] + (1) H20_c0[c0]
<-> (1) AMP_cO0[cO0] + (1)
Phosphoenolpyruvate_c0[c0] + (1
Orthophosphate_c0[c0] + (2)
H+_c0[c0]

(1) SAdenosyiL-
homocysteine_c0[c0] + (1)
H20_c0[c0] <> (1)
Adenosine_c0[c0] + (1)1
Homocysteine_c0[cO0]

(1) AMP_cO0[c0] + (1)
Diphosphate_c0[c0] < (1)
Adenine_c0[c0] + (1) Bhosphe
alphaD-ribose 1
diphosphate_c0[c0]



738

542

616

421

475

463

462

306

474

633

465

466

446

664

584

ANV ' A

\%

ANV ' ANV

\%

N

A VYAV YAV YAV YAV

v ' v ' AV

gpr

kb|g.575.peg.6
99

kb|g.575.peg.8
5

kb|g.575.peg.7
57

kb|g.575.peg.2
34

kb|g.575.peg.1
254

kb|g.575.peg.1
337

kb|g.575.peg.8
5

kb|g.575.peg.1
477

kb|g.575.peg.4
6
kb|g.575.peg.6
54
kb|g.575.peg.4
82
kb|g.575.peg.7
7

kb|g.575.peg.4
18

kb|g.575.peg.2
10

kb|g.575.peg.2
67

gene ID

MMP13
49

MMP10
51

MMP15
83

MMP16
40

MMPO09
43

MMPO6
26

MMP10
51

MMPO7
20

MMP15
78

MMP12
99

MMP10
31

MMP15
34

MMP14
89

MMP10
64

MMPO1
63

KO

K01916

K03787

K01611

K00789

K14656

K00945

K05601

K00952

K01673

K00939

K18532

K00858

K05873

K01551

132

enzyme

6.3.1.5

3.1.35

4.1.1.50

2516

2.7.7.2

2.7.4.25

3.1.35

1.7.99.1

2771

4211

2743

2743

2.7.1.23

46.1.1

3.6.3.16

definition

(1) ATP_cO0[cO0] + (1) Deamino
NAD+_cO0[c0] + (1)
Ammonia_c0[c0] < (1)
AMP_c0[c0] + (1)
Diphosphate_c0[c0] + (1)
NAD+_c0[c0] + (1) H+_cO0[cO0]

(1) AMP_cO0[c0] + (1) H20_c0[c0]
<-> (1) Adenosine_c0[c0] + (1)
Orthophosphate_c0[cO0]

(1) SAdenosyiL-
methionine_c0[c0] + (1)
H+_cO[c0] <> (1) S
Adenosylmethiainamine_c0[c0] +
(1) CO2_c0[c0]

(1) ATP_cO[c0] + (1) E
Methionine_c0[c0] + (1)
H20_c0[c0]-> (1)
Orthophosphate_c0[c0] + (1)
Diphosphate_c0[c0] + (1)-S
AdenosytL-methionine_c0[cO0]
(1) ATP_c0[c0] + (1) FMN_c0[c0]
<-> (1) Diphosphate_c0[c0] + (1)
FAD_c0[c0]

(1) ATP_cO[c0] + (1)
dCMP_c0[c0] <> (1) ADP_c0[c0]
+ (1) dCDP_c0[c0]

(1) dCMP_cO0[cO0] + (1)
H20_c0[c0] <> (1)
Deoxycytidine_c0[c0] + (1)
Orthophosphate_c0[cO] + (1)
H+_c0[c0]

(1) Ammonia_c0[c0Q] + (1)
NAD+_c0[c0] + (1) H20_c0[c0]
<-> (1) Hydroxylamine_c0[c0] +
(1) NADH_cO0[cO] + (2) H+_c0[c0]
(1) ATP_cO[cO0] + (1) Nicotinamide
D-ribonucleotide_c0[c0] < (1)
Diphosphate_c0[c0] + (1)
NAD+_c0[cO0]

(1) H+_c0[c0] + (1) Carbonic
acid_c0[c0] <> (1) CO2_cO0[c0] +
(1) H20_c0[c0]

(1) ATP_cO[c0] + (1) AMP_c0[cO0]
<->(2) ADP_c0[c0]

(1) ATP_c(@cO] + (1)
NAD+_c0[c0] <> (1) ADP_c0[c0]
+ (1) NADP+_cO0[c0] + (1)
H+_c0[c0]

(1) ATP_c0[c0] <> (1) 3',5*Cyclic
AMP_cO[cO0] + (1)
Diphosphate_c0[c0]

(1) ATP_®[c0] + (1) H20_c0[c0]
<-> (1) ADP_cO0[c0] + (1)



585

586

587

588

589

591

592

593

594

595

596

597

602

603

604

422

430

644

N

ANV ' ANV

AV ' ANV ' AV YAV YAV AV AV AV AV

ANV ' ANV

v ' ANV

N

ANV YA \

\

gpr

kb|g.575.peg.7
31
kb|g.575.peg.8
95
kb|g.575.peg.1
00

kb|g.575peg.1
195

kb|g.575.peg.3
45

kb|g.575.peg.5
01

kb|g.575.peg.1
005

kb|g.575.peg.4
99
kb|g.55.peg.2
47
kb|g.575.peg.1
22
kb|g.575.peg.3
44
kb|g.575.peg.1

224

kb|g.575.peg.1
268

kb|g.55.peg.9
07

kb|g.575.peg.1
506

kb|g.575.peg.1
201

kb|g.575peg.9
48

kb|g.575.peg.2
00

gene ID

MMPO02
29

MMP10
98

MMPO02
07

MMPO5
04

MMP16
49

MMPO1
10

MMPO8
68

MMPO1
98

MMP11
83

MMP11
65

MMP16
41

MMPO5
20

MMPO4
60

MMP12
19

MMPO4
57

MMPO08
72

MMPO1
80

MMP12
58

KO

K02028

K02036

K02017

K02017

K02017

K02010

K02000

K02013

K02013

K17686

K17686

K01537

K03655

K03722

K05592

K01749

K00793

K01698

133

enzyme

3.6.3.21

3.6.3.27

3.6.3.29

3.6.3.29

3.6.3.29

3.6.3.30

3.6.3.32

3.6.3.34

3.6.3.34

3.6.3.54

3.6.3.54

3.6.3.8

3.6.4.12

3.6.4.12

3.6.4.13

25161

2519

4.2.1.24

definition
Orthophosphate_c0[c0] + (1)
H+_c0[c0]

(4) Porphobilinogen_cO0[c0] + (1)
H20_c0[c0] <> (1)
Hydroxymethylbilane_cO0[c0] + (4)
Ammonia_c0[c0]

(2) 6,7-Dimethy}8-(D-
ribityl)lumazine_c0[c0] < (1)
Riboflavin_c0[c0] + (1) BAmino-
6-(1-D-ribitylamino)uracil_c0[c0]
(2) 5Aminolevulinate_c0[c0] <
(1) Porphobilinogen_d00] + (2)
H20_c0[c0] + (1) H+_c0[cO]



239

240

241

242

243

244

369

370

371

575

382

246

324

325

327

330

331

338

400

407

440

455

456

ANV ' ANV ' AV AV AV AV ITA

ANV ' ANV

v ' AV

N

\%

gpr

kb|g.575.peg.1
346

kb|g.575.peg.1
321

kb|g.575.peg.1
167

#N/A
kb|g.575.p9.8
99
kb|g.575.peg.5
70
kb|g.575.peg.3
07
kb|g.575.peg.1

467

kb|g.575.peg.1
371

kblg.575.pg.5
14

kb|g.575.peg.9
6

kb|g.575.peg.6
41

kb|g.575.pg.1
575
kb|g.575.peg.7
55

kb|g.575.peg.5
99
kb|g.575.peg.1
99
kb|g.575.peg.7
80
kb|g.575.peg.1
041
kb|g.575.peg.1
412
kb|g.575.peg.9
7
kb|g.575.peg.2
93
kb|g.575.peg.1

270
kb|g.575.peg.6
9

gene ID

MMPO8
21

MMPO08
22

MMPO08
23

MMP16
94

MMP16
95

MMP16
96

MMPO1
42

MMPO6
50

MMPO06
51

MMPO02
19

MMP15
77

MMP11
59
MMPO06
06
MMP10
37
MMP13
07
MMP14
25
MMPO1
49
MMP09
24
MMPO6
10
MMP14
24
MMP15
95
MMPO09
27
MMP11
20

KO

K14127

K14128

K14126

K14126

K14128

K14127

K01652

K01652

K01653

K15986

KO7739

K02217

K02427

K00783

K06969

K07254

K07446

K16317

K18779

K21306

KO07557

K03407

K02484

134

enzyme

1.12.99-

1.12.99:

1.12.99-

1.12.99:

1.12.99:

1.12.99:

2.2.16

2216

2216

3.6.1.1

2.3.1.48
1.16.3.2
2.1.1.166
2.1.1.177
211191
2.1.1.206
2.1.1.213
2.1.1.257
2.4.2.48
2.4.99.21
2.6.1.97
2.7.13.3

2.7.13.3

definition

(1) AcetytCoA_c0[c0] + (1)
HistoneL-lysine_c0[c0] <> (1)
CoA_c0[c0] + (1) Histone N6
acetytL-lysine_c0[cO]



524

525

526

527

531

532

533

534

535

536

537

538

539

540

544

551

552

565

556

557

559

560

654

655

665

698

699

700

703

gpr
kb|g.575.peg.1
368
kb|g.575.peg.2
27

kb|g.575.peg.1
447
kb|g.575.peg.1
622
kb|g.575.peg.7
91

kb|g.575.peg.8
34

kb|g.575.peg.1
356
kb|g.575.peg.2
89

kb|g.575.peg.1
205
kb|g.575.peg.1
86

kb|g.575.ped
494
kb|g.575.peg.1
294
kb|g.575.peg.1
439
kb|g.575.peg.1
98

kb|g.575.peg.2
57
kb|g.575.peg.2
09
kb|g.575.peg.2
13
kb|g.575.peg.4
79
kb|g.575.peg.2
08
kb|g.575.peg.1
483
kb|g.575.peg.7
83
kb|g.575.peg.1
599
kb|g.575.peg.5
74
kb|g.575.peg.1
364
kb|g.575.peg.5
84
kb|g.575.peg.5
95
kb|g.575.peg.8
66
kb|g.575.peg.1
317

kb|g.575.peg.1
470

gene ID
MMPO09

MMPO7
31
MMPO7
32
MMP16

MMP15
26
MMPO8

MMPO8
78
MMPO9

01
MMP14
44
MMP12
04
MMP11
85
MMPO02
32
MMPO5
55
MMPO02
51
MMPO6
95
MMPO03
04
MMPO5
37
MMP11
32
MMP10
10
MMPOO
14
MMPO06
15
MMPO9
56

KO

K09716

K01142

K03602

K03601

K01151

K03552

K00784

K03685

K03469

K03470

K03539

K03537

K03540

K03538

K01174

K01265

K01271

K08315

K07991

K07991

K03432

K03433

K01741

K10773

K01170

K06180

K06176

K06176

K03168

135

enzyme
3.1.1.96
3.1.11.2
3.1.11.6
3.1.11.6
3.1.21.2
3.1.224
3.1.26.11
3.1.26.3
3.1.26.4
3.1.26.4
3.1.26.5
3.1.26.5
3.1.26.5
3.1.26.5
3.1.311
3.4.11.18
3.4.13.9
3.4.23.51
3.4.23.52
3.4.23.52
3.425.1
3.4.25.1
4.2.99.18
4.2.99.18
4.6.1.16
5.4.99.23
5.4.99.27
5.4.99.27

5.99.1.2

definition



704

705

785

786

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

gpr

kb|g.575.peg.1

683

kb|g.575.peg.2
5

kb|g.575.pg.1

514

kb|g.575.peg.3
25

kb|g.575.peg.1
39
kb|g.575.peg.1
30

kb|g.575.peg.1

193

kb|g.575.peg.1

269

kb|g.575.peg.1

419

kb|g.575.peg.1

099

kb|g.575.peg.1

565

kb|g.575.peg.1

446

kb|g.575.peg.1

505

kb|g.575.peg.6
68

kb|g.575.peg.1

456

kb|g.575.peg.7
6

kb|g.575.peg.1

694

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

gene ID
MMPO09
89
MMP14
37
MMPO6
20
MMP16
30
RNA_3
9
RNA_4
1
RNA_4
4
RNA_4
5
RNA_3
8
RNA_4
0
RNA_4
2
RNA_4
9
RNA_4
6
RNA_4
7
RNA_4
8
RNA_3
7
MMPO1
67
MMPO1
65
MMPO8
67
MMPO8
66
MMPO5
23
MMPO06
35
MMPO5
21
MMPO06
34
MMPO08
71
MMP14
84
MMPO8
89
MMP14
81
MMPO08
86

KO

K03167

K03166

K00400

K00400

K01977

K01977

K01977

K01978

K01980

K01980

K01980

K01983

K01985

K01985

K01985

K01985

K01990

K01992

K02001

K02002

K02003

K02003

K02004

K02004

K02004

K02006

K02007

K02007

K02008

136

enzyme
5.99.1.3

5.99.1.3

definition



816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

gpr
kb|g.575.peg.2
63

kb|g.575.peg.1
533
kb|g.575.peg.1
21

kb|g.575.peg.6
08
kb|g.575.peg.9
46
kb|g.575.peg.6
42
kb|g.575.peg.1
57
kb|g.575.peg.8
94
kb|g.575.peg.9
14
kb|g.575.peg.5
77
kb|g.575.peg.7
09
kb|g.575.peg.9
51
kb|g.575.peg.9
36

kb|g.575.peg.1
030
kb|g.575.pg.1
634
kb|g.575.peg.5
42

kb|g.575.peg.7
59

kb|g.575.peg.1
123
kb|g.575.peg.1
347
kb|g.575.peg.1
230
kb|g.575.peg.6
22

kb|g.575.peg.1
707
kb|g.575.peg.1
646
kb|g.575.peg.1
381
kb|g.575.peg.1
349
kb|g.575.peg.1
75

kb|g.575.peg.3
98
kb|g.575.peg.6
65

kb|g.575.peg.2
70

gene ID
MMP14
83
MMPO8
88
MMP14
82
MMPO1
09
MMPO1
08
MMPO1
97
MMP11
82
MMPO1
96
MMP11
76
MMP11
77
MMP11
78
MMP11
81
MMPO02
06
MMPO5
06
MMPO5
15
MMP16
50
MMPO02
05
MMPO5
07
MMPO5
14
MMPO09
75
MMP16
51
MMPO5
51
MMPO04
55
MMPO5
50
MMPO7
70
MMP12
24
MMP16
32
MMP10
96
MMP10
97

KO

K02008

K02009

K02009

K02011

K02012

K02015

K02015

K02016

K02016

K02016

K02016

K02016

K02018

K02018

K02018

K02018

K02020

K02020

K02020

K02020

K02020

K02029

K02030

K02030

K02030

K02030

K02030

K02037

K02038

137

enzyme

definition



845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

gpr
kb|g.575.peg.5
45

kb|g.575.peg.7
37
kb|g.575.peg.1
180
kb|g.575.peg.4
8
kb|g.575.peg.1
89
kb|g.575.peg.4
72
kb|g.575.peg.1
18
kb|g.575.peg.4
12
kb|g.575.peg.1
58
kb|g.575.peg.4
76
kb|g.575.peg.4
67
kb|g.575.peg.1
26
kb|g.575.peg.1
28
kb|g.575.peg.3
30
kb|g.575.peg.3
kb|g.575.peg.7
84
kb|g.575.peg.9
05
kb|g.575.peg.1

020
kb|g.575.peg.5
44

kb|g.575.peg.1
451

kb|g.575.peg.1
534
kb|g.575.peg.1
056
kb|g.575.peg.1
122
kb|g.575.peg.1
072
kb|g.575.peg.7
26

kb|g.575.peg.7
24

gene ID
MMP10
99
MMP11
99
MMPO3
45
MMP10
95
MMP11
98
MMP11
97
MMP12
60
MMPO1
71
MMP10
38
MMP10
45
MMP10
42
MMP10
46
MMP10
41
MMP10
43
MMP10
39
MMP10
40
MMP12
33
MMP09
63
MMPO3
31

MMPO06
58

MMPO08
58
MMPO08
54
MMPO8
55
MMPO8
59
MMP13
66
MMP14
34

KO

K02039

K02039

K02040

K02040

K02049

K02050

K02051

K02069

K02107

K02118

K02119

K02120

K02121

K02122

K02123

K02124

K02379

K02440

K02503

K02585

K02587

K02589

K02590

K02592

K02600

K02601

138

enzyme

4.1.99.22

definition

(1) GTP_cO0[cQ] + (1) S\denosyt
L-methionine_c0[c0] + (1)
Reduced acceptor_c0[c0] + (1)
H+_c0[c0] =(1) C21310_c0[c0] +
(1) 5-Deoxyadenosine_c0[c0] +
(1) L-Methionine_c0[cO0] + (1)
Acceptor_c0[cO0]



871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

gpr
kb|g.575.peg.1
424
kb|g.575.peg.1
70

kb|g.575.peg.5
kb|g.575.peg.5
57
kb|g.575.peg.6
77
kb|g.575.peg.2
56
kb|g.575.peg.4
45
kb|g.575.peg.5
04
kb|g.575.peg.1
259
kb|g.575.peg.4
96
kb|g575.peg.4
46
kb|g.575.peg.2
83
kb|g.575.peg.5
83
kb|g.575.peg.4
1
kb|g.575.peg.7
64
kb|g.575.peg.1
714
kb|g.575.peg.9
17
kb|g.575.peg.1
41
kb|g.575.peg.6
52
kb|g.575.peg.1
708
kb|g.575.peg.6
70
kb|g.575.peg.8
03
kb|g.575.peg.8
73
kb|g.575.peg.7
95
kb|g.575.peg.1
493
kb|g.575.peg.3
69
kb|g.575.peg.1
434
kb|g.575.peg.3
15

kb|g.575.peg.3
96

gene ID
MMPO09
19
MMP02
60
MMPO02
59
MMP12
89
MMP14
33
MMP02
58
MMP13
24
MMP14
09
MMPO06
25
MMP14
21
MMP02
98
MMP14
18
MMP13
23
MMP14
17
MMP15
46
MMPOO
93
MMP14
03
MMP15
45
MMP14
10
MMPO06
39
MMP14
05
MMP15
43
MMP14
20
MMP13
65
MMPOO
62
MMP14
16
MMPO06
27
MMPO02
49
MMP11
47

KO

K02823

K02863

K02864

K02866

K02867

K02869

K02871

K02874

K02875

K02876

K02877

K02881

K02883

K02885

K02886

K02889

K02890

K02892

K02895

K02896

K02904

K02906

K02907

K02908

K02910

K02912

K02915

K02921

K02922

139

enzyme

definition



900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

gpr
kb|g.575.peg.8
23

kb|g.575.peg.2
87
kb|g.575.peg.3
08
kb|g.575.peg.9
10
kb|g.575.peg.8
62
kb|g.575.peg.8
28
kb|g.575.peg.1
120
kb|g.575.peg.1
385
kb|g.575.peg.3
01
kb|g.575.peg.6
38
kb|g.575.peg.6
60
kb|g.575.peg.8
0
kblg.575.pg.8
85
kb|g.575.peg.6
79
kb|g.575.peg.4
27
kb|g.575.peg.1
088
kb|g.575.peg.2
73
kb|g.575.peg.2
19
kb|g.575.peg.1
295
kb|g.575.peg.1
379
kb|g.575.peg.1
023
kb|g.575.peg.4
03
kb|g.575.peg.1
491
kb|g.575.peg.5
35
kb|g.575.peg.1
688
kb|g.575.peg.7
51
kb|g.575.peg.3
06
kb|g.575.peg.3
81

kb|g.575.peg.9
11

gene ID
MMPO1
59
MMPO1
51
MMP17
09
MMP15
44
MMP14
12
MMP14
15
MMPO06
41
MMPOO
60
MMP13
71
MMP13
21
MMP13
67
MMP13
19
MMP14
13
MMP15
79
MMP14
08
MMPO5
77
MMP15
47
MMPO1
56
MMPO06
67
MMPO04
43
MMPO04
44
MMP17
08
MMPO06
40
MMP14
04
MMP06
69
MMP13
20
MMP14
11
MMP14
19
MMP12
07

KO

K02924

K02927

K02929

K02930

K02931

K02933

K02936

K02944

K02946

K02948

K02950

K02952

K02954

K02956

K02961

K02962

K02965

K02966

K02967

K02974

K02977

K02978

K02979

K02982

K02984

K02986

K02987

K02988

K02991
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929

930

931

932

933

934

935

936

937

938

939

940

941

942

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

gpr
kb|g.575.peg.7
75

kb|g.575.peg.1
81
kb|g.575.peg.6
49
kb|g.575.peg.3
23
kb|g.575.peg.6
83
kb|g.575.peg.8
13
kb|g.575.peg.6
7
kb|g.575.peg.2
50
kb|g575.peg.5
68
kb|g.575.peg.1
552
kb|g.575.peg.7
0
kb|g.575.peg.4
15
kb|g.575.peg.1
687
kb|g.575.peg.1
596
kb|g.575.ped
216
kb|g.575.peg.5
34
kb|g.575.peg.1
53
kb|g.575.peg.9
70
kb|g.575.peg.1
141
kb|g.575.peg.5
48
kb|g.575.peg.1
32
kb|g.575.peg.7
54
kb|g.575.peg.6
94
kb|g.575.peg.1
198
kb|g.575.peg.1
677
kb|g.575.peg.9
21
kb|g.575.peg.1
278
kb|g.575.peg.5
76

kb|g.575.peg.1
375

MMP16
58
MMP13
25
MMP14

MMP15
24
MMP14
22
MMP11
07
MMPO6
83
MMP14
06
MMP02
57
MMPOO
41
MMPOO
36
MMPO06
55
MMP13
70
MMP14

MMPO06
03
MMP17
07
MMP02

84
MMP09
52
MMPOO
61
MMP11
31
MMPO7
11
MMP11
08
MMPO8
50

KO

K02992

K02994

K02995

K02996

K03057

K03072

K03074

K03076

K03105

K03110

K03113

K03120

K03124

K03136

K03154

K03231

K03232

K03234

K03236

K03237

K03238

K03242

K03243

K03263

K03264

K03265

K03284

K03284

K03294
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960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

gpr
kb|g.575.peg.2
64

kb|g.575.peg.1
513
kb|g.575.peg.8
14

kb|g.575.peg.1
603
kb|g.575.peg.1
452
kb|g.575.peg.1
577
kb|g.575.peg.1
069
kb|g.575.peg.1
077
kb|g.575.peg.1
339
kb|g.575.peg.1
176
kb|g.575.peg.1
087
kb|g.575.peg.1
282
kb|g.575.peg.1
137
kb|g.575.peg.1
063
kb|g.575.peg.1
9

kb|g.575.peg.3
46
kb|g575.peg.3
10
kb|g.575.peg.1
255
kb|g.575.peg.1
616
kb|g.575.peg.1
138
kb|g.575.peg.1
31
kb|g.575.peg.7
70
kb|g.575.pg.9
06
kb|g.575.peg.9
20
kb|g.575.peg.1
46
kb|g.575.peg.8
48
kb|g.575.peg.7
4
kb|g.575.peg.1
97

kb|g.575.peg.1
501

gene ID
MMP17
00
MMPO04
19
MMP15
11
MMPOO
65
MMPO5
29
MMPO06
63
MMPO06
66
MMPO04
13
MMPO04
87
MMP09
29
MMPO09
25
MMPO09
31
MMP09
32
MMPO09
33
MMP16
47
MMP15
57
MMP15
56
MMPO7
96
MMPO06
53
MMPO06
81
MMP14

MMP14
36
MMP15
00
MMP13
41
MMP14
88
MMP15
25
MMPO5
93

KO

K03307

K03308

K03310

K03320

K03321

K03321

K03324

K03406

K03406

K03406

K03408

K03410

K03410

K03413

K03420

K03421

K03422

K03445

K03453

K03458

K03498

K03499

K03529

K03531

K03531

K03546

K03568

K03592

K03609
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989

990

991

992

993

994

995

996

997

998

999
100

100

100

100

100

100

100

100

100

100

101

101

101

101

101

101

101

101

gpr
kb|g.575.peg.6
13

kb|g.575.peg.9
01
kb|g.575.peg.8
90
kb|g.575.peg.9
00
kb|g.575.peg.1
60
kb|g.575.peg.5
40
kb|g.575.peg.1
557
kb|g.575.peg.1
336
kb|g.575.peg.1
572
kb|g.575.peg.1
502
kb|g.575.peg.1
047
kb|g.575.peg.9
33
kb|g.575.peg.8
61
kb|g.575.peg.2
32
kb|g.575.peg.9
83
kb|g.575.peg.3
21
kb|g.575.peg.5
22
kb|g.575.peg.3
24
kb|g.575.peg.1
145
kb|g.575.peg.4
84
kb|g.575.peg.6
12
kb|g.575.peg.2
8
kb|g.575.peg.9
60
kb|g.575.peg.7
15
kb|g.575.peg.6
62
kb|g.575.peg.1
154
kb|g.575.peg.1
342
kb|g.575.peg.1
468

kb|g.575.peg.1
594

gene ID
MMP11
45
MMP16
13
MMPO02
90
MMP16
46
MMP13
57
MMP14
85
MMPO9
58
MMPO7
29
MMPO7
27
MMPO7
28
MMPO06
31
MMP11
37
MMP14
41
MMP13
36
MMP14
42
MMP11
63
MMP13
76
MMP12
22
MMPO06
17
MMPO3
01
MMP15
20
MMP13
30
MMP02
89
MMP02
74
MMPO1
40
MMPOO
64
MMPOO
66
MMPOO
67
MMP06
30

KO

K03609

K03622

K03626

K03627

K03636

K03638

K03671

K03701

K03702

K03703

K03709

K03718

K03753

K03833

K03892

K03926

K03973

K04483

K04484

K04651

K04652

K04653

K04654

K04655

K04656

K04751

K04751

K04751

K04759
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101

101

102

102

102

102

102

102

102

102

102

102

103

103

103

103

103

103

103

103

103

103

104

104

104

104

104

104

104

gpr
kb|g.575.peg.1
504
kb|g.575.peg.1
263
kb|g.575.peg.1
560
kb|g.575.peg.4
75

kb|g.575.peg.7
43
kb|g.575.peg.5
75
kb|g.575.peg.3
52

kb|g.575.peg.1
125
kb|g.575.peg.7
07

kb|g.575.peg.4
5
kb|g.575.peg.2
03

kb|g.575.peg.1
245
kb|g.575.peg.1
608
kblg575.peg.1
605
kb|g.575.peg.1
5

kb|g.575.peg.1
251
kb|g.575.peg.7
68

kb|g.575.peg.8
35

kb|g.575.peg.1
174
kb|g.575.peg.4
59

kb|g.575.peg.3
13
kb|g.575.peg.3
68

kb|g.575.peg.1
601
kb|g.575.peg.4
78

kb|g.575.peg.4
23
kb|g.575peg.4
60

kb|g.575.peg.1
535
kb|g.575.peg.1
712
kb|g.575.peg.1
684

gene ID
MMPO04
72
MMPO7
43
MMPO5
97
MMP11
48
MMP14

MMPO04
27
MMP17

MMPO5
94
MMPO3
82
MMPO9
57
MMP12
79
MMPO04
00
MMP12
39
MMPO02
81
MMP09
14
MMP10
62
MMP14
46
MMPO1
57
MMPO04
94
MMP16
42
MMPO1
74
MMPO1
91
MMPO7
92
MMPO08
09
MMPO6
89

KO

K04763

K04763

K04795

K04796

K04797

K04798

K04800

K04801

K04802

K05595

K05896

K06024

K06174

K06196

K06199

K06862

K06864

K06865

K06869

K06870

K06874

K06875

K06877

K06883

K06885

K06889

K06889

K06898

K06901
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104

104

104

105

105

105

105

105

105

105

105

105

105

106

106

106

106

106

106

106

106

106

106

107

107

107

107

107

107

gpr
kb|g.575.peg.1
484
kb|g.575.peg.7
14

kb|g.575peg.1
004
kb|g.575.peg.3
66

kb|g.575.peg.8
68

kb|g.575.peg.1
664
kb|g.575.peg.8
86

kb|g.575.peg.1
59
kb]g.575.pg.9
66
kb|g.575.peg.5
11
kb|g.575.peg.7
22

kb|g.575.peg.1
152
kb|g.575.peg.8
22

kb|g.575.peg.3
7

kb|g.575.peg.1
640
kb|g.575.peg.7
88

kb|g.575.peg.2
39

kb|g.575.peg.1
314
kb|g.575.peg.1
476
kb|g.575.peg.1
306
kb|g.575.peg.1
55

kb|g.575.peg.9
34
kb|g.575.peg.8
24
kb|g.575.peg.8
04

kb|g.575.peg.1
674
kb|g.575.peg.9
96

kb|g.575.peg.1
210
kb|g.575.peg.1
144
kb|g.575.peg.7
16

gene ID
MMPOO

MMPO6
76
MMPOO
12
MMP15
36
MMPO03
75
MMP10
14
MMP02
70
MMP11

MMPO09
01
MMP14

MMP11
42
MMP11
27
MMPO6
05
MMP09
78
MMPOO
85
MMP12

MMP10
22
MMPO8
52
MMPO6
24
MMPO09
39
MMPO7
67
MMP15
22

KO

K06913

K06915

K06923

K06929

K06931

K06935

K06936

K06939

K06940

K06940

K06942

K06943

K06944

K06945

K06950

K06953

K06959

K06961

K06964

K06965

K06986

K06988

K06990

K07003

K07005

K07006

K07025

K07027

K07027
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107

107

107

107

108

108

108

108

108

108

108

108

108

108

109

109

109

109

109

109

109

109

109

109

110

110

110

110

110

gpr
kb|g.575.peg.1
29

kb|g.575.peg.1
561
kb|g.575.peg.7
41

kb|g.575.peg.1
538
kb|g.575.peg.1
121
kb|g.575.peg.1
203
kb|g.575.peg.1
661
kb|g.575.peg.1
693
kb|g.575.peg.6
14

kb|g.575.peg.7
62
kb|g.575.peg.1
527
kb|g.575.peg.1
540
kb|g.575.peg.1
54
kb|g.575.peg.4
08
kb|g.575.peg.9
97
kb|g.575.peg.1
410
kb|g.575.peg.1
547
kb|g.575.peg.1
77
kb|g.575.peg.1
635
kb|g.575.peg.5
89
kb|g.575.peg.6
26
kb|g.575.peg.9
26
kb|g.575.peg.7
40
kb|g.575.peg.4
0
kb|g.575.peg.6
67
kb|g.575.peg.4
64
kb|g.575.peg.3
82
kb|g.575.peg.1
63

kb|g.575.peg.1
615

gene ID
MMP11
69
MMPO3
48
MMPO1
24
MMPO6
94
MMPO8
38
MMPO5
56
MMPO04
32
MMPO04
85
MMP12
13
MMPO02
08
MMPO8
03
MMPO8
08
MMP10
92
MMPO02
02
MMPO8
01
MM P09
73
MMP09
42
MMP16
34
MMPO3
93
MMP15
01
MMP16
84
MMP13
77
MMP15
38
MMP15
31
MMP11
92
MMP17
14
MMP15
90
MMP10
59
MMPO08
00

KO

K07033

K07034

K07038

K07041

K07043

K07049

K07051

K07052

K07068

K07079

K07079

K07079

K07088

K07089

K07089

K07089

K07090

K07092

K07095

K07095

K07096

KO07111

K07112

K07123

K07129

K07131

K07134

K07137

K07138
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110

110

110

110

110

111

111

111

111

111

111

111

111

111

111

112

112

112

112

112

112

112

112

112

112

113

113

113

113

gpr
kb|g.575.peg.7
85

kb|g.575.peg.8
20
kb|g.575.peg.7
56
kb|g.575.peg.6
06
kb|g.575.peg.4
9
kb|g.575.peg.1
487
kb|g.575.peg.8
05
kb|g.575.peg.4
74
kb|g.575.peg.1
02
kb|g.575.peg.2
29
kb|g.575.peg.1
405
kb|g.575.peg.1
264
kb|g.575.peg.3
55
kb|g.575.peg.1
91
kb|g.575.peg.3
94
kb|g.575.peg.5
36
kb|g.575.peg.4
89
kb|g.575.peg.1
090
kb|g.575.peg.1
4
kb|g.575.peg.8
67
kb|g.575.peg.2
82
kb|g.575.peg.1
602
kb|g.575.peg.1
13
kb|g.575.peg.1
098
kb|g.575.peg.6
10
kb|g.575.peg.9
09
kb|g.575.peg.1
3
kb|g.575.peg.2
69

kb|g.575.peg.1
114

MMP13
42
MMP16
11
MMPO02
31
MMPO06
57
MMP16
12
MMP11
73
MMPO1

MMPO09
77
MMPO09
82
MMP16

MMP16
70
MMP16
71
MMPO3
42
MMP16
72
MMP16
73
MMP16
74
MMPOO
40
MMP16
75
MMPOO
39
MMP16
76
MMP14
35
MMPO02
91
MMPOO
24
MMPO5
86

KO

K07139

K07143

K07158

K07159

KO7162

K07166

K07176

K07238

K07301

K07301

K07321

K07321

K07325

K07325

K07325

K07327

K07328

K07329

K07329

K07330

K07331

K07332

K07332

K07333

K07333

K07342

K07388

K07392

K07457
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113

113

113

113

113

113

114

114

114

114

114

114

114

114

114

114

115

115

115

115

115

115

115

115

115

115

116

116

116

gpr
kb|g.575.peg.1
322
kb|g.575.peg.9
12

kb|g.575.peg.2
53
kb|g.575.peg.3
72
kb|g.575.peg.5
80

kb|g.575.peg.1
713
kb|g.575.peg.7
82

kb|g.575.peg.6
87

kb|g.575.peg.1
031
kb|g.575.peg.1
499
kb|g.575.peg.8
27

kb|g.575.peg.1
503
kb|g.575.peg.1
377
kb|g.575.peg.1
445
kb|g.575.peg.3
5

kb|g.575.peg.3
58
kb|g.575.peg.2
0
kb|g.575.peg.2
92

kb|g.575.peg.1
303
kb|g.575.peg.1
109
kb|g.575.peg.1
242
kb|g.575.peg.1
136
kb|g.575.peg.9
30

kb|g.575.peg.1
6
kblg.55.peg.1
018
kb|g.575.peg.2
77
kb|g.575.peg.7
12
kb|g.575.peg.3
09

kb|g.575.peg.5
30

gene ID
MMPO5
47
MMP13
14
MMP16
82
MMP10
32
MMP15
42
MMPO04
95
MMPO02
96
MMPOO
16
MMPOO
42
MMPOO
91
MMPO1
55
MMPOO
55
MMPO04
31
MMPO06
85
MMP14
00
MMPO3
00
MMPO1
58
MMPOO
20
MMPO7
19
MMPO06
78
MMPO06
74
MMP09
93
MMP10
52
MMP12
10
MMPOO
52
MMP16
69
MMP11
09
MMP15
87
MMPOO
22

KO

K07463

K07463

K07463

K07466

KO7477

K07502

K07562

K07565

K07569

K07572

KO7574

K07575

KO7577

K07579

K07580

K07581

K07585

KO07722

KO7722

KO07728

KO07729

KO07729

KO07730

K07731

KO7744

K07822

K08975

K08978

K09005
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enzyme

definition



116

116

116

116

116

116

117

117

117

117

117

117

117

117

117

117

118

118

118

118

118

118

118

118

118

118

119

119

119

gpr
kb|g.575.peg.9
40

kb|g.575.pg.2
20
kb|g.575.peg.2
42
kb|g.575.peg.3
88
kb|g.575.peg.5
82

kb|g.575.peg.1
093
kb|g.575.peg.9
04

kb|g.575.ped.
078
kb|g.575.peg.1
453
kb|g.575.peg.1
058
kb|g.575.peg.7
00

kb|g.575.peg.1
279
kb|g.575.peg.2
72

kb]g.575.pe@®
83
kb|g.575.peg.9
88
kb|g.575.peg.6
47
kb|g.575.peg.1
17

kb|g.575.peg.1
236
kb|g.575.peg.1
212
kb|g.575.peg.6
40

kb|g.575.peg.5
37
kb|g.575.peg.4
43

kb|g.575.peg.1
656
kb|g.575.peg.2
75

kb|g.575.peg.1
659
kb|g.575.peg.1
163
kb|g.575.peg.1
175
kb|g.575.peg.1
444
kb|g.575.peg.4
63

MMP12
53
MMP16
07
MMPO02
69
MMPO08
06
MMP16
63
MMPO8
10
MMPO9
05
MMPO9
02
MMP10
55
MMPO09
13
MMP10

MMP14
94
MMPO1
50
MMPO5
46
MMPO5
35
MMP16
43
MMP16
60
MMPO3
21
MMP09
34
MMP14
27
MMPOO
74
MMPO5
70
MMPO5
57
MMPOO
86
MMPO02
86

KO

K09006

K09013

K09116

K09120

K09121

K09121

K09123

K09125

K09126

K09128

K09131

K09135

K09136

K09137

K09138

K09139

K09140

K09141

K09149

K09152

K09153

K09154

K09156

K09157

K09160

K09705

K09713

K09714

K09715
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definition



119

119

119

119

119

119

119

120

120

120

120

120

120

120

120

120

120

121

121

121

121

121

121

121

121

121

121

122

122

gpr
kb|g.575.peg.1
51

kb|g.575.peg.1
631
kb|g.575.peg.1
490
kb|g.575.peg.8
26
kb|g.575.peg.1
257
kb|g.575.peg.1
226
kb|g.575.peg.1
625
kb|g.575.peg.8
15
kb|g.575.peg.3
00
kb|g.575.peg.8
29
kb|g.575.peg.8
31
kb|g.575.peg.6
17
kb|g.575.peg.1
351
kb|g.575.peg.1
564
kb|g.575.peg.7
20
kb|g.575.peg.8
58
kb|g.575.peg.3
48
kb|g.575.peg.8
1
kb|g.575.peg.6
88
kb|g.575.peg.5
38
kb|g.575.peg.1
16
kb|g.575.peg.3
90
kb|g.575.peg.1
026
kb|g.575.peg.7
96
kb|g.575.peg.8
72
kb|g.575.peg.2
02
kb|g.575.peg.6
05
kb|g.575.peg.1
717

kb|g.575.peg.6
76

gene ID
MMP12
30
MMPO09
91
MMPO6
07
MMP11
88
MMPO09
50
MMPO3
58
MMPO06
43
MMP14
73
MMP15
08
MMPO1
62
MMP16
79
MMP15
09
MMPO04
29
MMPO04
42
MMP10
71
MMP10
48
MMP13
93
MMP12
36
MMP02
46
MMP02
62
MMP17
18
MMPO1
20
MMPO04
34
MMP12
80
MMPO02
65
MMPOO
27
MMP13
95
MMPO7
89
MMP17
06

KO

K09717

K09718

K09720

K09721

K09724

K09726

K09726

K09727

K09728

K09729

K09730

K09731

K09732

K09735

K09736

K09737

K09738

K09740

K09741

K09742

K09745

K09746

K09779

K09922

K09936

K10716

K10896

K10974

K11130
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122

122

122

122

122

122

122

123

123

123

123

123

123

123

123

123

123

124

124

124

124

124

124

124

124

124

124

125

125

gpr
kb|g.575.peg.7
27

kb|g.575.peg.2
06
kb|g.575.peg.1
466
kb|g.575.peg.4
90
kb|g.575.peg.8
76
kb|g.575.peg.3
64
kb|g.575.peg.2
59
kb|g.575.peg.1
95
kb|g.575.peg.7
8
kb|g.575.peg.9
32
kb|g.575.peg.5
54
kb|g.575.peg.1
44
kb|g.575.peg.8
81
kb|g.575.peg.8
6
kb|g.575.peg.2
35
kb|g.575.peg.4
05
kb|g.575.peg.2
7
kb|g.575.peg.2
95
kb|g.575.peg.4
16
kb|g.575.peg.2
kb|g.575.peg.2
52
kb|g.575.peg.1
94
kb|g575.peg.3
54
kb|g.575.peg.9
28
kb|g.575.peg.6
1
kb|g.575.peg.6
50
kb|g.575.peg.9
77
kb|g.575.peg.3
74

kb|g.575peg.5
53

gene ID
MMP02
21
MMPO1
76
MMPO6
84
MMP14
48
MMP14
49
MMP14
50
MMP14
51
MMP14
52
MMP14
53
MMP14
54
MMP14
55
MMP14
56
MMP14
57
MMP14
58
MMP14
59
MMP14
60
MMP14
61
MMP14
62
MMP14
63
MMP14
69
MMP10
49
MMP10
73
MMP10
74
MMP16
29
MMP16
28
MMP16
27
MMP16
26
MMP16
25
MMP16
24

KO

K11928

K13525

K13993

K14092

K14093

K14094

K14095

K14096

K14097

K14098

K14099

K14100

K14101

K14102

K14103

K14104

K14105

K14106

K14107

K14110

K14111

K14112

K14113

K14114

K14115

K14116

K14118

K14119

K14120
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125

125

125

125

125

125

125

125

126

126

126

126

126

126

126

126

126

127

127

127

127

127

127

127

127

127

127

128

128

gpr

kb|g.575.peg.6
8
kb|g.575.peg.4
00
kb|g.575.peg.5
15
kb|g.575.peg.9
84

kb|g.575.peg.1

669

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

#N/A

MMP11
53
MMP16
21
MMP09
40
RNA_3
6
RNA_3
1
RNA 1
0
RNA_1
4
RNA_1
5

RNA_6

RNA_8

RNA 2
8

RNA 1

RNA 1
1
RNA 2
3
RNA_3
0
RNA_2
9
RNA 2
5
RNA 1
8

RNA 9

RNA_2
6
RNA 2
4

RNA 5

RNA_7

RNA 3
4
RNA_3
3
RNA_1
9
RNA_2
2

KO

K14121

K14122

K14123

K14124

K14125

K14218

K14218

K14219

K14219

K14219

K14221

K14221

K14222

K14223

K14224

K14224

K14225

K14225

K14226

K14227

K14228

K14228

K14228

K14229

K14229

K14230

K14230

K14230

K14230

152
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128

128

128

128

128

128

128

128

129

129

129

129

129

129

129

129

129

129

130

130

130

130

130

130

130

131

131

ANV YA \

\

gpr
#N/A

#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A
#N/A

#N/A
kb|g.575.peg.1
604
kb|g.575.peg.5
32
kb|g.575.peg.1
113
kb|g.575.peg.5
69
kb|g.575.peg.3
63
kb|g.575.peg.8
38
kb|g.575.peg.7
63
kb|g.575.peg.2
86
kb|g.575.peg.1
135
kb|g.575.peg.1

188
kb|g.575.peg.6
81

kb|g.575.peg.4
98

kb|g.575.peg.3
59

gene ID
RNA_2
0

RNA_3

RNA 1
7
RNA 1
3
RNA_3
2
RNA_1
6
RNA 3
5

RNA 2

RNA_4
3

RNA 4

RNA 1
2
RNA 2
7
RNA_5
0
MMPO6
38
MMP02
47
MMPO5
9
MMP02
50
MMP16
52
MMP15
19
MMP02
64
MMPO1
06
MMP04
16
MMPO7
56
MMP11
36

MMP10
66

MMP13
59

KO

K14231

K14232

K14232

K14233

K14233

K14233

K14234

K14234

K14235

K14236

K14237

K14237

K14238

K14475

K14561

K14564

K14574

K15495

K15496

K16052

K16923

K16923

K19147

K19824

K03637
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enzyme

4.6.1.17

28.17

definition

(1) C21310[c0] = (1) Precursor
Z_c0[c0] + (1) Diphosphate_c0[cO
(1) L-Cysteine_c0[c0] + (1)
ProteinL-cysteine_c0[c0] = (1) L
Alanine_c0[c0] + (1)
C21440_c0[cO0]

(1) aspartate semialdehyde_c0[cC
+ (1) sulfide_cO0[c0] + (2)
reducedferredoxin + (3) H+ = (2)



131

131

131

131

131

131

131

131

132

132

132

132

132

132

132

132

132

132

133

133

133

133

133

133

vy

\%

gpr

gene ID KO
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enzyme

definition
reducedferredoxin + (1)
H20_c0[c0] + (1)
homocysteine_c0[c0]

(1) ornithine_c0[c0] = (1)
NH3_c0[c0] + (1) Lproline_c0[cO]
(1) 5,16
methenyltetrbydromethanopterin|
c0] + (1) H20][cO] = (1) 1dormyl-
tetrahydromethanopterin[cO] + (1)
H+[c0]

(1) ATP_cO0[cO0] + (1) H20_c0[c0]
<-> (1) ADP_c0[c0] + (1)
Orthophosphate_c0[c0] + (1)
H+_c0[cO] + (1) energy

(1) energy_c0 = (1) energyoe
(1) L-Alanine_e0 = (1) E
Alanine_c0

(1) L-Arginine_e0 = (1)
Arginine_c0

(1) L-Asparagine_e0 = (1)-L
Asparagine_c0

(1) L-Aspartate_e0 = (1)L
Aspartate_cO

(1) L-Cysteine_e0 = (1)1
Cysteine_c0

(1) L-Glutamate_e0 = (1)1
Glutamate_c0

(1) L-Glutamine_e0 = (1)L
Glutamine_c0

(1) Glycine_e0 = (1) Glycine_c0
(1) L-Histidine_e0 = (1) £
Histidine_c0

(1) L-Isoleucine_e0 = (1)L
Isoleucine_c0

(1) L-Leucine_e0=(1) L
Leucine_c0

(1) L-Lysine_e0 = (1) LLysine_c0
(1) L-Methionine_e0 = (1) L
Methionine_c0

(1) L-Phenylalanine_e0 = (1)L
Phenylalanine_c0

(1) L-Proline_e0 = (1) L
Proline_c0

(1) L-Serine_e0 = (1) 1Serine_c0
(1) L-Threonine_e0 = (1)L
Threonine_c0

(1) L-Tryptophan_e0 = (1)L
Tryptophan_c0

(1) L-Tyrosine_e0 = (1) L
Tyrosine_c0

(1) L-Valine_e0 = (1) EValine_c0
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Table S3. Syntrophic Expr@en. Gene expression iD. vulgarisspecific to the co

culture syntrophic growth witM. maripaludis

Desulfovibrio vulgarisHildenborough
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15
16
17
18
19

20
21
22

23
24
25
26
27
28
29
30
31
32
33
34

35
36
37

38
39
40

41
42
43

44

GenelD

DVU0149
DVU0150
DvU0148
DvU0147
DVU0146
DVvU0145
DVvU2451
DVU3026
DVU1105
DVU1102
DvU1112

DVU1134
DvU1101
DvU1128

DVU0359
DVvU1113
DvU1117
DVvU1108
DVU1106

DvU2752
DvU1129
DvU1123

DVvU2667
DVU1133
DVU1115
DVvU1103
DvU1118
DvU2652
DVvU0770
DvU1138
DVvU1100
DvU1104
DvuU1122
DvuU1142

DvU3028
DVU1296
DVU1114

DvU3027
DVvU1099
DVvU1119

DVU1636
DVU1111
DvuU1l121

DVUO0536

cC cC
Biofilm Planktonic
LogoFC GenelD LogoFC product
4.4110 DVUO0149 5.0098 hypothetical potein
4.3809 DVUO0150 4.9622 hypothetical protein
4.1365 DvU0148 5.1717 lipoprotein
2.4720 DVU0147 3.5133 lipoprotein
2.3824 DVU0146 2.9193 hypothetical protein
2.3808 DVUO0145 3.4271 responseegulator
2.0019 DVU2451 1.2640 L-lactate permease
1.9650 DVU3026 1.5117 L-lactate permease
1.9167 DVU1105 0.9775 hypothetical protein
1.8698 DVU1102 0.8767 baseplate assembly protein
1.8118 DVU1112 0.8727 hypothetical protein
DNA-binding protein HU
1.7784 DVU1134 0.8925 subunit beta
1.7552 DvU1101 1.0436 hypothetical protein
1.7531 DVU1128 0.7858 lysozyme
HesBlike domaincontaining
1.7268 DVUO0359 2.2181 protein
1.7188 DVU1113 0.8852 hypothetical protein
1.6982 DVU1117 hypothetical protein
1.6574 DVU1108 0.7623 hypothetical protein
1.6089 DVU1106 0.8925 hypothetical protia
rhodanesdike domain
1.6086 DVU2752 2.2055 containing protein
1.6016 DVU1129 0.8345 hypothetical protein
1.5994 DVU1123 0.9345 hypothetical protein
phosphate ABC transporter
1.5893 DVU2667 2.0258 substratebinding protein
1.5770 DVU1133 0.8441 hypothetical protein
1.5569 DVU1115 0.8269 hypothetical protein
1.5187 DVU1103 0.8928 baseplate assembly protein
1.5128 DVU1118 0.8297 hypothetical preein
1.5049 DVU2652 2.0860 hypothetical protein
1.4982 DVUO0770 0.7697 hypothetical protein
1.4880 DVU1138 0.7772 hypothetical protein
1.4880 DVU1100 0.8630 tail fiber protein
1.4793 DVU1104 0.9514 baseplate assembly protein
1.4388 DVU1122 0.8280 portal protein
1.4051 DVU1142 0.7557 transcriptional regulator
iron-sulfur clustetbinding
1.3892 DVU3028 1.5488 protein
1.3818 DVU1296 1.7586 hypothetical protein
1.3790 DVU1114 0.9559 virion morphogenesis proteir
glycolate oxidase subunit
1.2491 DVU3027 1.7150 GlcD
1.2373 DVU1099 tail fiber assembly protein
1.2040 DVU1119 0.8981 virion morphogenesis proteir
manganeséependent
1.1537 DVU1636 1.9582 inorganic pyrophosphatase
1.1245 DVU1111 0.7711 hypothetical protein
1.0740 DvU1121 0.8419 hypothetical protein
high-molecularweight
1.0135 DVUO0536 2.2095 cytochrome C
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45

46
a7

48
49

50

51
52

53
54

55
56
57

58
59

60
61

62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

79
80

81
82
83

DvU2359

DVU3384
DVU0531

DvuU1144
DVU0599

DVvU0529

DVU0152
DVU0598

DVU3133
DVU2565

DvU2800
DvU1534
Dvu0421

DVU0513
DVU0572

DVUO0516
DVU1535

DVUO0576
DVU1596
DvU2551
DVU2556
DvU1443
DVU059%
DvU0588
DVU1536
DVvU1339
DvU2419
DVvU0592
DvU1341
Dvu2387
DvU2384
DvU1548
DvU2410
DvU2473

DvU0307
DVvU0602

DvU0512
Dvu2381
DVvU2494

1.0011

0.9923
0.9056

0.8638
0.7732

-0.7643

-0.7667
-0.7926
-0.8155

-0.8157
-0.8262

-0.8291
-0.8519
-0.8528
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DVU2359

DVU3384
DVUO0531

DvU1144
DVU0599

DVU0529

DVU0152
DVU0598

DVU3133
DVU2565

DVU2800
DVU1534
DVU0421

DVUO0513
DVU0572

DVUO516
DVU1535

DVUO0576
DVU1596
DVU2551
DVU2556
DvU1443
DVU0596
DVvU0588
DVU1536
DVU1339
DvU2419
DVU0592
DvU1341
DvU2387
DvU2384
DVU1548
DVU2410
DVU2473

DvU0307
DVU0602

DVU0512
DvU2381
DVU2494

1.9224

1.4221
2.1555

0.7631
1.4758

1.5901

1.0638

-0.9363

-0.9282

-0.8920

-0.8328
-1.1704

-0.9239
-0.7509
-1.0735
-0.8964
-1.0211
-1.3116

-0.9796
-0.7961

-0.8193
-1.2787
-0.9033

sigmab54 dependent
transcriptional regulator
zinc resistancassociated
protein

hmc operon protein 6
Cro/ClI family transcriptional
regulator

carbon starvation protein A
Rrf2 family transcriptional
regulator
phosplvenolpyruvate
synthase

carbon starvation protein A
glycerol uptake facilitator
protein

dethiobiotin synthetase
heavy metal translocating P
type ATPase

hypothetical protein
agmatinase

flagellar basal body rod
protein FlgG

hypothetical protein
flagellar basal bodying
protein

hypothetical protein
methionine sulfoxide
reductase B
proteinglutamate
methylesterase CheB

HD domaircontaining
protein

hypothetical protein
flagellar hook protein FIgE
DNA-binding response
regulator LytR

formate dehydrogenase
subunit beta

Slt family transglycosylase
lipoprotein

hypothetical protein
chemotaxis protein CheW
cation ABC transporter
permease

ABC transporter ATP
binding piotein

ABC transporter periplasmic
substratebinding protein
OmpP1/FadL/TodX family
outer membrane transporter
superoxide dismutase, Fe
hypothetical protein
flagella basal body rod
domaincontaining protein
hypothetical protein
flagellar basabody rod
protein

hypothetical protein

M48 family peptidase
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84
85
86
87

88
89
90
91

92

93
94
95
96

98

99
100
101
102
103
104

105
106

107
108
109
110
111

112

113
114
115
116

117
118
119
120

121
122
123
124

125
126
127

128
129

DVUAOQ0092
DvU1338
DvuU2448
DvU2422

DVU0591
DVU2529
DVvU0949
DVUO0053

DvU1342

DVU2390
DVU2964
DvuU1442
Dvu2377
DVU2626
DvU1875
DVU0056
DvuU2627
DVU1594
DvU2382
DVvU2918
DvU0420

DvU1419
DvU0174

DvU0587
DvU0111
DvU2548
DVU2676
DVU2946

DvU2324

DvU2893
DVvU2958
DvU0518
DVvU0664

DVU0863
DvU1457
DVU2966
Dvu2442

DvU0825
DvU0240
DVUA0023
DVvU1805

DvU0072
DVvU0251
DvU0977

DVU1343
DVvU2385

-0.8620
-0.8658
-0.8679
-0.8944

-0.8972
-0.9055
-0.9070
-0.9073

-0.9092

-0.9103
-0.9118
-0.9213
-0.9232
-0.9287
-0.9412

-0.9427
-0.9585
-0.9660
-0.9906
-0.9948
-1.0105

-1.0187
-1.0248

-1.0304
-1.0374
-1.0769
-1.0788
-1.0846

-1.0865

-1.1173
-1.1310
-1.1320
-1.1553

-1.1658
-1.1719
-1.1883
-1.2077

-1.2103
-1.2388
-1.2729
-1.2870

-1.3125
-1.3149
-1.3249

-1.3328
-1.3384
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DVUA0092
DVvU1338
DvU2448
DVvU2422

DVU0591
DVU2529
DVU0949
DVUO0053

DvU1342

DVU2390
DVU2964
DvU1442
DvU2377
DVU2626
DVvU1875
DVU0056
DvU2627
DVU1594
DVU2382
DVU2918
DVU0420

DVU1419
DVU0174

DVU0587
DVUO111
DVvU2548
DVU2676
DVU2946

DVvU2324

DvU2893
DVU2958
DVU0518
DVU0664

DVU0863
DVvU1457
DVU2966
DvuU2442

DvU0825
DVU0240
DVUAQ0023
DVU1805

DvU0072
DVU0251
DvU0977

DVU1343
DVU2385

-0.9121
-0.7442
-0.8152

-1.1482

-1.1312
-0.7630

-1.0550

-1.0643
-1.0278
-1.3342
-1.5001
-1.0038

-1.1422
-0.9249
-1.3621
-1.0544
-1.3104

-0.9992

-0.8258

-1.4689

-1.1119

-0.8652
-1.5625
-1.0193

-1.0580
-0.7464
-0.9633
-1.7762

-0.7448
-0.8041
-0.7651
-0.9570

-1.2834

-1.3335

-1.3213
-1.4291

hypothetical protein
hypothetical protein
pantoate-betaalanine ligase
nitroreductase
methylaccepting chemotaxis
protein

phosphoglycerate kinase
hypothetical protein
sulfate permease

cation ABC transporter ATP
binding protein

TonB domainrcontaining
protein

hypothetical protein
flagellin FlaG

hypothetical protein
hypothetical protein

dafA protein

chemotaxis protein CheV
hypothetical protein
chemotaxis protein CheA
hypothetical protein
hypothetical protein
hypothetical protein
sigmab54 dependent
transcriptiona
regulator/response regulator
hypothetical protein
formate dehydrogenase
subunit alpha

response regulator

ACP phosphodiesterase
hypothetical protein
hypothetical protein
coppertranslocating Rype
ATPase

flagellar basabody rod
protein

hypothetical protein
hypothetical protein
cysteine desulfurase
flagellar hookassociated
protein 2

thioredoxin reductase
response regulator
HSP20 family protein
preprotein translocase subur
SecA

hypothetical protein

ABC transporter permease
diguanylate cyclase
glucosel-phosphate
cytidylyltransferae
hypothetical protein
hypothetical protein

cation ABC transporter
periplasmebinding protein
ABC transporter permease
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130
131
132
133
134
135
136
137
138
139

140
141

142
143

144
145
146
147
148
149
150

151
152
153

154
155

156

157
158

159
160
161
162
163
164
165
166
167
168
169

170

171
172
173
174
175

DvuU1444
DvU2235
DvU2388
DVvU0948
Dvu2441
DVU0153
DVU2963
DvU0186
DVU0665
DvU1783

DVU1592
DVU2919

DvU2389
DvU0423

DvuU2201
DVU0486
DVU0595
DVU0006
DvU3282
DvU1032
DvU2488

DvuU2947
DvuU2421
DVU0729

DVvU0523
DVU1593

DvU2380

DvU2383
DvU0318

DVU3095
DVU0410
DVU0764
DvU4007
DVU2935
DvU0944
DVvUO0763
DvU0524
DvU0409
DVU2959
DvU2379

DvU2297

DvU2378
DvuU1441
DvU2318
DVU2936
DvU2082

-1.3414
-1.3438
-1.3510
-1.3536
-1.3764
-1.3806
-1.3807
-1.3829
-1.4088
-1.4179

-1.4259
-1.4861

-1.4900
-1.5119

-1.5134
-1.5226
-1.5321
-1.5332
-1.5600
-1.5626
-1.5723

-1.5771
-1.6069
-1.6082

-1.6188
-1.6346

-1.6442

-1.6661
-1.6933

-1.7048
-1.7147
-1.7494
-1.7558
-1.7694
-1.7839
-1.8760
-1.8951
-1.8967
-1.9008
-1.9516

-1.9845

-2.0110
-2.0188
-2.1064
-2.1273
-2.2863

158

DvU1444
DVU2235
DVvU2388
DVU0948
DvU2441
DVU0153
DVU2963
DVvVU0186
DVUO0665
DvU1783

DVU1592
DVU2919

DVU2389
DVvU0423

DvU2201
DVU0486
DVU0595
DVU0006
DVU3282
DVU1032
DVvU2488

DvU2947
DvU2421
DVU0729

DVU0523
DVU1593

DVvU2380

DvU2383
DVvU0318

DVU3095
DVU0410
DVUO0764
DVvU4007
DVU2935
DVU0944
DVUO0763
DVU0524
DVU0409
DVU2959
DVU2379

DvU2297

DvU2378
DvU1441
DvU2318
DVU2936
DVvU2082

-1.3070
-0.8073
-1.2760
-0.7667
-1.7687
-0.8998
-1.3890
-1.5612

-0.9913

-1.2438
-1.3190

-1.0990
-0.9872
-0.8394
-0.9874
-0.8101
-1.2712

-0.9324

-1.4177

-1.0369
-1.0737

-1.6524

-1.5338
-1.4777

-1.4168
-1.5105
-1.1251
-1.2683
-1.0921
-1.0112
-1.8735
-1.0976
-1.1566
-2.0082
-2.0882

-1.1734

-2.3647
-1.7012
-1.5300
-1.0503
-1.9776

basalbody rod modification
protein FlgD

hypothetical protein

tolQ protein

hypathetical protein
HSP20 family protein
hypothetical protein
response regulator
hypothetical protein
nitrogen fixation protein nifu
hypothetical protein
arginine N
succinyltransferase subunit
beta

hypathetical protein
biopolymer ExbD/ToIR
family transporter
universal stress protein
iron-containing alcohol
dehydrogenase
hypothetical protein
hypothetical protein
universal stress protein
ADP-ribosylglycohydrolase
hypothetical protein
hypothetical protein
anaerobic ribonucleoside
triphosphate reductase
4-oxalocrotonate tautomeras
hypothetical protein
negative regulator of flagellin
synthesis FIgM
chemotaxis protein CheY
ABC transporte ATP-
binding protein

TonB dependent receptor
domaincontaining protein
hypothetical protein

Fur family transcriptional
regulator

hypothetical protein
DNA-binding protein HU
hypothetical protein
phosphoglyceromutase
hypothetical protein
diguanylate cyclase
hypothetical protein
hypothetical protein
hypothetical protein

M16 family peptidase
glycine betaine/tproline
ABC transporter substrate
binding protein

AraC family transcriptional
regulator

flagellin

rubrerythrin

hypothetical protein
flagellin
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176
177

178
179
180

181
182

183
184
185
186

187
188
189
190

191
192
193
194

195

196
197
198
199

DvU0024
DVUO0650

DVU2325
DvU0273
DVU2573

DvU2103
DvU2574

DvuU2917
DVvU2109
DVU0036
DvU2444

DvU2104
DvU0302
DvU0772
DvU2108

Dvu2247
DVU2680
DvU2107
DVvU2105

DvU2572
DvuU2571
DVU0303

DvU2681
DVvU0304

DvH:

-2.3736
-2.4233

-2.6145
-2.8452
-2.8714

-2.8805
-2.9477

-2.9845
-3.3154
-3.3200
-3.3203

-3.4710
-3.5123
-3.5632
-3.8166

-3.8248
-3.8726
-4.0614
-4.1577

-4.2056

-4.2597
-4.8910
-5.0602
-5.0610

159

Up-
Expressed

Down-

Expressed

TOTAL

DVvU0024 -1.8144 hypothetical protein
DVUO0650 -1.5698 chelatase
mercuric transport
DVU2325 -1.8051 periplasmic protein
DVU0273 -1.3100 hypothetical protein
DVU2573 -2.4047 hypothetical protein
iron-sulfur cluster
DvU2103 -1.5106 binding/ATPase
DvU2574 -2.3490 ferrous ion transport protein
UDP-3-O-[3-
hydroxymyristoyl] N
DVvU2917 -2.2848 acetylglucosaminedeacetylas
DVU2109 -1.1725 hypothetical protein
DVUO0036 -3.1522 hypothetical protein
DvU2444 -2.4171 flagellin
iron-sulfur cluster
DVU2104 -2.0116 binding/ATPase
DVU0302 -1.8697 chemotaxis protein CheX
DVvUO0772 -2.7488 hypothetical protein
DvU2108 -1.4451 hypothetical protein
antioxidant AhpCTSA
DvuU2247 -3.0816 family protein
DVU2680 -2.2038 flavodoxin
DVU2107 -1.3692 hypothetical protein
DVU2105 -2.9324 hypothetical protein
ferrous iron transport protein
DVU2572 -2.5714 A
ferrous iron transport protein
DVU2571 -1.7381 B
DVU0303 -3.1524 hypothetical protein
DVU2681 -2.1677 hypothetical protein
DVU0304 -3.2320 hypothetical protein
Unique to
Coculture >2LogFC <-2 LogFC
55 6 18
144
199
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Table S4. Syntrophic Expressio@ene expression . maripaludisspecific to the co

culture syntrophic growth wit®. vulgaris

Methanococcis maripaludis S2

[CSI\V]

~N o o1

10
11

12

13

14

15
16

17
18
19
20
21
22
23
24

25
26
27

28
29
30
31

32
33

34
35
36
37

GenelD
MMPO0501

MMP1194
MMP1193
MMP0479

MMPQ0997
MMP0502
MMP0210

MMP1656
MMP1351
MMPO0031
MMP0324

MMP1600

MMP1519

MMPOO079

MMP1518
MMPO0718

MMP0899
MMP0682
MMP0223
MMP0288
MMP1660
MMP0839
MMP0048
MMP1596

MMP1132
MMPO0366
MMPO0010

MMPO0919
MMP0209
MMPO0795
MMPO702

MMP0285
MMP0099

MMP1257
MMP0935
MMP0184
MMP1281

CC Biofilm

Log2FC
6.7381

4.8998
4.7082
4.0149

3.0561
2.3632
2.2347

1.9867
1.7152
1.7012
1.5147

1.4938

1.4837

1.4646

1.3675
1.3507

1.3483
1.3310
1.3302
1.3104
1.3066
1.2903
1.2874
1.2409

1.2014
1.1583
1.1497

1.1496
1.1453
1.1120
1.1087

1.0841
1.0457

0.9918
0.9868
0.9863
0.9713

GenelD
MMPO0501

MMP1194
MMP1193
MMP0479

MMP0997
MMP0502
MMP0210

MMP 1656
MMP1351
MMPO0031
MMP0324

MMP1600

MMP1519

MMPO0079

MMP1518
MMP0718

MMP0899
MMP0682
MMP0223
MMP0288
MMP1660
MMP0839
MMP0048
MMP1596

MMP1132
MMPO0366
MMPO0010

MMP0919
MMP0209
MMPO0795
MMP0702

MMP0285
MMP0099

MMP1257
MMP0935
MMP0184
MMP1281

CcC

Planktonic

Log2FC
2.6701

4.5599
5.8001
1.4317

0.9387
2.8728
1.4804

0.8939
1.4320
1.5384
1.3506

0.9077

1.2713

1.4448

1.1610
1.2988

1.8240
2.0734
1.4563
2.6469
2.1048
1.4400
1.1787
1.6960

1.11901
1.4409
0.8085

0.9059
0.8477
1.8900

1.8904
1.0303

0.7923
1.4770
0.9428
1.1355

Product
hypothetical protein
triple helix repeatontaining
collagen
hypothetical protein
hypothetical protein
blue (typel) copper domain
containing protein
hypothetical protein
hypotheticalprotein
glutamine amidotransferase
subunit PdXT
hypothetical protein
hypothetical protein
hypothetical protein
ribosomal protein S6
modification protein
anion transport system
permease
orotate
phosphoribosyltransferadige
protein
sulfate/molybdate ABE€
transporter ATPase subunit
hypothetical protein
ATP/GTP-binding motif
containing protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
tRNA-splicing endonuclease
subunit alpha
hypothetical protein
hypotheical protein
dihydroorotate dehydrogenast¢
electron transfer subunit
hypothetical protein
hypothetical protein
hypothetical protein
TrkA-N domainrcontaining
protein
major facilitator transporter
NERD domaincontaining
protein
hypothetical protein
riboflavin kinase
GCN&5like N-acetyltransferase
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38

39

40

41
42

43

44
45

46

47

48
49

50
51
52
53
54
55

56
57

58
59

60
61
62
63
64
65
66
67
68
69
70
71
72
73

74
75

MMP1491

MMP0100

MMP1626

MMP1082
MMP1084

MMP0938

MMP1065
MMP0934

MMPO0688

MMP0598

MMP0644
MMP1138

MMP0683
MMP1052
MMP0969
MMP1295
MMP1294
MMPO725

MMP0650
MMP1250

MMP1283
MMP0394

MMP0926
MMP1241
MMP1477
MMP0959
MMP0304
MMPQ0972
MMP0687
MMPO0911
MMP0927
MMP1187
MMP1072
MMPO0306
MMP0482
MMP1459

MMP1183
MMP0856

0.9519

0.9370

0.9226

0.9036
0.8765

0.87&

0.8013
0.7653

-0.7468
-0.7753
-0.8005
-0.8246
-0.8715
-0.9227

-0.9229
-0.9388

-0.9490
-0.9587

-0.9611
-0.9855
-0.9861
-0.9866
-0.9947
-0.9994
-1.0141
-1.0208
-1.0301
-1.0424
-1.0578
-1.0800
-1.0931
-1.1037

-1.1189
-1.1482

MMP1491

MMP0100

MMP1626

MMP1082
MMP1084

MMP0938

MMP1065
MMP0934

MMPO0688

MMP0598

MMP0644
MMP1138

MMP0683
MMP1052
MMP0969
MMP1295
MMP1294
MMPO0725

MMP0650
MMP1250

MMP1283
MMP0394

MMP0926
MMP1241
MMP1477
MMP0959
MMP0304
MMP0972
MMP0687
MMP0911
MMP0927
MMP1187
MMP1072
MMP0306
MMP0482
MMP1459

MMP1183
MMP0856

161

0.7537

1.3865

1.3045

1.0101

1.0805

1.9232

-1.3763

-1.1447

-0.864

-1.0922
-0.8376
-1.8281
-1.6486
-0.8165

-0.9475
-0.9629

-0.9120
-2.0715

-0.7844
-0.9768
-0.9272
-1.3553
-1.4866
-1.0043
-0.9625
-0.8755
-0.8245
-1.8065
-1.6409
-2.2420
-1.0407
-0.9503

-2.2852
-1.2887

amidohydrolase

Na(+)/H(+) exchangeiamily
protein

monovalent cation/H+
antiporter subunit B
imidazole glycerol phosphate
synthase subunit HisH
hypothetical protein
cobalamin (5phosphate)
synthase

BadM/Rrf2 family
transcriptional regulator
hypothetical protein
O-phosphoserytRNA
synthetase
phosphoglycerate mutase
related

cation diffusion facilitator
family transporter
hydroxyethylthiazole kinase
signal recognition particte
docking protein FtsY
hypothetical protein
hypothetical protein
glucose6-phosphate isomeras
starch synthase

integral membrane protein
acetolactate synthase catalytit
subunit

6-pyruvoyl tetrahydropterin
synthase

hypothetical protein
uroporphyrinogen Il synthase
response regulator receiver
modulated CheB
methylesterase

hypothetical protein
cobyrinic acid a,@iamide
synthase

FAD-dependent pyridine
nucleotidedisulfide
oxidoreductase
N-glycosylase/DNA lyase
hypothetical protein
triosephosphate isomerase
iron-sulfur flavoprotein

CheA signal transduction
histidine kinase

class Il aldolase/adducin
family protein
aminotransferase (subgroup I
aromatic aminotransferase
oxidoreductase member
subunit alha

hypothetical protein
hypothetical protein

iron ABC transporter ATPase
subunit

nitrogenase subunitha
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76
77
78
79

80

81
82
83

84
85

86

88
89

90
91

92

93

94

95

96
97

98

99
100

101
102

103
104
105
106
107

108
109
110
111
112
113
114
115

MMPO0569
MMP0958
MMP0645
MMP1569

MMP0427

MMP0980
MMPO0853
MMP0914

MMP1139
MMPQ722

MMP1177
MMP0528
MMP1653
MMPO676

MMP0599
MMP1166

MMPO787

MMP1019

MMP0102

MMP0187

MMP0545
MMP0612

MMP1462

MMP0885
MMP0912

MMP1486
MMP0698

MMP1364
MMP1022
MMPO0416
MMPO0563
MMP1186

MMP1164
MMP1445
MMP0979
MMP0883
MMP1061
MMP0241
MMP0426
MMP0293

-1.1552
-1.2038
-1.2204
-1.2207

-1.2221

-1.2228
-1.2418
-1.2471

-1.2491
-1.2497

-1.2516
-1.2580
-1.2697
-1.2749

-1.2765
-1.2788

-1.3016

-1.3164

-1.3218

-1.3246

-1.3364
-1.3425

-1.3507

-1.3544
-1.3545

-1.3596
-1.3785

-1.3821
-1.4080
-1.4177
-1.4599
-1.5056

-1.5136
-1.5247
-1.5489
-1.5629
-1.5942
-1.5957
-1.5964
-1.6078

MMP0569
MMP0958
MMP0645
MMP1569

MMPO0427

MMP0980
MMP0853
MMP0914

MMP1139
MMPO0722

MMP1177
MMP0528
MMP1653
MMPO0676

MMP0599
MMP1166

MMPQ787

MMP1019

MMP0102

MMP0187

MMP0545
MMP0612

MMP1462

MMP0885
MMP0912

MMP 1486
MMP0698

MMP1364
MMP1022
MMP0416
MMP0563
MMP1186

MMP1164
MMP1445
MMP0979
MMP0883
MMP1061
MMP0241
MMP0426
MMP0293

162

-2.1716
-1.5603
-1.4292
-0.9293

-0.7788

-1.4464
-1.1061
-1.1658

-0.9593
-1.6909

-2.2495
-1.1524
-1.2743
-1.8273

-1.7479
-1.5596

-2.4846

-1.0930

-2.7446

-1.7769

-1.6856
-2.0545

-1.1727

-0.9198
-1.3142

-1.2499
-1.1240

-1.2782
-1.1478
-2.6440
-1.5112
-1.1949

-1.8927
-0.9465
-1.7166
-1.2006
-1.1790
-1.2003
-1.6101
-1.9983

hypothetical protein
hypothetical protein

malate dehydrogenase
hypothetical protein
replication factor C small
subunit

acetytCoA
decarbonylase/synthase
complex subunit gamma
nitrogenase reductase
hypothetical protein
thiaminephosphate
pyrophosphorylase
hypothetical protein

iron transport system substrat
binding protein,&erm half
hypothetical protein
hypothetical protein
intermediate filament protein
precorrin6x reductase
ChbiJ/CobK

iron-sulfur flavoprotein

MarR family transcriptional
regulator

PEGA domaircontaining
protein

proteinL-isoaspaate O
methyltransferase

thiamine biosynthesis protein
ThiC

molybdopterin biosynthesis
protein MoeA/LysR substrate
binding-domaincontaining
protein

2-5'RNA ligase

energy conserving
hydrogenase A large subunit
ATP/GTP-binding motif
containing protein
4-oxalocrotonate tautomerase
mechanosensitive ion channe
MscS

hypothetical protein
DNA-directed RNA
polymerase subunit A"
hypothetical protein
hypothetical protein
hypothetical protein

thiol (cysteine) protease
heavy metal
transport/detoxification protein
GMP synthase subunit A
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
nitroreductase

aldolase
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116
117

118

119

120
121
122
123
124
125
126
127
128
129
130

131
132
133

134
135
136
137

138

139
140

141
142
143
144
145

146
147
148
149
150
151
152
153
154

155
156

157

MMP0981
MMP0636

MMP0816

MMP1647

MMP1165
MMP1465
MMPO175
MMP1236
MMP1029
MMP1467
MMP1063
MMP0835
MMP0432
MMP1460
MMP0622

MMP0278
MM P0904
MMP0122

MMP0280
MMP1463
MMP1568
MMP1167

MMP1665

MMP1168
MMP0465

MMP0858
MMP0623
MMP1668
MMP1021
MMPO0020

MMP1200
MMP1163
MMP1669
MMPO0543
MMP0413
MMP1553
MMP0327
MMP0294
MMP1461

MMPO0305
MMP1671

MMP0282

-1.6253
-1.6296

-1.6439

-1.6472

-1.6646
-1.6694
-1.6733
-1.6997
-1.7063
-1.7067
-1.7121
-1.7159
-1.7599
-1.7752
-1.7922

-1.8042
-1.8147
-1.8191

-1.8327
-1.8462
-1.8736
-1.8928

-1.9151

-1.9263
-1.9328

-1.9511
-1.9676
-1.9811
-1.9915
-2.0380

-2.0390
-2.0581
-2.0808
-2.1260
-2.1277
-2.1456
-2.1558
-2.1684
-2.1768

-2.1789
-2.1943

-2.2098

MMP0981
MMP0636

MMP0816

MMP1647

MMP1165
MMP1465
MMPO0175
MMP1236
MMP102
MMP1467
MMP1063
MMP0835
MMP0432
MMP 1460
MMP0622

MMP0278
MMP0904
MMP0122

MMP0280
MMP 1463
MMP1568
MMP1167

MMP1665

MMP1168
MMP0465

MMPO0858
MMP0623
MMP1668
MMP1021
MMP0020

MMP1200
MMP1163
MMP1669
MMP0543
MMP0413
MMP1553
MMP0327
MMP0294
MMP1461

MMP0305
MMP1671

MMP0282

163

-1.1225
-1.0893

-1.2370

-1.0658

-2.5969
-1.6088
-0.9930
-2.1896
-0.9846
-1.4851
-0.9604
-2.4796
-1.4774
-1.0221
-1.5922

-1.5462
-1.0777
-1.3199

-0.9928
-1.1422
-1.2888
-2.4580

-1.9144

-1.2401
-2.1117

-1.9261
-2.6145
-2.4036
-1.3204
-1.0070

-2.6206
-1.0797
-2.0051
-1.6925
-1.7126
-2.123

-2.5719
-1.0304
-2.0152

-2.3589
-1.5773

-1.8524

acetylCoA
decarbonylase/synthase
comple subunit delta
hypothetical protein
seryHRNA synthetasdike
protein

proteasomectivating
nucleotidase

heavy metal translocating P
type ATPase

hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
2-isopropylmalate synthase
hypothetical protein
TatD-like deoxyribonuclease
hypothetical protein
ADP-ribosylation/crystallin J1
CBS domaincontaining signal
transduction protein
selenophosphate synthetase
hypothetical protein
phosphoribosyAMP
cyclohydrolase
polyferredoxin

hypothetical protein
flavoproteirtlike protein
HEAT domaircontaining
protein

ABC transporter ATbinding
proten

hypothetical protein
nitrogenase MoFe cofactor
biosynthesis protein NifE
hypothetical protein

flagellin

hypothetical protein

nickel responsive regulator
diaminopimelate
decarboxylase

CutAl divalention tolerance
protein

flagella accessory C family
protein

hypothetical protein
hypothetical protein
nitroreductase

thymidine phosphorylase
Pyrrolo-quinoline quinone
energy conserving
hydrogenase A small subunit
2-oxoacid ferredoxin
oxidoreductase subunit beta
flagella protein
phosphoribosylaminoimidazols
carboxylase catalytic subunit
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158
159
160
161
162

163
164
165

166

167
168
169
170
171
172
173

174
175
176
177

178

179
180
181
182
183

184
185
186
187
188
189

190

191
192
193
194

195

196

197
198
199
200
201

MMP1251
MMP0638
MMP0292
MMP0490
MMP1071

MMP1150
MMP1282
MMPO0065

MMP0929

MMP0628
MMP0605
MMP0257
MMP0215
MMP0684
MMP1034
MMP0884

MMP1235
MMP0312
MMP1464
MMP0406

MMP1550

MMP0256
MMP0963
MMP1670
MMP0204
MMP0857

MMP1346
MMPO177
MMPO0723
MMP1666
MMPO0313
MMP1134

MMP1162

MMPO0325
MMP1169
MMP1135
MMPO0527

MMP1154

MMP1157

MMP1252
MMP1035
MMP0234
MMP1159
MMP1442

-2.2185
-2.2190
-2.2257
-2.2365
-2.2370

-2.2383
-2.2603
-2.2626

-2.2653

-2.3011
-2.3121
-2.3155
-2.3188
-2.3269
-2.3899
-2.4048

-2.4081
-2.4188
-2.4311
-2.4373

-2.4454

-2.4497
-2.4585
-2.5017
-2.5080
-2.5364

-2.6010
-2.6314
-2.6331
-2.6905
-2.6981
-2.7663

-2.7801

-2.8353
-2.8366
-2.8398
-2.8564

-2.8843

-2.8875

-2.8915
-2.9116
-2.9175
-2.9197
-2.9676

MMP1251
MMP0638
MMP0292
MMP0490
MMP1071

MMP1150
MMP1282
MMP0065

MMP0929

MMP0628
MMP0605
MMP0257
MMP0215
MMP0684
MMP1034
MMP0884

MMP1235
MMP0312
MMP 1464
MMP0406

MMP 1550

MMP0256
MMP0963
MMP1670
MMP0204
MMPO0857

MMP1346
MMPO177
MMPO0723
MMP1666
MMP0313
MMP1134

MMP1162

MMPO0325
MMP1169
MMP1135
MMP0527

MMP1154

MMP1157

MMP1252
MMP1035
MMP0234
MMP1159
MMP1442
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-1.7919
-1.9865
-1.8059
-2.3500
-2.0576

-1.9446
-1.1761
-1.2469

-1.7688

-3.3151
-0.9485
-1.2201
-1.8019
-1.9453
-0.9251
-1.3236

-1.9728
-1.6286
-1.2525
-0.8480

-1.4440

-1.8507
-1.7058
-2.1210
-0.8876
-1.9403

-3.2737
-2.3340
-2.2151
-2.9720
-1.8875
-1.7534

-2.0899

-2.3341
-1.7327
-1.4632
-0.8191

-1.3946

-1.5475

-2.5881
-1.5827
-1.1332
-1.6503
-0.9571

CBS domaincontaining signal
transduction protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
uroporphyrinogen
decarboxylase

hypothetical protein
ammonium transporter
methylaccepting chemotaxis
sensory transducer

TOBE domaincontaining
protein

RNA-processing protein
transcription factor
hypothetical protein

heat shock protein Hsp20
thymidylate kinase
hypothetical protein
molybdopterin biosynthesis
MoaE

hypothetical protein
hypothetical protein
TIM-barrel protein

NADP oxidoreductase,
coenzyme F42@ependent
imidazole glycerol phosphate
synthase subunit HisH

MIP family channel protein
flagellaprotein

hypothetical protein
nitrogenase

basic helixloop-helix
dimerization domain
containing protein
hypothetical protein
hypothetical protein
flagellin

hypothetical protein

type A flavoprotein
betalactamase domain
containing protein
glyceraldehyde3-phosphate
dehydrogenase

SufBD protein
flavodaxin:betalactamasdike
hypothetical protein
heterosulfide reductase subur
C1

desulfoferrodoxin, ferrous
iron-binding site

CBS domaircontaining
protein

hypothetical protein
hypothetical protein

Ferritin

transcription regulator ArsR
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202
203
204
205

206

207
208
209
210
211
212
213
214
215
216

217
218
219
220
221
222
223
224
225

226
227

MMPO0167
MMP1634
MMP1667
MMP1033

MMPO0693

MMP0002
MMP1161
MMP0641
MMP0245
MMP1636
MMP1036
MMP0600
MMPO373
MMP0624
MMPO0176

MMP0431
MMP0246
MMP0633
MMP1633
MMP0235
MMP1586
MMP0247
MMP0846
MMP0629

MMP1016
MMP0601

Mmp:
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ABC transporter ATFbinding

-2.9831 MMPO0167 -1.2394 protein
-2.9835 MMP1634 -1.7612 DsrE family protein
-3.0348 MMP1667 -3.0387 flagellin
-3.0730 MMP1033 -1.5511 hypothetical protein
aminoacyitRNA synthetase,
-3.1196 MMPO0693 -3.2252 class I
L-seryHtRNA selenium
-3.2193 MMP0002 -2.5535 transferase
-3.2224 MMP1161 -1.7352 hypothetical protein
-3.3217 MMP0641 -1.7080 50S ribosomal protein L7Ae
-3.3666 MMP0245 -1.8590 prefoldin subunit beta
-3.3946 MMP1636 -1.7844 major facilitator transporter
-3.4637 MMP1036 -2.2982 hypothetical protein
-3.4926  MMP0600 -2.6107 hypothetical protein
-3.4998 MMPO0373 -2.2113 hypothetical protein
-3.5841 MMP0624 -1.9765 hypothetical protein
-3.6110 MMPO0176 -2.7656 cell division protein CDC48
rhodopsinlike GPCR
-3.6535 MMPO0431 -3.8664 superfamily protein
-3.7227 MMP0246 -1.6322 hypothetical protein
-3.7517 MMP0633 -2.1682 rubrerythrin
-3.8437 MMP1633 -2.7716 hypothetical protein
-3.8728 MMP0235 -1.6707 hypothetical protein
-3.9843 MMP1586 -1.9365 hypothetical protein
-4.0439 MMP0247 -1.9685 ribosomal biogenesis protein
-4.4463 MMP0846 -1.2561 hypothetical protein
-5.1439 MMPO0629 -2.5642 hypothetical protein
CBS domaincontaining signal
-5.4161 MMP1016 -4.3693 transduction protein
-5.7086 MMPO0601 -3.1158 hypothetical protein
Unique to Ceculture > 2 LogFC <-2 LogFC
Up-Expressed 46 4 43
Down-Expressed 181
TOTAL 227
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Table S5 Co-culture biofilm specific gene expressionDnvulgaris

Desulfovibrio vulgarisHildenborough

Co-culture
GenelD Biofilm Log 2FC Product

1 DvUll26 1.7382 lipoprotein

2 Dvullo7 1.5222 tail tape measure protein

3 DVU1155 1.5220 hypothetical protein

periplasmic [NiFe] hydrogenase large

4 DVU1922 1.4958 subunit, isozyme 1

5 DVU3302 1.4834 hypothetical protein

6 DvU2274 1.4716 hypothetical protein

7 DVU2406 1.4230 hypotheticaprotein

8 DVU3299 1.4069 hypothetical protein

9 DVU1297 1.3926 hypothetical protein
10 DvuU1140 1.3920 bacteriophage transposase A protein
11 DVuUl127 1.3761 hypothetical protein
12 DVU2015 1.3740 hypothetical protein
13 DVU3301 1.3572 hypothetical protein
14 DvVU1131 1.3558 hypothetical protein
15 DVU1116 1.3464 hypothetical protein
16 DVU0672 1.3433 hypothetical protein
17 DVU2115 1.3208 hypothetical protein
18 DVU2803 1.3166 hypothetical protein
19 DVU1120 1.3044 hypahetical protein
20 DVU3300 1.2990 hypothetical protein
21 DVU2452 1.2736 hypothetical protein
22 DVU2301 1.2099 lipoprotein
23 DVU2699 1.2096 transglycosylase
24 DVU3115 1.2088 hypothetical protein
25 DVU2000 1.1951 hypothetical protein
26 DVU1125 1.1934 hypothetical protein
27 DVU2622 1.1600 hypothetical protein
28 DVU2701 1.1510 hypothetical protein
29 DVU1715 1.1475 hypothetical protein
30 DVUO0368 1.1431 hypothetical protein
31 DVUO0613 1.1420 hypothetical protein
32 DVU2703 1.1394 hypothetical protein
33 DVU1130 1.1375 DNA-binding protein
34 DVU2875 1.1363 DNA-binding protein
35 DVU0623 1.1349 hypothetical protein
36 DVU0678 1.1260 hypothetical protein
37 DVU1507 1.1188 hypothetical protein
38 DVU0782 1.1175 hypothetical protein
39 DVU2204 1.1143 tryptophanase
40 DVU1393 1.1021 hypothetical protein
41 DVU2597 1.1010 hypothetical protein
42 DVU2915 1.0989 hypothetical protein
43 DVU2603 1.0967 hypothetical protein
44 DVU1970 1.0931 response regulator
45 DVU2804 1.0922 metallobetalactamase
46 DVU2594 1.0922 hypothetical protein

2-hydroxyglutarytCoA dehydratase

47 DVU2540 1.0894 subunit D
48 DVU2745 1.0822 hypothetical protein
49 DVU1966 1.0818 hypothetical protein
50 DVU1476 1.0815 hypothetical protein

51 DVU2207 1.0755 hypothetical protein
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52
53
54
55
56

57
58
59
60
61
62
63
64
65
66

68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

DvuU1727
DvU1474
DvU2712
DvU1141
DvU2722

DVU1139
DVU1259
DVU2599
DvU1711
DVU2604
DVU2595
DVU0497
DVU1697
DVU2716
DvU2723
DVU1972
DVU1736
DvU1872
DVU2596
DVU2700
DvU1741
DVU1716
DVU1713
DvU1717
DVU1516
DVU2203
DvU2821
DVU1699
DVU2167
DVU1749
DVU1498
DvU0617
DvU2213
DVU0537
DvU2173
DVU2598
DVvU1732
DVvU2089
DVvU1714
DVU3160
DvU2713
DVU3120
DVU1513
DVU2539
DvU2729
DvuU2027
DvU2704
DVU2632
DVU2563
DVU1151
DVU1989
Dvu1227
DVU1525
DvU0781
DVU1963
DVU2710
DvU2541
DVU2715

1.0710
1.0662
1.0584
1.0489
1.0481

1.0470
1.0460
1.0377
1.0362
1.0334
1.0325
1.0322
1.0322
1.0313
1.0309
1.0212
1.0147
1.0118
1.0090
1.0021
0.9989
0.9956
0.9929
0.9901
0.9841
0.9787
0.9721
0.9704
0.9628
0.9625
0.9611
0.9547
0.9537
0.9510
0.9502
0.9495
0.9453
0.9451
0.9418
0.9384
0.9379
0.9379
0.9378
0.9367
0.9353
0.9311
0.9309
0.9299
0.9285
0.9249
0.9229
0.9214
0.9203
0.9183
0.9176
0.9162
0.9159
0.9147
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hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

bacteriophage DNA transposition B

protein
hypothetical protein
hypothetical protein
hypothetical protein
hypotheti@al protein
hypothetical protein
hypothetical protein
hypothetical protein
tail sheath protein
tail protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

L-PSP family endoribonuclease

hypothetical protein
hypothetical protei

hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

nuclease domainontaining protein

hypotheical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypotheticaprotein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
tail protein
hypothetical protein
hypothetical protein
hypothetical protein

betaketoacyl synthase

hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

CoA-substratespecific enzyme activase

hypothetical protein
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110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

139
140
141

142
143
144
145
146

147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165

DVU1735
DVU2605
DVU0297
DVU0184
DVU2728
DVU1725
DVU1994
DvU2180
DvU1162
DvUll61
DVU0618
DVU1521
DVU1723
DVU0443
DVU1965
DVU2631
DVU3285
DVU3380
DVU1229
DVU1213
DVU0188
DVU2153
DVU2666
DvU1527
DvU0444
DVU1744
DVU3131
DVU0673
DVU0728

DVU1694
DVU1555
DvU2152

DVU1705
DVU1554
DvuU2711
DVU2602
DVU0431

DVU3269
DvU2116
DvU1143
DvU1721
DVU1700
DVU2606
DVU1719
DVvU1761
DVU2186
DVU0710
DVU2790
DVUAQ045
DvU1488
DvU1938
DvU1712
DVUO0605
DVvU2192
DVU2205
DVU0345

0.9130
0.9121
0.9084
0.9081
0.9048
0.9020
0.8996
0.8978
0.8973
0.8966
0.8958
0.8956
0.8945
0.8926
0.8815
0.8812
0.8798
0.8790
0.8789
0.8764
0.8759
0.8754
0.8730
0.8709
0.8708
0.8706
0.8655
0.8644
0.8629

0.8628
0.8622
0.8621

0.8603
0.8595
0.8559
0.8540
0.8527

0.8526
0.8512
0.8505
0.8498
0.8457
0.8454
0.8445
0.8433
0.8417
0.8417
0.8400
0.8397
0.8385
0.8385
0.8381
0.8376
0.8376
0.8372
0.8335
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hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

tail protein

hypahetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

exonulcease

hypothetical protein

hypothetical protein

hypothetical protein

hypothetcal protein

hypothetical protein
rhomboid family protein
hypothetical protein

tail fiber protein

phosphate ABC transporter permease
phage integrase site specific recombing
hypothetical protein

DNA-binding protein

transcriptional regulator

hypothetical protein

hypottetical protein

C4-type zinc finger DksA/TraR family
protein

hypothetical protein

hypothetical protein

type | restrictioamodification enzyme, S
subunit

radical SAM domaircontaining protein
major head subunit

hypothetical protein

ech hydrogenase subunit EchD
sensory box histidine kinase/response
regulator

pilin

hypothetical protein

hypothetical protein
metallobetalactamase

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

competence protein comM
hypothetical protein
aminotransferase

minor tail protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein
tryptophanspecific transport protein
hypothetical preein
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167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205

206
207
208
209
210
211
212
213
214
215
216
217
218
219

220
221

DvU2647
DvU2852
DVU1230
DvU2187
DVU2273
DVU1166
DVUO0365
DvU1742
DVU1522
DVU3060
DvU3124
DvU2248
DVU2638
DVU2315
DVU2693
DVUAOQ089
DvuU2122
DVUO0651

DvU2721
DVU2564
DVU1154
DVU2026
DVU3391
DVU1216
DVU0820
DVU3303
DVU3321
DVU2028
DVU2189
DVU1485
DVU3063
DVU1226
DvU2087
DVU1239
DVvU2044
DVU1967
DvuU0217
DvuU2184
DVU1773
DVU2520

DVU2559
DVUO0369
DvU2137
DVU2269
DVU1098
DVU1194
DVU1637
DVU2665
DVU1858
DVU2939
DvU2038
DVU2909
DvU2134
DVUAO0030

DVU1669
DVU0332

0.8315
0.8303
0.8299
0.8299
0.8277
0.8256
0.8210
0.8208
0.8203
0.8193
0.8152
0.818

0.8136
0.8118
0.8096
0.8096
0.8086
0.8083

0.8078
0.8069
0.8055
0.8054
0.8048
0.8043
0.8036
0.8025
0.8011
0.8000
0.7994
0.7993
0.7973
0.7970
0.7965
0.7960
0.7958
0.7957
0.7953
0.7929
0.7921
0.7917

0.7887
0.7869
0.7846
0.7829
0.7820
0.7810
0.7806
0.7798
0.7789
0.7780
0.7772
0.7768
0.7765
0.7748

0.7725
0.7693

169

L-PSP family endoribonuclease

tail protein

hypothetical protein

hypothetical protein

hypothetical protein
hypotheticalprotein

hypothetical protein
preventhostdeath family protein
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

type 1l/IV secretion system protein
hypothetical protein

TP901 family phage tail tape measure
protein

8-amina7-oxononanoate synthase
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein
ATP-dependent protease La
hypothetical protein

hypothetical protein

transcriptional regulator cll
hypothetical protein

integral membrane protein MviN
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

Rrf2 family transcriptional regulator
tail protein

DNA-binding protein

hypothetical protein

hypothetical protein
adenosylmethionine8-amino 7-
oxononanoate aminotransferase
hypothetical protein

succinytCoA synthase subunit beta
hypothetical protei

adenine specific DNA methyltransferast
hypothetical protein

hypothetical protein

phosphate ABC transporter permease
cold shock domaktontainingprotein
hypothetical protein

hypothetical protein

MarR family transcriptional regulator
hypothetical protein

hypothetical protein

ribosomal large subunit pseudouridine
synthase B

hypothetical protein
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222
223
224
225

226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

246
247
248
249
250
251
252
253
254
255
256
257
258
259

260
261

262
263

264
265
266
267
268
269
270
271
272
273

274

DVU3325
DvU2853
DVUAO0032
DVU2989

DVUAQ0046
DVU2434
DVU1757
DVvU1031
DVU2786
DvU2874
DVU2199
DVU1494
DVU2808
DVU2698
DVU3394
DVU3311
DVU3143
DVU1710
DVU0926
DVU2159
DVU3318
DVU3346
DVU0475
DVU0667

DVU0038
DVU0124
DVU1391
DVU0615
DVU2158
DVU0083
DvU2037
DVU1502
DVU3338
DvU4017
DvU1701
DVU0049
DVUAO0144
DVU1731

DVU0105
DVU0274

DVU2061
DVUO0606

DVU0060
DVU0612
DVUAQ086
DvU2684
DVU0627
DVvU3070
DvuU2787
DvU0448
DVvU3204
DVU1086

DVU2983

0.7691
0.7668
0.7665
0.7663

0.7637
0.7614
0.7605
0.7600
0.7595
0.7577
0.7576
0.7546
0.7528
0.7517
0.7504
0.7492
0.7492
0.7487
0.7460
0.7457
0.7441
0.7430
0.7428
0.7423

0.7403
0.7401

-0.7413
-0.7447
-0.7455
-0.7464
-0.7486
-0.7486

-0.7492
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hypothetical protein

phage baseplate assembly protein V
hypothetical protein

psp operon transcriptional activator
glycosyl transferase, group 2 family
protein

hypothetical protein

phage integrase site specific recombing

hypotheticalprotein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

TonB domaircontaining protein
lipoprotein

hypothetical protein

hypothetical protein

iron-sulfur clustetbinding protein
hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

membrane protein , truncation

HD domaircontaining protein
acyltransferasdomaincontaining
protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

cobS protein

HK97 family portal protein
K+-transporting ATPase subunit B
hypothetical protein

hypothetical protein

OmpA family protein

hypothetical protein

hypothetical protein

glutamine ABC transporter ATBinding
protein

hypothetical protein
diphosphatefructose6-phosphate -1
phosphotransferase

ArsR family transcriptional regulator
RND family efflux transporter MFP
subunit

STAS domaircontaining protein
response regulator

hypothetical protein
phosphotransbutyrylase
hypothetical protein

hypothetical protein
GDP-mannose 4 &lehydratase
adenylosuccinatsynthetase
hypothetical protein
3-isopropylmalate dehydratase small
subunit
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275
276
277
278

279
280
281
282
283
284
285
286

287
288
289
290
291
292
293
294

295
296

297
298

299

300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318

319
320
321
322

323

DVU3045
DvU2781
DVU0035
DvU1174

DVU3379
DvU3272
DvU2607
DvU2833
DVU0945
DVU0910
DVU2545
DVU2075

DVU3353
DVU1333
DVU0979
DVUA0088
DVU2608
DVU2501
DVU1648
DVU0898

DVU0074
DVU2553

DVU1924
DVU2484

DVU1569

DVU1914
DVU0859
DVU2259
DVU1075
DVU1658
DvU0278
DvU3112
DVU1210
DVU0638
DVU2513
DVvU3123
DVU2965
DVU1589
DvuU1207
DVU2510
DVU2224
Dvu2417
DVU1692
DVU0424

DVU0293
DVUO0766
DvU0241
DVU0703

DVU1901

-0.7498
-0.7500
-0.7537
-0.7541

-0.7546
-0.7552
-0.7611
-0.7629
-0.7639
-0.7640
-0.7642
-0.7648

-0.7669
-0.7706
-0.7707
-0.7717
-0.7763
-0.7765
-0.7776
-0.7795

-0.7809
-0.7818

-0.7820
-0.7821

-0.7823

-0.7848
-0.7873
-0.7873
-0.7908
-0.7917
-0.7940
-0.7957
-0.7972
-0.7978
-0.8018
-0.8023
-0.8026
-0.8040
-0.8048
-0.8062
-0.8062
-0.8075
-0.8078
-0.8097

-0.8105
-0.8112
-0.8113
-0.8119

-0.8135
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sensory box histidine kinase/response
regulator

hypothetical protein

hypothetical protein

hypothetical protein
ribonucleotidediphosphate reductase
subunit alpha

hypothetical protein

hypothetical protein

hypothetical protein

sensor histidine kinase

flagellar motor switch protein FliM
iron-containing alcohol dehydrogenase
ParA family protein
phosphopantothenoylcysteine
decarboxylase/phosphopantotherate
cysteine ligase

hypothetical protein
dihydroxyacetone kinase subunit DhaK
hypothetical protein

flagellar motor protein MotA

cell division protein FtsQ

lipoprotein

hypothetical protein

polysaccharide biosynthesis domain
containing protein

NifU family protein

hydrogenase assembly chaperone
HypC/HupF

cytochrome c family protein
pyruvate ferredoxin oxidoreductase
subunit alpha
alphaisopropylmalate/homocitrat
synthase transferase

hypothetical protein

hypothetical protein

ribonuclease P protein component
translaldolase

glyoxalase

hypothetical protein

hypothetical protein

hypothetical protein

cell division protein MraZ

HD domaircontaining protein
hypothetical potein

hypothetical protein

3-oxoacytACP synthase
penicillin-binding protein
hypothetical protein

SlyX protein

hypottetical protein

cardiolipin synthetase

dksA/traR C4type zinc finger family
protein

transporter

hypothetical protein

GTP-binding protein LepA
peptidytprolyl cistrans isomerase
domainrrcontaining protein
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324
325
326

327

328
329
330
331
332

333

334
335
336
337
338
339

340

341
342

343
344
345
346
347

348
349
350
351
352
353
354
355
356
357
358
359

360
361
362
363
364
365
366
367
368
369
370
371

DvU1912
DVU0902
DvU0812

DVU1038

DvU1601
DVU1679
DVUO0063
DvU1197
DVUO0510

DvU2144

DVU0713
DVUAOQ108
DVU0939
DVU4006
DvVU1843
DVU1865

DvU2827

DVU2929
DVU1196

DVUAO111
DvU2245
DVU1582
DVU1628
DVU2835

DVU1923
DVU0893
DVU2961
DVU0899
DvU1618
DvU1408
DvU1801
DvU1241
DvU1248
DVU0900
DVU0508
DvU0242

DVU1199
DVU3149
DVU2836
DVU1564
DVU2738
DvU0837
DVU0556
DVU1676
DVU3356
DVU2532
DVU2483
DVU0941

-0.8154
-0.8167
-0.8196

-0.8224

-0.8227
-0.8250
-0.8251
-0.8257
-0.8274

-0.8277

-0.8339
-0.8369
-0.8373
-0.8378
-0.8379
-0.8404

-0.8455

-0.8497
-0.8523

-0.8589
-0.8590
-0.8620
-0.8688
-0.8706

-0.8716
-0.8745
-0.8749
-0.8768
-0.8803
-0.8815
-0.8843
-0.8859
-0.8865
-0.8890
-0.8890
-0.8914

-0.8920
-0.8935
-0.8943
-0.8944
-0.8950
-0.8986
-0.8989
-0.9022
-0.9032
-0.9032
-0.9046
-0.9075
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hypothetical protein

hypothetical protein

heat shock protein GrpE
1-(5-phosphoibosyl)-5-[(5-
phosphoribosylamino)methylideneamin
imidazole4-carboxamide isomerase
ATP-dependent Clp protease adaptor
protein ClpS

isopentenyldiphosphate deltssomerase
MarR familytranscriptional regulator
N utilization substance protein B
transcription elongation factor NusA
glyceraldehyde ®hosphate
dehydrogenase

brancheechain amino acid\BC
transporter permease

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

sigma54 dependent transcriptional
regulator

DNA-directed RNA polymerase subunit
beta’'

leucyHtRNA synthetase

type Il secretion system protein IpaC
family

mutT/nudix family protein
hypothetical protein

RNA polymerase sigm&4 factor
transcriptional regulator

hydrogenase expression/formation
protein HupD

universal stress protein

hypothetical protein

hypothetical protein

iojap family protein

hypothetical protein

hypothetical preein

hypothetical protein

arginyHtRNA synthetase

guanylate kinase

translation initiation factor 2

SecC motifcontaining protein
3,4-dihydroxy-2-butanone 4¢hosphate
synthase

signal peptide peptidase SppA, 36K typ
hypothetical protein

hypothetical protein

methylaccepting chmotaxis protein
16S rRNA processing protein RimM
ISDvu3, transposase OrfA

preprotein translocase subunit SecG
NAD-dependent epimerase/dehydratas
MerR family transcriptional regulator
cytochrome c family protein

M16 family peptidase
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372
373
374
375

376
377

378
379
380
381
382
383
384

385
386
387

388

389
390
391
392
393

394
395
396
397

398
399
400
401
402
403
404
405
406
407
408
409
410
411
412

413
414

DvU1048
DVU1409
DVU2938
DVU0276

DvU3242
DVU0935

DVvU1033
DVU3097
DVU0228
DVU1198
DVU0936
DVUAO0079
DVU2655

DVU0715
DVvU1043
DVUO511

DVUAO0073

DVU2937
DvU0412
DvU0321
DvU0181
DVU3190

DVU0341
DVU0942
DVvU2078
DVU2074

DVU1570
DVU2309
DVU0269
DVU2226
DvU2416
DVU1204
DVU2500
DVU2590
DVU0938
DVUAO0080
DVU2674
DVU1050
DvuU0177
DVU1336
DVU0299

DVU1334
DVU2076

-0.9086
-0.9094
-0.9098
-0.9106

-0.9111
-0.9115

-0.9150
-0.9175
-0.9192
-0.9202
-0.9245
-0.9307
-0.9321

-0.9337
-0.9368
-0.9377

-0.9399

-0.9406
-0.9427
-0.9427
-0.9443
-0.9445

-0.9453
-0.9456
-0.9475
-0.9500

-0.9516
-0.9520
-0.9527
-0.9558
-0.9582
-0.9592
-0.9639
-0.9677
-0.9685
-0.9687
-0.9690
-0.9706
-0.9753
-0.9753
-0.9754

-0.9765
-0.9770
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cytochrome éype biogenesis protein
CcmB

hypothetical protein

hypothetical protein

hypothetical protein

DNA-directed RNA polymerase subunit
omega

methylaccepting chemotaxis protein
competence/damageducibleprotein
CinA protein, truncation

outer membrane efflux protein
hypothetical protein
6,7-dimethy}8-ribityllumazine synthase
hypothetical protein

adenylylsulfate kinase
D-alanytD-alanine carboxypeptidase
brancheechain amino acid ABC
transporter ATFbinding protein

GMP synthase

hypothetical protein

asparagine synthase (glutamine
hydrolyzing)

TPR domain/response regulator receive
domairrcontaining protein

potassium uptake protein TrkA
pantothenate kinase

molybdenum ABC transporter permeas
hypothetical protein
3-deoxymannaeoctulosonate
cytidylyltransferase

Fur family transcriptional regulator
protein-glutamate methylesterase CheB
chemotaxis protein CheW

pyruvate ferredoxin oxidoreductase
subunit beta

methylaccepting chemotaxis protein
Rrf2 family transdptional regulator
acetytCoA carboxylase, biotin
carboxylase

hypothetical protein

3-oxoacytACP synthase

cell division protein FtsA

sensonbox protein

isoamylase Nerminal domain
containing protein

glycosyl transferase, group 2 family
protein

succinate dehydrogenase and fumarate
reductase irorsulfur protein
cytochrome dype biogenesis protein
CcmF

molybdenum ABC transporter
periplasmic molybdenurhinding protein
ATP-dependent protease Aftinding
subunit ClpX

anaerobic ribonucleae triphosphate
reductase

trigger factor

chemotaxis protein methyltransferase
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415
416
417
418
419
420
421
422
423
424
425
426
427
428

429
430
431

432
433
434
435
436
437
438

439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464

465
466
467

468

DVU0701
DvU3083
DvU2774
DVU2903
DVU0928
DVU0880
DVU3173
DVU1655
DvU2371
DVU2368
DVU0915
DVU2323
DVU1278
DVUA0074

DVvU1044
DVU0704
DVU2968

DVU2374
DVU0856
DVU1851
DVU0789
DvU1087
DVU1049
DVU1579

DVUAO0072
DVU0824
DVU1396
DVU2769
DVUAO116
DVU0004
DVU2669
DVU0958
DVU3352
DVU0464
Dvu2227
DvU2073
DvU1816
DVU3392
DvU1042
DVU2671
DvuU2547
DVU0064
DvU3228
DVU1005
DvU0854
DvU2077
DVU2973
DvU2222
DVU1597
DvU0811

DvU2367
Dvu1427
DVvU1845

DVU0916

-0.9776
-0.9782
-0.9830
-0.9843
-0.9849
-0.9871
-0.9903
-0.9945
-0.9952
-0.9970
-0.9977
-1.0041
-1.0090
-1.0114

-1.0244
-1.0255
-1.0303

-1.0309
-1.0334
-1.0367
-1.0380
-1.0400
-1.0401
-1.0474

-1.0477
-1.0508
-1.0511
-1.0575
-1.0596
-1.0718
-1.0763
-1.0805
-1.0815
-1.0825
-1.0836
-1.0869
-1.0878
-1.0885
-1.0943
-1.0959
-1.0978
-1.0978
-1.1011
-1.1032
-1.1041
-1.1058
-1.1064
-1.1091
-1.1131
-1.1198

-1.1211
-1.1261
-1.1273

-1.1278
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malate synthase G

hypothetical protein

hypothetical protein

HD domaircontaining protein

50S ribosomal protein L27
hypothetical protein

hypothetical protein
LL-diaminopimelate aminotransferase
N-acetylmuramoyl -alanine amidase
(3R)-hydroxymyristoytACP dehydratase
hypothetical protein

hypothetical protein

cell division protein FtsH
sulfotransferase family protein
inosine5™-monophosphate
dehydrogenase

signal peptidase |

sensor histidine kinase/response regule
lipoprotein regasing system, ATP
binding protein

deltaaminolevulinic acid dehydratase
M24/M37 family peptidase

rod shapeletermining protein MreB
hypothetical protein

ABC transporter ATFbinding protein
cysteinyHtRNA synthetase

glycosyl transferase, group 1 family
protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

DNA gyrase subunit A

hypothetical protein

50S ribosomal protein L9

lipoprotdn

prephenate dehydrogenase
hypothetical protein

chemotaxis protein CheY
hypothetical protein

glutamine synthetase, type |
twin-arginine translocation protein TatB
phosphodiesterase

transcriptional regulator

hypothetical protein

chemotaxis protein CheY
hypottetical protein

NirD protein

hypothetical protein

integration host factor subunit beta
singlestrand binding protein

sulfite reductase, assilatory-type
molecular chaperone DnaK
UDP-N-acetylglucosamine
acyltransferase

response regulator

hypothetical protein

redoxsensing transcrifnal repressor
Rex
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469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485

486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511

512
513
514
515
516
517
518
519
520
521
522
523
524
525

DvU1612
DvU1448
DvU2988
DVU2216
DVU0884
DVU2481
DVU0794
DVU1580
DVUO0566
DvU1864
DVU1943
DVU0626
DVU1039
DVU1896
DVU1781
DVU2869
DVU0200

DVU0503
DVU2482
DvVU2411
DVU0793
DVU3330
DVU0005
DVU1985
DVU1206
DVU1833
DVU1666
DVU0133
DVU1317
DVU1307
DVvU1820
DVU1298
DVU1629
DVvU1040
DVU1319
DVU0509
DvU1302
DVU1300
DvU2912
DVU1030
DVU1337
DVU1397
DVU1315

DvU0987
DVU1313
DvU2577
DVU2349
DVU3185
DVU1657
DVU2426
DvU1243
DVU1309
DvuU3217
DVU0253
DVU2531
DVU1314
DVU2370

-1.1381
-1.1382
-1.1384
-1.1459
-1.1462
-1.1490
-1.1548
-1.1550
-1.1574
-1.1584
-1.1639
-1.1684
-1.1694
-1.1756
-1.1792
-1.1796
-1.1850

-1.1922
-1.1960
-1.2028
-1.2114
-1.2136
-1.2153
-1.2272
-1.2306
-1.2329
-1.2369
-1.2411
-1.2413
-1.2418
-1.2445
-1.2453
-1.2491
-1.2499
-1.2528
-1.2533
-1.2535
-1.2544
-1.2568
-1.2627
-1.2653
-1.2679
-1.2694

-1.2721
-1.2738
-1.2826
-1.2937
-1.2950
-1.2954
-1.3062
-1.3122
-1.3200
-1.3318
-1.3340
-1.3366
-1.3419
-1.3486
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ACT domaincontaining protein
hypothetical protein

phage shock protein A

translation initiation factor IR
hypotheticalprotein

formate dehydrogenase subunit beta
enoytACP reductase

ribose 5phosphate isomerase

GAF domaincontaining protein
DNA-binding proten HU subunit beta
hypothetical protein

acetolactate synthase small subunit
lipoprotein

30S ribosomal protein S20
hypothetical protein

major head protein

major head protein

polynucleotide
phosphorylase/polyadenylase
formate dehydrogenase subunit alpha
EF hand domaktontaining preein
hypothetical protein

hypothetical protein

lipoprotein

hypothetical protein

3-oxoacytACP reductase
phosphoenolgruvate synthase
elongation factor P

hypothetical protein

30S ribosomal protein S8

30S ribosomal protein S19
preprotein translocase subunidj
30S ribosomal protein S12
ribosomal subunit interface protein
imidazoleglycerophosphate dehydratas
50S ribosomal protein L18
hypothetcal protein

30S ribosomal protein S10
elongation factor G

50S ribosomal protein L31
universal stress protein
ATP-dependent protease La
bacterioferritin

50S ribosomal protein L5

heavy metabinding domaircontaining
protein

50S ribosomal protein L14

LuxR family transcriptional redator
carbohydrate phosphorylase
rubredoxiroxygen oxidoreductase
hypothetical protein

hypothetical protein

hypothetical protein

30S ribosomal protein S3
hypothetical protein

oxidoreductase

ribulosephosphate ®pimerase

50S ribosomal protein L24

outer membeine protein OmpH
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526 DVU1324 -1.3492 methionine aminopeptidase J
527 DVU1421 -1.3535 hypothetical protein S
528 DVU1377 -1.3541 acetolactate synthase 3 regulatory subt E
529 DVU1971 -1.3581 hypothetical protein R
530 DVU2967 -1.3614 sensor histithe kinase/response regulat KT
531 DVU1873 -1.3621 peptidytprolyl cistrans isomerase B (@)
532 DVU2072 -1.3706 chemotaxis protein CheA NT
periplasmic [NiFeSe] hydrogenase sma
533 DVU1917 -1.3800 subunit C
hemolysintype calciumbinding repeat
534 DVU1012 -1.3866 containingprotein R
glyceraldehyde ®hosphate
535 DVU0565 -1.3956 dehydrogenase G
536 DVU2519 -1.4021 30S ribosomal protein S9 J
537 DVU2198 -1.4066 hypothetical protein C
538 DVU1990 -1.4107 hypothetical protein S
539 DVU1303 -1.4145 50S ribosomal protein L3 J
540 DVU1568 -1.4172 ferritin P
541 DVU3122 -1.4195 hypothetical protein S
CDP-diacylglycerot-serine G
542 DVU2980 -1.4238 phosphatidyltransferase I
pyridine nucleotidedisulfide
543 DVU3212 -1.4239 oxidoreductase R
544 DVU0995 -1.4244 Thid/Pfpl family protein R
545 DVU1420 -1.4282 Hpt domaincontaining protein T
546 DVU1381 -1.4297 hypothetical protein S
547 DVU0607 -1.4298 S-adenosyl-homocysteine hydrolase H
548 DVUO0305 -1.4315 ferredoxin Il C
549 DVU1045 -1.4558 hypothetical protein R
peptidase/PDZ domaicontaining
550 DVU1468 -1.4574 protein O
551 DVU1310 -1.4600 50S ribosomal protein L16 J
552 DVU1316 -1.4620 30S ribosomal protein S14 J
AhpF family protein/thioredoxin
553 DVU0283 -1.4642 reductase o
554 DVUO0857 -1.4658 radical SAM domaircontaining protein R
555 DVU1537 -1.4684 lipoprotein M
556 DVU2130 -1.4722 hypothetical protein S
557 DVU1691 -1.4786 hypothetical protein S
558 DVU1572 -1.4807 CarD family transcriptional regulator K
559 DVU2236 -1.4814 hypothetical protein S
560 DVU1205 -1.4823 acyl carrier protein 1Q
561 DVUO0505 -1.4852 tRNA pseudouridine synthase B J
562 DVU1330 -1.4866 50S ribosomal protein L17 J
563 DVU2427 -1.4985 hypothetical protein S
564 DVU3183 -1.5011 desulfoferrodoxin C
565 DVU1299 -1.5062 30S ribosomal protein S7 J
566 DVU0322 -1.5083 phosphopyruvate hydratase G
567 DVU1074 -1.5107 50S ribosomal protein L34 J
568 DVU1308 -1.5124 50S ribosomal protein L22 J
569 DVUAO0075 -1.5221 radical SAM domaircontaining protein R
570 DVU2518 -1.5318 50S ribosomal protein L13 J
571 DVU1782 -1.5428 iron-sulfur clustetbinding protein C
572 DVU1378 -1.5460 ketolacid reductoisomerase EH
DNA-directed RNA polymerase subunit
573 DVU1329 -1.5509 alpha K
574 DVU0138 -1.5510 responseagulator T
575 DVU0684 -1.5655 hflK protein o
576 DVUAO0077 -1.5740 ABC transporter permease GM



577
578
579
580

581

582
583
584
585

586
587
588

589
590
501
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606

607
608
609
610
611
612

613
614
615
616
617
618
619
620
621
622

623

624
625
626
627

DVU3150
DVU1326
DvU1581
DVU0839

DVU2569

DVU1335
DvuU1817
DVUAO0005
DvU3184

DVU1051
DVU1311
DVU1312

DVU1918
DvU2770
DVU0504
DVU0265
DVU0459
DVU2470
DVUAO0076
DVvU1228
DVU2670
DVU0407
DVU2496
DVU3080
DVUA0006
DVU1792
DVU0629
DVU0683
DVvU1328
DVU0264

DVU1013
DvU3117
DvU1327
DVvU0943
DVU1325
DvU0838

DVU1664
DVU3084
DVUAO0091
DvuU2428
DVU0262
DVU0266
DVU0263
DVU0260
DVU1904
DVvU2449

DvU2298

DVU2299
DVU3094
DVvU1014
DVU2215

-1.5768
-1.5830
-1.5832
-1.5903

-1.5993

-1.5993
-1.6100
-1.6408
-1.6556

-1.6665
-1.6680
-1.6705

-1.6727
-1.6752
-1.6785
-1.6851
-1.6881
-1.6919
-1.7281
-1.7354
-1.7589
-1.7591
-1.7631
-1.7672
-1.7708
-1.7731
-1.7771
-1.8176
-1.8511
-1.8539

-1.8566
-1.8809
-1.9454
-1.9468
-1.9562
-1.9770

-2.0046
-2.0121
-2.0324
-2.0647
-2.0849
-2.1045
-2.1825
-2.2116
-2.2640
-2.3046

-2.3973

-2.4200
-2.4507
-2.5383
-2.6212
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30S ribosomal protein S1

30S ribosomal protein S13
hypothetical protein

30S ribosomal protein S16
peptidytprolyl cistrans isomerase,
FKBP-type

ATP-dependent Clp protease proteolytic
subunit

cytochrome €53

universal stress prdte

rubredoxin

cytochrome dype biogenesis protein
CcmE

50S ribosomal protein L29

30S ribosomal protein S17
periplasmic [NiFeSe] hydrogenalsege
subunit, selenocysteirntaining
response regulator

30S ribosomal protein S15
hypothetical protein

hypothetical protein

membrane pr&in

ABC transporter ATRhinding protein
thiol peroxidase

hypothetical protein

rare lipoprotein A family protein
lipoprotein

transcriptional regulator
magnesium transporter MgtE
30S ribosomal protein S21

TetR family transcriptional regulator
hflC protein

30S ribosomal protein S4
ferredoxin, 4Fe4S

TolC family type | secretion outer
membrane protein

hypothetical protein

30S ribosomal protein S11
hypothetical protein

50S ribosomal protein L36
hypothetical protein

ribosome biogenesis GHinding
protein YsxC

transcriptional regulator

catalase

lipoprotein

hypothetical protein

hypothetical protein

acidic cytochrome c3

response regulator

chemotaxis prain CheW
S-adenosylmethionine synthetase
glycine/betaine/tproline ABC
transporter permease

glycine betaine/tproline ABC
transporter ATFbinding protein
rubrerythin

hypothetical protein

RNA-binding protein
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628
629
630
631
632
633
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DVU0261 -2.6508
DVU3093 -2.6593
DVU1257 -2.6869
DVU0259 -2.7109
DVU1382 -2.7824
DVU2650 -2.9345
DvH:
Up-Expressed
Down-Expressed
TOTAL

*includes allsignificant genes without expression -ciit

> 2 LogFC

<-2 LogFC

universal stress protein T
rubredoxinlike protein C
RNA-binding protein K
DNA-binding response regulator T
HesB family selenoprotein R
hypothetical protein S
All Significant CCBF Unique to BF
287 238
485 360
*1257 *1058

0

25
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Table S6 Co-culture biofilm specific gene expressionNh maripaludis

Methanococcus maripaludis S2

cOvwWwoo~NOUR~AWNE

CC Biofilm

GenelD LogoFC

MMP0998 5.6933
MMP0275 3.3326
MMP1602 2.6144
MMPQ750 2.3699
MMPQ775 2.3583
MMP0467 2.3521
MMP0466 2.3463
MMPQ745 2.3313
MMP0211 2.3173
MMPQ782 2.2911
MMP1483 2.2521
MMP0518 2.2119
MMP0530 2.1702
MMP0462 2.1630
MMP1490 2.0987
MMP0673 2.0951
MMP1276 2.0773
MMP0434 1.9885
MMPQ739 1.9866
MMPQ747 1.9755
MMP0195 1.9603
MMP1339 1.9491
MMP0999 1.9478
MMP1575 1.9404
MMPQ744 1.9207
MMP0468 1.9102
MMPQ749 1.9019
MMPOO77 1.9002
MMP0217 1.8885
MMP0471 1.8753
MMP1124 1.8660
MMP1338 1.8610
MMP0089 1.8535
MMP0438 1.8495
MMP0662 1.8469
MMP0513 1.8380
MMP0380 1.8348
MMP1110 1.8301
MMP0533 1.7858
MMP1279 1.7746
MMP0364 1.7555
MMP0454 1.7489
MMP0892 1.7390
MMP0047 1.7320
MMP1576 1.7255
MMP0408 1.7183
MMP0143 1.7181
MMP1664 1.7133
MMPQ757 1.7050
MMP0881 1.7044
MMP0460 1.6995

Product
hypothetical protein
periplasmic coppebinding protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
cobalt ABC transporter inner membrane
protein
hypothetcal protein
hypothetical protein
hypothetical protein
ATP/GTRbinding motifcontaining protein
hypothetical protein
hypothetical protein
hypothetical protein
Asp/Glu racemase:aspartate racemase
hypothetical protein
hypothetical protein
SAM-binding motifcontaining protein
hypotetical protein
6-carboxyhexanoateCoA ligase
hypothetical protein
hypothetical protein
hypothetical protein
radical SAM domaircontaining protein
transcriptional repressdike protein
hypothetical protein
thiaminemonophosphate kinase
hypothetical protein
siroheme synthase
hypathetical protein
hypothetical protein
molybdopterin biosynthesis moeA protein
DNA polymerase B protein
hypothetical protein
hypothetical protein
camphor resistance protein CrcB
hypothetical protein
hypothetical protein
GCN&5like N-acetyltransferase
radical SAM domaircontaining protein
hypothetical protein
H+-transporting twesector ATPase subuni
A
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical potein
hypothetical protein
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52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

68

69
70
71
72
73
74
75
76
77

78
79
80

82
83
84

85
86
87
88
89

90
91
92
93
94
95
96
97
98

99
100

101
102
103

MMPO0573
MMP1678
MMPO767
MMP1649
MMPO754
MMP1226
MMP1203
MMPO0790
MMP1103
MMPO0714
MMP1393
MMP0966
MMP0990
MMP1590
MMP0520
MMPO0519
MMP1221

MMP0616
MMP0337
MMP0461
MMP0191
MMP1102
MMP0863
MMPO0005
MMPO0090
MMPO773

MMP0140
MMP1232
MMPO516
MMP0900
MMP0208
MMP1000
MMP0185

MMP0488
MMPO0360
MMP0472
MMP0827
MMPO0365

MMP1591
MMP1238
MMP0840
MMPO766
MMPO0675
MMPO0111
MMP0216
MMP0864
MMP0741

MMP0274
MMP0032

MMP0228
MMP1027
MMP1268

1.6952
1.6942
1.6907
1.6900
1.6875
1.6872
1.6758
1.6747
1.6741
1.6736
1.6724
1.6717
1.6692
1.6563
1.6557
1.6522
1.6494

1.6349
1.6263
1.6245
1.6192
1.6077
1.6075
1.5923
1.5913
1.5793

1.5786
1.5778
1.5756
1.5740
1.5704
1.5674
1.5605

1.5590
1.5499
1.5447
1.5432
1.5366

1.5351
1.5288
1.5267
1.5159
1.5156
1.5127
1.5109
1.5086
1.5024

1.5002
1.5001

1.4971
1.4934
1.4840

180

molybdopteringuanine dinucleotide
biosynthesis protein A

endonuclease IV

hypothetical protein

ABC transporter ATPase

hypothetical protein

geranylgeranyl reductase
cobaltprecorrin6A synthase
hypothetical protein

hypothetical protein

indolepyruvate oxidreductase subunit bet;
hypothetical protein

uroporphyrinlll C-methyltransferase
hypothetical protein

ExsB family protein

HAD superfamily ATPase

hypothetical protein

SAM-binding motifcontaining protein
OB-fold nucleic acid binding domain
containing protein

hypothetical protein

hypothetical protein

hypothetical protein

phospholipase D/transphosphatidylase
CBS domaincontaining protein
hypothetical protein

glycosyl transferase

hypothetical protein

(NiFe) hydrogenase maturation protein
HypF

PRloop domaircontaining protein
quinolinate phosphoribosyl transferase
rhodanese domaicontaining protein
hypothetical protein

hypothetical protein
5-methylthioadenosine phosphorylase
low molecular weight phosphotyrosine
protein phosphatase

hypothetical potein
integrase/recombinase

hypothetical protein

hypothetical protein

cobalamin (vitamin B12) biosynthesis Cbi
protein

biotin synthase

TetR family transcriptional regulator
site-specific recombinase

hypothetical protein

hypothetical protein

cation transport ATPase

Na+/H+ exchange

hypothetical protein

hydrogenase expression/formation proteil
HypE

transcription regulator ArsR
N(2),N(2)dimethylguanosine tRNA
methyltransferase

hypothetical protein

hypothetical protein
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104
105

106

107
108
109
110
111
112
113
114
115
116

117
118

119
120
121
122

123
124
125
126
127

128
129
130
131
132
133
134
135
136
137
138
139

140
141
142

143
144
145

146
147
148
149
150
151

MMP0474
MMPO0067

MMP0672

MMPO0551
MMP0652
MMPO0762
MMP0850
MMP0334
MMPO0161
MMP0233
MMPO371
MMP0473
MMP1425

MMP0200
MMPOO011

MMP0617
MMPO769
MMP0019
MMP0996

MMP0229
MMP1078
MMPO0378
MMP1713
MMP1581

MMP0867
MMP0994
MMP1514
MMP0907
MMP0618
MMPO0789
MMPO0475
MMP1423
MMPO0813
MMPO0307
MMPO0033
MMP0201

MMP0849
MMP0449
MMPO0547

MMP1277
MMP0564
MMP0642

MMP0198
MMP1227
MMP1574
MMPO0110
MMP0368
MMP1395

1.4812
1.4769

1.4754

1.4721
1.4685
1.4664
1.4652
1.4645
1.4554
1.4472
1.4422
1.4394
1.4336

1.4287
1.4278

1.4203
1.4162
1.4141
1.4106

1.4100
1.4007
1.3986
1.3941
1.3934

1.3910
1.3899
1.3897
1.3872
1.3867
1.3840
1.3830
1.3815
1.3780
1.3750
1.3721
1.3674

1.3663
1.3638
1.3636

1.3624
1.3614
1.3603

1.3577
1.3558
1.3538
1.3533
1.3515
1.3514

181

hypothetical protein

nitrogen regulatory protein-P
bindingprotein dependent transport syste
innermembrane protein

bindingprotein dependent transport syste
innermembrane protein

hypothetical protein

hypothetical protein

amino acid transporter

TrmH family RNA methytransferase
2-phosphosulfolactate phosphatase
hypothetical protein

hypothetical protein

hypothetical protein

tRNA 2-O-methylase

molybdenum containing
formylmethanofuran dehydrogenase
subunit E

DNA-cytosine methyltransferase

DNA repair and recombination protein
RadB

hypothetical protein

hypothetical protein

hypothetical protein

amino acid ABC transporter ATBinding
protein

hypothetical protein

amidohydrolase

hypothetical protein

DNA helicase

binding-protein dependent transport syste
innermembrane protein

hypothetical protein

prephenate dehydrogenase
transcriptional regular TrmB
hypothetical protein

cytosine permease

hypothetical protein

aldehyde dehydrogenase

hypothetical protein

hypotheticalprotein

LysR family protein

molybdenum cofactor biosynthesis proteil
L-lysine/ homoserirdaomoserine lactone
exporterfamily protein

ferredoxin

RecJllike protein

succinate dehydrogenase flavoprotein
subunit

hypothetical protein

hypothetical protein

ABC-type iron(lll) transport system ATP
binding protein

cobaltprecorrin6Y C(5)methyltransferase
8-aminc7-oxononanoate synthase

ABC transporter:AAA ATPase
hypothetical protein

Hef nuclease
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152
153
154
155

156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

174
175
176
177
178
179
180
181

182
183
184
185
186
187
188

189
190
191
192
193
194
195

196
197

198

199
200

201

MMP1243
MMP0435
MMPO0560
MMP1476

MMP0381
MMPO0565
MMP1674
MMPO0759
MMP0896
MMPO798
MMPO768
MMP0988
MMP0663
MMP1267
MMPO703
MMP0049
MMP0862
MMP1638
MMP1195
MMP1334
MMP1080
MMP0423

MMP0580
MMP0149
MMP1601
MMP0484
MMP0463
MMP1341
MMP1123
MMP0649

MMP0415
MMPO0074
MMP0189
MMP1389
MMPO0871
MMP1009
MMP0595

MMP1233
MMP1170
MMP0147
MMPO0377
MMP1620
MMPO0976
MMPQ0973

MMP1105
MMP1055

MMP1659

MMP1521
MMP1172

MMP1478

1.3504
1.3466
1.3341
1.3249

1.3189
1.2939
1.2872
1.2744
1.2695
1.2678
1.2662
1.2650
1.2649
1.2647
1.2615
1.2611
1.2585
1.2529
1.2522
1.2329
1.2308
1.2232

1.2222
1.2204
1.2132
1.2024
1.2008
1.2007
1.1944
1.1915

1.1838
1.1792
1.1777
1.1768
1.1751
1.1679
1.1618

1.1608
1.1603
1.1587
1.1564
1.15@

1.1502
1.1492

1.1479
1.1476

1.1460

1.1450
1.1427

1.1388

182

UBA/THIF-type NAD/FAD binding
protein

hypothetical protein

SAM-binding motifcontaining protein
hypothetical protein
3-isopropylmalate dehydratase small
subunit

hypothetical protein

flagellar accessory protein FlaH
hypothetical protein

polysaccharide biosynthesis protein
hypothetical protein

hypothetical protein

RNA methyltransferaskke protein
sulfate transporter

hypothetical protein

hypothetical protein

carbonic anhydrase

GCN&5like N-acetyltransferase
MoaA/nifB/pqqE family protein
cytoplasmic protein

solutebinding protein/glutamate receptor
group 1 glycosyl transfesa
hypothetical protein

anaerobic ribonucleosigdeiphosphate
reductase activating protein

RNA methylase

RNA methylase

sodium/hydrogen exchanger
hypothetical protein

SMC domaincontaining protein
radical SAM domaircontaining protein
carbamoyltransferase
O-sialoglycoprotein endopeptidase/#in
kinase

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

dihydroorotase

hypotheticalprotein

formate dehydrogenase accessory proteil
FdhD

glycosyl transferase

nitrogenase reductadige protein
isoleucyHRNA synthetasdike protein
hypothetical protein

hypothetical protein

hypothetical protein

succinateCoA ligase (ADPforming), beta
chain

hypothetical protein

aspartate chamoyltransferase catalytic
subunit

hypothetical protein

DNA protection protein DPS
cobyrinic acid a,@iamide
synthase:cobyrinic acid agiamide
synthase CbhiA
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202

203
204

205

206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221

222
223
224
225
226

227
228
229
230
231

232
233
234
235

236
237
238
239
240
241
242
243
244
245

246
247
248

249
250

MMP0205

MMP1552
MMP1645

MMPO0316

MMP0349
MMP1258
MMP0268
MMP0954
MMP0699
MMP0529
MMP1012
MMP1087
MMPO0170
MMP1144
MMP0332
MMPO764
MMPO579
MMP0409
MMP0439
MMP1020

MMPO975
MMP0613
MMP1377
MMP0146
MMP1525

MMPO799
MMP0615
MMPO0561
MMP0589
MMP1386

MMPO0291
MMP1106
MMP1501
MMPO315

MMP1578
MMP1672
MMPO0783
MMP1336
MMP0412
MMP0094
MMP1209
MMP1354
MMP0113
MMP1604

MMP1284
MMP1228
MMP1011

MMP1680
MMP0812

1.1366

1.1364
1.1353

1.1341

1.1240
1.1159
1.1081
1.1079
1.1044
1.1035
1.0922
1.0849
1.0808
1.0802
1.0786
1.0767
1.0732
1.0717
1.0702
1.0695

1.0634
1.0599
1.0598
1.0506
1.0454

1.0443
1.0350
1.0347
1.0322
1.0262

1.0260
1.0170
1.0103
1.0005

0.9984
0.9952
0.9909
0.9861
0.98®

0.9764
0.9739
0.9716
0.9650
0.9624

0.9597
0.9524
0.9517

0.9504
0.9434

183

molybderum ABC transporter periplasmic
molybdenumbinding protein
3-octaprenyl4-hydroxybenzoate carboxy
lyase

aspartate/glutamate/uridylate kinase
indolepyruvate oxidoreductase subunit
alpha 1

2-hydroxyglutarytCoA dehydratase
subunit Alikeprotein
deltaaminolevulinic acid dehydratase
tRNA pseudouridine synthase A
hypothetical protein

MATE efflux family protein

sulfate transporter family protein
exodeoxyribonuclease Il Xth
hypothetical protein

RimK family alphaL-glutamate ligase
bacitracin resistance protein BacA
hypothetical protein

hypothetical protein

hypothetical protein
glucosemethanoicholine oxidoreductase
dihydroorotate dehydrogenase 1B
hypothetical protein

molybdenum ABC transporter soldute
binding protein

acetolactate decarboxylase
hypothetical protein

hypothetical protein

modulator of DNA gyrase

TetR family transcriptional regulator
Member

hypothetical protein
carboxymuconolactone decarboxylase
radical SAM domaircontaining protein
hypothetical protein

hydrogenase expression/formation proteil
like protein

hypothetical protein
phosphodiesterase

indolepyruvate oxidoreductase subunit B
nicotinamidenucleotide
adenylyltransferase

flagellar protein F

hypothetical protein

translation factor

MiaB-like tRNA modifying protein
pseudouridylate synthase

hypothetical protein

thiamine biosynthesis protein
hypothetical protein

hypothetical potein

DEAD/DEAH box helicase domain
containing protein

hypothetical protein

glutamyHRNA synthetase
glucosaminefructose6-phosphate
aminotransferase

hypothetical protein
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251
252
253

254
255
256
257
258
259

260
261
262
263
264

265

266
267
268
269
270

271
272
273
274
275
276
277
278
279
280
281

282
283
284
285
286
287
288
289
290
201
292
293

294
295

MMP1126
MMPO711
MMPO0756

MMP1701
MMP1092
MMP0021
MMP1219
MMP1008
MMP1077

MMP1315
MMP0418
MMP0401
MMP1679
MMP0265

MMP0112

MMPO877
MMP1356
MMP1199
MMP0392
MMP0844

MMPO007
MMP0088
MMP0555
MMP0264
MMPO793
MMP0526
MMP0131
MMP0554
MMPQ0947
MMP1201
MMPO0755

MMP1205
MMPO571
MMP1589
MMP1335
MMP0690
MMP0955
MMP0224
MMP0815
MMPO0030
MMPO706
MMP0915
MMP0634

MMPO0116
MMPO057

0.9421
0.9419
0.9416

0.9364
0.9311
0.9284
0.9213
0.9171
0.9160

0.9111
0.9013
0.9003
0.8999
0.8973

0.8964

0.8953
0.8895
0.886
0.8843
0.8786

0.8774
0.8730
0.8710
0.8682
0.8619
0.8551
0.8496
0.8494
0.8397
0.8221
0.8111

0.8104
0.7851
0.7765
0.7546

0.7452
0.7401

184

proliferatingcell nucleolar antigen
magnesium/cobalt transporter CorA
hypothetical protein

amino acidbinding ACT domain
containing protein

auxin efflux carrier

hypothetical protein

dinG ATP-dependent helicase
indole-3-glycerolphosphate synthase
phosphoglucomutase/phosphomannomut
2-oxoglutarate ferredoxin oxidoreductase
subunitgamma

carbohydrate kinase PfkB

methionine synthase

hypothetical protein

hypothetical protein
2,3-bisphosphoglyceratmdependent
phosphoglycerate mutase 2
quinolinate phosphoribosyl
transferase:nicotinateucleotide
pyrophosphorylase

PPRloop domaiRcontaining protein
phosphate transporter PhoU
phosphoribosylamineglycine ligase
hypothetical protein
geranylgeranylglyceryl phosphate synthas
like protein

glutamyHRNA reductase

preflagellin peptidase
mechanosensitive ion channel MscS
hypothetical protein

hypothetical protein

L-tyrosine decarboxylase

SAM -binding motifcontaining protein
ATP phosphoribosyltransferase
nuclease

ATP/GTP-binding motitcontaining protein
3-phosphoshikimate-1
carboxyvinyltransferase

molybdenum cofactor biosynthesis proteil
A

carbamoyl phosphate synthase small
subunit

mevalonate kinase

polyferredoxin

succinytCoA synthetase subunitpha
glutamatel-semialdehyde
aminotransferase

hypothetical protein

MCM family DNA replication protein
NAD binding site:UDPglucose/GDP
mannose dehydrogenase
nucleoside triphosphate=-5'
deoxyadenosylcobinamide phosphate
nucleotidyltransferase

hypothetical protein
N-acetytgammaglutamylphosphate
reductase

FO synthase subunit 2
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2%
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314

315
316
317
318
319
320
321
322
323

324
325
326
327
328
329
330
331
332
333
334
335
336

337
338
339
340
341
342
343

344

345
346
347
348
349

MMPO0013
MMP1455
MMP0006
MMP1428
MMP0968
MMP1211
MMP1700
MMP1447
MMP1479
MMP1593
MMP0133
MMPO0374
MMP1217
MMP0231
MMP0991
MMP0186
MMP1712
MMP0040
MMP0933

MMP0219
MMP1362
MMP0680
MMPO0607
MMP1695
MMP0631
MMPO0971
MMP0901
MMP1711

MMP1222
MMP0064
MMP0255
MMP1427
MMPO0396
MMPO370
MMP0302
MMP0442
MMPO0237
MMPO0O073
MMP1240
MMP0340
MMP0695

MMP1707
MMP0654
MMP1040
MMP0329
MMP1404
MMP1502
MMPO317

MMP1696

MMP1583
MMP1458
MMP0627
MMP0440
MMPO667

-0.7543
-0.7762
-0.7949
-0.8073
-0.8373
-0.8508
-0.8568
-0.8612
-0.8654
-0.8676
-0.8933
-0.9437
-0.9667
-0.9723
-0.9728
-1.0113
-1.0153

-1.0156
-1.0185
-1.0225
-1.0250
-1.0281
-1.0299
-1.0304
-1.0343
-1.0564

-1.0665
-1.0794
-1.0879
-1.0943
-1.1211
-1.1267
-1.1356
-1.1376
-1.1409
-1.1413
-1.1474
-1.1531
-1.1570

-1.1593
-1.1597
-1.1688
-1.1746
-1.1786
-1.1826
-1.1965

-1.2028

-1.2109
-1.2153
-1.2155
-1.2221
-1.2229

185

argininosuccinate lyase

transmembrane subunit of a hydrogenase
3-dehydroquinate synthase

hypothetical protein

histidinol dehydrogenase

hypothetical protein

SSS sodium solute transporter superfami
Cro repressor family protein

hypothetical protein

hypothetical protein
inosine5-monophosphate dehydrogenase
hypothetical protein

hypothetical protein

cysteinerich small domain

hypothetical protein

hypotetical protein

LysR family transcriptional regulator
type |l secretion system protein E
response regulator receiver protein
manganeseependent inorganic
pyrophospatase

DNA-directed RNA polymerase subunit B
uracil phosphoribosyltransferase
hypothetical protein

F420non-reducing hydrogenase subunit
iron dependent repressor
adenylosuccinate lyase
ATP/GTP-binding motifcontaining protein
proliferating cell nuclear antigen

DNA repair and recombination protein
RadA

nitrogen regulatory protein-P
isoleucyHRNA synthetasdike protein
hypothetical protein

phosphopyruvate hydratase

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

argininosuccinate synthase
SeptRNA:CystRNA synthetase

pyruvate carboxylase subunit B
proteasome subunit beta

translation initiation factor /2 subunit
alpha

ketolacid reductoisomerase

V-type ATP synthase subunit K
hypothetical protein

30S ribosomal protein S3P

hypothetical protein

hypothetical protein

F420non-reducing hydrogenase subunit
delta

S-adenosylmethionine decarboxyldde
protein

hypothetical protein

50S ribosomal protein L34e
DNA-directed RNA polymerase subunit E
30S ribosomal mtein S2
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350
351

352

353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

370
371
372
373
374

375
376
377
378
379
380

381
382

383
384

385
386
387
388
389
390

391
392
393
394
395
396
397
398
399
400

MMP1391
MMP0689

MMP0621

MMP1504
MMP1432
MMP0854
MMP1705
MMPO0050
MMP0082
MMP0923
MMPO0873
MMP1367
MMP1218
MMP1312
MMPO670
MMPO0385
MMP1319
MMP0626
MMPO737
MMP1328

MMP1208
MMP1646
MMP1263
MMPO060
MMP0165

MMP0606
MMP1359
MMP0236
MMPO0156
MMP1329
MMPO765

MMP0620
MMP1381

MMP1439
MMP0059

MMP1246
MMPO0341
MMP1223
MMP1212
MMP0625
MMP1498

MMP0897
MMP1363
MMP0054
MMP1023
MMP0041
MMPO0061
MMP0668
MMPO576
MMP0344
MMPO0098

-1.2229
-1.2312

-1.2328

-1.2423
-1.2490
-1.2513
-1.2574
-1.2590
-1.2679
-1.2690
-1.2770
-1.2852
-1.2944
-1.2945
-1.3037
-1.3073
-1.3073
-1.3099
-1.3144
-1.3247

-1.3248
-1.3250
-1.3327
-1.3431
-1.3502

-1.3511
-1.3539
-1.3572
-1.3609
-1.3672
-1.3720

-1.3762
-1.3780

-1.3825
-1.3841

-1.3894
-1.4077
-1.4113
-1.4223
-1.4231
-1.4232

-1.4246
-1.4255
-1.4315
-1.4498
-1.4736
-1.4785
-1.4790
-1.4914
-1.4920
-1.5036

186

aspartatesemialdehyde dehydrogenase
xanthine/uracil permease

xylose isomerase domadgontaining
protein

pyruvate ferredoxin oxidoreductase subur
beta

adenylosuccinate synthetase

nitrogen regulatory protein-P
creatininase
6,7-dimethyl8-ribityllumazine synthase
glutamate synthase large suiiu
dihydrodipicolinate reductase
hypothetical protein

30S ribosomal protein S12P
hypothetical protein

hypothetical protein

hypothetical protein

uridylate kinase

30S ribosomal protein S13P
cytidylate kinase

L-aspartate dehydrogenase

enolase
translation initiation factor 2 subunit
gamma

hypothetical protein

hypothetical protein

50S ribosomal protein LX

ABC transporter

ribosomal RNA methyltransferase
RrmJ/FtsJ

hypothetical protein

hypothetical protein

30S ribosomal protein S19e
ferredoxin

hypothetical protein

methyl coenzyme M reductase, compone
A2

betalactamasdike protein
cofactorindependent phosphoglycerate
mutase

hypothetical protein

tungsten containing formylmethanofuran
dehydrogenase subunit G

pyruvate carboxylase subunit A
hypothetical protein

acetylCoA acetyltransferase

50S ribosomal protein 14

hypothetical protein

bifunctional ornithine acetyltransferase/N
acetylglutamate synthase
DNA-directed RNA polymerase subunit A
hypothetical protein

TetR family transcriptional regulator
transcription initiation factor 11B
translation initiation factor 6
hypothetical protein
dihydrodipicolinate sythase
hypothetical protein

ferredoxin
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431
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433
434
435
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440
441
442

443
444
445
446
447
448

449
450
451
452

MMP1704

MMPO0540
MMP0081

MMP0887
MMP0597
MMP0194
MMP0044
MMP1470
MMP0937
MMP1579
MMPO0051
MMP0163
MMP 1546

MMP1104
MMP1709
MMP0153

MMP1563
MMP1541
MMP1370
MMP1326
MMP1444
MMP1310
MMP0658
MMP1684
MMP1403
MMP1369
MMP1547
MMP0480
MMP1721
MMP1368
MMP0383
MMP1206
MMPO0574
MMP1358
MMP1683
MMP1410
MMP1433
MMPO0157
MMP1045
MMP0298
MMP0164
MMP1720

MMP0083
MMP0152
MMP1513
MMP1261
MMP1042
MMP0029

MMP1565
MMP0022
MMP1632
MMP1043

-1.5138

-1.5142
-1.5221

-1.5336
-1.5373
-1.5488
-1.5512
-1.5558
-1.5563
-1.5660
-1.5803
-1.5882
-1.5892

-1.5974
-1.6033
-1.6242

-1.6253
-1.6382
-1.6386
-1.6390
-1.6455
-1.64Y%

-1.6478
-1.6651
-1.6701
-1.6809
-1.6895
-1.6908
-1.7075
-1.7089
-1.7239
-1.7507
-1.7530
-1.7579
-1.7627
-1.7781
-1.7843
-1.7929
-1.7969
-1.8304
-1.8560
-1.8699

-1.8703
-1.8713
-1.8790
-1.9088
-1.9221
-1.9308

-1.9598
-1.9768
-2.0170
-2.0210
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hypothetical protein
phosphoribosylaminoimidazele
succinocarboxamide synthase
glutamate synthase largabunit
stress responsive alpthata barrel domain
containing protein

fibrillarin

hypothetical protein

betalactamase domaioontaining protein
prefoldin subunit alpha
F4200--gammaglutamyl ligase

30S ribosomal protein S15P
phosphoribosyATP pyrophosphatase
arseniteactivated ATPase ArsA

50S ribosomal protein L2P

aspartate carbamoyltransferase regulator
subunit

50S ribosomal protein L44e
transhomoaconitate synthase
tetrahydromethanopteriS
methyltransferase subunit B
hypothetical protein

elongation factor -hlpha
DNA-directed RNA polymerase subunit N
methionine aminopeptidase

IMP cyclohydrolase

MoaA/nifB/pgqE family protein
metallophosphoesterase

50S ribosomal protein L22P
elongation factor ER

30S ribosomal prein S19P
hypothetical protein

hypothetical protein

30S ribosomal protein S7P

S-layer protein

glutamine synthetase

hypothetical protein

ferredoxin

hypothetical protein

50S ribosomal protein L24P

50S ribosomal protein L11P
hypothetical protein

V-type ATP synthase subunit B

50S ribosomal protein L15e
sirohydrochlorin cobaltochelatase
hypothetical protein

coenzyme F420
hydrogenase/dehydrogenase subeta
domainrcontaining protein

citrate transporter

alanine dehydrogenase

hypothetical protein

V-type ATP synthase subunit C
hypothetical potein
tetrahydromethanopterin S
methyltransferase subunit A
hypothetical protein
glutamatebinding protein

V-type ATP synthase subunit F
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462
463
464
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469

470
471

472
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476

477
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479

480
481
482

483
484
485
486
487
488

489

490
491
492

493
494
495
496
497
498
499
500

MMP1411

MMP0045
MMP1044
MMP1512
MMP0250
MMP0158
MMPO0303
MMP1320
MMP1416
MMP1046
MMP0669
MMP1325
MMP1137
MMP1708
MMP1556
MMPO0166
MMP0686

MMP1259
MMP0251

MMP1566
MMP0025
MMP1260
MMP1321
MMP1324

MMP1247
MMP0962
MMP0168

MMP1609
MMP1418
MMP1322

MMP1558
MMPO0961
MMP0407
MMP1047
MMP0585
MMP0260

MMP1248

MMP1559
MMP1174
MMP1413

MMPO0372
MMP1414
MMP1417
MMP1323
MMP1412
MMPO0159
MMP0639
MMP0181

-2.0419

-2.0441
-2.0586
-2.0834
-2.0889
-2.1360
-2.1461
-2.1861
-2.1964
-2.2069
-2.2109
-2.2135
-2.2155
-2.2330
-2.2367
-2.2384
-2.2588

-2.2661
-2.2798

-2.3078
-2.3230
-2.3519
-2.3567
-2.3718

-2.3872
-2.3974
-2.4002

-2.4071
-2.4293
-2.4296

-2.4314
-2.4368
-2.5039
-2.5075
-2.5161
-2.5163

-2.5558

-2.5733
-2.5809
-2.5813

-2.5854
-2.6143
-2.6187
-2.6254
-2.6311
-2.6541
-2.6%44
-2.6591

188

30S ribosomal protein S4e

bifunctional short chain isoprenyl
diphosphate synthase

V-type ATP synthase subunit A

alanine racemase

RNA-associated protein

hypothetical protein

rubredoxintype Fe(Cys)4 protein

30S ribosomal protein S4P

50S ribosomal protein L32e

V-type ATP synthase subunit D

30S ribosomal protein S3Ae

30S ribosomal protein S9P

Lrp/AsnC family transcriptional regulator
30S ribosomal protein S27e
methylcoenzyme M reductase |, prateD
MATE family drug/sodium antiporter
fructosebisphosphate aldolase
FAD-dependent pyridine nucleotide
disulfide oxidoreductase

proteasome subunit alpha
tetrahydromethanopterin S
methyltransferase subunit G
hypothetical protein

hypothetical protein

30S ribosomal protein S11P

50S ribosomal protein L13P

tungsten containing formylmethanofuran
dehydrogenase subunit D

zinc finger protein

ParR family transcriptional regulator
formylmethanofuran
tetrahydromethanopterformyltransferase
50S ribosomal protein L18P
DNA-directed RNA polymerase subunit D
methytcoenzyme M reductase | subunit
gamma

hypothetical protein

hypothetical protein

hypothetical protein

UspA domaincontaining protein

50S ribosomal protein L1P

tungsten containing formylmethanofuran
dehydrogenase subiti
methylcoenzyme M reductase | subunit
alpha

peroxiredoxin

30S ribosomal protein S14P
F420dependent
methylenetetrahydromethanopterin
dehydrogenase

30S ribosomal protein S8P

50S ribosomal protein L19e

50S ribosomal protein L18e

50S ribosomal protein L5P

50S ribosomal protein L39e

50S ribosomal protein L24e
hypothetical protein
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509
510
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512

513
514
515

516
517
518
519
520

521

522
523
524
525

526
527
528

529

530
531
532
533
534
535

MMP1249

MMP0248
MMP1188
MMP0259
MMP0640
MMP0182
MMP1635
MMP1158
MMP1415
MMP0651
MMP0249
MMP1347

MMPO575
MMP1156
MMP1155

MMP0823
MMP1054
MMP1160
MMP0258
MMP0630

MMP0127

MMP0817
MMP1053
MMP1637
MMPO709

MMP0822
MMP1421
MMP1419

MMPO0058

MMP0824
MMP0692
MMP1136
MMP1420
MMP1302
MMP0825

Mmp:

-2.6690

-2.6769
-2.7398
-2.7677
-2.7762
-2.7841
-2.7942
-2.8084
-2.8501
-2.8716
-2.8724
-2.8826

-2.9084
-2.9150
-2.9187

-2.9767
-2.9852
-3.0832
-3.1408
-3.1607

-3.2063

-3.3086
-3.3131
-3.4793
-3.5657

-3.6208
-3.6697
-3.6698

-3.7993

-4.0296
-4.0390
-4.0834
-4.2399
-4.6791
-5.1294

Up-Expressed

Down-Expressed
TOTAL

*includes all sign
> 2 LogFC
<-2 LogFC
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tungsten containing formylmethanofuran
dehydrogenase subunit C

DNA-directed RNA polymeraskke
protein

hypothetcal protein

acidic ribosomal protein PO

30S ribosomal protein S28e
hypothetical protein

redoxactive disulfide protein 1
hypothetical protein

50S ribosomal protein L6P

acetolactate synthase 3 regulatory subun
50S ribosomal protein L37Ae

histone B

aspartyl/glutamytRNA amidotranterase
subunit C

carboxymuconolactone decarboxylase
heterosulfide reductase subunit B1
coenzyme F42@onreducing hydrogenase
subunit alpha

heterodisulfide reductassubunit C2
hypothetical protein

50S ribosomal protein L12P

ferrous iron transporter

H(2)-dependent
methylenetetrahydromethanopterin
dehydrogenase

coenzyme F42@educing hydrogenase
subunit beta

heterodisulfide reductase subunit B2
hypothetical protein

hypothetical protein

coenzyme F42@onreducing hydogenase
subunit gamma

50S ribosomal protein L15P

30S ribosomal protein S5P
methylenetetrahydromethanopterin
reductase

coenzyme F42@onreducing hydrogenase
subunt beta

hypothetical protein

rubrerythrin

50S ribosomal protein L30P
hypothetical protein

heterodisulfide reductase subunit A
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ABSTRACT

In the absence of sulfate as an electron acceptor and the additien of
hydrogenotrophic methanogddesulfovibrio vulgariHildenborough and
Methanococcus maripaludean form a cooperative syntrophic relationship. The
syntrophy between sulfateducing bacteria and methanogenic archaea is of interest
because both thesggiilds play crucial roles in many different anaerobic environmdnts.
monocultures, onl. vulgarisHildenborough readily forms biofilphowever, the co
culture biofilm is evenly interspersed with maripaludis and is thicker and filled with
topograjical features such as ridges, spires, and valleys. To better understand the
interactions betweeM. maripaludisandD. vulgarisHildenborough and the impact on
function, deuteriumabeled proteomics and BONCAT microscopy were used to delineate
activity dates of the two biofilm populations. Deuteritlabeled proteins were observed
in both populations, and thi& vulgarislabeled proteins were enriched for carbon
oxidation and electron transfer while tlile maripaludisproteins were strongly enriched
in carbon dioxide processing and methane generation. Interestingly, BONCAT labeling
was observed for both organisms grown as monocultures; however, urmdgiuce
biofilm conditions, onlyD. vulgariswas detected to be BONCAT active, yet methane
was being etively produced. The data suggest that duringudture growthD. vulgaris
andM. maripaludishave altered levels of respective cellular activity that results in
streamlined specialization with respect to lactatelation and methargeneration. The
results suggest that an interdomain mutualistic biofilm partitions activity to optimize
carbon processing and energy conservation and could have implicatibastenial
archaeal interactiorthathaveevolvel at the lower limits of thermodynamic energy
conservation.
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INTRODUCTION

Communities of microorganisnege believed to primarily exist in the
environmentdhered to a surface or as an aggregaéferred to as a biofilm due to the
intrinsic biotic and abiotic advantagesnferred by this nae of growth Biofilms are
typically complex webs of multiple species that communicate by chemical signaling and
can structure themselves depending on the synergistic and antagonistic interactions of the
membergMomeni et al., 2013) Biofilms are hetemenous, yet structured, microbial
communities that can represent relevant systems to understand emergent properties of
metabolic interactions. A growing interest in biofilm science is the consequence of
dynamicbiofilm behavior in relation to metabolic dmross specidateractions namely
structurefunction relationships at different spatial and temporal scales.

The structure and function of multispecies biofilms can be more complex than
monoculture biofilms. We have recently shown that the structusemixed biofilm
community is dependent upon the nature of the interacti@scpoperative or
competitive) and that the degree of intermixing of4wember communities is greater
undercooperatbn versus competitin (Momeni et al., 2013) Despite e ubiquity of
biofilms and importance of anaerobes, little work has been done to understand how
biofilm structure affects function in anaerobic microbial commun{&snstein et al.,

2012; Brenner & Arnold, 2011; Nielsen et al., 2000; Raskin et al§)19&hile

interactions between SRB and methanogens have been dtudiedadesvery little has
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been done to characterize the emergent properties of interactive populations in anaerobic
biofilms, particularly in the context of interdomain, linked metano and activity.

Experiments that aim to assess microbial community actaityuse a variety of
-omic techniques, anddependable marker of microbial activity is protein expression, as
it has been reported that mMRNA and protein expression of e gane can be
uncorrelatedBinder & Liu, 1998; Bollmann et al., 2005; Foster et al., 2009; Morgenroth
et al., 2000; Oda et al., 2000; Schmid et al., 2001; Taniguchi et al., 2010; Wagner et al.,
1995) Traditional methods of measuring protein synthesigiire the use of stable
isotope labeling, whicks an indirect measure of overall cellular actiyiandcan
sometimes be limited by available substratesotein synthesis can also be measured
using deuterium oxidel§.0). Deuterons?H) can rapidly rplace protons (H) of active
or newly synthesized proteins and provide a mass shift that is readily measured by
peptide identifications by liquid chromatograpimass spectrometry (L®IS).
Additionally, deuterium oxide is generally regarded as being lessfliaas routine
enrichments of 5% heavy water in rodents provided no change in normal physiology,
making it ideal folin situincubationgBusch et al., 2007; De Riva et al., 2010)

A newermethod for analyzing functional protein synthesis is to utilize
bioorthogonal noncanonical amino acid tagging or BONGHatzenpichler et al.,
2016) Bioorthogonal compounds are analogs of native biomolecelgsgmino acids,
nucleotides, lipids) with a functional group that can be conjugated to fluorescence dyes
via click chemistry. Homopropargylglycine (HPG) is a bioorthogonal surrogate for the

amino acid methionine and is advantageous because no genetic modification of the host
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cell is needed. After cells are exposed, a selective click chemistry detectabtsreact
allows direct microscopic visualization of new protein synthesis that occurred during the
incubation(Dieterich et al., 2006; Hatzenpichler et al., 2014)

Previously an archaedbacterial biofilm betweeMethanococcus maripaludis2
(Mmp) andDesulfovbrio vulgaris Hildenborough (DvH) optimized carrying capacity as
defined by biomass yield per mass flux of lactate or met(i2wileya et al., 201H).

Previous results suggest that the multispecies biofilm creates an environment conducive
to resource shimng that increases the carrying capacity for cooperative populations, but it
is unknown how this is accomplished. Due to the unique physiology of the biofilm and
the physical facilitation of interactions between the two species from close proximity, we
wanted to determine the respective metabolic activity of the two populdtioimg

biofilm establisiment Here we explore an alternate approach with the use of heavy
water (deuterium oxidéH-0) for nonspecific protein labeling in which rates of activity
within the syntrophic caulture were extrapolated, as well as the first use of BONCAT
(to the aut hor sdturkbmofinto estdalize jJranslationah actvity

within the system.

MATERIALS AND METHODS

Culture Conditions

Desulfovibrio wlgaris HildenboroughandMethanococcus maripaludis2were

anaerobicallycultivatedas previously described co-culturemedium(CCM) with 80%
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N2: 20% CQ sparged headspace at 30°C and shaking at 12fBpleya et al., 2014).
Addition of 30 mM sulfatéo serum bottles was used fatbh, planktonic, monocultures
of D. vulgarisHildenboroughWhereas, addition &0 mM acetate instead of lactate,
along with an over pressurization of 80% B0% CQ gas to 200 kPawvas used for
batch, planktonic, monoctuires ofM. maripaludisgrown in serum bottle€lass slides
were used to cultivateoeculturebiofilm onin a modified, continuously stirred, 1 L CDC
reactor andamples weranalyzed for optical density, protein, lactate, and acetate as

previously desched(Brileya et al., 201#; Clark et al., 2006, 2012)

Deuterium Oxide Addition

Theculturemedium and individual reactors were enriched to a final concentration
(volivol) of 5% deuterium oxid€’d-0) by the addition of 99% (mol/maoiH.0
(Cambridge Isotpe Laboratories|Figure 1). The continuously stirred biofilm reactor
system containing the emulture was destructively harvested from replicate reactors.
Samples were collected before enrichment for a base deuterium level (Time 0), 24 hours
after deutdum oxide addition, and 48 hours p@s&tdition. Thebiofilm samples were
similarly collectedfor two separatdeuterium additiomxperiments, for the early stage of
initial biofilm development at 96 hours and the late stage in which acetate and methane
generation was in steady state (312 h). Samples were collected from the planktonic
portion of the reactors and sent to Metabolic Solutions Inc. for deuterium concentration

analysis.



Figure 1. Deuteriunoxide workflow for the ceculture biofilm reactors (A) Anaerobic
co-culturebiofilm reactor setup with glass slides for biofilm attachment (B) Deuterium
oxide (D:O or2H,0) was added at 5% (vol/vol) during the Early Stage (96 h) and Late
Stage (312 h) biofilm development (C)-Colture biofilm was harveéed at 24 and 48
hours after RO addition, methanol extracted, and ran orM6&. The methanol
extracted pellet was analyzed for proteomics and mass shifts were tracked.

Deuterium Proteomic Analysis

For proteomic analysis, pellets from theadture expements were prepareabs
described previousl§Gonzalez FernandeXifio et al., 2015) Briefly,
chloroform/methanol precipitation was used to lyseualbure cell pellets and extract
proteins. The protein pellet was resuspended in 100 mM AMBIC with 208bngicie
and reduced with tris¢2arboxyethyl)phosphine (TCEP) for 30 mins, followed by

addition of iodoacetamide (IAA; final conc. 10 mM) for 30 mins in the dark, and then
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digested overnight with M8rade trypsin (1:50 w/w trypsin: protein) at 37°C. Fogs
were stored at20°C until analysis.

Identification of peptides and determination of the peptide retention times (RT)
from the ceculture samples were analyzed on an Agilent 1290 UHP&ES50 QTOF
liquid chromatography mass spectrometer-MS/MS; Agilent Technologies) system in
Auto-MS/MS mode and the operating parameters for theVMISEIMS system were
described previouslGonzalez Fernandédifio et al., 2015)Forty (40) ug of peptides
were separated on a SigrAldrich Ascentis Express Peptide £3.8column (2.1 mm x
100 mm, 2.7 um particle size, operated at 60°C) and a flow rate of 0.4 mL/min. The
chromatography gradient conditions were as follows: from the initial starting condition
(95% buffer A (100% water, 0.1% formic acid) and 5% buffer B (100&taaitrile,
0.1% formic acid)) the buffer B composition was increased to 35% over 120 min; then
buffer B was increased to 80% over 3 min and held for 7 min, followed by a ramp back
down to 5% B over 1 min where it was held for 6 min tegeilibrate thecolumn to the
original conditions. Data were analyzed with the Mascot search engine version 2.3.02
(Matrix Science), the data were searched against a combagdfovibrio vulgaris
Hildenborough andlethanococcus maripaluddatabase that also includesmmon lab
contaminants. The Mascot results were curated and validated by using Scaffold
(Proteome Software Inc., Seattle, WA) as described previ¢@siyzalez Fernandez
Nifio et al., 2015)For ceculture samples labeled withhO, accurate quantificatiorf o
incorporation of the deuterium atoms in the peptides was achieved by operating the

Agilent 1290 UHPLG 6550 QTOF in MS mode with identical chromatography
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conditions to the shotgun proteomic analysis described above. Peptides were identified by
matchingthe accurate mass of the meisotopic peptide ion and RT with the identified

peptides from the shotgun proteomic analysis.

Bioorthogonal Noncanonical Amino Acid Tagging (BONCAT) and rRi#geted FISH

All BONCAT experiments were conducted either iplidate batch conditions or
duplicate continuously stirred reactor conditions. Thadthionine surrogate-L
homopropargylglycine (HPG) was used for BONCAT labeling and added post
inoculation (9 h) for batch eoultures and 312 hours for the biofilm reastoA separate
co-culture was also used for a shtatm (2 min)incubation of an actively growing sub
sample with 50 uM HPG to check for labelinghe planktonic batch eoulture samples
with 50 uM HPG were collected before addition (T=0h,4.2h, 16h, 18h, 24h, 48h,
and 96h after addition then fixed and stored at 4°C until microscopy was done. The co
culture biofilm had samples harvested before 50 uM HPG addition for a T+0 43h,
and 72h before being fixed and stored. After harvestsamples were fixed in 4%
paraformaldehyde, according to tf@rescencén situ hybridization FISH) and 3D
FISH protocols to visualize the intact or scraped biofilm as previously des¢Bhkxya
et al., 2014 Brileya et al., 201d). Absorbance readgs (600 nm) were taken over time
from planktonicculturesincubatedwvith HPG concentrations of 50 uM and 200 uM for
batch moneand co cultures. Additionally, the uridine analogueé&hynyt2 -6

deoxyuridine (EdU) was tested as a proxy for DNA synthesisane and cecultures.



200

To fluorescently label the respective populations undergoing active protein
synthesis, the BONCATFISH protocol using the domain specific FISH probes EUB338
Cy3 and ARCH918Cy5 and Cu(Bcatalyzed conjugation of HPG with an azdie was
used(Brileya et al., 2014; Hatzenpichler & Orphan, 20L5BONCAT-FISH was
performed following the protocol of Hatzenpichler and Orpftéatzenpichler & Orphan,
2015)and Hatzenpichler et gHatzenpichler et al., 2014)Fixed biomass was
immohilized on Tefloncoated glass slides and dried at 46°C. An increasing ethanol
series [50%, 80%, and 96% ethanol in douhilled water (ddHO)] was performed,
and the slides were air dried. Solutions were prepared as degetdiednpichler &
Orphan,2015) and the reagents were always freshly mixed. This solution contained 5
mM sodium ascorbate (Sigafddrich), 5 mM amineguanidine hydrochloride (Sigma
Al dr i ch) , 5BhodooxyprdpylIHrl,R2,3tfiagok4-yl)methyllamine (THPTA;
Click ChemistryTool s), 100 e-Ml €uiSOHB) ( Sagmbdifkd e M of
dye carboxyrhodamine 110 (ERL.0; Click Chemistry Tools) in 0-2 rfiltered 1x PBS,
pH 7.4; 20 €L of this solution was applied
were incubated for3min at room temperature (RT) in a dark humid chamber.
Afterward, slides were washed three times in 1x PBS and an increasing ethanol series
(50%, 80%, and 96%), before beginning the FISH prot(®adleya et al., 2014). The
samples were mounted with @itor AF-1 antifading solution (Electron Microscopy
Sciences) and were analyzed with a Leica TCS SP5 Il inverted confocal laser scanning

microscope with 488, 561, and 633 nm lasers and appropriate filter sets.
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RESULTS

Biofilm Growth

Under the tested gwih conditions, the continuous culture biofilm reactor
displayed exponential growth in the planktonic phase for the first approximate 150 h as
lactate is consumed and equimolar levelaadtatevereproducedFigure 2). The
lactate and acetate level apach steadsgtate levels at approximately 245 h. As
previously reported, the biofilm is considered at an early stage of development between
50 and 150 h, intermediate between 150 h and 250 h, and mature or late biofilm after 250
h (Brileya et al., 2014). For the labeled proteomics samples, biofilm samples were

harvested at 96 h (Aearlyo) and 312 h (il a
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Figure 2. Ceculturebiofilm reactorsample analysis over timélanktonic samples were
collected every 24 h for organic acid quantificatibactate and Acetate) and planktonic
optical density (.s0onm). Typical lactate consumption followed by proportional acetate
production is depictedDeuterium oxide (BO or?H»0) was added to the respective co
culture reactors during Early Stage biofidevelopment at 96 (shown by the dotted

line) as lactate is being depleted, and Late Stage biofilm development a{sgi@\m by

the dotted linejvhen the reactor stabilizes.

Deuterated Proteomics

The deuterated peptides identifieddnvulgariscoud be assigned to 184
different proteins, whereas only 23 proteins could be assigrddrmaripaludis Among
the identifiedpolypeptidesn D. vulgariswere putative proteins involved in carbon
utilization that included acetate kinase (DVU3030), acetatasynthase (DVU1612),
alcohol dehydrogenase (DVU2201 and DVU2405), and lactate permease (DVU3026)

(Figure 3). Putative proteins in energy conservation included adenylate kinase
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(DVU1932), adenylyl sulfate reductase (DVU08AX carbon monoxide induced
hydrogenase (DVU2291, DVU22&, DVU2401, DVU2399), cytochrome c nitrite
reductase (DVU0625), dissimilatory sulfite reductase (DVUB40RVU2776,
DVU1289), formate dehydrogenase (DVU0577), heterodisulfide reductase (DVU2402
4), NiFe hydrogenase (DVU1922jFeSe hydrogenase (DVU1918). Putative proteins
involved in general stress response included carbon starvation protein (DVU0598),
chemotaxis proteins (DVU2072, DVU0992, DVU1904), and universal stress proteins
(DVU0423, DVU2100, DVU1030, DVU0893). Presptive proteins with unknown
function included conserved hypotheticals (DVU2077, DVUA0116, DVU2398,
DVU3032, DVU0797, DVU2938). In addition, specific to amino acid production and/or
utilization, labeled polypeptides were detected®presumptive protes(Table 1).
These included putative transporters/porinsl(=or enzymes involved in

biosynthesis/utilization (nk3).
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Organism |GeneID |Description
\Desulfovibrio vulgaris Hildenborough

DVUO0107, DVU0169,
DVU0386, DVU0547,
DVU0675, DVUO712, ABC-type amino acid transport/signal transduction systems
DVU0716, DVU0966,
DVUI1238, DVU2297

DVUI1377 acetolactate synthase, small subunit (TIGR)
DVU3048 aspartate-semialdehyde dehydrogenase (TIGR)
DVU2982 3-isopropylmalate dehydratase, large subunit, putative (TIGR)
DVUI1203 serine hydroxymethyltransferase (TIGR)
DVU1425-6 glycine cleavage system protein (TIGR)

DVU0278 glyoxalase family protein (TIGR)

DVU0418 saccharopine dehydrogenase (TIGR)

DVU1378 ketol-acid reductoisomerase (TIGR)

DVU3373 dihydroxy-acid dehydratase (TIGR)

DVU3197 branched-chain amino acid aminotransferase (TIGR)
DVU1655 aminotransferase, classes I and II (TIGR)

DVUI612 ACT domain protein

Table 1. Deuterateamino acid peptidesdentifiedfrom the ceculture biofilm D.
vulgarispeptides that were deuterium labeiedhe coeculture biofilmand function in
amino acid production, utilization, or transport.
M. maripaludishad a more limited array of polypeptides that were identified
(Table 2) This could be due to a dilution bias from the higher ratid.ofulgaristo M.
maripaludispresent and/or different synthesis rates/proteinihaé. Similar to
previous r esul t 96h)hadaeopuiaticn ratioyhat wasiagpfoxinhataly (
4:1 (DvH: Mmp) and approxi matelyepanB: 1 (Dv
(312 h). The labeled putative proteins kbrmaripaludisthat were identified were
predominantly involved with carbon and electron flow for methanogenesis and included

coenzyme F420 reducing hydrogenases, methylenetetrahydromethanopterin

dehydrognases (MMP0058, MMP1382, MMP1384, MMP0372), formate transporter
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(MMP1301), methyl coenzyme M reductase | (MMP1559, MMP1555, MMP1558), and
methyltetrahydromethanopterin methyltransferase (MMP4Ag%igure 3). Similar to
D. vulgaris several labeled pabeptides were predicted to be involved with amino acid
metabolism and included alanine dehydrogenase (MMP1513) &MP synthase
(glutamine hydrolyzing, MMP0894). In additioll, maripaludishad several putative
proteins predicted to be involved in DNANnd proteirprocessing includingrchaeal

histones A and B (MMP0386, MMP1347) and proteasome subumtMR0251).

Organism |GeneID |Description
\Methanococeus maripaludis S2
MMP1045 A1AO ATPase, subunit B (NCBI)
MMP1513 alanine dehydrogenase (NCBI)
MMP0386 archaeal histone A (NCBI)
MMP1347 archaeal histone B (NCBI)
MMP1515 Chaperonin GroEL (thermosome, HSP60 family) (NCBI)
MMPO058 coenzyme F420-dependent N5, N10-methylenetetrahydromethanopterin reductase (NCBI)
MMP1382 coenzyme F420-reducing hydrogenase subunit alpha (NCBI)
MMP1384 coenzyme F420-reducing hydrogenase subunit gamma (NCBI)
MMPO372 F420-dependent methylenetetrahydromethanopterin dehydrogenase (NCBI)
MMP1301 Formate transporter (NCBI)
MMP08Y4 GMP synthase (glutamine-hydrolyzing). (NCBI)
MMP0258 L.SU ribosomal protein L12A (NCBI)
MMP1559 Methyl-coenzyme M reductase I, alpha subunit (NCBI)
MMP1555 Methyl-coenzyme M reductase I, beta subunit (NCBI)
MMP1558 Methyl-coenzyme M reductase I, gamma subunit (NCBI)
MMP1565 NS5-methyltetrahydromethanopterin: methyltransferase, subunit A and F related protein (NCBI)
MMP1566 N35-methyltetrahydromethanopterin: methyltransterase, subunit G (NCBI)
MMP1567 NS5-methyltetrahydromethanopterin: methyltransferase, subunit H (NCBI)
MMP0251 proteasome, subunit alpha (NCBI)
MMP0383 S-layer protein (NCBI)
MMP0443 SSU ribosomal protein S24E (NCBI)
MMP1370 translation elongation factor EF-1, subunit alpha (NCBI)

Table 2. Deuteratepeptidesfrom M. maripaludisthat were identified as beiragtively
made (labeledn the coculture biofilm.

The incaporated deuterium amount was calculatedMomaripaludisandD.
vulgarisHildenborough for the early stage and late stage bidfdmplesas previously

defined by flux of lactate to methane. Overall, the fraction of newly synthesized proteins
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for keymetabolic enzymes identified fd. maripaludisshowed a much higher level of
deuterium incorporation as comparedtovulgarisHildenborough during the late stage
biofilm (Figure 3). Additionally, there was a significant increase in the total amount of
deuterium that was incorporated into newly made proteinglfonaripaludisin the late
stage biofilm development as compared to the early stage biofilm. This is not surprising
since the biofilm formation is initiated Wy. vulgarisHildenborough and theethanogen
incorporates into the biofilm until the biofilm community ratio becomes stable and more

even compared to early biofilm development stdgeeya et al., 2014).

Time course of deuterium incorporation for key metabolic enzymes
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Figure 3. Deuteriunmcorporation fokey proteinsover 48 h The deuterium
incorporation for the fraction of newly synthesized protessliefined by percent
deuterium incorporation ¢&xis) at time 0 h, 24 h, and 48diated tgpeptides foenergy
production for bottD. vulgarisandM. maripaludisin the late stagef co-culture biofilm
developments depicted.M. maripaludishas greater deuterium incorporation overall as
compared td®. vulgarisin the late stage.

D. vulgarisHildenborough exhibited relatively similar levels of deuterium
incorporation for both the early anddastage biofilm development overall. Interestingly,
the two organisms show similar deuterium safuration times during the early stage

biofilm sampling (Figure8 and4). During the late stage biofili¥). maripaludisretaired

a deuterium halsaturaton time of around 50 hours, bt vulgarisHildenborough hda
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markedly increased ha#faturation time of approximately 300 hours. These results
suggested that the activity Bt vulgarisHildenborough was slower in the mature biofilm
while the methanogeappeared to be at least maintaining protein synthesis, albeit for a
select group of detected proteins. To test the accuracy of this hypothesis we employed
the use of BONCAT for planktonic batch meramd cecultures as well as a aulture

biofilm reacbr system to ascertain translational activity for both populations.
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Figure 4. Deuteriunmcorporationn newly made peptides for each organism in the co
culture biofilmplotted as a rate(A) The time required for 50% deuterium incorporation
to occur h M. maripaludisandD. vulgarispeptides was less than ~10hlearly stage
co-culturebiofilm development (B) In the late stage biofiln). vulgarisincreases
peptide deuterium incorporatiaa ~300 h whileM. maripaludisstays around ~100 h.

BONCAT | FISH of mone and cecultures

Based on previous results with HPG, cells grown with 50 pM HPG were
visualized after click chemistry preparatiqirkatzenpichler et al., 2014Monoculture
D. vulgariscells could be visualized with BONCAT labeling, and thajority of cells
were labeled (FigurBA). In addition, BONCAT labeled. vulgariscells could then be

visualized with FISH probes (Figubd). Likewise, monocultur&. maripaludiscells
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could be visualized with BONCAT labeling (50 uM HPG) and alnadistells were
BONCAT positive (FigurééA). BONCAT labeledVvl. maripaludiscells could also be
visualized with FISH (FiguréB). However, when the batch-calture was tested, the
D. vulgariscells were observed to be BONCAT active, but BONCAT labeling.of
maripaludiswas not observed even after 96 hours of incubation, although methane was
still being producedFigure?7). Moreover, we then tested a maturecotture biofilm
and a similar result was observed (Fig8ye TheD. vulgariscells were HPG dive
while theM. maripaludiscells were not observed to be BONCATtive(Figure 8B) As
previously demonstrated, SSU rRNA gene FISH probes were able tdabel
maripaudiscells in the ceculture biofilm and the coulture biofilm reactor was actively
producing methane. These results indicated¥hanaripaludiscells did have some
level of metabolic activity; however, HRGased translational activity waglow a
detectabldimit, M. maripaludiswas not utilizing the HPG at the same rate as
monocultue conditions, andf competitionfor HPG between the populations was

limiting uptake byM. maripaludis.
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D vul@aris FISH

e.

D. vulgaris HPG-BONCAT

Figure 5. Monoculturéatch BONCAT and FISHmagesfor D. vulgarisHildenborough
The methionine surrogate HPG was incubated with batch planKdoriglgaris(A) D.
vulgarisshowed complete BONCAT labeling (Purple) )vulgarisEUB338FISH
labeled (Green) (Ap. vulgarisoverlay of BONCAT and FISKBONFISH)
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M. maripaludis HPG-BONCAT M. maripaludis FISH

S

Figure 6. Monoculturéatch BONCAT andFISHimagesfor M. maripaludis The
methioninesurrogate HPG was incubated with batch plankthienaripaludis(A) M.
maripaludisshowed complete BONCAT labeling (Purple) (8) maripaludis
ARCH915FISH labeled (Red) (QY. maripaludisoverlay of BONCAT and FISH
(BONFISH).
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Figure 7. Ceculture Plaktonic BONCAT andFISH labelingimages The methionine
surrogate HPG was incubated with a planktonic batetuttore ofM. maripaludisand
D. vulgarisHildenborough then FISH labeled. Pictured is the (A) BONCAT labeling
(Purple) (B) FISH labele®. vulgais (Green) (C) FISH labelelll. maripaludis(Red)
and (D) Overlay of FISH and BONCAT images.
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D. vulgaris/M. maripaludis HPG BONCAT D. vulgaris/M. marighfudis HPG BONFISH "'

Figure 8. Ceculturebiofilm BONCAT andFISH labelingimages The methionine
surrogate HPG was incubatida coculture biofilmreactor systerof M. maripaluds
andD. vulgarisHildenborough then FISH labeled. (A) The HPG BONCAT labeling
(Purple) for the caculture biofilm. (B) The overlagBONFISH) of the FISH labeled.
maripaludis(Red) and FISH labeled. vulgaris(Green) overlaid with the BONCAT
labeling Purple) images.

Growth was monitored using absorbance readings (600 nm) ovetdiassess
HPGtoxicity and sensitivity for the individual monoulturesgrownin batchmode M.
maripaludisdemonstrated no deviation in batch planktonic growth frontomérol for
levels of 50 uM and 200 uM HPG (Figuéd). HoweverD. vulgarisHildenborough
exhibited a decrease in growth rate and biomass yield that correlated with increasing
HPG concentrations % decrease with 50 uM HPG an8% decrease with 200 uM
HPG in growth rate) (Figur@B). However, it should be noted that at these HPG levels,
D. vulgariscells are still BONCAT labeledThe coculture growth was also impacted

with 50 and 200 uM HPG, and the growth rate was reduced approxir@@elipy both

concentrations (Figur@C). It is important to mention that the predicted proteai®.
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vulgarisHildenborough contains twice the amount of methioninkl.amaripaludis
based upon predicted amino acid content from the genome, and therefore, could account
for the greater physiological impact observed. Interestingly, both cultures would fail to
grow in the presence tiPGif the incubation was not started until at least nine hours
postcultureinoculationwhich is most likely related to a tolerance threshalttb of

HPG:biomass
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Figure 9. Cultureabsorbance readings (600 nwi}h HPGwere takerover time The
methionine surrogate HPG was incubated with the following cultures after 9 . (A)
maripaludis(Mmp) had no growth effect from 50 uM HPG in COMth 30 mM Acetate
and 80%:20% KHCO, and all cells were BONCAT labeled. (B) vulgaris
HildenboroughDvH) in CCM with 30 mM lactate and 15 mM sulfate experienced
slower growth rates as compared to the control although BONCAT still illuminated the
culture. (C) Cecultures of planktoni®. vulgarisandM. maripaludisalso had slower
growth rates as compared to the CCM control and only DvH was BONCAT labeled.
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Currently, there is not a reliable method for quantification of HPG; therefore,
spent medium of gimonocultures and eoultures incubated with HPG were filter
sterilized and réencubated with fresb. vulgarisor M. maripaludiscultures to observe if
remaining HPG levels were adequate for labeling. MonocuRukailgariswas labeled
in spent mediunof D. vulgarisor M. maripaludisincubated with 50 uM HP@&-igure
10), andM. maripaludiswas labeled in the spent medium of eitBervulgaris M.
maripaludis or co-culture(Figure 11) These results indicated that in both monoculture
and ceculture couwlitions the HPG levels were not being depleted and could not explain
the inability to have BONCATabeledM. maripaludiscellsin co-culture Since HPG
caused 46% decrease iD. vulgarisgrowthratethat could impact caulture metabolic
interactions, a actively growing ceculture subsample was incubated shagrm @ min)
with HPG. Preliminary experiments showed that iatlvulgarisandM. maripaludis
monoculturegould be labeled with shetérm incubationsZ min) (data not shown). For
the coculture subsample, thd®. vulgariscells were BONCATpositive butM.

maripaludiscells were not (Figure2).
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D. vulgarisin D. vulgaris D. vulgaris in D. vulgaris
HPG filtrate HPG filtrate + HPG

D. vulgaris in M. maripaludis D. vulgarisim M. magipaludis
HPG filtrate HPG filtrate + HPG

Figure 10. Spent medfdtrate incubations were used to determine HR& not being
depleted(A) D. vulgarisHildenborough was grown with 50MuHPG before being
filtered and renoculated with a fresh culture BX. vulgarisand BONCAT labeled
(Purple). (B) The spent HPG filtrate frobh vulgariswas supplemented with an
additional 50 uM HPG before being inoculated withvulgarisand BONCAT lakeled
(Purple) (C) M. maripaludiswas grown with 50 uM HPG before being filtered and
inoculated with a fresh culture BX. vulgarisand BONCAT labeledRurple). (D) The
spent HPG filtrate fronM. maripaludiswas supplemented with an additional 50 uM
HPG bdore being inoculated witD. vulgarisand BONCAT labeled.
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M. maripaludis in M. maripaludis M. maripaludis in M: maripaludis
HPG filtrate HPG filtrate+ HPG

20 pm
|

M. maripaludis in D. vulgaris M. maripaludis in' D. yulgaris
HPG filtrate HPG filtrate + HPG

20 um
——

Figure 11.Spent medidiltrate incubations were used to determine HPG was not being
depleted(A) Batch planktonidv. maripaludiswas grown with 50 uM HPG before being
filtered and reinoculaed with a fresh culture dfl. maripaludisand BONCAT labeled
(purple). (B) The spent HPG filtrate frolh. maripaludiswas supplemented with an
additional 50 uM HPG before being inoculated wiihmaripaludisand BONCAT
labeled(Purple) (C)D. vulgariswas grown with 50 uM HPG before being filtered and
inoculated with a fresh culture df. maripaludisand BONCAT labeled (purple). (D)
The spent HPG filtrate from. vulgariswas supplemented with an additional 50 pM
HPG before being inoculated wikh. maripdudisand BONCAT labeled.
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D. vulgaris/M. mari‘q(lludfs J
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Figure 12. CecultureplanktonicHPG BONFISHIlabelsD. vulgarisHildenborough A
short term (2 min) incubation using the methionine surrogate (3B@M) was added to
a planktonic ceculture ofM. maripaludisandD. vulgarisHildenborough then FISH
labeled. Pictured is the overlay of the FISH lab&lednaripaludis(Red) and FISH
labeledD. vulgaris(Green) overlaid with the BONCAT labeling (Purpl®).
maripaludisis clearly not BONCAT labeled (Purple) in-calture.
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TheHPG molecule assessactivity as translational activityia incorporation into
a growing polypeptidetherefore, a different analog was used to taaggtferentcellular
process. The uridine analoguethynyl2 -@leoxyuridine (EdU) was tested as a prox
for DNA synthesis in the monoculture andadtures. In the presence of EdU, both the
D. vulgarisandM. maripaludismonocultures were labeled (Figur8A-C and13D-E,
respectively). In caulture, both populations were labeled, but at a lower lexsgdiply
as a consequence of slower growth of thewtureas well as lower overall

incorporation based upon DNA per ogfigure 13GH).
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D. vulgaris

M. maripaludis

20 um 20 um
— —_—

Figure 13. Monoculture Eddbelingwas used to test DNA synthesis activBatch
planktonic monocultures &fl. maripaludisandD. vulgarisHildenborough were
incubated with EdU and then FISH labeled. (A) FISH lab&ledulgaris(Green) (B)
EdU (Purple) labele®. vulgaris(C) EdU-FISH overlay forD. vulgaris(D) FISH
labeledM. maripaludis(Red) (E) EdU (WhitglabeledM. maripaludis(F) EdU-FISH
overlay forM. maripaludis (G) The ceculture ofD. vulgaris(Green) and\.
maripaludis(Red) was also FISH labeled and (Bt)vulgarisandM. maripaludisare
bothEdU labeled (Purple).
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DISCUSSION

Mutually beneficial interactions in natural systems are ubiquitous, but little is
known about the underlying mechanisms that contribute to mimginsts and
maximizng benefits. Developing a tractable, relevant system for understanding the
physiological charactestics of cooperative behavior is crucial to understanding many
bio-systems under natural conditions. Inhabitants of anaerobic ecosystems are assumed
to function at the thermodynamic limit for energy generation and biomass production
given system constnatis (Bryant et al., 1977; Kato & Watanabe, 2010; Mclnerney et al.,
2009; Thauer et al., 2008When one metabolism is obligately coupled to another
through interspeciesiiformate, or electron transfer, organisms must persist by sharing
the overall freeenergy of the reactiofkato & Watanabe, 2010)Therefore, syntrophic
physiology plays an important role in microbial communities dominated by fluctuations
in nutrient availability and stress, where community interactions are thought to provide
stability (Hansen et al., 2007)rhe syntrophy between sulfateducing bacteria (SRB)
and methanogenic archaea is of interest bedaatb¢hese guilds play crucial roles in
many different anaerobic environmenfespite the ubiquity of biofilms and importance
of anaerobes, little work has been done to understand how species interactions affect
function in anaerobic microbial communiti@ernstein et al., 2012; Brenner & Arnold,
2011; Nielsen et al., 2000; Raskin et al., 19864 while interactions between SRid
methanogens have been studied, very little has been done to characterize the emergent

properties of interactive populations in anaerobic biofilms.
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Previous research has shown thBt aulgarisandM. maripaludisco-culture
biofilm hasaunique struture compared to monoculture conditions that contributes to an
increased level dfl. maripaludisin the biofilm as well as methane generaiiBrileya et
al., 2014). Recent gene expression data demonstratedithagripaludishad a much
broader changeiexpression as compareddovulgarisHildenborough in a caulture
biofilm (Camilleri et al., in prep The research aim for the current study was to utilize a
combination of methodologies to determine if there was differential protein expression
and werall activity for a bacterium and archaeon in a syntrophic mutualism.

Deuterium labeling results from the-calture biofilm demonstrated that the
newly synthesized proteins for both organisms were enriched in energy production
membrane proteinandamino acid production/utilizationThe most unexpected result
was the apparent slowing Df vulgarisprotein synthesis (as determined by the
deuterium haklsaturation time) during the late stage biofilm development. One
explanation for this observatias thatas thebiofilm maturesthe metabolic activity ob.
vulgarisis dictated by theoupledmetabolic rate. This could mean tiatvulgarisis
slowing overall metabolism as the biofilm is established and the metabolic interaction
with M. maripaludsis maximized. FoM. maripaludis the deuterium hakaturation
time was similar between the early and late biofilm samples. This result indicated that
overall activity level did not change B maripaludisincorporated into the biofilm and
methane Ieels stabilized.Hence, the bacterium and archaeon had different cellular
activity states although the two populations were metabolically linked and sharing the

conserved energy from the coupled reactions of incomplete lactate oxidation to
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acetate/ld( ®6A4 8. 7 kJ/ mol) and hydrogen3d?rophic
kJ/mol)(Conrad, 1999).

The deuterated proteins identified in theotdture biofilm may also be an
indication of metabolic modulation for each respective populafidbnmaripaludishad
labeled proteins enriched in methanogenesis and could indicate that the syntrophy affords
the opportunity to focus protein investment into methane production for the methanogen
whi ch i s t he -Adceptingreactian far thedukure t Streamlined
production for enzymes involved in methanogenesis is beneficial to both populations in
terms of energy conservation for the couple between lactate oxidation arrédOtion.
An increase in C®reduction consumes crefsd electrons fronD. vulgarisdriven by
lactate oxidation. Coinciding with this observation, lab&edulgarisproteins were
enriched in the functions of lactabgidation and electreh r ans f er . The tern
mutualistic metabol i s m@owsetal., pOAIxpemphasite by Mo
the benefit to both partners by somehow optimizing oufpait biomass, products) with
minimal energy resourcegarlier work has shown that vulgarishas an increased
growth yield when ceultured with a methanogédiraore etal., 1983),and our results
demonstrate a mechanism via streamlined protein expresei@nnotion of comparative
advantages, similar to economics, can help explain resource costs and required goods
when metabolites are shared for mutual beffefit 6 S etwalz 2018; Ferenci, 2016;
Hammerstein & Noég, 2016; Lilja & Johnson, 2016; Tasoff et al., 2015)

Recently, a constructed -@ulture was shown tre-direct overall metabolic flux

to facilitate cell growth and activitfWang et al., 2019hereforethe rotion for two
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microorganisms that can-@xcur in natural environments to be able to coordinate
metabolism to lower individual costs would be expeétedrticularly in a biofilm where
close proximity would help ensure mutual beneffitoreover, recent stlies have
estimated metabolic dependenciegy( amino acids) from coccurring communities as
major drivers for microbial community architect#elezniak et al., 2015)In the
presented study, both organisms had labeled polypeptides annotatedvioi\eim
amino acid utilization and/or production, particulddlyvulgaris(Table 1). Previous
work has demonstrated tHat vulgariscan produce and excrete certain amino agiids
et al., 2010)and previous caulture work withD. vulgarisandM. maipaludishas
predicted the exchange of alaniiWéalker et al., 2012) Our recent transcriptomic work
and metabolic model work has suggested the exchange of other amino acids in addition to
alanine Camilleri et al., in prep and it has been proposed tiratding metabolites could
increase resource efficiency by separating metabolic pathways in differerft_dgll&
Johnson, 2016)In addition, metabolite leakage occurs between different organisms and
enables metabolic interdependence, and this hasgreposed to then cause changes in
metabolic fluxes and leakage of other metabolites for surroundingcBllé Souza et al
2018)

Although, in the case d@. vulgarisandM. maripaludis resources might be
shared in the cont esed. vulgdrissae rfivfeosr caesd tthrea dieed e
d o n o Mdmatipaludiswhi ch t hen ser-aeecepthwlfaeid 6el ectr
Both organisms appear to have a streamlined metabolic flux in terms of lactate and

methane processingndthe BONCAT data indiated that translational activitwasvery
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different betweelD. vulgarisandM. maripaludiswhen in ceculture. In planktonic
monoculturesthe microorganisms were both translationally actisevidenced bMPG
incorporation Surprisingly, the planktoniand biofilm ceculture only demonstrated
HPGBONCAT labeling ofD. vulgaris Despite the BONCAT results indicating that the
methanogen was not active, metharasbeingactively producediow levels ofDNA
synthesisactivity weredetectedy EdU labeling andM. maripaludisremained
detectable via FISH (rRNA gene). Initially this anomaly was believed to be from HPG
depletion dudo a possibly higheuptake rate in the SRB than the methanggsrthe
predicted methionine content Bf vulgarisis double tlat of M. maripaludis However,
M. maripaludisincubated in spent HPG medium could still be labeled under the
monoculture condition. TlseresultssuggesthatM. maripaludisexperienced metabolic
modulation when in cgulture withD. vulgarisbased upothe different responses
between monoand cecultures The lack of HPE@ONCAT labeling could indicate that
M. maripaludisis obtaining methionirferecursos through a metabolic exchange wibh
vulgarisandbr thatM. maripaludisis focused on energy geadonwith limited protein
turnover

Alternatively, an autophagy state could also play a role in wHicmaripaludis
has an altered internal recycling of resoureeg,(amino acids)hat coincides with
slower biomass generatiomntracellular proteiregradation was first reported in
eukaryotes but is also observed in archaea (and some bacteria) where cells can use
autophagylike responses to rallocate resourcdo synthesize needed cellular

componentgMaupin-Furlow, 2012; Starokadomskyy & DmytruRQ13; Stryeck et al.,
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2017) Recent work has demonstrated the existence of sigindéd proteolysis in
archaea related to the ubiquinoteasome in eukaryotésu et al., 2016) TheM.
maripaludisputative protein, MMP0251, was detected via deutepunteomics and is
annotated apsmA, a proteasome subunit. The potential role of targeted protein turnover
in M. maripaludisunder different growth conditions is unknown, but an autopti&gy
state could also contr i b uutteotdetectabldhvea HRGE t han o
in co-culture. This could also coincide with afermatting of available resource to

proteins directly involved in methanogenesis.

Overall, the results demonstrate that in an interdomauuttare biofilm,
metabolic flux is seamlined for lactate oxidation and &@duction and other
metabolites in addition to Hnay be shared. In the matureadture biofilm, the
bacterium and archaeon appear toDhave diff
vulgarishas a more focusedetabolism on lactate oxidation and carbon processing while
M. maripaludishas a more focused metabolism on,@€€ruction and electron
consumption. The two organisms appear to have different cellular mechanisms to
achieve the observed mutualism in adewergy environment via function partitioning.
Being in close proximity (i.e., biofilm) allows for closange sharing of metabolites and
provides a more homeostatic environment that allows for the expression of fewer proteins
in a more consistent fashiomatt would contribute to improved cdsénefit investment

ratios.
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In addition to the applied microbiology context of improved understanding of
metabolic interactions, fundamentally, this unique bactariethaeal biofilm represents
interdomain interactiathat could have contributed to evolutionary processes that lead
to the development of eukaryotic lifdooper & Burstein, 2014; Wrede et al., 2012)
Given the recent arguments for the plausibility of symbiogenetic scenario for the origin
of eukaryotesrbm bacteria and archa@&oonin, 2015) it could be argued that
interdomain biofilms would have provided intimatelooalization where metabolic
interactions would have been forged and selected. Future work should focus on the

emergent properties of nadtolic interactions in biofilms.
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ABSTRACT

Syntrophic mutualisms have been studied across the three domains o lie a
better understanding of different interactions are demonstrating that microbial
interactions can be graduations across the pogitezecooperationpnd negativéi.e.,
competition)spectrum. It is well recognized that sulfa¢elucing bacteria ceenter into
syntrophy with hydrogenotrophic methanogens when sulfate is not present. Previous
work has demonstrated that the specific association betesrifovibrio vulgaris
Hildenborough andlethanococcus maripaludis a biofilm can enhance the cgrg
capacity of both populations as defined by mass flux per methane formed. In the co
culture biofilm system, the association through metabolic pairing was tested by stressing
the system with sulfate. ExpectedD, vulgariscell number and biomass meased in
the planktonic and biofilm fractions pestilfate addition, but. maripaludiswas
observed to not only remain in the planktonic and biofilm fractions but increased in the
bio-volume fraction of the biofilm. Postulfate addition (100 hM. maiipaludis
remained viable in the biofilm (I@ells/cn?), and dilution series cultures were
methanogenic in the presence of sulfate. In addition, monocMturearipaludiscould
tolerate up to 55 mM sulfate with moticeablampact on growth. WhebD. vugaris was
inoculated into celfree spent medium from both-ooilture andvl. maripaludis
monocultures that was supplemented with lactate and sulfate, growth lagged for up to 10
h, sulfate was reduced more slowly, andgds was detected. Similar reswitsre
observed witlDesulfovibrio alaskensi&20 but noPseudomonas aeruginasé <10
kDa fraction ofM. maripaludisspent medium demonstrated similar grovettpeffects,
but a known compound could not be identified via proteomic or metabolomic screens.
The results demonstrate thatlamaripaludisproduct can directly and/or indirectly slow
the growth oDesulfovibrioin the presence of sulfate. The exact mechanism(s) for the
metabolic modulation is not known.
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INTRODUCTION

Mutualism has conceépally been synonymous with equal reciprocation via
cooperation between crefmeding organismg.€., syntrophy). A mutualistic
cooperation can ensue with a modelcatture of the sulfateeducing bacterium,
Desulfovibrio vulgariHildenborough (DvH), ad the hydrogenotrophic archaeal
methanogenylethanococcus maripalud82 (Mmp) when the growth medium contains
lactate without sulfate as a terminal electron acceptor. In this scenario, the historical
paradigm has been thaesulfovibriowill ferment thelactate to produce Hyas that is
then consumed bylethanococcufor CO; reduction to Ck Because klcan be
inhibitory to Desulfovibriovia feedback inhibition, the syntrophy wihethanococcuss
beneficial due to the maintenance of a lower partiadqune of Hthat has been
appropriately described as a product inhibition mutua({iBean, 1985)

Previous work has demonstrated thasulfovibriomonocultures form thin but
stable biofilms Methanococcudoes not readily form biofilm as a monocultaithough
it has been shown to form pellicl@rileya et al., 2013) Upon establishment of a-co
culture under no sulfate conditiori3esulfovibrioinitiates biofilm formation in which
Methanococcuseadily incorporates, most likely driven by hydrogena#Rrileya et al.,
2013) Interestingly, the caulture biofilm has a distinct phenotype with a thicker three
dimensional topography that includes ridges, spires, and valleys that is not observed in
theD. vulgarismonoculturgBrileya et al., 2014b; Claret al., 2012) Further

investigation into this caulture system revealed that the biofilm growth mode promoted
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a stable and more even carryiogpacity with maximal methane flux by unit substrate
compared to planktonionly populationgBrileya et al.2014b)

Interactions that occur on the microscale can greatly impact overall community
function, and impacts include phenotypic heterogeneity, genomic plasticity, and altered
carbon flow utilization. A principle in microbial community formation is that
interactions can alleviate the constraint on any one individual organism in various ways
such as resource sharing and protection that minimizes investment costs for any one
population(Carlson et al., 2018)This would imply that persistent mutualistic
interactions must be beneficial to some extent but the existence of selected, specific
interactions in nature are debated. For example, the origin of microbial community
spatial structure has been hypothesized to be a result of passive mutualistidanteract
such as would occur from cell leakage or side products that make associations beneficial
by chance and not evolutigiarchal et al., 2017) Physical associations mediated
through bacterial flagellum in the syntrophic@ature betweePelotomaculum
thermopropionicunandMethanothermobacter thermautotrophicuas found to enhance
mutualism and thus repressatpotentially selected and specific interaction phenotype
(Shimoyama et al., 2009)t was reported that the presence of the filament capiprot
(FLiD) was able to encourage expression of methanogenic genes needed to maintain the
syntrophy(Shimoyama et al., 2009)This finding suggests that in addition to the
importance of proximity for passive interactions, physical associations can alter

metabolisms to better suit the community.



237

The research presented here aims to further classify the levels of interaction
betweerDesulfovibrio vulgariHildenborough an#lethanococcus maripaludigithin a
co-culture biofilm. Dependent upon environmentalditions (sulfate or no sulfate), the
potential interactions could range from competition to cooperation. An improved
understanding of factors that drive biofilm community relationships will aid in
discernment of environmental observations as well as miatipn of interactions to
achieve and/or maintain stable ecosystem function particularly for low energy, anaerobic
environments. The presented research provides insight into the metabolic association
betweerDesulfovibrio vulgariHildenborough in the coulture biofilm in response to
the invasion oMethanococcus maripaludad how metabolic interactions are affected
by a stress perturbation of a more thermodynamically favorable electron acceptor such as

sulfate.

MATERIALS AND METHODS

Culture Conditims

Desulfovibrio vulgaridHildenboroughandMethanococcus maripaludi82were
anaerobically cultured in coculture media (CCM) with 80%20% CQ sparged
headspace at 30°C and shaking at 125(pheya et al., 2014b)Batch, planktonic,
monocultures ob. vulgarisHildenborough an@®esulfovibrio alaskensi&20 were
grown in serum bottles or Balch tubes with the addition of 30 mM sulfate. Batch,

planktonic, monocultures &fl. maripaludiswere grown in serum bottles or Balch tubes
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and amended with 30 mMetate instead of lactate, along with an over pressurization of
80% H: 20% CQ (200 kPa). Ceculture biofilm was propagated on glass slides in a
modified, continuously stirred, 1 L CDC reactor (BioSurface Technologies Corp.,
Bozeman, MT, USA) and samplegtery 24 hours for planktonic optical density (600
nm), protein, and anions (lactate, acetate, sulfate) as previously de¢Brib&g et al.,
2014b; Clark et al., 2006, 2012Protein quantification wadetermined from th@uant
iT protein assaywith®u bi t fl uorometer (lnvitrogen)

directions.

Gas Chromatography

Gas analysis was conducted with a 490microGC (Agilent Technologies, Inc.,
Santa Clara, CA, USA) containing dual channels and thermal conductivity detectors.
Helium arrier gas was used for the 10 m Molsieve5A and PoraplotQ columns at 145 kPa
and 80°C with injectors at 110°C and the heated sample line at 40°C. Injections made

from the reactor headspace were as previously desdiidelya et al., 2014b)

Sulfate $ress

The caculture biofilm reactor system with. vulgarisHildenborough andi.
maripaludiswas grown to steady state with daily samphoiglactate, acetate, methane
production, and planktonic optical densitét 480 hours, planktonic and biofilm salep
were destructively harvested and fixed in 4% paraformaldehyde for a microscopy

baseline. The reactors were given 24 hours to equilibrate after the baseline biofilm was
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harvested, and then at 504 hours 30 mM sodium sulfate (vol/vol) was added to the
duplicate reactors and the carboy of media. Planktonic samples were also collected and
filtered using a 0.22 um PTFE syringe filter during sulfate stress to monitor sulfate and
lactate concentration using a Dionex KC800 ion chromatography equipped witle t
AS-DV Carousel and Chromeleon software (Thermo Scientific). Hydrogen sulfid& (H
was quantified from planktonic samples using a hydrogen sulfide assay as described
(Cord-Ruwisch, 19858) Briefly, a standard curve for sulfide concentrations from IV6 m
to 50 mMwasprepared anaerobically. Samples of 50 uL were added to 4 mL of a
copper sulfate solution and the absorbance was measured at 480 nm in a Shimadzu UV
1700 Pharma spec UVIS spectrophotometer (Shimadzu Corp., Kyoto, Japan). The co
culture bofilm samples were destructively harvested 24 hours (reactor T=528) and 96
hours (reactor T=600) after sulfate addition. The slides were quantified for protein and
imageanalysis as well as for transfer into batch media. Theuttare biofilm was
anaerbically harvested and scraped into 10 mL of the lactate sulfate media in batch
Balch tubes. The transferred biofilm was homogenized before being serially diluted and

grown planktonically for optical density and gas chromatography analysis.

Cell Counts ad Image Analysis of Goulture Biofilm

Fluorescencen situ hybridization (FISHWwas accomplished using the domain
specific bacterial probe EUB338y3 and archaeal probe ARCHIOCY5. Fluorescently
stained polyacrylamide embedded fixed whole biofilm forBBH was imaged on a

Leica TCS SP5 Il upright confocal laser scanning microscope using a 63x 0.9 NA long
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working distance (2.2 mm) water dipping objective (Leica Microsystems, Exton, PA) as
previously describe(Brileya et al., 2014a; Brileya et al., 2@t Daims et al., 2006)
Biovolumes ofD. vulgarisandM. maripaludiswere determined from measured threshold
areas for the two channeBy3 and CySespectively, using MetaMorph (Molecular
Devices, Sunnyvale, CA, USA). Planktonic samples that werectadléor cell counts
were fixed in 2% formaldehyde (final concentration) and stained with 0.3 g/L Acridine
Orange as describéBrileya et al., 2014b) Integrated morphometry analysis in

MetaMorph was used to extrapolate planktonic cell counts for thectdge populations.

Spent Filtrate Preparation

Initial growth curvesacquired from absorbance measurements (600A@T
carried ouin 40 mL quantities 00.22 um (Pall) syringe filterebatch planktonig M.
maripaludisgrown in 125 mL serum bottlesrf@67 hours. Replicate Balch tubes were
prepared with the anaerobic filtrate and amended with 30 mM fresh lactate and sulfate or
acetate for the respectiie vulgarisHildenboroughD. alaskensi€20, orM.
maripaludiscultures as well as an additiona{ df ammonium chloride, potassium,
vitamins, trace minerals, and seler{iéalker et al., 2009) Filtrate was also prepared for
0.22 uM filtered ceculture planktonic reactor samples addmaripaludiscultures. The
filtrate was centrifuge filtered at 80 rpm for 20 minutes at 4°C using manufacturer
recommended protocol for the 10 kDa molecular weight cutoff Amicon®diranits
(SigmaAldrich). The samples were then freeze dried using VirTis Genesis Pilot

Lyophilizer (SP Scientific, USA). Thigophilized material wasesuspended in 3 mL of
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HPLC grade methanol and then freeze dried again before being resuspended in fresh
CCM media with the necessary substrate amendments. Growth clithedittrate
preparations were recorded by taking optical dgmeadings (600 nm) on a tube

Spectronic 20D+ (Thermo Fisher Scientific) every 2 héorsip to 100 houts

RESULTS

Sulfate Stress of the Guulture Biofilm Reactor

As previously showiiBrileya et al., 2014h}Xhe coculture biofilm reaches a
consisent methane flux by approximately 300 h as the biofilm forms and matures (Figure
1). The sulfate addition (504 h) to the@dture reactors coincided with a subsequent
methane burst (~6 h post addition) and a steady increase in optical density (600 nm)
readings for the planktonic population (Figure 1). The planktonic cell cours for
vulgarisHildenborough (DvH) increasedfald, while planktoniavi. maripaludis(Mmp)
showed a brief increase in cell counts (up 10,000 cells/ml) followed by a declineathat
not statistically significant from the psalfate baseline value of ~5,000 cells/ml (Figure
2). This resulted in the planktonic population rati®of/ulgarisHildenborough tdM.
maripaludisincreasing from 2:1 to 5:1. The-calture biofilm alsadid not show a
decrease in thil. maripaludispopulation as anticipated, instead the FISH derived
biovolume showed a-B®ld increase in th&1. maripaludispopulation possulfate
addition (Figure 2).D. vulgarisHildenborough increasedfbld in the coculture biofilm

thereby changing the population ratio in the biofilm to 6:1.
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Figure 1.D. vulgarisHildenborough andl. maripaludisco-culturebiofilm reactor
analysisusedplanktonicsamples collectedfter 48 h incubatioevery 24 h for organic
acid quatification (Lactate and Acetate), planktonic optical densityd(édonn), and
hourly for headspace (GHanalysis. Typical lactate consumption followed by
proportional acetate production is depicted. Sulfate stress occurred at 50&btacs
line) which resulted in a Clburst followed by a&harpdecline(attributed to sulfide
corrosion of the instrument columns) and increased plankgpovweth ©.D.soonn).
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Figure 2. Averageell populations inco-culturebefore and after sulfate stress

Planktonc samples were collected from thBevulgarisHildenborough (DvH) ani.
maripaludis(Mmp) co-culture reactors for cell counts (A) planktopiartion ofreactor
co-culture before sulfate addition are steady and show an increase in the DvH population
as wel as a higher DvH to Mmp ratio (DvH:Mmjppstaddition (B) Biofilm was
harvestedand FISH was used to calculate respective culture biovol(pned area)

which shovedan increase in DvH followed by an increase in Mmp leadingaavar

ratio (DvH:Mmp) between the populations.

Interestingly, a sharp decline in methane started approximately 50 hours post
sulfate addition, however, there was ultimately a failure by the gas chromatography
instrumentation which is ascribed to be due to the columns becaonmtgminated with

sulfide from failed guard columns (data not shown). Soluble sulfide levels were 0.1 mM

(Figure S1). To ascertain the presence of visdblenaripaludiscells, biofilm slides were
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anaerobically harvested (~100 h pestfate addition) om the sulfate stressed reactors
and scraped into batch Balch tubes that contained fresh lactate:sulfate medium. After
homogenizing the ecoulture biofilm in the medium (~1 ml anoxic medium), serial
dilutions were performed in the tubes before being iatadh After 200 hours, growth
was observed up to 16ells/cnt and methane was detected in the headspace of all tubes,
as confirmed by single injections made on an alternate gas chromatography instrument
(data not shown). The amulture populations wendsualized with FISH probes before
the sulfate addition as well as 24 h, 48 h, and 96 hquifstte (Figure 3). After the
sulfate addition (24 h), the. vulgarisbiovolume increased 2-fold wheread\.
maripaludisremained at similar levels. At 48 hgtsulfate addition, th®. vulgaris
appeared to expand and occupy biofilm space, and by 96-syitate, theD. vulgaris
biovolume increased an additional 2d8d. Surprisingly, theM. maripaludismicro-
clusters did not disappear and/or get replagegrbwingD. vulgarisbiomass, but rather

expanded with th®. vulgarisnetwork (3.5fold biovolume increase).



Figure 3. Ceculturebiofilm FISH was imaged before and after sulfate additi®eraped
biofilm of D. vulgarisHildenborough (EUB33&reen) ad M. maripaludis(ARCH915

Red) from the ceculture biofilm reactor were harvested (A) before sulfate stress (B) 24
hours after sulfate stress (C) 48 hours after sulfate stress and (D) 96 hours after sulfate
stress.

Growth Effect of Filtered Media

Spentmediafrom the planktonic portion of the amulture reactorsvasfiltered via
centrifugation (filter with 10 kDa molecular weight enff) before being lyophilized and
resuspended in fresh medium with lactate and sulfate.DTkelgarisculture had a 12
hour growth lag and decreased maximum optical density (600 nm) that was not observed
in the control lacking the filtrate (Figure 4A). Once growth initiated in the treated

culture, the growth rate was approximatelfoli lower. The same 10 kDa filtered
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fraction from the ceculture reactors was prepared kbr maripaludiswith the
appropriate amendments (CCM $/60;) and growth effects (rate or yield) were not
observed (Figure 4B)These observations led to the hypothesis tihat maripaludis
factor coutl impactD. vulgarisgrowth and therefore prompted further testing using spent

medium from batciM. maripaludismonocultures.
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DvH 10kDa Coculture Reactor Filtrate in Fresh CCM 30:30 Lac:SO4 ——Mmp 10kDa Coculture Reactor Filtrate in Fresh CCM 30 mM Ace, 25 psi H2

—4—MmpCCM 30 mM Acetate, 25 psi H2
—4—DvH CCM 30:30 Lac:SO4

Figure 4. Planktonic samples were collected from thecatiure biofilm reactors and
centrifuge filtered to 10 kDa before hgilyophilized and resuspended in fresh CCM
with 30 mM lactate and sulfate amendmentdfovulgarisHildenborough (DvH), and
30 mM acetate with ovepressurization of kHfor M. maripaludistMmp). (A) DvH has a
lag time of 13 hours with ancumberednaxmum O.Deoonmand growth rate (**pvalue
< 0.05)as compared to the unmodified growth control (black) when grown in the co
culture reactor filtrate. (BY. maripaludisexhibits nostatistically significant (*pvalue >
0.05)growth impact as compared taethontrol (black) when grown in the-calture
reactor filtrate.

Further growth experiments were done with the 10 kDa filtered fractionNfom
maripaludisthat was resuspended with fresh medium. Interestingly, the monodblture

vulgarisdid not haveappreciable growth in the 10 kDa filtrate from the methanogen
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(Figure 5A). To determine if the growth effect was uniqub toulgaris a different
sulfatereducing bacteriunesulfovibrio alaskensi&20, was tested for growth with the
10 kDa filtered faction fromM. maripaludisamended with fresh lactate/sulfate medium.
TheD. alaskensi$s20 growth rate declined 1.4x and the biomass yield was
approximately 1.5x lower (Figure 5B)seudomonas aeruginosas tested as a non
sulfatereducing bacterium (@mnegative), and growth was not impaired and perhaps
had a faster initial growth rate (Figure 5C). Interestiniglymaripaludisincubated in a
filtered D. vulgarisspent medium did not exhibit significant growth effects (data not
shown).

Because thgrowth ofthe Desulfovibriospecies in the methanogen 10 kDa
filtrate was most impacted, the utilization of lactate and sulfate along with production of
H> was determined. However, these growth tests were done with filtrate that was not
concentrated as fget some degree &f. vulgarisgrowth. The 10 kDa filtrate was
amended with lactate + sulfate for vulgarisor D. alaskensignd amended with lactate
only for the ceculture. The amendment of additional nitrogen, phosphorus, and vitamins
to the filtrae did not significantly increase growth or alleviate the growth effect (data not
shown). D. vulgarisin CCM with 30 mM lactate and 30 mM sulfate had a growth rate of
0.08/h, and used lactate and sulfate at a similar rate of 0.2 mM/h (Figur®6¥)lgaris
also displayed a transient increase pwhith a maximum of 0.12%. Whdb. vulgaris
was incubated with thil. maripaludisfiltrate, the growth rate declined to 0.04/h, the
lactate and sulfate were utilized at a slower rate (0.068 mM sulfate/h aitdroNd

lactate/h), and KHwas only 0.06% (Figure 6B). In addition, the ratio of lactate to sulfate
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consumed per max biomass for the control was 3.38 (mMM/mM{63:R).but was 8.80
for the filtrate treated cultureD. alaskensisn CCM with 30 mM lactatersd 30 mM
sulfate had a growth rate of 0.068/h, used lactate at a rate of 0.43 mM/h and sulfate at a
rate of 0.43 mM/h with a transient burst of 0.18%(Hgure 6C). WheID. alaskensis
was incubated with thigl. maripaludisfiltrate, the growth rate wasrsilar, andthe
lactate and sulfate were utilized at a slower rate (0.3 mM/h), amc$10.17% (Figure
6B). ForD. alaskensisthe ratio of lactate to sulfate consumed per max biomass for the
control was 2.07 (mM/mM/ O.[ghonn) but was 3.15 for the filtrattreated culture. For
the coculture in CCM with 30 mM lactate, the growth rate is 0.04/h and lactate
consumption has ankxof 0.05 mM/h (Figure 7). In the presencevbfmaripaludis10
kDa filtrate, the ceculture has a slower growth (0.03 vs 0.04h{l slower lactate
consumption (0.03 mM/h). The ratio of lactate consumed tppedtiuced per unit
biomass was approximatelyf@ld higher for the filtrate treatment compared to the

control (2.91 versus 1.47) (Figure 7).
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Figure 5. Planktonic samplewere collected fronM. maripaludis(Mmp) spent media

and centrifuge filtered to 10 kDa before being lyophilized and resuspended in fresh CCM
with 30 mM lactate and sulfate amendmentsdfovulgarisHildenborough (DvH) an®.
alaskensigs20 (G20), and 30 M glucose foilPseudomonaaeruginosa (A) DvH

exhibits no growth(**p -value < 0.05as compared to the control (black) when grown in
the spenM. maripaludisfiltrate. (B) D. alaskensi$520 experiences a reduced growth
ratefrom the control (blackdhat s not statistically significant (*walue > 0.05Wwhen

grown in theM. maripaludisfiltrate. (C)P. aeruginosadas no statistically significant

growth rate deviatiof*p-value > 0.05) from the control (blackhen grown in thév.

maripaludisfiltrate.
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Figure 6. Planktonic samples were collected frdn maripaludis(Mmp) spent media
and centrifuge filtered to 10 kDa before the addition of 30 mM lactate and sulf&ie for
vulgarisHildenborough (DvH) an®. alaskensi€&s20. Samples were collected to
determinehydrogen lactate andsulfateconcentrationsver time. (A)D. vulgaris
Hildenborough in standard CCM media ([B) vulgarisHildenborough grown in the
filtrate has impaired growths compared to the control in (A) (*ymlue < 0.05and less
lactate and sulfate depletion. (D) alaskensi€&s20 grown in standard CCM media. (D)
D. alaskensi$s20 grown in the filtrate has a slower rate of groadgmpared to the
control in (C)butnot statistically significant (*value > 0.05) andnly slightly less
hydrogen productiorgptical densityand lactate/sulfate depletion.



