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Abstract

A major obstacléo achieving commercially viable lignocellulosic biofuels
through consolidated bioprorceasadyng (CBP)
microorganisms. Ideally, a CBfelevant organism would achieve efficient and complete
hydrolysis of lignocellulose, simult@ous utilization of the diverse hydrolysis products
and high yields of the desired biofuel. To date, no single microbe has been identified that
can perform all of these processes at industrially significant levels.

As such, thermophilic decayirvgoodchip compost was investigated as a source
of novel lignocellulolytic, biofuel producing bacteria. From a single sample, a collection
of physiologically diverse strains were isolated, which displayed differences in substrate
utilization and biofuel prduction capabilities. Molecular characterization of these
isolates, and development of a genome relatedness prediction model based on the
chaperonire0 universal target sequence, identified these isolates as strains of
Thermoanaerobacter thermohydrosuitws. Application of this model to other
Thermoanaerobactespp. further identified that these isolates belong to a divergent and
lesser characterized lineage within the genus.

Based on this, the CBpotential of a single isolaté&, thermohydrosulfuricai
WC1, was selected for further investigation through metabolic, genomic and proteomic
analyses. Its ability to grow on polymeric xylan, potentially catalyzed by an
endoxylanase found in only a féMhermoanaerobactestrains, distinguisheg.
thermohydroslfuricusWC1 from many other strains withthe genus. The simultaneous

consumption of two important lignocellulose constituent saccharides, cellobiose and



xylose was also observed and represents a desirable phenotype-ialSBiat
organisms.

However at elevated sugar concentratiohsthermohydrosulfuricug/C1
produces principally lactate, rather than the desired biofuel ethanol, as the major end
product. Proteomic analysis identified thatli&itly endproduct forming prteinswere
expressed dtigh levels suggesting that the emaduct distribution patterns ih
thermohydrosulfuricu8VC1 are likely controlled via metabolitsased regulation or are
constrained by metabolic bottlenecks.

The xylanolytic and simultaneous substrate utilizatigpabilities ofT.
thermohydrosulfuricu8VC1 identify it as a strain of interest for CBP. However its
devel opment irnetaod yatss aficutade wishta cejlulolytic
microorganismimproved biofuel producing capabilities are need&de practical
implications ofCBP-relevantphenotypes iff. thermohydrosulfuricug/C1 in relation to

otherThermoanaerobactespp. will be discussed.
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Chapter 1. Literature review®

1.1 Introduction
The need for renewable energy, whether driven by environmental, economic, or
sociopolitical concerns, has been well established (Rosegjfraht2008; Mussatet al,
2010; Naiket al, 2010; Olsoret al,, 2012). In particular, a®il consumptiorcomprises
the largest fractiondf h e wo r | d 6 sand>60&srofghe oilcangumed yas of
2010) is by the transportation sector (IEA, 2012), finding alternative $udksble for
this sector ismportant in reducing the o r Ireliaihce on finite petroleum reserves.
Producing liquid biofuels such as ethanol, to use as a blended mixture with
gasoline, is a promising approachréduce petroleum consumption aisccurently
being commercially produced from sugar or
gener ati on Iletag 200L0eliesad, P01&; Gadenkberg, 2007). However,
increasing ethanol production using figgneration technologies has beennsady
debated as concerns over using land for dedicated energy crops, rather than food
production, have arisen in recent years (Ndi&l, 2010; GraharRowe, 2011). Further,
low reductions in greenhouse gas emissions and increased water consumptieteasso
with expanding agricultal lands for biofuel driven cropBave called into question the
environmental benefits of using firgeneration technologies (DeLucchi, 20Hzvlik et
al.,, 201). Alternatively, ethanol ootherbiofuelssuch asydrogen butanol or methane

produced from |lignocel |l-gdmesrn &t ibom maisef  d&leg ¢

6 Modified versions of sections 1.3.2 and 1.3.3, as well as the corresponding Tables, have been submitted
for publication. All versions of these sections were authored by Tobin J. Verbeke. Reproduced with
permission© 2013, David B. Levin, University dflanitoba. Found inLevin DB, Verbeke TJ, Munir

R, Islam R, Ramachandran U, Lal S, Schellenberg J, Sparling RFOmic approaches for designing

biofuel producing cecultures for enhanced microbial conversion of lignocellulosic substrates.



to avoid many of theeissues A specific driving force behindecondgeneration
biofuels isthatlow-value biomassderived from cellulosigvaste streams from the
forestry and agricultural industries; nonfood crops grown on marginal lanadsin be
usedas feedstock®or fuel producing microbes

While different strategies to produce sec@asheration biofuels exist (Hamelinck
etal., 2005;Margeotet al, 2009), one of the most economically promising approaches is
consolidated bioprocessing (CBP) (Lyeidal, 2005). In CBP, the production of
lignocellulose hydrolyzing enzymesnd the subsequent conversion of the hydrolysis
products to fuels is catalyzed by microorganisms in a single reactor (eyiad,

2005). This strategy is considered advantageous ovesatiterms of process
simplification and cost reductiorwWith CBP the requirements for expensive pre
treatment strategiesr the se of costly enzymatic cocktaiisr saccharification of the
biomass, capotentiallybe minimized or eliminated.

Achieving industrially significant ethanol production throu@BP is currently
limited by thegenerakecalcitrance of lignocellul@sto hydrolysis and by the lolofuel
yieldsproduced by the catalyzing microbes (Olsbral, 2013. The identification of
new microorganisms, or the improvement of previously characterized ones, capable of
increased hydrolysis and conversion efficiescis needed to make lignocellulosic

ethanol production a commercially viable alternative fuel.

1.2 Microorganisms for second generation biofuels through CBP
The selection of microorganisms for second generation biofuel production has

typically followed three distinct strategies, which include: i) the use of naturally



occurring microbial consortia capable of biomass hydrolysis and biofuel production; ii)
the gaetic engineering and development of established platform microorganisms; or iii)
the identification, characterization and development of novel microorganisms into

industryrelevant microbes (as monocultures or in designexutoires).

1.2.1 Naturally occurring consortia

The enrichment of natural microbial communities is one approach for achieving
simultaneous biomass hydrolysis and biofuel production. While these communities have
often been used for bioprospecting studies targeted at the idemtifiohhovel strains or
enzymegKrauseet al, 2003; Hessgt al, 2011; Amoreet al, 2013), communities arising
from diverse environments including the guts of herbivorous ing8htet al, 2011) or
ruminants Ko et al.,2011;, Weimer, 201}, soil, mamre and/or compost (Harughal.,
2002;Wongwilaiwalinet al, 2010) or cellulose containing waste streams étial,
2003; Faret al, 2006) have all been investigated for thiginocellulose
hydrolyzingbiofuel producing potentialFor industrial ptposes, adopting a naseptic
approach, as can be achieved when using natural communities, is advantageous in terms
of feedstock preparation. However, in using this stratigycontinued selective
enrichment and stable existence of an efficient bigiuadlucing community can be a
significant challenge (Shorgg al, 2012) given the dynamic nature of native microbial
communities. This is particularly truen bioprocessing systemshere skective
pressures may favostrains capable of rapgrowth raher than biofueproduction
While many culturing parametefag. pH, temperature, residence time, etar) be kept

consistent to reduce dynamic progression of the communities, unavoidable perturbations,



such as variations in feedstoobmposition, casignificantly affect community
composition (Wangt al, 2009; Allgaieret al, 2010; Reddt al, 2013, making
consistent biofuel production from natural consortia difficult.

The production ohonrmethanebiofuels in natural consortia is alsgically low
(Zuroff & Curtis, 2012). This maybe partly attributable to the fact thamh natural
communities, fuel moleculesnd other engbroducts areconsumed by other consortiu
membersnaking the targetegroduction of certaibiofuels challenging For examplea
biofuel suchas hydrogemay be readily consumed in the presencaethanogens.
While engineering andhemical approachesist to select against such fieglnsuming
microbes(ValdezVazquezet al, 2005, doing so requires additionalste ultimately
affectingthecommercial viabilityof the proces# methaneis not the desired fuel

Finally, the continued improvement loibbfuel producingcultures is limited when
using natural consortialhe undefined and dynamic nature of these communities makes
identifying and understandirmghysiologicalfactors limitingbiofuel production
challenging This ultimately reduces the potential for targeted gjrasedesigned to

alleviate suchimitations.

1.2.2 Established platform organisms

The continued development of current platform microorganisms, such as
Saccharomyces cerevisiardEscherichia colifor secondgeneration biofuels is an
alternative approach to using natural consortia. In sespects, this approach is
advantageous in that a wealth of accumulated knowledge regarding strain physiology, as

well as established genetic engineering tools, already exist for these strains @isther



2008). The challenge in this approashthatmany desirable CBiRelevant phenotypes
are not innately present mrganismdike E. colior S. cerevisia@nd have to ultimately
be introduced through genetic engineeriixpressng nonnative pathwaysr
phenotypesnto these hostsayalsounintentiorally bedetrimentako ther native
physiology (Toivariet al., 2001).

For exampleS. cerevisiaés currently used for first generation biofuels due to its
ethanologenic capabilitieddowever, s inablity to ferment pentose sugars
(Dellomonaccet al, 2010), a major component of hemicelluldsaits its suitabilityfor
secondgeneration biofuel productioMany attempts angineering a xylosatilization
pathway intdS. cerevisiadave occurredréviewedin van Zylet al, 2007;Nevoigtet al,
2008). Onesuchapproachinvolved theheterologougxpression of a xylose reductase
and xylitol dehydrogenase from a xylose fermenting y&ashia stipitis in S. cerevisiae
(Toivari et al, 2001). Expression of these enzym&suld allowfor the conversin of
xylose to xylulose, which is natively consumedSycerevisiae The heterologous
expressiorof the xylose reductase and xylitol dehydrogenaseombination with an
increaseaxpression of thaativeS. cerevisiagylulose kinaseconferred xylose
utilization capabilities into the stra{ifoivari et al., 2001).

However when grown under anaerobic conditiopmaich of the consumed xylose
was excreted as xylit¢gtepresenting unfermented/unconverted xyl@se) sustained
growth was not achieved. &Hhimited growth waslue toimbalancsin cellular redox
levelsinvolving NADH accumulation and NADPH depletion (Toivatial, 2001;
Dellomonaccet al,, 2010). Strategies thatodified cefactor dependeng¢such as

mutatingthe xylose reductase (Jepps®b al, 2006)or ammonia assimilation pathway



(Grotkjaeret al, 2005) to be NADHrather than NADPHIependentvere necessary to
helprestoreredoxbalarces. While both strategiesducedkylitol excretion neither
approacHully eliminated excretiomndsignificant amounts of carbon were still lost

Conversely t&5. cerevisiagE. colihas the capability to ferment xylose, loah
also producsignificant amounts of organic acids (lactic, formic, succinic, acetic) in
addition to ethanol (Clomburg &onzalez, 2010)The production of noiiofuel end
productswhich ultimately reduce ethanol yields,partly attributable to a laakf
sufficient reducing equivates suitable for ethanol production (Clomburg & Gonzalez,
2010). In nativeE. coli,the generation of a single pyruvate molecule through glycolysis
yields only one reducing equivalent in the form of NAD(PYrurther, under anaerobic
conditions, pyruvate iprincipally consumed via a pyruvatermatelyase(PFL) enzyme
as thepyruvate dehydragnas€PDH) complexis represse@Clark, 1989;Saueret al.,
1999. The PFl-catalyzedeactionconsumes pyruvate apdoduces formate and acetyl
CoA, but yields no additional reducing equivalems. the conversion of acet@oA to
acetaldehydeand therto ethanglrequires two NAD(P)H equivalents in natike coli,
homa-ethanol production is not possible.

In separate experimentagramet al, (1987)and Ohtaetal., (1991)wereable to
circumventredox imbalanceby engineerinde. colito expresshe pyruvate
decarboxylase frodymomonas mobilisThis permitted thelirect conversion of
pyruvate to acetaldehypeithout the consumption of a reducingugvalent(NAD (P)H).
In doing this only the single NAD(P)H produced in pyruvdtamation is necgsary for
ethanol production.In both studiesehanol became the principal epdoductformed

from the fermentation of glucose.



Platform organisms, such 8s cerevisia@ndE. coli, have undergone extensive
genetic engineering in an attempt to develop them into biofuel producing microbes (for
more extensive reviews see van yal., 2007;Nevoigt 2008;Cloumburg & Gonzalez
2010. Apart from the previously mentioned limitationswild type strains, both
organisms similarly have no natupacities for lignocellulose hydrolysis, and
particularly inS. cerevisiagarealso limited in their usage of oligosaccharides derived
from lignocellulose hydrolysis (Fischet al., 2008). Use of these organisms in CBP
systems would therefore additionally require expensivdrpegment strategies or
enzymatic cocktés designed to hydrolyze lignocellulosg¢o soluble sugars, eculturing
with hydrolytic strains, or additional engineeriefforts to impart hydrolytic capabilities
into the strains themselves. As engineedeliulolytic and/othemicellulolyic ability
into these strainsialso biang extensively investigated (vatyl et al, 2007; Shiret al,

2010; Olsoret al, 2012 Saha& Cotta, 20132, this may represent a promising approach.
Giventhat, in many cases, engineering these established platform organisms has been
successfulthe limitations in the developmenmay solelybe the time and effort required

to incorporate all ésired phenotypes into a single straithout detrimently

influencingthe wild typephysiology

1.2.3 Novel platform organisms
1.2.3.1 Bioprospectingfor novel strains

Bioprospecting for novel enzymasdbr microorganisms has been a promising
third approach foCBP-platformdevelopment.This strategywhichseeks to exploit the

innate potential found in many diverse microorgarsidms made significant



advancements in recent yeaildovel enzyme discovergpecificallyfor enzymes
involved with biomass hydrolysisasparticularlybenefitted from thelevelopment of
metaanalyses technologissich asnetagenomis (Warneckeet al, 2007; Hesst al,
2017 andor metatranscriptomg(Tartaret al, 2009;Takasakiet al, 2013. However,
bioprospectingolelyfor novel enzymes hagtitations in terms of itanplementation
into CBP systemsFirst, while newly discovered enzymes may be clomtd host
organismsand expressed, genetic engineering of n@aBi-relevant strainkasproven
to be challengingChapter 1.3.)p Secondly, while these enzymes carclomed into
genetically amenable hosiad purified the use of enzyme cocktailsas undesirable
costin CBP systemswhich seeko make use of a stri  mn&igl hydrolytic capabilities.
A second approach to bioprospecting involves the identification of novel
microorganisms.In many cases, lignocellulose degrading environmsoth as those
used for investigating natural consortia (Chapter 1,.28€kye as valuable resourdes
theisolation ofnew strains Efforts to identifypotentialplatformstrains haveemained
consistent sincthe U.S. oil crises of thel970s Furthertechnological developments in
genomics angene expression profilingavealsorecentlyprompted researchers to
revisit strains originallysolated decades a@bable 11). While the advantages of using
strairs with innateCBP-relevant phenotypes aobvious,one ofthe major limitations is
that the physiology ahost of thesénnately capablstrainsis alsonot well understood
even with the increasing availability of genomic and gene expression profiling datasets
available formany ofthe organisms This therefore requiresignificant effort to
characterize CBfPelevant phenotges in norestablished platforrmicroorganismss a

mears of evaluating their potentiédr industrialbiofuel production.



Table 1.1 List of select biofuel relevant microorganismdentified through bioprospectirgince the late 1970s.

Strain Isolaion reference Bioproject I} Genome releaséd
Genus:Acetivibrio

A. cellulolyticusCD2 Patelet al., 1980 45843 2012
Genus: Caldanaerobacter

Cal. subterraneusubsptengcongensisiB4  Xueet al, 2001 249 2006
Genus: Caldicellulosiruptor

Ca. besciDSM 6725 Svetlichnyiet al, 1990 29407 2009
Ca. hydrothermalid08 Miroshnichenkeet al, 2008 40831 2011
Ca. kristjanssonil77R1B Bredholtet al., 1999 41727 2011
Ca. kronotskyensiz002 Miroshnichenkeet al, 2008 52409 2011
Ca. lactoaceticu®SM 9545 Miadenovskeet al, 1995 40219 2012
Ca. obsidiansi©B47 Hamilton-Brehmet al,, 2010 40355 2011
Ca. owensensiOL Huanget al., 1998 40833 2011
Ca. saccharolyticu®SM 8903 Raineyet al, 1994 13466 2007
Genus: Clostridium

C. carboxidivoran$7 Liou et al, 2005 29495 2010
C. cellulolyticumH10 Petitdemanget al., 1984 17419 2009
C. cellulovorans743B Sleatet al, 1984 37295 2011
C. intestinaldJRNW Ramachandraet al, 2011 NP° NP
C. papyrosolvenBSM 2782 Maddenet al,, 1982 33857 2009
C. phytofermentanSDg Warnicket al.,2002 16184 2008
C. ragsdaleiP11 Huhnkeet al., 2010 210333 2012
C. stercorariumDSM 8532 Madden, 1983 195569 2013
C. termitidisCT112 Hetheneret al,, 1992 196409 2013
C. thermocellunbSM 4150 Freieret al, 1988 28257 2008
C. thermopalmariunbSM 5974 Lawsonet al., 1991 NP NP
C. thermopapyrolyticurdBA 305 Mendezet al, 1991 NP NP
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Strain Isolation eference Bioproject ID Genomereleased
Genus: Ethanoligenens

Et. harbinensé&/UAN -3 Xing et al, 2006 39729 2011
Genus: Geobacillus

G. debilisDSM 16016 Banatet al,, 2004 201207 2012
G. thermoglucosidasiudCIMB 11955 Suzukiet al.,, 1983 40781 2011
Genus: Thermoanaerobacter

T. ethanolicugW200 Wiegel & Ljungdahl, 1981 51151 2012
T. italicusAb9 Kozianowskiet al,, 1997 33157 2010
T. mathraniisusbpmathraniiA3 Larsenet al.,, 1997 33329 2010
T. pseudethanolicu39E Zeikuset al,, 1980 13901 2008
Thermoanaerobactesp. X514 Rohet al, 2002 16394 2008
T. thermohydrosulfuricuBSM 567 Wiegelet al,, 1979 NP NP
T. wiegeliiRt8.B1 Cooket al, 1996 42251 2011
Genus: Thermoanaerobacterium

Th. saccharolyticunB6A-R1 Leeet al, 1993 NP NP
Th. xyloanolyticuni.X-11 Leeet al, 1993 50295 2011
Genus: Thermotoga

The. maritimaviSB8 Huberet al, 1986 111 2006, 2013
The. neapolitan®SM 4359 Jannasclet al, 1988 21023 2009
The. petrophiledRKU-1 Takahataet al, 2001 17089 2007
Genus: Pyrococcus

P. furiosusDSM 3638 Fialaet al, 1986 287 2006
Genus: Thermococcus

Ther.kodakarensis Morikawaet al, 1994 13213 2006

GenBankGenomeBioproject ID. Multiplegenomeaccession numbers foufmr strains which encode plasmids.
Entire genome content (chromosome + plasmids) accessible via Bioproject ID.
bY earof genome releasas listed irthe Integrated Microbial Genomes (IMG) datab@garkowitz et al, 2012.
‘NP =genome not publicly released ot sequenced
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1.2.3.2 Continued development of novel organisms

Strains receiving significant attention for continued development are found in
diverse phylogenetiineages (Fig. 1.1)Howeverorganisms in the phylufirmicutes
and more specifically the orde@dostridialesandThermoanaerobacterialebave
garnered the mostttention for industrial developmefitynd et al, 2008) This largely
stems from the realization that multiple stramfi€lostridia: i) posses native
lignocellulosic hydrolysis machinery; ii) can feemt a broad range of substratasg iii)
have diverse pathways suitable for the production of numerous valuable metabolites
(Tracyet al, 2012). However, no single straimas yet been identified that is capable of
performing all CBPrelevant processes at industrially significant levels.

One approach to address these limitations is to construct desigogtures.
Such designeronsortia strivéo mimic synergies founih naturally occurring
communitiesbut do so using well defined and cheterized constituent membeiGo-
cultures have been developedhgsbacteriayeast combination&uroff et al, 2013),
mesophilic bacteria (Wargf al, 2008; Jiaet al, 2012), © most commonly, using
thermophilic bacteria (Ngt al, 1981; Liuet al, 2008; Heet al, 2011; Xu & Tschirner,
2011; Kridelbaugtet al, 2013;Svetlitchnyiet al, 2013.

Often, the design of c@ultures is tocouple the hydrolytic capabilities of one
strain with the biofuel production capacities of anoth&his approach hakeen adopted
numerous times involving ecultures ofClostridium thermocellurwith strains of the
generalrhermoanaerobactgiNg et al, 1981;Le Ruyetet al, 1984;Heet al, 2011;
Hemmeet al, 2012 or Thermoanaerobacteriuigbaddler & Chan, 1984;iu et al,

2008;Argyroset al, 201). Consistent amongst these@dtures are reports of
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100' Thermoanaerobacter pseudethanolicus 39E (1)

100 Thermoanaerobacter sp. X514 (2)

63 ———— Caldanaerobacter subterraneus subsp. tengcongensis MB4 (3)
Clostridium acetobutylicum EA 2018 (4)
100 Clostridium cellulovorans 743B (5)

51

31 Clostridium phytofermentans 1SDg (6)
Caldicellulosiruptor saccharolyticus DSM 8903 (7)
1% Caldicellulosiruptor bescii DSM 6725 (8) s
. “El: Caldicellulosiruptor obsidiansis OB47 (9)
76— Clostridium stercorarium DSM 8532 [a] (10)
Clostridium stercorarium DSM 8532 |b] (10)

i Clostridium cellulolyticum H10 (11)

B Clostridium thermocellum ATCC 27405 (12)

Geobacillus thermoglucosidasius NCIMB 11955 (13)

97 Escherichia coli K12 (14)

100 e Proteobacteria
Zymomonas mobilis ZM4 (15)

Thermotoga neapolitania DSM 4359 (16)

100 |: Thermotoga maritima MSBS8 (17) Thermotogae
100 Thermotoga petrophila RKU-1 (18)

Pyrococcus furiosus DSM 3638 (19) B

100 Thermococcus kodakarensis TS517 (20)

93

85

Euryarchaeota

0.05

Fig. 1.1. Phylogenetic distribution of microorganisms being investigated as potential platform organiimspi@duction of

secondgeneration biofuels through CBHree consuction is as described (Chap88.3) using the full lengtbpn60(Type |
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& Type Il chaperoninyucleotide sequences accessed via the chaperonin database (cpnD#)aHR2004). Analyses

limited to strains within the Bacterial and Archaeal domains, with publighe@0data and also to strains with transcriptomic
and/or proteomic cuently available.Bold lettering identifies thermophilic strains. Bootstrapping values shown beside their
respective nodes. Letters in square brackets represent two diphéOsequences fa€. stercorariunDSM 8532. Numbers

in round brackets correspd to select literature reporting gene expression data for each strain and are aslfailbl®same

et al, 2011;2 = Hemmeet al, 2011; Linet al, 2011;3 = Menget al, 2009; Cheret al, 2013;4 = Huet al, 2011,5=
Morisakaet al, 2012;6 = Tolorenet al, 2011;7 = VanFossert al, 2009; VanFosseet al, 2011;8 = Damet al, 2011;
Lochneret al, 2011a9 = Lochneret al, 2011a, Lochneet al.,2011b;10 = Schellenbergt al, submitted;L1 = Blouzardet

al., 201Q 12= Ramaret al, 2011 Rydzaket al, 2012 13 = Loftie-Eatonet al, 2013 14= Hu & Wood, 201015 = Heet al,
2012 16 = Frocket al, 2012 17 = Shockleyet al, 2005;Frocket al, 2012 18 = Frocket al, 2012 19 = Wonget al, 2013

20=L u b o Ret al,.2a12
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improved biomass hydrolysis aodoverall biofuel production in comparison to
monocultures. Additionallynetabolite sharing between thesecodtures has been
reported as thde novabiosynthetic capabilities of one strasancomplement nutritional
auxotrophies present in the -@nlture partnerNlori, 1999 Mori, 1999. This aspect has
the added benefit gfotential simplification ofermentation brothiused leading to cost
reduction.

Most co-culturestudies to datbavelargelybeen empirical leadmto a limited
potential for culturelevelopment. To avoithesdimitations, co-culture design
ulti mately requires a detailed knoAsl edge o
such, multiple physiological ¢daria Chapterl.3) are important tevaluate when
selecting one, or multiple, strains for development of @&Bvant cultures. In recent
y e ar s ,-based tedhrmlogies (genomics, transcriptomics, proteomics, etc.) have
helped shed insight into many of these criteria and have led tadeaxhancerant in our
understanding dfey physiological processes for many strains of interéiseé continued
implementation ofi o mi-basedapproaels will remain valuable in théevelopment of
newly isolated strains or established candidate orgari@naevelopment into CBP

platform microbes

1.3 Criteria to evaluate in the selectioror developmentof novel platform strains
1.3.1 Advantages of thermophilic microorganisms

Of the organisms garnering the most attentiorCiBP (Fig. 1.1)most ofthe
attention has focused on thermophilic microorganisms due to advantages directly

associated with thermophily (Lyret al, 2008; Tayloet al, 2009). Firstly, thermophilic
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growth conditions may e reduce or minimize the magnitudéreiterative cyting
between upstream biomass{reatment strategies and theation of conditions
amenable fobacterial growth. Many physitand/or chemicapre-treatment strategies
used for lignocellulosic saccharificatiamcluding, but not limited to, steam exgion
(Mosieret al, 2005; Dataet al, 2007), liquid hot water treatment (Wymetnal, 2005),
various acid or alkali prereaments (Mosiegt al, 2005; Agbotet al, 2011), hydrogen
peroxide (Silversteiet al, 2007) or wet oxidatiorSchmidt & Thonsen, 1998, Maih et
al., 2007), all involve heatintipe lignocellulosic biomassSolutions containingie
resulting carbohgrates and carbohydrate polymststable for fermentation ultimately
have to then be cooleatior to utilization by the microorganisms. Minimizitige
magnitude of temperature variatibatween processean help reduce energy input costs
as well as lower transition time periods.

Secondly, thermostable enzymes capable of lignocelluloseliggidrovhich may
be exogenously added during enzymatictpeatment, or synthesizel® novady the
fermentative microorganism sCBP platform, are inherently more robust than their
mesophilic counterparts (Yeomanal, 2010). This increased stabileéyd/or longer
half-life may allowfor extendedactivity andincreased tolerance to harsh conditions
associated with industrial lignocellulose hydrolysis (Tueteal, 2007). Additionally,
the enzymatic activity of thermostable enzymes is typicallydrigh elevated
temperatures potentially leading to improved hydrolysis of the biomadsa(Mit al,
2007).

Growth under thermophilic conditions also facilitates doveastr product

recoverydue to tle increased volatility of fuelsuch as ethangcht devated temperatures
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Reduced eergy inputs are required to distill liquid biofuétem fermentation broths
used for thermophilic organism#dditionally, the reduced solubility of gases at elevated
temperatures not only facilitates Hecovery, but als helps to maintain reactors in
deoxygenated states suitable doaerobidermentation.

Dependent on the reactor design, the reduced solubility of gases at higher
temperature can also favor the maintenance of a lppaHial pressure. Combining a
low partial pressurgalong with the improved thermodynamic efficiencies associated with
elevated temperature (Verhaattal, 2010, may improve the formation of biofuels such
as h to reach theoretical limits (4 molider mol hexose) and improve overalllgiee
(Sobohet al, 2004;Carereet al, 2012).

Finally, systems operating at highmperatures inherently select against
pathogenic microorganisms. Current commercial systems involving yeast based ethanol
production address bacterial contamination through the use of antibiotics or other
additives (eg. ammonia, urdaydrogen peroxide)Skinneret al, 2004; Bischoftt al,
2007; Beckneet al,, 2011), which not only adds to overall process costs, but also creates
a hazardous waste stream that must be addrpasedio disposal While elevated
temperatures do not ensure culture Btgrthe industrial implications of avoiding

potential pathogenic contamination are significant.

1.3.2 Lignocellulose hydrolysis potential
The recalcitrant nature of lignocellulose and its resistance to enzymatic hydrolysis
are often viewed as one d¢ietmajor limitations to overcome in improvirignocellulosic

biofuel productioChundawaet al.,2011, Daset al, 2012) Selecting strains with a
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high maximalin situ hydrolytic potential is therefore important in developing efficient

CBP platforms In recent years, investigations irttee hydrolytic potential of

thermophilic microorganismsave | ncr easi nghased stratggiesoy ed A om
(Ramaret al, 2009; Lochneet al, 2011ab; VanFossert al, 2011) to elucidate

mechanisms of biomass dectrnstion and identify potential limitations.

Lignocellulose hydrolyzing enzymes belong to a broader class of mdtaawn
as Carbohydrate Activen@ymes (CAZymes)whose functions are involved diverse
biological roles includingbut not limited topiomass hydrolysignergy productiorell
wall or peptidoglycarsynthesis angbrotein glycosylatiorfCantarekt al, 2009) While
current CAZyme classes include proteins that act as glycoside hydrolases (GHS),
glycosyltransferases (GTs), polysacchahdeses (PLs), carbohydrate esterases (GES)
those with auxiliary activities (AAs)Levasseuet al, 2013, mosthomi c0 i nvestig
targeteting lignocellulose hydrolysisave focused oGH expression While GHs, and
CAZymes in general, represensignificant portion of protein encoding genes within any
given genome (Coutinhet al, 2003) the number and diversity of extracellgjgcoside
hydrolasexapable of lignocellulose hydrolysian be a distinguishing€tor between
biofuelproducingFirmicutes(Table 12).

Some strains, such &dostridium stercorariunDSM 8532or most notably,
Clostridium thermocellumMTCC 27405 have highly investigated diverse and extensive
suites of GHs (Lynet al., 2002; Zverlowet al, 2005; Zverlow&k Schwaz, 2008) and are
seemingly poised for extensitbdomass hydrolysisliable 1.3. Otherstrains, such as
Caldanaerobacter subterranesabsptengcongensibdB4 andThermoanaerobactesp.

X514, have no predicted extracellular CAZymes and are uwltkedignificantly
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Table 12. Extracellulaf glycoside hydrolases related to lignocellulose hydrolysis in the genomes of select thermopt
Firmicutes

Glycoside hydrolase (GH) class
10 11 16 26 27 31 42 43 44 48 51 52 53 54 74 81

Strain 3

Ca. besciDSM 6725
Ca. kristjanssonii
I77R1B

Ca. obsidiansi©B47
Ca. saccharolyticus
DSM 8903

Cal. subterraneus
subsptengcongensis
MB4

C. thermocellunATCC
27405

C. stercorariumDSM
8532

G. thermoglucosidasius
NCIMB 11955

T. mathraniisusbp.
mathraniiA3
Thermoanaerobacter
sp. X514

Th. saccharolyticum
JW/SL-YS485

Th.
thermosaccharolyticum + + A A
DSM 571

Th. xylanolyticum_X -
11

+ +

+ + + +|o
+ + + +|©
+ + + +
+
+

+ + + +

#xtracelluladocalization for glycoside hydrolases within each CAZyme class predicted using PSortB 210a(y2010)
and using the final subcellular localization prediction reported for each CAZyme. Individual sequences for each str
identified by accessgthe CAZy database (Cantaetlal, 2009).
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contribute to the hydrolysis of polymeric substrates. These strains would therefore be
reliant on hydrolysis through pteeatment approaches, enzyme addition or would
require ceculturing with a more hydrolytic strainWithin theFirmicutes distinct

strategies have also evolved for GH localization and achieving hydrolysis of
lignocellulosic polymers. Specifically, some strains freely secrete their hydrolytic
enzymes (Lochnest al, 2011a; Tolonert al, 2011), while others affix their hydrolytic
enzymes to their celall surface (Shaet al, 1995; Brechtel & Bahl, 1999). Others yet,
haveevolved extracellular appendabel ke structures tefrmed fAcel
localize diversly acting hydrolytic enzymes onto a central scaffoldin protein to
coordinate hydrolysis activities (Gold & Martin, 2007; Blouzatal, 2010; Tamaret

al., 2011; Morisakat al., 2012).

Global profiling strategies have improved our understandirigeohydrolytic
potential for nanystrains and havieelped identify theilimitationsalsa For example,
comparative genomic analyses of sequer@adicellulosiruptorstrains has identified
that theabsence of GH48 domagontaining proteins ialdicelldosiruptor
hydrothermalisL08 Caldicellulosiruptor owensens@BL andCaldicellulosiruptor
kristjanssoniil77R1B correlates with theeduced abilityof those strains, in comparison
to otherCaldicellulosiruptorspp.,to grow on micrecrystalline cellulos¢Blumer
Schuetteet al 2010). This inability to grow exists despite encodiiger cellulose
degrading enzymes, whiglermitgrowth onthe lesser crystalline,
carboxymethylcellulose. Therefore, strategies targeted towards improving hydrolysis of

crystaline cellulose or reducing the &wgllinity of the cellulose feedstocks are important
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considerations when usii€a. hydrothermalid08 Ca. kristjanssonil77R1BandCa.
owensensi®OL for CBP biofuel production.

To date, studiesoupling gene expressiomath with CAZyme content have been
limited to a few thermophili€&irmicutes(Table 13). However these approaches have
helped shedignificantinsight into the realized hydrolytic potentiaf these strains
Secretome analysis @f. thermocellundentifies that, independent of growth substrate,
the expression of both cellulose acting, as well as hemicellulose acting, CAZymes occurs
simultaneously (Table 3). Similar findings were alsobserved ircellulose grown
cultures ofCaldicellulosiruptorbesciiDSM 6725andCaldicellulosiruptor obsidiansis
OB47in which, only a few CAZymeelated proteins were observed in the seaneto
(Lochneret al, 2011a, b). e expression of diversely acting enzynmethese strains
may have evolved as a means adrctinatinghydrolysis of distinctignocellulose
polymers(cellulose and hemicellulosbgtween enzyme complexes. This inference is
supported by the study of Blum8chuetteet al, (2010), which foundhat the Avicel
induced secretomes Caldicellusirugor spp. capable of degrading miecoystalline
celluloseclosely matchedhie xyloseinduced secretomes of the same spedies
contrast, the strains with reduced growth on mamngstalline celluloseCa.
hydrothermalisLO8 Ca. kristjanssoniil77R1BandCa. owensensi©L, had more
pronounced differences in their Aviesl. xyloseinduced secretomes. It is also
interesting to note that the potential coordination of divergently functioning CAZymes
observed irCaldicellulosiruptorspp.mimics the exprgsion profiles ofC. thermocellum

despite apparently seeting far fewer GHs (Table 3).



Table 13. Observe8iGH encoding genésnvolved in lignocellulose hydrolysis in select thermoph#iomicuteswith
available gene expression data

GH Ca. besciDSM 6725 Ca. obsidiansi©B47 Ca. saccharolyticu®SM8903 C. thermocellunATCC 27405

5 Athe_0594" Csac_013F X X6, XG0, SWG, PO thg (53E CHXY.CHP.CHPHXY,CBZ
Athe_1859™*Y Csac_0678 X X6, XG0, SWG, PO thg (7QF+XY.C+P.C+PXY.SWG
Athe_1866™*" Csac 107F X XG,XGO,SWG, PO the (082 CHXY.CHP.C+PHXY,SWG,Z

Csac 1078 X XG.XGO,SWG,PO  the 147F CHXY.C+P+XY,SWGCBZ
Cthe 2147FCHXY.C+P.C+P+XY,SWG,CB

Cthe 21932,C+XY,C+P,Z
Cthe 2875 C+XY.C+P.C+P+XY,SWGZ

Cthe_0269<**Y

Athe 0183 COB47_1669" B Csac_1076 X XC.XCO.SWG. PO Cthe (412 CHXY.C+P.CrPHXY.SWE
Athe 0618 COB47_1673C8 Csac_107§ % XG.XCO, SWG.PO  Ctha (413 CHXY.C+PHXY.CB.SWG
Athe 1865%*Y Cthe_043%CHXY.C+P.CHPHXY.SWG.CB.Z
Athe 1867 *Y Cthe_0578& CHXY.C+P.SWG

Cthe 0624:,C+XY,CP,C+P+XY,SWG,z

Cthe O7453,C+XY,C+P,C+P+XY,SWG
Cthe 08253,C+XY,CP,C+P+XY,CB,SWG

Cthe 2765 CXY,C+P,C+P+XY,SWG,Z

Cthe 276f,C+XY,C+P,C+P+XY,SWG,Z

10  Athe 1857 COBA47_1671C®  Csac_020% X XG.XGO.SWG.PO  Cihe (91K CHXY.C+P.CHP+XY.CB
Csac 107@, X, XG, XGO, SWG, PO Cthe 183g2,C+XY,C+P,C+P+XY,SWG,CB,Z
Csac 240@, X, XG, XGO, SWG, PO Cthe 196§,C+XY,C+P,C+P+XY,CB,Z

Csac 240@, X, XG, XGO, SWG, PO Cthe 2590:1C+XY,SWG,CB,Z



Table 1.3 cont.

GH Ca. besciDSM 6725

Ca. obsidiansi©B47 Ca. saccharolyticu®SM8903

C. thermocellunATCC 27405

10

11  Athe 0089
27

31

42
44
48  Athe_1867"*Y

51
54

74

Damet al, 2011;

Ref. Lochneret al, 2011a

Csac 2416:, X, XG, XGO, SWG, PO

COB47_1664" Csac_1076 % XG. XG0, SWG, PO
COB47_1673"B

Csac 108%: % XG, XGO, SWG, PO

Lochneretal, 2011a; - occomt al, 2011

Lochneret al,, 2011b

Cthe 2972 CXY.C+P.C+P+XY.Z

Cthe 003%:C+XY.C+P.C+P+XY,SWG,CB,Z
Cthe 147% C+XY.C+P+XY,SWG.CB.Z
Cthe 2811 C+XY.C+P,C+P+XY,SWG
C'[he_213§+xY

Cthe 301?,C+P,C+P+XY,CB
Cthe_066f

Cthe 127f,C+P,C+P+XY,CB,z

Cthe 20892,C+XY,C+P,C+P+XY,SWG
Cthe 1400 C+XY.C+P,C+P+XY,CB,Z

Ramaret al, 2009

%Observed through either transcriptomic or proteomic analysis during growth on a specific substrate. Substragdsaislen
superscripts as follow#\ = Avicel; C = celluloseCB = cellobiose; G = glucos®, = pectin; PO = poplar; S = wheat straw;
SWG = switchgrass; X = xylose;&X= xyloglucan; XGO = xyloglucmligosaccharides; XY = xylan; Z =#im (60%
cellulose + 16% hemicellulose). Growth conditions differentiated by use of commas and in some cases, multiple subs
compose a single growth condition (eg. C+XY = cellulose plus xylan).
Only locus tagpredicted to be located extracellularly included. Subcellular localization predicted using PSortB &al(Y
2010) as in Table 1. Additional sequences within specific CAZy classes exist, though were not identified in the refere

literature.

22
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The production of a cocktail of divergently functioning enzymes, rather than
enzymes tailored to a specific function, may serve as a model for designing efficient CBP
microorganisms, particularly in the development of designeuttares. This igart of
the logic under which &. thermocellunATCC 27405- Ca. besciDSM 6725co-culture
was built and tested (Kridelbaughal,, 2013). In that study, ecultures grown on
switchgrass or cellulose plus xylémajor component of some hemicellulos#g)wed
improved hydrolysis oveE. thermocellunATCC 27405monocultures, which was
directly attributed to the xylanolytic capabilities©@&. besciDSM 6725 Coupling
potential synergistic hydrolysis pattefetweendivergent organismisased on observed
gene expression profiles a promising strategy to improve hydrolysis.

Underlying differences in expression profiles and hydrolytic potential observed in
biofuelrelevantFirmicutesare complex regulatoryetworks; the nature of which, have
only begun to be elucidateddentifying these mechanisms is further complicated by the
realization that significant differences exist amongst thermogfiimicutes However,
understanding and manipulating these neksanay have significant implications for the
industrial implementation ad strainin mone or co-culture.

For example, quantitative proteomic analysi€othermocellunATCC 27405by
Ramaret al (2009) identified that xylanase expriessdecreased when grown on
pretreated switchgrass, which contains xylan, in comparison to growth on pure cellulose
(Table 13). Thus, xylan hydrolysis does not seem to be cotatkto the presence of
xylan forC. thermocellunATCC 27405and its subsequehydrolysis may be a limiting
factor when using. thermocellunon raw substratedn contrastjncreased expression

of exa and endeglucanases bg. thermocellunATCC 27405was observed when
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grown on polymeric cellulose in comparison to the disaccharide cellobiose (Raalan
2009) suggesting cellulase production is connected with the presence of cellulose and not
its hydrolysis products.

Further thecelCcellulase operom C. thermockBum is reported to be under the
regulatory control of the dissacharide laminaribi@sewcombet al.,, 2007) while the
study by Ramaet al (2009)has suggested that pectin may play a rolé.in
thermocellunxylanase expressionn these cases, regutatidoes not seem to be
connected to the carbohydrate upon which the enzymes produced act.

Contrary toC. thermocellunATCC 27405 secretome exoand endeglucanase
expression levels were higher@a. obsidiansi©B47on cellobiose grown cells in
compaison to cellulose grown cells (Lochnetral, 2011b). Therefore, at least in the
case ofCa. obsidiansi©B47, cellulose hydrolysis products seem to induce, or
alternatively prevent repression, of cellulase encoding sequences.

The complex nature ofgnocellulose requires that divergently functioning
enzymesshowcoordinaté activityin hydrolysisof the biomass Understanding how
expression of divergent Gt coordinated within these, as well askascharacterized
organismsis an important compamt intheir developments industryrelevant strains
Insights gained fromigbal expression profilingnay be invaluable to identify specific

limitations and led totargetedstrategies to resolve them

1.3.3 Fermentation of lignocellulose hydrolysis products
Increasing overall biofuel yield and improving the viability of industrial

lignocdlulosic biofuel productiomequires the microbial conversiontadth cellulose and
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hemicellulose constituent saccharides into fuetipcts Galbeet al, 2007;Girio et al,
2010). Additionally, as hemicellulose is more readily hydrolyzed into its constituent
sugars than cellulose, using a feedstock with higher hemicellulose content may be
preferable for producing sugars that can tmaverted into fuels (Reddy & Yang, 2005).
This highlights the importance of diversity in the substrate utilization potential of
microorganisms being developed for CBP platforms.

The ability of many thermophiliEirmicutesto ferment dierse saccharides, in
mona, di- or polymeric form, is advantageous over traditional ybased
ethanologenesis strategies (Tayoal, 2008). However, his capacity varies widely
amongst these straiifable 14). C. thermocellumATCC 27405contains an extensive
suite of divese hydrolyticenzymes (Table 1)2butalso has one of the most restrictive
substrate utilization profiles. Of the major carbohydrate components in lignocelllose,
thermocellums restricted to cellulose and its gtysis productgwith the exception of
glucose; Ng & Zeikus, 1982; Zhang & Lynd, 2005), and is unable to catabolise any
hemicellulose constituent sugar components (Gavigigtinezet al, 1980).

Conversely, many strains Gfldicellulosiruptot as wellasClostridium
stercorariumDSM 8532, have been reported to catabolise all of the major carbohydrate
components (Table 1.4) potentially allowifug improved biomass conversion
efficiencies. Other strains, belonging to eitherThermoanaerobacteor
Themoanaerobacteriungenera, also have diverse potential, but are principally restricted
from use in CBP monocultures by their inabilities to hydrolyze cellulose.

The hydrolysis otellulose and hengellulose fractiongn a CBP systerwill

generate pool of mixedsaccharides available for fermentation. Ideally, simultaneous
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Table 14. Reported substrate utilization capabilities of major lignocellulose constituent saccharides by select biofu
producing thermophili€&irmicutes

Lignocellulose constituent saccharides

Cellulose &
hydrolysis Xylan & hemicellulose
product8 hydrolysis products

Strain C Cb GI|Ar Xn Xy Ga Mn Reference
Cal. subterra_neusubsp. i + + i i i + +  Xueetal, 2001
tengcongensi$| B4
Ca. besciDSM 6725 + + + + + + + + Yangetal, 2010
Ca. kristjansonnii77R1B + + + - + + + + Bredholtet al, 1999
Ca. obsidiansi©B47 + + + + + + + + HamiltonBrehmet al, 2010
Ca. saccharolyticu®SM 8903 + + + + + + + + Raineyet al, 1994, de Vrijeet al, 2010
C. stercorariumDSM 8532 + + + + + + + + Madden, 1983; Adelsberget al, 2004
C. thermocellunATCC 27405 + + - - - - - - McBee, 1954; Garcidartinezet al, 1980

. Nazinaet al, 2001; Cripp£t al, 2009;
G. glucosidasiudCIMB 11955 - + + - NR + - + Coaradiz Al 2612

. Caccameet al,, 2000; Nazinat al, 2001;

G. stearothermophiluBSM 22 ooty NR e et al, 2004; Coorevitst al, 2012
T. mathraniisubsp mathraniiA3 - + + + + + + + Larsenet al, 1997
T. pseudethanoliclBOE - + + - - + + + Onyenwokeet al, 2007
Thermoanaerobactesp. X514 - + + - - + NR NR ztogletz?)lifOOZ; AIRME L, 20825 HiT
Th. saccharolyticunB6A-R1 NR + + |[NR + + + + Leeetal, 1993
Th. thermosaccharolyticumSM i + + + NR 4+ 4 4 McClunget al,, 1935; Hollaus & Sleytr,
571 1972
Th. xylanolyticuni. X-11 - + + + + NR + + Leeetal, 1993

#Cellulose hydrolysis products have been limited to cellobiose and glucose and does not include longer chain lengtinsel
PHemicelluloseconstitient saccharides as descril§dha, 2001; Shallom & Shoham, 2003). Also include glucose as well &
glucuronic acids. No reports for the utilization of glucuronic &gi@ny of the listed strains weigentified.

Symbols denote substrate utton (+), no substrate utilizatior) ©r sugarstrain combinatiomas not yet been reported (NR).
Abbreviations: C = cellulose; Cb = cellobiose; Gl = glucose; Ar = arabinose; Xn = xylan; Xy = xylose; Ga = galactose; M
mannose
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conversion of the resultant hydrolysis products into biofuels will occur with no distinct
preference for one substrate over another. However, carbon catabolite repression (CCR),
whereby the presence of one carbon source exerts a regulatory effeceppréssion of
genes and gene products associated with the utilization of alternative carbon sources
(Bruckner & Titgemeyer, 2002may permit only sequential, and not simultaneous,
utilization.

CCR has been reported in mdfiymicutes including biofuelrelevant strains
such a<C. cellulolyticumH10 (Abdouet al, 2008)and Thermoanaerobacterium
saccharolyticunM2476 (Tsakraklideset al, 2012). In contrasEirmicutessuch aCa.
saccharolyticuSM 8903(van de Werkemt al, 2008; VanFosseet al., 2009) and
Thermoanaerobactesp. X514(Lin et al, 2011)have been shown to simultaneously co
utilize lignocellulose relevant saccharides, suggesting a lack of CCR mechanisms in thes
organisms. In othersuch ag hermoanaerobactgyseudethanolicu89E, glucose has
been shown to have a repressive effect on maltodextrin utiliz@iyam et al, 1985)
butdoesnot inhibit xylose utilization or synthesis of xylose related gene products
(Erbezniket al, 199& Joneset al, 2002). Thus, in these organisms, understanding the
specific influences of the CCR regulon is important in understanding carbon flux
pathways and potential limitations in substrate usage.

Within biofuelrelevantFirmicutes biochemcal confirmation of CCRelevant
proteins has not been widely investigated, and this is further reduced when considering
only thermophilic strains. However, current models for CCR in Gram positive organisms

have been well established in other members of the phgtahgene ortholyyy amongst
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members suggesssmilar models may exist in biofuel producing straifigagyet al,
2012.

In Firmicutes mechanisms of CCR include: i) inducer exclusion; ii) global
regulatory control; and iii) specific transcriptional control (for moreépth reviews of
these mechanisms sBelickner & Titgemeyer, 2002; Warner & Lolkema, 2003;
Deutscher, 2008; @ke & Stilke, 200§. Central to all of these processes is a single
protein, HPr Kistidine-containingprotein) belonging to protein family (pfam)
classificationpfamd0381(Comaset al, 2008) The HPr protein is muHunctional in
Firmicutesand its functionn vivois dependent on its phosphorylation state. When
phosphorylated at the Higresidue by Enzyme I,-Ris-HPr acts as a phosphoarrie
protein involved with phosphotransferase system (PTS) mediated transport-Hidie P
HPr transfers its phosphate to a PHIFA protein, which ultimatelydonates the
phosphate to the sugar being transported. Alternatively, when phosphorylated at a
conservedeus residue, the HPr protein plays multiple roles in CCR (discussed below).

A functionally similar HP+like protein termedrh (cataboliterepressionHPr) is
alsoknown to exist in somEirmicutesand plays a role in CCR similar teSerHPr
(Galinieret al, 1997; Schumachet al, 2006) Like HPr, crh also contains a conserved
Seus residue that, when phosphorylated, transforms it into anteffenolecule for CCR
regulatory proteins. Unlike HPr though, crh containgimas residue and it is not
involved in PTSmediated transport.

Phosphorylation at th8eue residue is catalyzed by a bidirectionl HPr kinase/
phosphatase (HPrK/P) (pfam0&B){Comaset al, 2008)whose activity is modulated by

the allosteric activator fructosk6-bisphosphat¢=BP). When activated, the HRiP
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phosphorylates th8eus residue of HPr or crh through the consumption of an ATP.
Thus, when intradkilar FBP concentrations, as well as ATP levels, are high (indicative
of the rapid metabolism of a preferred carbon sourc&gfPr and/or PSercrh are
readily formed and a CCR effect is observed. Upon depletion of the carbon source,
intracellularFBP and ATP leviés decline and the HPrK/P dephoshorylateSdeHPr
alleviating the CCR effect.

P-SerHPr isalsoinvolved with inducer exclusionrsea CCR mechanism. The
proteininteracts with transport permeases preventing transport of alternative carbon
sources, whie may serve as inducing molecules for their own catabdset al,

1995. This mechanism has been demonstrateavoin Lactobacillus casefVianaet

al., 2000)whereby the addition of glucose immediately arrests maltose uptake in maltose
growing cells. A similar effect was observed ih.aaseicatabolite control protein A

(ccpA) mutant suggesting that the observed CCR wasepA-dependent. The CCR

effect was not observed when glucose was added to maltose growing cells containing a
HPr mutation (Sed6-Ala) showing that FSerHPr plays a direct role in maltose

transport. IrLactobacillus brevisit was additionally noted the 8erHPr bound to

insideout membrane vesicles containing lactose permease prteist al, 1995)

Therefore further evidence was provided that th&&HPr dependent allosteric

regulation of specific transport permeases is involved with inducer exclusion.

In Firmicutes P-SerHPr or RSercrh are also effector molecules for the global
transcriptional regulator pd\,, alacl/galR-family transcriptional repressor protein
(Henkin, 1996) The binding of either48erHPr (Schumacheet al, 2004)or R-SercrH

(Schumacheet al, 2006;Galinieret al, 1999)induces a conformational change to ccpA
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allowing it to bind consenswataboliteresponsiveelement €re) operator sequences and
repress transcriptional activity.

CCRrelated pecific transcriptional contrahechanismsan bemedated through
antiterminator proteinsvhich containPTSregulatory domain§PRD) (pfam00874)
(Stilke et al, 1998). One example is the licTrptein inB. subtilis In the absence &f
glucosidesyhich are transported via PABediated mechanisnis B. subtilis licT is
phosphorylated by thfe-glucosidespecific EIIB protein of the PTS complex §tke &
Stillke, 2008). The ste of phosphorylation is domaihof the licTPRDand when
phosphorylated, licT is unable to dimerize and is inactiMaenb-gluccsides are
present, domaii donates itphosphate back to the EIIB proteiAt the same timeR-
His-HPr phosphorylates domai of thelicT PRD. This allowdicT to dimerize and
actvates its antitermination activity allomg transcription of théglPH operon, wiose
gene productareinvolved withb-glucoside consumptiorié Coget al, 1995. While
this is a more specific mode of regulation tltkapA-dependent regulation, ¢analso
allow for the preferential use of PIssigarg Gorke & Stilke, 2008)

Understanding CCR in lignocellulosic biofuel producing microorganisms is an
important component imeveloping strategies towards maximizing carbohydrate
conversion efficiencies in these organisni$is is particuldy true indesignerco-
culture strategis wherebythte complexities associated with understanding sugar usage
regulons in a single organism are further magnified by potentialsir@n interactions
that develop in caultures In such scenariote hydrolysis products of a single strain
mayinfluence the carbon metabolism profile of thectdture partner differently than the

innate hydrolysis capabilities found in the@dture partner itself. For example, when
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grown in monocultureC. thermocellums known to hydrolyze xylan, but its inéity to
utilize the resulting products allows for the accumulation of xi@gtrins in the
fermentation mediuniNg et al, 1981) The free xylose or xylodextrins are available for
use by an appropriate @ulture partner Their usagehoughmay be depedent on the
simultaneous availability of cellulose hydrolysis products (also generated tiCough
thermocellunmediated hydrolysisyhich may exert a CCR effect on tbe-culture
partnerpreventing xylose utilizatianTherefore understanding sugar usagreferences,
and coupling this knowledge with an understanding of the lignocellulose hydrolysis
patterns of strains in eculture, may provide valuable insights into strain selection for co
culture design.

While simple growth studies can be used toidigsugar utilization preferences
in microorganisms, genomic and expression profiling facilitates the identification of
potential CCR regulonsi-urther the identification ohpr andcrh homologs (and
whether or not they are expressed under specific growth conditions) can provide insights
into molecular engineering targets for purposes of alleviating CCR effects. However, it
is important to note that while gene deletiortdfis a suitake engineering strategy, the
multiple roles of HPRn vivodoes not allow a similar strategy for mitigating the CCR
effects of HPr. HPr knockout strains may alleviate CCR, but also simultaneously lose the
ability to transport sugar through P-htediated mehanisms. Gene mutation strategies,
whereby theSeus residue is mutated to prevent phosphorylation of, Heve provided
successful alternativ@pproaches to remove CCR effe@tganaet al, 2000;

Tsakraklidest al, 2013.
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The coutilization of diverg lignocellulose constituent saccharides is an important
criterion to evaluate when selecting GBffevant microorganismg-owever, srains
with this ability, coupled with an extensitgdrolytic capacityhave not yet been
identified While such strainmay existand should be pursugdieveloping syargistic
co-culturesmaybe valuable given the difficulties associated with genetic engineering of

biofuetrelevant thermophiles (Chaptei3.5.

1.3.4 Biofuel production

Selecting microorganisms capablieachieving high biofuel titres, with the
potential to approach theoretical maximay(€ mol ethanol/mol glucose; 4 mod/mhol
glucoseCarereet al, 2013, isas important as identifying strains capable of efficient
lignocellulosehydrolysis. Whileunder certain conditions, some GB#evant strains are
capable of aar maximabiofuel production (Table 1)5the nativdermentative pathways
in these strains have evolved to also producehiofuel endproducts(Fig. 1.2) While
undesirable for biofel production purposes, these branched pathways play important
physiological roles in balancing global metabolites such as ATP/ADP, AMP/PPi,
NAD/NADH, NADP*/NADPH and acylCoAs (Leeet al, 2008; Mukhopadhyagt al.,
2008). Therefore, identifying straieg that maximize biofuel production, while
avoiding disruptions to globally connected processes, necessitates a thorough
understanding of core metabolic pathways in developing platform organisms.

A recent study of genes involved witbre metabolism in numerous CBP

relevant microorganisms correlated genome content, in the context of thermodynamics,
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Table 1.5. Reported engbroducts and molar eratoduct yields for select thermophikermicutesof interest for

lignocellulosic biofueproduction.

End-products (mol product/mol hexose equivalent)

Strain H> CO, Ac Bu Bt Et Fo La Substrate Type Reference
Cal. subterraneus Xue et al
subsp. ¢éngcongensis 0.30 150 1.00 - - 0.70 - - 4 g/L glucose B o
2001
MB4
Sobohet al,
2.80 + 140 - - 0.60 - - 10 g/L starch B 2004
Sobohet al,,
4.00 + 200 - - 0.02 - - 45¢9g/Lglucose SH 2004
Ca. besciDSM 6725 1.38 - 09 - - - - 0.72 5g/Lcellulosd B zggget al,
Ca.kristjansonnii : Bredholtet al.,
177R1B + + 144 - - 0.10 0.05 0.28 2 g/L avice? B 1999
Hamilton
Ca. obsidiansi©B47 - + 062 - - 0.03 - 059 15¢g/L avicet P Brehmet al,
2010
Hamilton
- + 121 - - 0.07 - - i&?éh rasgd P Brehmet al,
g 2010
Ca. saccharolyticus van Nielet al,
DSM 8903 3.15 1.71 1.71 - - - - 0.11 10g/Lsucrose P,H 2002
de Vrijeet al,
3.60 150 1.60 - - - - - 4.49g/Lglucost C 2007
i i i i ~ 7g/Lglucose + de Vrijeet al,
3.40 1.80 1.60 3 g/l xylose P.H 2009
gé);;ercorarluerSM + + + - - + - +  Glucosé B Madden, 1983
C.thermocellumATCC 4.5 g/L Islamet al,
57405 0.98 0.83 0.79 - - 0.56 0.42 0.36 cellobiose B 2006
1.1g/L Rydzaket al,
0.82 1.06 0.66 - - 0.76 0.33 0.02 cellobiose 2009
1.24 098 0.52 - - 056 0.30 - 2g/Lcellobios2 B Rydzaket al,
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2012
Table 1.5 cont
Strain H> CO, Ac Bu Bt Et Fo La Substrate Type Reference
G. thermoglucosidasiu: i i i i Crippset al.,
NCIMB 11955 0.17 0.39 0.15 1.20 30g/Lglucose P 2009
. Kozianowskiet
T. italicusAb9 + + + - - + - + 5g/L glucose B al.. 1997
T. mathraniisubsp. Larsenet al,
mathraniiA3 1.08 2.17 0.48 - - 1.32 - 0.07 2g/Lxylose B 1997
T. pseudethanoliclBE - 163 008 - - 155 - 023 4glglucose B ig‘gf etal,
045 172 010 - - 141 - 015 10glLglucose B  Lovitetal,
1988
- - 0.24 - - 1.25 - 0.32 5 g/L xylose B Heet al, 2009
- - 017 - - 1.10 - 0.35 5 g/L glucose B Heet al, 2009
Hemmeet al,
- + 038 - - 111 - 0.30 Glucosé B 2011
Hemmeet al,
- + 029 - - 1.52 - 0.10 2dg/L xylose B 2011
Thermoanaerobactesp. Fenget al,
X514 - + 033 - - 125 - 0.17 2.1g/Lglucosé B 2009
Hemmeet al,
- + 051 - - 102 - 0.29 Glucosé B 2011
Hemmeet al,
- + 0.25 - - 1.55 - 0.12 2 g/L xylose B 2011
Th. saccharolyticum Desaiet al,
JW/SLYS485 + + 0.56 - - 1.32 - 0.29 5 g/L glucose B 2004
Desaiet al,
+ + 047 - - 1.16 - 0.06 5 g/L xylose B 2004
Shawet al.,
1.06 i 0.50 - - 1.45 - 0.04 4 g/L xylose B 20083
108 + 052 - - 149 - 004 4glxylose B  ohawetal,

2008b
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Table 1.5 cont.

Strain H2 CO, Ac Bu Bt Et Fo La Substrate Type Reference
Th. .
thermosaccharolyticum 2.30 1.76 0.49 - - 0.59 - 0.26 10g/L glucose B %%!?nder,
DSM 571
Freier
- + 0.50 0.03 0.27 0.22 - 0.19 20g/Lglucose B Schrodeeet al,
1989
Freier
- + 0.39 0.03 0.43 0.24 - 0.09 20 g/L starch B Schrodeeet al,
1989
10 g/L Bhandiwadet
- - 0.43 0.03 0.60 0.31 - 0.03 cellobiose B al. 2013
Th. xylanolyticumiX-11 + + + - - + - - NR B Leeet al, 1993

dSubstratautilization and en¢product data used for calculations estimated from graphical datapdimd/alues used for
calculations.

PExtent of substrate consumption not reported. For calculations, total consumption of substrate was assumed.
“Ethanolalso concentrated and reported in reactor condensors, but omitted in calculations as values would exceed theor
limits.

dSubstrate consumption calculated using the molecular weight of glucose only.

®Dilution rate of 0.01 h'used

fConcentratiorof substrate used not reported.

Abbreviations and symbols: (Ac) acetate; (Bu) butanol; (Bt) butyrate; (Et) ethanol; (Fo) formate; (La) lactate; (B) thuaigh ct
(S) stirred batch culture; (H) sparged headspace; (Rygpittolled batch culture; (C) cantious culture; (NR) specific growth
substrate not reported (+) eptbduct observed, but not quantifiee); §ndproduct not observed or reported.
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Fig 1.2. Pathways of pyruvate atolism that favour hydrogen or ethapobduction based on comparative analysis of select
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with reported biofuel yields (Careet al, 2012). In that studynaintaining metabolic
balances igdentified asa key component that influences the type and amount of biofuel
produced.

For example, Careret al, (2012) correlate the ethanologenic capabilitie. of
pseudethanolicu89E, which has one of the highesttive molar ethanol yields reported
(Table 1.5 Lovitt et al, 1988 Hemmeet al, 2019, with the presence of an NADH
ferredoxin oxidoreductas@f@), an NAD(P)Hconsuming bifunctional acetaldehyde
alcohol dehydrogenasadhE and the absence ofdeéscernible ferredoxin(Fd) or
NAD(P)H-dependent hydrogenasgisough a potential bifurcating FeNAD(P)H
hydrogenase is identified)Usingthese genes, the potential for near optimal ethanol
production is proposed based on the consumption of reduceddgin (Fekd). The
generation of Rdq by pyruvae: ferredoxin oxidoreductas®QR) in T. pseudethanolicus
39E (Lovitt et al, 1988 Hemmeet al.., 2013) may bepreferentiallyconsumed by NFO
(producing NAD(P)H), rather thameing consumed by hydrogease. ThadhEgene
product, or alternative alcohol dehydrogenaseoding genesvould subsequently
consume NAD(P)H leading tihe formation of ethanolln thisscenario, maintaining low
Fdedlevels, in combination with high NAD(P)H levelspuld potentially explain théigh
ethanol yieldobservedFig. 1.2)

While genetic engineering targets/strategies for maximizing either ethanol
production in numerous strains are proposed (Cateask, 2012), challenges still remain
in that the genomeasf many of these organisms encode re@mues in core metabolic
genes Furthermany of the annotated genes lack sufficient characterization to canfirm

vivofunctionality. As such, globaxpressioranalysege.g. transcriptomics, proteomics)
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is beng increasingly investigated to help refine engineering targets as well as to elucidate
connected physiological procesgbiikhopadhyayet al.,2008).

Such approaches have recently been appli€d tbermocellunATCC 27405
(Ramaret al.,2011; Rydzalet al, 2013, which is known to produce acetate, ethanol,
formate and, under certain conditions, lagtagemajor nofgaseous engroducts (Table
1.5). Proteomic analysis akllobiose growrC. thermocellunATCC 27405has shown
that, while all four annotatadon-dependenalcohol dehydsgenases were synthesized,
the AdhE encoding gene, which has been proposed to be a key enzyme for ethanol
synthesis irC. thermocellunATCC 27405Ramaret al.,2011), was the most
abundntly expressed (Rydzadt al.,2012. A prominentrole for adhEin acetaldehyde
formation, and potentiallgthanol production, is furer supported by the fatttat a
standalone acetaldehyde dehydrogenase was not obs@hedame study correlated
expression of thefl-encoding genwith formate productionyhile both proteomic
(Rydzaket al.,2012 and transcriptomic (Ramaat al.,2011)analysegonfirmed low
expression of the lactate dehydrogen@dis) (Cthe 1053) correlatingiith no detectable
lactatereported Proteomic analysiwas unable to discern based on relative expression
values whether acetate productiorCinthermocellunATCC 274085 likely catalyzed
via a putative acetate thiokinase (Cthe_0551) or via ssteygphosphotransacetylase
(pta) (Cthe_1029) acetate kinasgack (Cthe 1028) reactionThe pta-ackproces for
acetate formatiomwas still proposed though based on reported actiofiisese enzymes
in C. thermocellunfLamed & Zeikus, 1988 as well agavorablethermodynamis using

the pta-ack pathway(Rydzaket al.,2012).
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Based on these dat&nd the engineering strategies proposed (Cateak,2012),
preventing carbon flow through the propogdidor throughpta-ackpathways (and
potentialdeldion of Idh dependeningn growth condition) couldeeminglyhelp direct
carbon flux towards ethanol and improve overall yieldS.ithermocellunATCC 27405
However,C. thermocellunATCC 27405alsoreportedly catalyzes pyruvate oxidation
through a PORNzymés) generating Fdd (Carereet al, 2008;Rydzaket al, 20®).
Directing total carbon flux tlmugh POR coulgotentiallygenerate excess k&gfor
which, the proposed electron sgdée hydrogenases. Therefore, to improve ethanol
production inC. thermocellumATCC 27405 near theoretical maxima, it would regaire
alternativemechanism to dispose of &l Such approaches could incluidhe
heterologous expression of a pyruvate dehydrogenase complex (yielding NADH instead
of Fdedfrom pyruvate catabolism) as propog€édy. 1.2;Carereet al.,2012) or a means
of converting Fegqto NAD(P)H (Ma an NFO type system) such as tloaind inT.
pseudethanolicu39E It is interesting to notehatwhile theC. thermocellunATCC
27405 gnomeencodes an NF®/pe systemexpession of all the constituent gene
productshavenot beendetectedRamaret al, 2011; Rydzalet al.,2012. Deletion of
the acetate and lactate forming pathway8.ithermocellunDSM 1313 didincrease
ethanol yield, but alsded tothe extrusion of pyruvatéArgyroset al, 2011, or
increased amino acid expulsiora der Veeret al, 2013 in the mutant strain In both
cases, the observed effeatsreattributed to metabolic imbalance

Under certairconditions, ear theoretical maximal hydrogen production have
been reported faCal. subterraneusubsptengcongensisiB4 (Table 1.9, which has

also been investigated in many gene expression profiling studies @ahg004;
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Wanget al, 2004, Menget al, 2009;Chenet al, 2013; Tonget al, 2013). Cal.
subterraneusubsptengcongensi¥iB4 also catalyzes pyruvate oxidation via POR
(Wanget al, 200&; Tonget al, 2013), but lacks obvious NFéhcoding genes within its
genome to convert k@dto NAD(P)H (van de Werkeet al, 2008). Both a Fddependent
and a NADHdependenhydrogenaselave been characterized in #teain (Sobotet al,
2004). The NADHdependent hydrogenase has also been recently proposed to be a
potential bifurcating hydrogenaswhich consumes both &gand NAD(P)H(Schut &
Adams, 2009; Careret al, 20139. Recent quantitative proteomic evidence identifies that
the potential bifurcating hydrogenase is most abundangsesged in cultures grown at
55°C and isexpressed at decasindevels as growth temperatures are elevate®%6,6
75°C and 80C (Chernet al, 2013). Thisuggestthat the Fedependent hydrogenase,
which isalsoan energy conserving hydrogesea Ech) and is expressed atG%Sobohet
al., 2004, Wangpt al, 2004), mayplay a greater role ihydrogen production atptimal
growthtemperaturesofptimal growth is75°C for this strain Xue et al,, 2001)
Unfortunately relative expressiolevels of Ech were not reporté@henet al, 2013).
Biofuel prodiction is a byproduct of core metabolism manypotential novel
platform microorganisms. Given that many of the metabolites aifactars involved
with core metabolism have global implications on cellular physiglioggroving biofuel
yields through pdiway manipulation is not a straightforward process. However,
continuing todevelop an understanding of thetwork connectivityill ultimately help

in designng engineering approaches for successful strain improvements.
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1.3.5 Genetically tractable meroorganisms

The challenges associated with lignocellulose hydrolysis, biomass utilization and
low biofuel yield has identified a need to find genetically tractable microorganisms in
which, engineering strategies may be employed to address current pgigsibl
limitations. While amenability to genetic modification is not a readily evident trait that
can be used in the screeningholvel microorganismsit is a criterion upo which
characterized strains should evaluated.

Many thermophilic CBRelevant organisms have generally been considered to be
recalcitrant to genetic modification (Taylet al, 2009). Much of the basis for this has
been attributed to the fact thaften,the genetic tools developed to work with mesophilic
organisms lack the th@ostability needed for strains grown at elevasdgeratures (Lin
& Jian, 2013. However, recent advances in the development of these tools, allowing for
the creation omore readily manipulategparentstrains (Mai & Wiegel, 2000; Pergjal.,
2006; Linetal., 2010;Tripathiet al, 2010; Chungt al, 20133, has allowed for
targeted engineering strategies to bglyed with a few select organsims
Additionally, the realization that certain genera, suchteymoanaerobacteand
Thermoanarobacterium exhibit natural competence for the uptake of exogenous DNA,
may even further accelerate their development into novel platform organismsé€Shaw
al., 2010).

Most genetic engineering efforts to date have focused on central metabolism in
attempts to improve werall biofuel yields (Table 1)6 This approachas been validated
as many of the mutated strains are capable of producing biofuels approaching the

theoretical maxima. While most strategies have tried to reduce or eliminate cgmpetin
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end-productsthrough gene deletiostrategiegTable 1.6, othershave tried to enhance
production by oveexpressing native pathways (Bandiwetdl, 2013). Increased
expression of the native butanol synthesis pathways.ithermosaccharolyticuted to

a 180% increase in @itbutanol yield. While butana¥as still one of the least abundant
endproducts in the mutant strain, this initial attempt at gealyienodifying Th.
thermosaccharolyticurehows promise for its continued development as a thertiophi
butanol producer.

Redirecting carbon flux may also have additional benefits apart from solely
increasing biofuel yield. For example, engineered pathwa@saimesciito direct carbon
solely to acetate not only improved ¥elds, but also extendedgonential phasand
allowed cultures to reach higher cell densities (€thal, 2013). This effect was
presumed attributable to the increased ATP levels associated with acetate production via
the pta-ackpathway While dense, efficient biofu@roducing cultures are desirable, it is
also important to note that increased acid production also leads to a need for pH
controlled system#or culturing biofuel producing microbed he need for pktontrol
ultimately represents anndesirable operatingst (Fischeet al, 2008).

Addressing pkcontrol formed part of the basis for recent attempts by Sal,
(2012) to heterologously express a urease protein @othermocellunin Th.
saccharolyticum In that study, urea was investigated as a low cost nitrogen alternative to
ammonia for use in lignocellulosic fermentations. Apart from cost reduction, the authors
also hypothesized that medium acidification throughout growth could also be reduced
through the use of urea. The basis for this rationale is that ammonia is typically in its

protonated form in the pirfange suitable fofh. saccharolyticungrowth. As such, itis
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Table 1.6.Effect of genetic engineerifgn biofuel yields irselect thermophili€irmicutes

Biofuel yield
(mol biofuel/
mol hexose
equivalent)
Genetic Target Parent Mutant
Species modification ~ Substrate biofuel strain strain  Reference
Ca. bescii cddh Cellobiose H: 2.48 3.40 Chaet al, 2013
C. thermocellum gpta Cellobiose Ethanol NC NC Tripathiet al, 2010
qpta, gddh Cellulose Ethanol 0.28 1.20 Argyroset al, 201P
G. thermoglucosidasius qddh Glucose  Ethanol 0.39 0.94 Crippset al., 2009
addh, gpfi Glucose  Ethanol 0.39 1.10 Crippsetal., 2009
aqddh, gpfl, pdh Glucose Ethanol 0.39 1.64 Crippset al., 2009
T. mathranii gddh Glucose  Ethanol 1.15 1.80 Mikkelsen & Ahring, 2007
gldA Glucose  Ethanol 1.31 1.68 Yao & Mikkelsen, 2016
Th. aotearoense gddh Xylose H> 0.88 1.74 Li et al, 2010b
Th. saccharolyticum qddh Xylose Ethanol 1.49 1.58 Shawet al.,, 2008b
gpta, qack Xylose Ethanol 1.49 2.00 Shawet al,, 2008b
gf;ﬁ’qu’ Xylose  Ethanol 1.49 2.07  Shawetal, 2008b
ureABCDEFG Cellobiose Ethanol 0.40 0.44 Shawet al, 2017
Th. thermosaccharolyticum Bcs Cellobiose Butanol 0.03 0.09 Bandiwadet al, 2013
gddh Cellobiose Butanol 0.03 0.03 Bandiwadet al., 2013
gqadhE Cellobiose Butanol 0.03  0.00 Bandiwadet al., 2013

@Tablehas been limited to studies involving targetted strategies and does not include random mutagenesis
byvalue estimated from graphical data (grant values) or proportional increase reported.

‘Increased expression of natipeh

YHeterologousxpression ofldA (NAD*-dependent glyceraldehyde dehydrogenase) fbarmotogamaritima.
®Heterologous expression of a urease ffonthermocellum

fIncreased expression of the natba@soperon catalyzing butanol synthesis

Abbreviations:(Idh) lactate dehydrogenasgité) phosphotransacetylasefl) pyruvate formate lyasepdh) pyruvate
dehydrogenaseack) acetate kinasea@lhE bifunctional acetaldehydaicohol dehydrogenase; NC = not calculable ¢
to missing substrate consumption data.
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not readily diffusible across the cell membrane @hdsaccharolyticunrmust therefore

uptake neutral ammonia ions (leaving behind protonated ammonium ions) resulting in
medium acidification (Booth, 1985; Shawal, 2012). Ureadwever, is readily

diffusible, but requires a urease for hydrolysis to ammonia (suitable for assimilation) and
CQ..

Expression of thereasenot only permitted the use of urea as a nitrogen source
for Th. saccharolyticupbutalso increasedverall ethanol titers (Table 1)6 It was
proposed that the increased titers observed were due to the availability of a readily
metabolized nitrogen sourgéhose consumption did not resultdaoncurrenmedium
acidification (Shawvet al, 2012). Its usealsoremovel the need fobase additioras a
mechanism for pktontrolin batch fermentations using the mutdht saccharolyticum
strain.

Only a few attempts have been maddasaat improving the hydrolytic ability of
strains using targetezhgineeng strategies. A functiondl-1,4-endoglucanase
originating fromC. thermocellunias been expressediihermoanaerobactesp. X514
conferring cellulolytic ability on a native negellulolytic strain (Linet al., 2010).
Additionally, a modified versioof cipA, the cellulosome anchoring protein fr&n
thermocellun{Kruuset al, 1995; Lyndet al, 2002), has been expressed m
saccharolyticun{Currieet al, 2013). When ceultured with agzipA C. thermocellum
mutant, Th. thermosaccharolyticumas dle to restore the formation of functional
cellulosomes and improve cellulolytic activity near that observed for wild type co

cultures.



45

The improvement of CBlrelevant thermophiles through genetic engineering is in
its infancy as tools to do so hawnly started temerge in recent years. In addition to
these advances, continuing to identify traits of genetically tractable microbes may help
further progress engineering effortRecent evidence has shown timajor barriers in
the genetic modificaan of C. thermocellunfGusset al, 2013 or Ca. besci(Chunget
al., 2013 are directly connected with their natikestriction endonuclease$his has led
to the use of comparative genomic analyses as a strategy to identify potential engineering
barriers in many CBltelevantFirmicutes(Carere, 2013; Churef al, 201d).

Consistent amongst strains that have beeonessfullyengineered (Tdb 1.9 is
the availability of genomic data from ledr the strain of interesbr a close phylogenetic
relative. Genomics, particularly when coupled with expression datasets such as
proteomics or transcriptomics, can provide powerful insights inteagfthysiological
phenomenon While important insights are still routinely gained using-fioo mi ¢ s 0
approaches, thvaluable ol e o-baBemhdbcstrategies is incre
continued development of novel monoculture, or designeuttares for use in

lignocellulosic biofuel productian

1.4 Thesis objectives

Microorganismgurrentlybeing developetbr lignocellulosic biofuel produmn
through CBP all havphysiological limtations restricting theimplementation as
Ai nd-ue tdyns. White distinct strategies for microorganism selection and
development extsidentifying strainsvhich natively possess a broad spectrum of biofuel

producing capabilities is desirable. Using this logic, the broad objedtthesaesearch
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was to ieéntify novel microorganisms from a lignocellulosic community through
bioprospectingandevaluate th&€BP-relevant biofuel production potential isolated
strains Newly identified strains magossessharacteristic that agghenotypically
advantageousr industial implementatiorover currentleveloping organisms, or they
may help shed insight intbe physiologies of curregtinvestigatedstrains.
To achieve this, the following specific objectives were pursued:
1) Toisolate and identifyfrom lignoellulose degrading environmentsvel
microorganisms possessing biofuel producing potential (Clsh&i3)
2) To characterizand evaluatéhenewly isolated strains in relation ¢oirrent
developing platform organisnaeross multiple parameters including
a. Lignocellulose hydrolysis (ChapteR &4)
b. Substrate utilization (ChapteR, 4 &5)
c. Biofuel production (Chapters 2, 4 & 5)
3) To assess strain limitatiorsnd pursue physiological explanations for those
limitations, through establishing links between obv&sl metabolism, gencen

content and proteomic profiles (Chapter 4, Chapter 5)

1.5 Thesis outline
1 Chapter 1. Literature review
1 Submitted for publication: Modified versions of section 1.3.2 and 1.3.3
are currently submitted for publication as part bbak chapter titled

AOmics approaches for designing biofuel producingutures for
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enhanced microbial conver 2018 of
David B. Levin University of Manitoba
1 Chapter 2. Isolates ofThermoanaerobacter thermohydrosulfuricudsom
decaying wood compost display genetic and phenotypic microdiversity

1 Published FEMS Microbiobgy Ecology. 2011. 78 473487

1 Summary: The isolation, identification anghysiological
characterization of mnicrodiverse populatioof Thermoanaerobacter
thermohydrosulfuricustrainsfrom woodhip compost. Comparisons are
made against select type strains from the g@&ih@smoanaerobacter

1 Chapter 3: Predicting relatedness of bacterial genomes using the
chaperonin-60 universal target €pn60UT): Application to
Thermoanaerobactespecies

1 Published: Systemati@and Applied Microbiology2011.34: 171-179.

1 Summary: The development of a mathematical mddelpredicting
genome relatedness between microorganismedmassequencasimilarity
of thecpn60UT region Phylogenetic analysis of the genus
Thermoanaerobacteand taxoomic assignmeruf strainsisolated in
Chapter 2 is provided.

1 Chapter 4: Genomic evaluation ofThermoanaerobactespp. for the
construction of designer cecultures to improve lignocellulosic biofuel
production

i Published PL0oS One. 20138: €59362.
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1 Summary: Comparative genomic analyses of sequenced
Thermoanaerobactespp. and assessmentgeinome content related to
biomass hydrolysis, substeautilization and biofuel production
capabilitiesbetween strainsincludes analyses ofde novogenome from
a novel isolate (Chapter 2).

Chapter 5: Metabolic and labelfree quantitative proteomic analysis of
Thermoanaerobacter thermohydrosulfuricd&/C1 on single and mixed
substrates

Submitted for publication

Summary: Central metabolism of a novel isolate (Chaptas 2)ivestigated by
linking observed fermentation efmtoducts witHabelfree poteomic analyses.
Expression o&carbon ataboliterepression networlpotentially influencing
substrate utilizatiopatternsis investigated.

Chapter 6: Thesis conclusions and future perspectives

Appendix

Literature cited
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Chapter 2. Isolates ofThermoanaerobacter thermohydrosulfuricdsom

decaying wood compost display genetic and phenotypic microdiversity

2.1 Abstract

In this study, 12 strains dthermoanaerobactexere isolated from a single
decaying wooadtompost sample and subjected to genetic and phenotypic profliivey.
16S rRM\ encoding gene sequences suggested that the isolatesaarsimilar to
strains of eithelhermoanaerobacter pseudethanolion§ hermoanaerobacter
thermohydrosulfuricusExamination of the lesser consenaperonir60 (cpn6Q
universal target showetiat some isolates shared thighest sequence identity with
thermohydrosulfuricushowever, others tbhermoanaerobacter wiegeéind
Thermoanaerobactesp. Rt8.G4 (formerlyrhermoanaerobacter brockit8.G4). BOX-
PCR firgerprinting profiles identigddifferences in the banding patterns not only
between the isolates and the referestcains, but also amostghe isolates themselves.
To evaluate the extetfiese genetic differences were manifested phenotypically, the
utilization pattern®f 30 carborsubstrates were examined and the niche overlap indices
(NOI) calculated.Despite showing a high NOI (>0.9), significant differeneristed in
the substrate utilization capabilitiethe isolates suggesting traather a high degree of
niche specializ@on, or mechanisms allowing for nesompetitiveco-existence, were
present within this ecological context. Growtindies showed that the isolates were

physiologically distinct in both growtrate andermentation product ratios. Our data

A modified vesion of this chapter has previously been published. Reproduced with pern@siomi,
Federation of European Microbiological Societies. Foun¥érbeke TJ, Dumonceaux TJ, Wushke S,
Cicek N, Levin DB, Sparling R 2011. Isolates dfhermoanaerobactehermohydrosulfuricurom
decaying wood compost display genetic and phenotypic microdiversity. FEMS Microbiol a3
487.
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indicate that panotypicdiversity exists within genetically microdiverse

Thermoanaerobactasolatesfrom a common environment.

2.2 Introduction

Genomic and phenotypic hedpgeneity within an operationsxonomic unit
(OTU) is expanding our understandiofgmicrobial diversity. Conventional diversity
studies haveftenrelied upon a ribosomal RNA gesequencerfn) based agproach, but
increasing evidencguggests that using the 16S rRMAcoding gene cagignificantly
underestimateStaley, 2006; Hogetal., 2009) or overestimatég¢inaset al, 2004ab)
the true bredth of microbial diversity.Furthermore, clusteringimilar ribotypes into a
single OTU fails to account fgzhenotypic diversity among ecotypephysiologically
distinct geneti lineageghat occupy the samexologicalniche and emerge through
natural selectionGohan, 2002; Rocagt al, 2003). Understanding the extentthbich
microdiversity existsn the microbial world dictatethat a combined phenotypic and
genetic approache utilized.

Subspecies variation has previously been describéthasod ver si t yo ( Sch
et al, 200Q. It has been used ttescribe genotypic variatioR¢capet al, 2003; Brown
& Fuhrman, 2004; Cuadre@rellanaet al,, 2007), phenotypic variation (Mo®et al,
1998; Haverkampt al.,, 2009, or a combination of botlléspers & Overmann, 2004;
Acinaset al, 2009; Paaet al, 2010; Vermettet al, 2010, among isolates that
conventionally fall into aingle OTU. Most of these studies investigatisgbspecies
variation have involvethe examination of strains from geographically widespesati

heterogeneous environmemtgh varying eological pressures. The studimanducted by



51

Mooreet al (1998, Vermetteet al (2010, and Refaet al. (2010 report the co
occurrence of differergcotypes from a single environmental samlarthermore, it has
been shown that the average distance between ecotypes inhabiting and exploiting distinct
microenvironments may be greater than the average sequence nibecofjehe same
strains(Ramsinget al, 2000; Vermettet al., 2010).

The ceoccurrence of highly similar strains seemingly ol at es tdme tr ad.i
nicheone strain philosophyin which two strans cannot occupy the same niche
simultaneously (Staly, 200§. Competition for resourcesould, through time, sei¢ for
a single variant, ariseihom random mutation and genetic drift, best suitedcmupy a
specific niche. The existence of microdivecsenmunities therefore reqges that strains
exhibiteithera high degree of niche specializatidGta{ney & Travisano, 1998; Buckling
et al, 2003; Besseat al, 2005) or a mechanisaf non-competitve niche diversification
(Raineyet al,, 200Q. Selection based on niche differentiatiwauld thusultimately leal
to phylogenetic divergence at the sspecies level (Cohan, 2002)

The mechanisms governing natural phenotypic varidteoe been attributed to
spontaneous mutatig®chibbeet al, 2003, genomic rearrangement (Zverleval.,
2008), anddNA acquisition (de la Cruz & Davies, 2000; Van Hatral., 2000).
Furthermore, ihas been shown thatder conditions of stress, theseents increase as a
coping mechanism (Woese, 198T).coping with the stresses of the natural
environmentfrequentmutagenic events leading to niche diversifmaimay act as an
adaptive mechanism and leadlte establishment of a microdiverse community.
Understandinghe ecologicasignificance of microdiversity has implicationsterms of

microbial ecology, evoliionarystudies, taxonomy, bioprospecting, dndtechnology.
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In this study, decaymwood compost was investigated as a potential source of
novellignocellulolytic, biofuel producingpacteria. From a single sample, 12 highly
similar, ceexisting strais of Thermoanaerobactewxereisolated. All strains were
subjected to genetic amdhenotypiccharacterization to ideify, and evaluate, differences
between the strainsSmall, albeit significant, differencegere identified consistent with
previous stueksin other environments (Acinas al, 2009; Vermettet al, 2010),
suggesng the existence of a naturaicrodiverse populatiowithin the compostThis is

alsothe firstknown report of microdiversitinvolving the genu3hermoanaerobacter

2.3 Materials and methods
2.3.1 Reference strains

Thermoanaerobacter brocksusbp brockii DSM 1457 (HTDA4),
Thermoanaerobacter pseudethanoli@8M 2355 (ATCC 33223; 39E), and
Thermoanaerobacter thermohydrosulfuridSM 567 werepurchased from the
Deutstie Sammlung von Mikroorganismend Zellkulturen (DSMZ), Braunschweig,

Germany.

2.3.2 Media and substrates

All experiments weregrformed using ATCC 1191 mediuas described
(Sparlinget al, 2006) with 2 g/Lcellobioseunless otherwise specifie®ottles
containingmedium were sealed using butyl rubber stoppersvaade anaerobic thrgh
gassingdegassing (1 mird min) four times with a final gas cycle using 100%iMN

accordance with established protoc@sfielset al, 198§. Reducing solubn, 200 mM
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sodium sulfide, waadded at 1% @/vol) prior to autoclaving Filter sterilized,
anaerobic sugar solutions were added, asssary, to themedium using a needle and
syringe postutoclaving.

Acid hydrolyzed hemicellulose (AHH) and neuthgidrolyzed hemicellulose
(NHH) were gifts from PirChing Maness at the National Renewable Energy Laboratory
(NREL) in Golden, CO.Hydrolysates were preparém cornstover according to the
protocol of Dataet al (2007). Prior to use s.a fermentatio substrate, thAHH (pH =
1.6) required oveliming to neutralize acetic arghenolic acids.To overlime, AHH
was heated to 42 and Ca(OHywas addd until a pH of 10 was reachedhe alkaline
solution was allowed to mix for 30 mforming calciumphenate, which was removed via
filtration through a 0.22m filter. The pH of the filtrate waadjusted to 5.6

corresponding to that of NHH, which wast overlimed.

2.3.3 Enrichment and isolation

Environmental isolates we obtained from selfieatingthermophilic, decaying
compost in Arundel, PQ, Canada containngple, pine, and spruce wood/oodchips
were collectedrom the center of the compost and stored in asfoppered Corning
bottle (Corning Life Sciences, LowelMA) under an atmosphere 200% N at 4C
until use. Woodchips (~10 g) were transferred to 500 mL st&ilT€C 1191 medium
inside a anaerobic chamber, stopperadd incubated @&0°C until growth was evident
via gasproduction. Inoculatiors (10% vol/vol) were then perform&tto serum bottles
containing 45 mL oATCC 1191mediumandone ofarabinosecellulose cellobiose,

glycerol, xylose AHH, or NHH were addeds enrichment substratedl substraes were
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added at concentrations of 3. gxcept for AHH and NHH, which wergddal at 2 gL
(total sugar contefitdue to limitedquantities Cultures were plated in a ForrBaientific
anaerobic glove chamber complete with incubator 8@°&. Colonies were picked

from plates containing medium with 2% (wt/vol) agar and a siegiehment substrate

2.3.4 Microscopy

Cells were grown to an optical density (63£) of 0.75 £+ 0.03, and wet mounts
were prepared for visualizatiarsing an AXIO IMAGER.Z1 (Zeiss, Oberkochen,
Germany).Images were captured using an AxioCsiiRm camera (Zss) at a
magnification of 1000. Celllengths were calculated using AXIOVISION version 4.7.2
software and averages calculated for each st@mly individual cells, showing neigns
of constriction or septurformation, and not those growing in chamgreused for
measuremest A minimum of 65 measurememtgre used in calculating the average for

each strain.

2.3.5 Substrate use and niche overlap

To determine the range fdrmentable substrates for easblate, 30 different
carbon substrates wetested. Complexsubstrates tested ilncled casamino acids,
tryptone,and yeast extractNineteen sugar and sugar derivativese used including
arabinose, cellobiose, esculfnyctose,galactose, galacturonic acid, glucose, lactose,
maltose mannitol,mannose, melibiose, raffinose, rhamnog®mse, salicin, sorbitol

sorbose, sucrose, and xyloseested carboxyl and amino acids included acetate, citrate,

8 Calculated as the sum of the total sugar content for each saccharide as reported étyaDa(2007).
Hydrolysates pFpared using steam explosion under acidic condition®C20d0min) or neutral conditions
(21C°C, 3 min) were used.
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isoleucine, lactate, pyruvatsuccinate, and tartaric acidll substrates testedeve at a
final concentration of 2 g/unless otherwise specified.

To avoid potential growth on complex substrates found in ATCC 1191 medium,
chemically defined mediunMJ medium, (Johnsoet al, 198, supplemented with 2
g/L cellobiose was additionally testedapotential alternative for the substrate
utilization experiments. After 7 days, inoculated cultures showed no evidencgamfith
unless the medium was supplemented with yeast extract. N&IIQE 1191vitamin
solutionnor mineralsolution(Sparlinget al, 200§, casamino acids or tryptone were
suitable replacements for yeast extraks. such, ATCCLl191mediumwith reduced
concentrations (0.67 g)lof yeast extct was used for theubstrate utilization
experiments.Growthwas quantifiedsia ODsoo. Carbon utilizéion was considered
positive ifthe ODyoo value of thetest condition + standard deviatiaras greater than that
of the inoculated nesubstrateontrol + standard deviation.

Initial experiments wereconducted in 96vell polystyreneplates in a manner
similar to that descrilzkby Jaspers and Overmann (2008)erile plates were placed into
an anaerobic chamb8rdays prior to use to remove trace oxyg&he design othe
plates was such that wells contained either: (i3utastrater cells + medium; (ii)
substrate + mediurfnegative control); (iiijsubstrate + cells + mediunThethree wells
together comprise a single conditioBonditionswere replicateddurtimes in each row
per plateand eacliow had a different carbon sourc8eventest substrates and lmiose
(positive control) wergéested on each plat&.he total volume in the wells w&90¢L.
Three pates for each set of conditiongretested and incubated at°@inside the

anaerobic chambéor 24, 72, or 96 hOne plate was removed after easbubation
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period (24, 72 0896 h) and the growth determinbg measuring the Odgo. Upon
removal from thehamber, plates were left for 20 min prior to readitigwing for
resazurin oxidadn. Wells containing substratemedium only (negative control)
typically hadODgoo values rangingrbm 0.05 to 0.08. Conditions which the ORoo
value of the negative control wa®®8were discarded, as the possibility of
contamindon couldnot be discountedRows cataining morghan one negativeontrol
in which the Ogo value was 8.08 werediscarded and the experintagepeated. When
contaminatiorcould not be discountedew working stocksderived frommaster stocks
grown from single colonigsvere prepared andsad for subequent experiment©Deoo
values were read usingPowerWaveXs singlechannel spectrophotometer using
KCJUNIOR software(BIO-TEK Instruments Inc., Winnoski, VT).

Substrate use wasfirmed by repeating the abowenditions in Balch (Bllco
Glass Inc., Vineland, Ndubes using 10 mL cultures in triplicate. All conditiomsre
independently veiied a minimum of three timesConditions where the Qdgh reached
low values(OD600 = ~ 0.10) wereertested using culture seriallsansferredhree times
in 5 gL test substrate prior to Qb values being measured.

Test inocula were prepared by growing the celBTI€CC 1191 medium with 0.5
g/L cellobiose. Under these conditions, the maximumdo@f all strains ranged from
0.25to0 0.30. Ainocula were therefore grown to an @pof 0.20'0.25 to ensure near
cellobiose depletion and to minimize the amount of residual cellobiose introduced into
the test condition upon inoculation.

The niche overlap index (NOI), representing plogentialfor each isolate to

occupy an identical carbon catabolisiohe, was calculated according to the protocol of
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Wilson and Lindow (1994 In brief, the NOI between arpair of strains is the t@ of
the number of substrateslized by both strains, dividedylthe sum of the total

substrates used by either straResults werascored as a binary code magnxhere

substrate consumption (ijgotentialnc he occupati on),wwemaacks cor ed

ofsubstat e consumpt i on.Daaasalyss was pedaimed as sedbedi 0 0

(Jaspers & Overmann, 2004

2.3.6 16S rRNA andcpn60UT amplification, sequencing and phylogenetic analysis

Isolated strains were grown overnight and DNA ex@sacted using the Wizard®
Genomic DNA Purificatiorkit (PromegaCorp., Madison, WI) according to the
ma n u f a grotocoleAmpliScation of the 16S rRNA encodirgenewas performed
from genomic DNAusingpreviously decribed primers (&ffler et al, 200Q. PCR was
performed using D cCanadmficBgrihgtqn B, Canada)Taes
mixtures wereomprised of 282 L3 RCR buf f er , 401 of eagh pbnheA ,
and HO to a final volume of 56L. ThePCR cycling conditions were adlifaws: (i)
initial denaturation at 9& for 1 min; (ii) 35 cycles of 8°C for45 s, 54C for 1 min and
72°C for 1 min; and (iii) dinal elongation step at 72°C for 10 min.

The chaperoni®0 universal targecpn60UT) regionwas amplified usingite
H279/H280 primers previously described (Hitlal, 2003. The reactiommixture
contained).5¢M of each primer, 2.5 mM MgSO500 nMeach dNTP, 2.5 U Taq
polymerase (HP Taq) and IQ®00 ng DNA templateThe cycling condions involved
aninitial denaturation step at 95 for 3 min, followedoy 40 cycles of 94°C for 30 s,

50°C for 30 s; 72C for 45 s. A final extension of 72C for 5 min was performed.

.30
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PCR product wapurified prior to sequencing usirigicron YM-30 ultrafiltration
columns (Millipore, BillericaMA) pre-rinsed with20¢ L wat er and centrif
min at 4,0003 g. PCR product (3080¢ L ) w a $o the dothra,ccentrifuged for 12
min at 140003 g, andthe flow through discarded. The purified product weovered
by adding 3%L of H20 to the column followed bgentrifugation at 5003 g for 5 min.

The concentrationf the purified product was determinedgnoDrop (Thermo

Scientfic, Wilmington, DE), adjustedo 1020nd € | , a n d Cenégsg of thewrave d .
datawere assembled usifRyegap4 and Gap4 as part of 8IRADEN software package
(http://sourceforge.net/projects/stajlen

Sequences were aligned with the default paramef€&28 USTALW (Thompson
et al, 1999. Phylogenetic treewere constructed using the maximum composite
likelihood method in MEGA4 (Tamuraet al, 2007 by the neghbaur-joining algorithm
with Juke$ Cantor correction (Jukes & Cantor, 1968ootstrap values for,Q00
replicates were calculate Phylogenetic relatedness wasified through Bayesian
analysis using the MR. BAYE®3.1.2 program (Ronquist & Huelsenlke003.
Analysiswas run for two milliorgenerations sampling every@iee. A majority rule
consensus tree was constructed, @ogterior probability analysis was performed.
Sequencealignments were conducted anduwalized using Bigdit v7.0.9.0 (Hll, 1999.
Previously published sequences waceessed through GenBank or through the Joint

Genomdnstituted s | MG @Markowitz et al £€2013.
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2.3.7 Genetic fingerprinting

BOX (Matrtin et al, 1992)fingerprintingprofiles were investigatefdr all strains.
PCRreactions wer@erformed using the BOXA1R priméversalovicet al, 1994) as
previously described (Uret al, 200). Five microliters of PCR product was used for

agarose gel electrophoresis (1%wol).

2.38 Growth and metabdic profiling

Growth experiments were conducted in ATCC 1191 medium with.2 g/
cellobioseas described (Chapter 2.3.2) analswnonitored via O83o using a Biochrom
Novaspec Il (Biochrom Ltd, Cambriddg#) spectrophotometerCultures were grown to
an averge ODgoo = 0.75 + 0.03, at which timéhree biologial replicates were removed
from incubation forendproduct analyseand pH determinationThree additional tubes
were removed immediately pestoculation and werased for time zero measurements.
Gasproduction (H and CQ) was measured using a Multiple Gas AnalyzeGas
Chromatograph System Mel 86100070 (SRI Instrument§,orrance, CARs previously
described (Rydzaé&t al, 2009. Total producton was determined by correcting for gas
solubility (Sander, 1999and he bicarbonatequlibrium (Darrett & Grisham, 19956
One milliliter culture samples weealditionallyremoved, centrifuged (13003 g, 2
min), and the supernatant stored21°C until analysi®f nongaseous engroducts
couldbe peformed. Biomass calctions, organic acids, ethanahd residual sugars
were determined according éstdlished protocols (Rydzadt al, 2009). Residual
sugarsand organic acids we analyzed by higperformancdiquid chromatography

(Dionex, ICS 300) using aranionexchange Carb®acPAL column (sugar analyses) or
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anlonPac AS1iHC (organic acids) anieaxchange columnEthanol measurements
were determined spectrophotometricaity340 nnusing a RBiopharm U\(Test kit
(Darmstadt, Germany)All standards were prepared usiigCC 1191 medium to
account for background signal¥he supernatantrbm final tubes was diluted4 to
ensurehat concentrations were in tbetectable rangeReported engbroduct yields are
reported as net production accounting for carryover dumioculation (-0

measurements)All growth studies were replicated three independent times.

2.3.9 Nucleotide accession numbers

Nucleotide accession numbers foggences determined this studyare
accessiblehrough GenBank. Accessionumbers for 16S rRNA gene sequences are
HM585213 HM585225 while thosdor cpn60UT regions aréiM623896 HM623910.
Accession numbers for all strainsed for phylogenetic analysesn be found in Table

All

2.4 Results and discussion
2.4.1 Enrichment and isolation of strains

The production of Hor CQ, used as an initial indicator of growth, was evident
in all enrichment cultures. Gas production on arabinzeijlose, and gicerol was
much lower than for thether enrichment cultures/hich was later attributed to
fermentation of the yeast extract in the medium, ratiear the enrichment substrate
itself (TableA.1.2). Undilutedenrichnent culture was transferred ptates,yielding

relatively uniform colonies amosgall of the tessubstratesColonies were smooth,
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uniformly round,mucoid, flat, and whiteAfter 24 h incubation, the coloniesuld only
be distinguished by size, rangifrgm 2 to 4.5 mm. Thirteecolonies (WC1WC13)
from different enrichmendubstrates (Table 2.1), atitbse that variedh size, were

selected for subsequent genetic analysis.

2.4.2 Molecular identities and microdiversity of isolates

To begin identifying the isolated straindNB was extracted from all 13 isolates
andthe 16S rRNAencoding gensegiences were determined. BLAST analysis
identified a >99% shared sequence identity between the 16S-eRbi#ding sequence
from isolates WCAWC12 andT. pseudethanolicul39E (DSM 2355)Onyenwokeet al,
2007). The sequence from isolate WC13, whidigsificantly shorter thathose
determinedor isolates WCILWC12 (Tdle 21), shared the highest sequence identity
(>99%) toThermoanaerobacterium thermosaccharolytidtfh6, anisolate fom a hot
spring in China (Rest al, 2009.

Alignmens of the 16S rRNA genes sequence from isolates WMCIL2 with the
four 16S gene copies foundTn pseudethanolicUB9E (GenBankaccession no.
CP000924.1)dentified that the high shared sequence identity only exists with a single
gene copy (found at nucleotide position 2,265,72267517) within theT.
pseudethanolicu89E genome This particular 16S rRNA gene sequence is distinct in
that itcontains éurintervening sequences (IVS) making it significantly lontpan the
other gene copiedVS were also present in the 188NA gene sequences for isolates

WC1i WC12 as evidenceay sequencalignments (FigA.1.1). Alignmentof the WC1



Table 21. Enrichment substrate and nucleotide at three divergent loci
within the 16S rRNA gene sequence determined for isolatesWC13

Nucleotide psitior?

Enrichment  Sequencedngth

Isolate substrate (base pairs) 1185 1382 1413
WC1 AHH 1658 T C G
WC2 NHH 1655 C G G
WC3 NHH 1661 T G G
WC4  NHH 1658 T G A
WC5  Xylose 1667 T G G
WC6  Xylose 1665 C C G
WC7  Xylose 1666 C G G
WC8  Arabinose 1668 C G A
WC9  Cellobiose 1661 T G A
WC10 Glycerol 1667 C C G
WC11 Cellulose 1665 C G A
WC12 Cellulose 1663 T G A
WC13 Cellobiose 1457 NAP NA NA

%Position determined in reference to WC8

®NA = Not applicable as WC13 is a strainTdfermoanaerobacterium
thermosaccharolyticum

Lengths of published 16S rRNA gesequence(in base pairs) fof.
brockii subspbrockiiHTD4 = 1513, T. pseudethanolicl39E = 1601,
1527, 1527, 1769 and thermohydrosulfuricuBSM 567= 1768
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WC12 sequences identified three singleleotide polymorphisms (SNPs) within the
geneat conserved positionPivergence ahucledide positions 1185, 1382, and 1413 is
such thatfrom the 12 sequences determinsid noridenticalsequencesxist andno
more than three isolatebare an identical sequendeurthermore, no twesolates
sharing a common sequence were derived fitsane enrichment treatmenigble
2.1). Despite only three SNPs of variation, W@BAC12 fell into two separate clades
(Fig. 2.1)and clustered isolates WY C12with T. thermohydrosulfuricuBSM 567,
another strain known to ha¥éS in its 16S rRNA encodimgene (Rainegt al, 1993.
The presence of IVS, which have also been described in numerous members of
the Thermoanaerobacteriacedamily (Raineyet al, 1993), made accurate taxonomic
assignment of the strainifficult. Sequence alignments identdiéhat the positioning of
all four IVS sequences within the rRNA gene is conserved astasmatesWC1i
WC12,T. pseudethanoliclBEandT. thermohydrosulfuricuBSM 567 Furthermore,
the sequence identity of all folW'S is 100% conserved across thesaiss(Table A1.3
with the exception of IVEL and IVS4 found inT. thermohydrosulfuricuBSM 567.
The IVS1 sequence from. thermohydrosulfuricuBSM 567shows 97.3% homology to
that of T. pseudethanoliclB9E and the WC isolates, whereas MShares 91.5%
sequencéentity across straingd-dowever, these values may &sificially low as the
published 16S rRNA gene sequemmaeT. thermohydrosulfuricuBSM 567 (GenBank
accessiomo. L09161;Raineyet al, 1993 contains residues identified sN oiithin
theselVS regions. The 16S rRNA gensequence of. brockiisubsp.brockii HTD4

contains no IVS.
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WC2

WC8

WC6

WC7

WC10

WCll

87(73) Thermoanaerobacter thermohydrosulfuricus DSM 567
WCl

WC5

WC3

62(76)| WC4

WC9

WC12

- Thermoanaerobacter pseudethanolicus 39E (4)
97(96 ig;T hermoanaerobacter siderophilus SR4

Thermoanaerobacter sulfurophilus L-64
Thermoanaerobacter wiegelii Rt8.B1
— Thermoanaerobacter ethanolicus JW200
Thermoanaerobacter acetoethylicus ATCC 33265
Thermoanaerobacter kivui DSM 2030
Thermoanaerobacter pseudethanolicus 39E (1)
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Fig 2.1.Neighbourjoining tree of 16S rRNA sequences from isolates W@113 and

select reference strain€lostridiumthermocellunwas used to root the tree. The tree

was constructed as described (Chapter 2.3.6). Confidence levels >50% are shown after
bootstrap values (outside of brackets) were calculated and posterior probability analyses
(inside brackets) was perforoche Nucleotide accession numbers for segasrused can

be found in Table A.1. Numbers in brackets affBnermoanaerobacter
pseudethanolicu89E represent itgour annotated 16S rRNA endad sequences with

the numerical values reflecting the relativaspion within the genome fromucleotide

position +1 Scale bar represents the number of changes per nucleotide.
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Additional evaluation of the published genomedlbérmoanaerobactestrains
(available from the Joint Genonhestituted BVIG database; Markmitz et al, 2013 has
identifiedthat not all gene copies within a common genoweessarily contain IVSEFor
example, othe fourT. pseudethanolicUB9Errn operons, one 16S rRNA gene sequence
(position:2,2657491 2,267,517) has four IVS, whereasothercopy (position: 43855
T 440,055) haonly a single IVS.The additionatwo 16S rRNA gene copies have no
IVS.

As IVS are not necessarily found in all 16S rRNA gene copies, ysetience is
conserved across strains, it suggests that gersfdrafna particular rRNA gene
sequencenayhave occurred in the evolutionary history of these straliypically, genes
with core functions, such as genes, aréhought to be less susceptible to horizontal
gene transfefHGT) (Jainet al, 1999; Dauln et al, 2003) However,high levels ofrrn
inter-operonic variability among thermophileapst notablywithin Caldanaerobacter
subterraneusubsp.tengcongensifformerly Thermoanaerobacter tengcongensis
Fardeatet al, 2009, have beettributed toHGT (Acinaset al, 2004). The potential
for horizontal genacquisition is further supported by the recent realizatiahmembers
of theThermoanaerobacteriacedamily exhibitvarying levels of nattal competence
(Shawet al,, 2010)

High interoperorit diversity observed in th€. pseudethanoliclB9E genome and
in highly related strains (Fardeaual, 2004 Peiet al, 201@&) suggests that using 16S
rRNA gene sequences for phylogenetic classificatiohhermoanaerobactestrains may
not accuratelyeflect trueevolutionary relationshipsin addition, the possibility thatn

genes mayave undergonelGT in this genus createscertaintyin taxonomic
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assignmenof these isolatesn the basis ahe 16SrRNA gene sequence alone.
Thereforean alternative phylogenetic signature gene, the more vadgpbh8UT region
was investigated.

Thecpn60UT region has previouslyeen shown to accurately discriminate
between closelyelated strains (Marstaet al, 1999. Furthermoreit has been shown
(Chapter 3thatsequence similarity ahecpn60UT region can predict wholgenome
relatedneswith the same accuracy as some rloitus and evewhole genome
strategies and correlates well with DNANA hybridization values.The phybgenetic
relatedness asolateWC13 toTh. thermosaccharolyticulSM 571observed using 16S
rRNA gene sequence analysis is furthgpported by the shared sequence identity of the
cpn60OUT region (97.8%), thus suggesting it is a strain ofspiscies.lsolates WCPR
WC7 shared thgreatestpn60UT sequence identity with. thermohydrosulfuricus
DSM 567(>98.7%), whereas isolates WC1 and W@AC12 sharedhe greatest
sequence identity (>98.9%) witthermoanaerobactesp. Rt8.G4 (Truscott & Scopes,
1999, astrain formerly identified a$. brockii(Truscottet al, 1999. In contrast, the
cpn60UT sequence identitiyetween any of thisolates and’. pseudethanoliclB9E was
much lower ranging from 87.1 to 89.3%.ecently (June2010), the draft genome
sequace forThermoanaerobacter wiegeHt8.B1 (Cooket al, 1996 was released by
theJoint Genome Institute and isolates WC1 and W&812 shared a greatepn60UT
sequence identit{>99.1%) with this strain. It should be noted that the original
designation off. wiegeliiRt8.B1 as a novel speci@Sooket al, 1999 is largely based
on phenotypic and 168RNA data without using the previously recognized standard

(DNAT DNA hybridization) (Stackebranet al, 2003 for species designation.
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Unfortunately, the lack of partial or complete genome sequence for the type strdin of
thermohydrosulfuricu®SM 567prevents whole genome comparisonshe type
described by Richter & Ross@&IMéra (2009; however, mathematical models for
predictingwhole ggnome sequence identities, and thus phylogerettitednesgChapter
3) suggest that. wiegeliiRt8.B1, T. thermohydrosulfuricuBSM 567 and the isolates
(WC1LiWC12)described herare probably related at the species I€¢data presented in
Chapter 3.

Overall, sequence divergence was greater icpnéOUT region than was found
using the 16S rRNAencoding gene. Twelugnique genetic signatures amehigolates
WC1i WC12 were identifieduggestinghey were members af geneticallymicrodiverse
communty. Further differentclustering patterns (Fig. 2.2) wesbserved using the
cpn60UT regionthan were observed using 16S rRNA gene sequeticesuld be
expected that if isolates WOW/C12 represented continuum of genetic drift, the
clustering pattemwouldremain constant. Thus, these findings suggest that vifiese
isolates, divergence has occurred in multiple directiomisre the initial laboratory

enrichment process.

2.4.3 Genetic fingerprinting of isolates

To help determine the extent ofrggtic diversity amorgf the isolates,
fingerprinting profiles based on tiBOX (Versalovicet al, 1994)elementwere
investigated.Genetic fingerprintingpased on repetitive DNA sequences is effective for

identifying genetic diversity athe subspecies level (Dombedt al, 2005; Taéo et al,
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Fig. 2.2. Neighbouf¥joining tree ofcpn60UT sequences from isolates WWMC13 and

from select reference strain€.. thermocellumvas used to root the tree. The tree was
construieted as described in Chapter 2.3.6. Confidence levels >50% are shown after
bootstrap values (outside of brackets) were calculated and posterior probability analyses
(inside brackets) was performed. Nucleotide accession numbers for cegjusad can

be found in Table AL.1. Scale bar represents the number of changes per nucleotide.
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20095, andthe BOX sequencleas previously beesffectively employed with strains of
ThermoanaerobactgRohet al, 2002).

For fingerprinting analysjghe typeT. brockiistrain,T. brockiisubspbrockii
HTD4 (Leeet al, 1993),T. pseudethanolicU39E, T. thermohydrosulfuricuBSM 567,
andTh. thermosaccharolyticuWC13 were used as reference strains. Distinct banding
patterns were identified amastgsolates WC1 WC12using BOXPCR (Fig. 2.3).
IsolateWC5 showed three distinct bands between 400 and 500 nucleotides in length,
which was similar to botfi. brockiisubspbrockii HTD4 andT. pseudethanolicu39E,
but distinct fromT. thermohydrosulfuricuBSM 567 All other isolates showed banding
patterngmost comparable t@. thermohydrosulfuricuBSM 567, though distincpatterns
amongtisolates were evident (e.g. WC3 am4). In addition, identical banding
patterns existetetween isolates that were not consistetti the phylogeneticlustering
observed (Fig2.1, Fig. 22).

Theseresults further soportthe proposakhat these isolatéderm a genetically
microdiverse group of. thermohydrosulfuricusolated from a common sampling
environment. The differentialdmding patterns providevidence thatamong isolates
WC1i WC12, mechanismallowing for genomic diversification existlthough the
mechanism(s) of diversificatigie.g. gene deletions, gene acquisitiomgbile element
insertions, etc.) are unknown, thesovide evidence of evolutionary progression
potentiallyleading to strain differentiatiorfCohanet al, 2003. Also, although the
significance of these specific genomic variatieanknownin these isolateprevious
studies have shown theliromosoral rearrangementsan lead tatraindiversification

and niche spealization (Fomling et al, 1997; Kresset al, 2003).
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Fig. 2.3. Banding patterns of BORCR profiles for isolates WCEWC13, T.
pseudethanolicu89E, T. brockiisubspbrockiiHTD4 andT. thermohydrosulfuricus
DSM 567. Lanes (left to right): DNA ladder; WC1; WC2; WC3; WC4; WC5; WC6;
WC7; WC8; WC9; WC10; WC11; WC14; thermohydrosulfuricuBSM 567;T.
pseudethanolicu89E; T. brodii subspbrockii HTD4; Thermoanaerobacterium

thermosaccharolyticutWC13; DNA ladder; water (negative control).
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2.4.4 Cell morphology and size

Cells were grown to an Qby = 0.75 £ 0.03 and thezxamined via differential
interference contrashicroscopy.Cultures WC1WC12 showed indistinct morphologies
as cells in all cultures were rathaped andrranged singly or in chains (Fig. .A.2).
Longfilamentous cells weralsoperiodicallyobserved.All of the above characteristics
are typicalof cells within theThermoanaerobactagenus \Viegelet al, 198) and are
morphologically indiscriminatéom the descriptions foF. pseudethanolicu39E
(Onyenwokeet al., 2007, T. brockiisubsp.brockiiHTD4 (Zeikuset al, 1979, andT.
thermohydrosulfticus DSM 567 (Leeet al, 1993. Cell divisionwas often unequal as
suggested by differenceslangthsof cells arrangeth chains. Cells removed from
growth mediumand immediately examinadhder the microscopgere motile for short
periods of time.The lengths of the cells varied from 1#817.83cm. Average cell
length was calculated for eachlture and was shown to vary from 3&& for WC4 to
6.24e m f o r(FigWCl&3). The average lengths for isoladsC1i WC12 were
greater than those obsed forT. pseudethanolicuBEandT. brockiisubsp.brockii

HTDA4, but weresmaller than those far. thermohydrosulfuricuBSM 567.

2.4.5 Niche occupation and specialization

Considerable niche overlap (NOD9) was founédmongt strains WC1WC12
(Fig. 2.4). StrailWwC13, identifiedoy DNA sequence analysis as a straii lof
thermosaccharolyticupalso showed a NOIG:9 in comparison to isolates WGA/C12
confirming high potential nicheverlap independent of speciasd even gaus,

designation.Previous studies investigating the potential nioherlap of genetically
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Fig. 2.4. Potential NOI of isolates WGCIVC12,T. brockii subsp brockiiHTD4, T. pseudethanolicl39E andT.
thermohydrosulfuricuDSM 567 as determined by sitage utilization patternsWC13, identified as a strain @h.

thermosaccharolyticums included as a phylogenetic outgroup.
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microdiverse strains have reportedide range of NOIs ranging from 0.25 to 0.59 for 11
Brevundimonaslba strains (Jaspers & Overmann, 20@d 1.00 in various
Pseudomonas syringagérains Wilson & Lindow, 1994.

Despite the high NOIs observed, seven utilization profffes. 2.4) for WCT
WC12 could be identified basegon the differential fermeation capabilities of only six
carbonsources (Table 2.2). WC8 showtbe least catabolidiversity as growth was
supported using only 13 dfe substrates, which all other strains were also capable of
using. In contrast, WC1 was the most versatile, and eggmble of fermenting 18
substrates.

Three distinct clusters, where all members of the clageronstrated identical
utilization patterns, were observe@ne cluster grouped isolate WC11 with
pseudethanolicu89EandT. brockiisubsp.brockiiHTD4 (Fig. 2.4). Isolate¥/C3 and
WC4 comprised another cluster with both utilizingt&st substrates, whereas WC2,
WC5, WC6, WC7, and WC10 formed the final cluster capable of fermenting 14
substratesThis largest cluster was the only artgservedhat grouped all the isolates
from a common enrichmetdgether (WC5, WC6, WCV xylose enrichment)These
isolates, with the exception of WC10, also formed a subgraspd orcpn60UT
analysis (Fig2.2). The sugar utilizatioppattern exhibitd by T. pseudethanolicu39E
agrees with previouslyyblished descriptions (Onyenwokeal, 2007. T. brockii
subsp.brockii HTD4 was shown to ferment xylose and mannose utiiese conditions
in contrast to previous reporidgikuset al, 1979. Thisdiscrepancy may be due to
differencedn experimental design as this study included incubatesiods of up to 96 h,

whereas those of Zeikes al. (1979) were onlyincubated fol6 hprior to measuring



Table 22. Differential substrate utilization of six carbon sources for isolates WCI1.2, T. brockii
subspbrockiiHTD4, T. pseudethanolictBOE andT. thermohydrosulfuricuBSM 567.

Strain Lactose Mannitol Melibiose Raffinose Sorbitol Sucrose

WC1 + + + + + +
WC2 - -
WC3 +
WC4 +
WC5 - -
WC6 - -
WC7 - -
WC8 - -
WC9 + +
WC10 - -
WC11 +
WC12 + -

+

+

+ +

T. brockiisubspbrockiiHTD4
T. pseudethanolicU39E
T. thermohydrosulfuricuBSM 567 -

+ + + + + + + + + + + + o+
1
1
1

Symbols denote substrate utilization (+) or a lack of substrate utiliza}ion (
dComplete utilization profile can be fodiin Table Al.2
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growth Long lag periodsand slow generation times were commaoihgerved when
cultures were transferred to a nearbon substrate in this study. If also true in the study
by Zeikuset al., (1979), this may potentially account the lack ofobservablegrowth.
The substratetilization capabilities off. thermohydrosulfuricuBSM 567 agreewith
previousreports (Leeet al,, 1993; Hollaus & Sleytr, 1972; Wieget al., 1979)except in
the utilization ofarabinose and raffinosén this study,T. thermohydrosulfuricuBSM
567 didnot utilize arabinose in agreemavith Hollaus and Sleytr (1972in contrast to
the report bywiegelet al (1979. Thisinahlity may be partly explained bihe use of
lower anounts of yeast extract in tlegperimentperformed here as it has been
previously reported that yeast extract cagnificantly impact the extent oficrobial
growth forT. thermohydrosulfuricuBSM 567(Wiegelet al, 1979. Surprisingly,
despite the observed gendtimilarities (Fig 2.1- Fig. 2.3, T. thermohydrosulfuricus
DSM 567showed the most distinct profile of all of the straemamined (Fig. 2.4).

The ceoccurrence of such highly similar strains frormcenmon environment
suggests that, for strain survivalche diversification and specialization ntagve
existedin the natural communityCompetitionfor resources in a natural environment is
thoughtto deter similar ecotypes from sharing a common ecologiche and thus
prevent their ceexistence (Staley, 2006 The similar substrate utilization patterns (high
NOIs) olserved for strains WGIWC12 thoughseeminglyiolates this principle These
results may be explained two ways. First, niche specialization may involve parameters
not investigated in the experiments performed h&econd, wood compost is ardymic
and nutritionallyheterogeneous environment conducive to the formationicro-niches.

Spatial and temporal variation the evolutionary and ecological forces exerted on these
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micro-environments maultimately result in diversifietbcalized cellpopulations.

Previous lab studies hagbown that in heterogeneous environments, adaptive radiation
through a combination of mutation and natwelection allows for phenotypic and niche
diversificationfrom an initial clonal population of cellR&iney& Travisano, 1998;
Brockhurstet al, 2007. While thein situenvironmental and evolutionary pressures
exerted on isolates WEWC12 are unknown, it is evidetitat these pressures have
permitted the divergence, or maintenance of divergence, in the caatadiolism

potentialof these strains resulting in a phenotypically microdiverse community.

2.4.6 Metabolic profiling

Growth rate and fermentation epdoducts on 2 cellobiose were investigated
to compare differencdsetween the central metabolishisolates WCLIWC12,T.
brockii subsp.brockii HTD4, T. pseudethanolicu39E, andT. thermohydrosulfuricus
DSM 567 Significant differences werebserved (Table 2.3; Fig..A47 Fig. A.1.10 in
both growth rate and ratimf endproducts formed Although the O/R indices suggest
accurate measurement of all gmrbducts, the carbarecovery for all strains, except
WC1, WC10, and. thermohydrosulfuricugashigher than 100%Presumablythis is
due to the utilization of yesh extract in thenedium, as all strains have shown to support
growthusing yeast extract alone (Tablel”?). This is further supporteldy HPLC
analyss indicatingthat the average cellobiose consumption wa +3.2% upon
reaching ar©Deoo= 0.75 *+ 0.03 As significantlag periodsvere not observed, we

assume that the additiormlbstrates were consumed simultaneously with the cellobiose
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Table 2.3.Comparison of doubling timemnd fermentation engroduct averages on 2g/L cellobiose &6 amongst
isolates WCAWC12,T. brockiisubsp brockiiHTD4, T. pseudethanoliclBOE andT. thermohydrosulfuricuBSM
567.

Concentrationsneduced (mM)

Doubling O/R % carbon
Culture time (h/gen) Acetate Lactate Ethanol H» CO Biomass index recovery
WC1 1.86 830 3.80 7.12 6.60 1395 392 104 99.14
WC2 2.50 205 1700 303 173 659 382 097 102.64
WC3 2.32 3.10 1623 449 210 822 378 098 108.95
WC4 6.74 711 822 796 482 1338 396 100 107.14
WC5 2.16 412 1306 364 175 7.02 379 095 109.43
WC6 2.28 362 1510 282 156 6.09 381 094 110.88
WC7 2.40 201 1489 310 178 6.42 381 094 107.11
WC8 2.65 6.80 1353 494 288 998 377 108 115.39
WC9 3.01 285 1417 284 210 6.11 366 092 11159
WC10 2.62 284 1283 278 252 6.83 382 099 97.34
WC11 1.88 246 1189 221 139 540 385 093 10117
WC12 2.45 098 1652 394 223 723 384 091 109.49
;égse“dethano“cus 2.14 6.12 474 1223 098 1562 377 100 107.95
L‘T%Z‘:k”s“bs'[’bmk" 2.68 226 1192 10.83 066 11.84 3.68  0.98 107.05
T,
thermohydrosulfuricus 5.57 9.33 4.03 763 6.88 13.09 3.96 0.93 96.67
DSM 567

%End product data correspond to measurements taken at an average QD5+ 0.03 and corrected for carryover
from inoculation. Values represent averages from three independent experiments using three begbcptas per
experiment.
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for direct biosynthetic user after the exponentiphase ofyrowth when cellobiose was
depleted

Acetate, lactate, ethanol,ldnd CQ were the only observed fermentation
products for isolates WGWC12and the three reference straidowever, significant
differencesxisted in both the ratio of emoroducts fomedand the doubling timen 2
g/L cellobiose(Table2.3; Fig. A1.4). Most isolates produced lactate as tiegor end
product, whereas isolates WC1 and WC4 prod@®gl(coupled to acetate and ethanol
production)as the major product of fermentatiofihere also seemed be no obvious
correlation between fermentation produatsl growth rate For example, WC1 and WC4
representethe extremes in doublingnes (1.86 an@.74 Hgen respectively), despite the
fact that botlstrains had similar acetate and ethanol yi€lddle 2.3). The two most
similar isolatesn terms of calculated doublingne, WCland WC11, exhibited a 4.3
fold differencein lactate production.

The reference strains produced the same end praalitiisse of the isolates-or
T. brockiisubsp. brockiiHTD4, lactatewas the major fermentation epdoduct with
only trace amounts of A4produced in agreement wigevious indings (Leeet al, 1993;
BenBassatt al, 1981) The fermentation profile of. pseudethanolicu89Eindicated
that ethanol was the major reduasdttproductformed,similar to prevous reports
(Zeikuset al., 1980; Lovittet al, 1989. The nature of the engroducts fofT.
thermohydrosulfuricu®SM 567 was consistent withose reported by Wieget al.,
(1979, although the ratiof end products differed in this studpcetate was thenajor
organic acid produced here, whereas ethanolpmase d o mi nant i n Wi egel

experimen{1979. This difference may be due variations irexperimental design as



79

the incubation temperatures varigg 10°C between the two studies. Previous warth
Thermoanaerobactdras shown that temperatwran significantly impact the enzymatic
activity of thecore metaboli@nzymes anchus impact engbroductratios (Lamed &
Zeikus, 198@).

The ecological significance of the metabolic differerueserved between the
strains is currently uncleaAs thefermentation products were identical in all strains,
variationin the ratios may bevidence of niche specializatidmt also may simply
indicate a certain level of genetiariation due to drift or mutationMinor genetic
variationsmay significantly impact factors including effectaplecule binding affinities
and rates of carbon ftu In addition, these effects may have either immediate or
downstream effectsPrevious studies have shown howtations in metabolic enzymes
may alter the rates ohetabolic flux, while still maintaining reaction fidelity
(Goupil et al, 1994.

Alternatively, the differences maJso be due to divergenaeprotein expression
patterns or regulatory control over protein activity, but the exact nature for the observed
differences is not currently known. Further, it is unknown if these differenaghave
arisen through genetic drift at specific loci or through larger genome arrangements. For
example, pevious studies havghown how mobile element based chromosomal
rearrangementsan lead to phenotype variation, and ultimatifferential niche
occupation (Dekkerst al, 1999. Although mutagenesisf this typehas been reported
in the related anaerobic thermophipstridium thermocellunfizverlov et al,, 200§, to
date, no events have been described withifTiegmoanaerobactegenus. An

evaluation of thecompletedyenomes fronThermoanaerobactesp. X514,T.
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pseudethanolicu89E and the draft sequence Dermoanaerobacter broclsubsp.
finnii Ako-1 (as of July, 2010yentified multiple putativeannotated transposase
encoding sequenceélthough the presenag mobile elements is unknown within

isolatesWwC1i WC12, their frequent presence within the geswggests they may exist.

2.5 Conclusions

Twelve genetically and phenotypically distinct;&qistingstrains ofT.
thermohydrosulfuricawere isolated from aingle decaying wood compost sample.
Their co-existencesuggests thawithin the compostmicrobialdiversification may be
tightly linked toniche specialization, as hpseviouslybeenreportedn other
environmentgRainey & Travisano, 1998; Ramsireg al, 2000. Suchdiversification
andspecializationhabeen shown t o r e sodIfRaiokydtalm f i t ness
2000 . T h eosfef shot rmaadye dmangsstramy WCLWEILR as a means of
allowing for the spatiato-existence of strains derived from a single lineage, while
permitting localized populations to fill unoccupied or remmpetitive niches. In brief, a
Atradeoff o may exist in the sense that one
substrate, yetmiimize its utilization of anotherA second strain may evolve in an
inversemanner whereby it optimizes utilization of the substtiaét the first strain no
longer ferments Mechanismghrough which polymorphisms leading to fitness
0 t r a daadonick® divérsificationinclude crosdeeding(Helling et al.,, 1987, spatial
variation (Rainey & Travisano, 1988nd temporal variatiorT (irneret al., 1996;
HornerDevineet al, 2009. Furthermore, the effect thablymorphisms have on the

fitness of a poplation isgoverned by the environmental conteXte inability to
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ferment a carbon source is not a fithess disadvantadfenhative substrates are
sufficient to support growtturing a period of time defined by additional growth
parameters (e.g. temagure, pH, oxygen concentraticetc.). Therefore differential
substrate usage and phenotygiversification mayhaveevolved as a means of nen
competitiveco-existence amorgghighly similar strains resulting inraicrodiverse
community.

However, itis important to realize that the niche occupapotential examined
here may not be reflective tife truein situactivity. Wood compost is a heterogeneous
environment, and thie situactivity of a strain aa given point in time will be greatly
influenced by itsmmediate environment and the regulatory and biochermroakesses of
the strain itself.As such, although it isnclear to what extenthese differences in niche
occupatiorpotential are realized in the natural environm#reye is signifiant diversity
between strains in thgnotential to fulfill various ecological niches.

Our results indicate that within the gendsermoanaerobactesignificant
genotypic and phenotypic microdiversdsn exist at the sufpecies level within a
commonenvronment. Although the specific mechanisms governihgse differences
are unclear, it is evident that varyiagolutionary pressures have acted upon these co
existingstrains in the form of blended phylogenies, potemiigthe specialization, and
variations in their central metabolisns such, this study highlights the importance of
examining sukspecies diversity in future ecological, evolutionanyd bioprospecting

studies.
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Chapter 3. Predicting relatedness of bacterial genomes using the
chaperonin-60 universal target cpn60UT): Application to

Thermoanaerobactespecie$

3.1 Abstract

D.R. Zeigler determined that the sequence identity of bacterial genomes can be
predicted accurately usirige sequence identities of a corresponding set of genes that
meet certain criteriasing a threggene model (Zeigler, 2003This model for comparing
bacterial genome pairs requires the determination of the sequence idéontitsesd\,
thdF, andrpoA. To do this, itinvolves the generation of approximately 4.2 kb of
genomic DNA sequence froeach organism to be compared, and also normedjyires
that oligonucleotide primers be designeddorplification and sequencing basadthe
sequences of closely related organisidswever, we havdeveloped an analogous
mathematical model for predicting the gegce identity of whole genombased on the
sequence identity of the 54867 base pair chaperor@® universal targecpn60UT).
Thecpn60UT is accessible in nearly all bacterial genomes with a single set of universal
primers, andts length is such that it can be completely sequenced in one pair of
overlapping sequencing reads diadeoxy sequencingBoth mathematicamodels were
applied to a set ofFhermoanaerobactasolatesfrom woodchip composind it was

shown that both the orgenecpn60UT-based model antthe threegene model based on

° A modified version of this chapter has previously been published. Reproduced with perr@is@dr,
Elsevier GmbH. Found inZerbeke TJ, Sparling R, Hill JE, Links MG, Levin DB, Dumonceaux TJ
2011. Predicting relatedness of bacterial genomes using the chapgdamiversal targetpn60UT):
Application toThermoanaerobactespecies. Syst Appl Microbi@4: 171-179.
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recN, rpoA, andthdF predicted that these isolates could be classified as
Thernmoanaerobacter thermohydrosulfuricuBurthermore, it was found dhthe genomic
prediction modelsingcpn60UT gave similaresults to wholggenome sequence
alignmentsover a broad range of taxayggesting that this methathay have general

utility for screening isolateand predicting their taxonomaffiliations.

3.2 Introduction

Determinng the taxonomic identity of a bacterial isolatgually involves a
combination of microscop phenotypicharacterization, and DNA sequeraselysis
(Geverset al, 2005. While the designationf a novel species geiires whole genome
comparisondased on DNADNA hybridization datgStackebrandet al, 2002)or,
increasingly, by theomparison of wholergartial genome sequence data (Richter &
Rosselb-Mora, 2009))essonerous approaches based on the dnguous and highly
reproducibledetermination of seleetl gene sequences can be vieagdn alternative for
assigning an isolate to a pegistingtaxon or determining whether experimentation
justifying the desigation of a novel species is warrant&dackebrandet al, 2002;
Ludwig etal., 2007; Pontest al, 2003. TheDNA sequence(s) texamine, however,
remains a matter ahoice. Although most isolatesontinue to be taxomoically
classified based on tlsequencef their 16S ribosomal RNA&Nncoding genefCrocettiet
al., 2000; Clavett al, 2007) the limitationsof this approach for discerning closely
related bacteria are beiingcreasingly recognizedStackebrandét al (2002)suggested

t h a tinfofimative level of phylogerie data would be obtained frothe determination

of a minimum of five genes under stabilizege | ect i on f or encoded

me
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Proteinencodinggenes are known to provide higher levels of taxonomic
resolutionthan norproteinencoding geneScholsset al, 2005)and classifications
based omyyrB (Wanget al, 200D), recA(Wenget al, 2009) rpoB (Adékambiet al.,
2009; Meintaniset al, 2008) recN (Zeigler, 2005; Arahatt al, 2008, cpn60
(Glazunoveet al,, 2009)and other genes have been propogadthermore, Lain et al
(2010)recently determined that the seqaes of certain protein encodihgusekeeping
genes, includingpn6Q can be used toredict with accuracy the genomic+3C content
of speciewithin the genugeromonas A number ofbacterial typing schemes baszu
the sequence comparisons of a number of pr&eaoding genes from each isolate
(multilocus sequence typing, or MLST) haween reported, but again the choice of genes
to includein the MLSTscheme is variable (Cooper & Feil, 2004)

Zeigler (2003)has reported themost comprehensive analysisdate of genes that
are likely to be useful for predicting relatednasthe whole genome leveFor this
analysis, a computationalgarithm was developed for determining whole genome
sequencé&entities for 44 bacterial gen@s distributed across 16 gendrat were
available at the time of analysi$he whole genomsequence identities corresponded
well with available DNA DNA hybridizaion data (Zeigler, 2003and thes sequence
identity values weresed to develop correlations and corresponding prediction models
for individual genes and discrete sets of genes. These nibdslfacilitated the
prediction of whole gnome sequence idé@gtfor pairs of isolates based on the
determination of the sequenidentity of a set of genesA scan of the genomic
informationfor genes that are universal, lackgdags and are phylogenetically

informative led to thedentification of a set of 32 odidategenes.These genes were
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then evaluated for their abilitie® predictwhole genome relatedness, andmination of
all these geneded to the development of mathematical models for predicting the
sequence identity of pairs of genom@$e singlegene model thgierformed best (i.e.
had the high&t correlation between gene agehome sequence identities) wasN,
while the best model overalivolved three genesecN, rpoA, andthdF (Zeigler, 2003)
The gene that hathe lowest correlation afequence identity to genome sequence
identitywas the 16S rRNAencoding gene.

The chaperoni60 gene ¢pn6Q orgroEL in Escherichia coliis an
approximatelyl,650 base pair (bpene whose product functionsdisaperone protein
folding in prokaryotes iad eukaryotes (Hemmingsehal, 1988) It is present in
virtually all Bacteria and a fragment of this gene,548 567 bp (188189 amino acid)
cpn60universal targetqpn60UT), is accessible from any isolate or from a microbial
community(Vermetteetal., 2010)with a set of universal amplification primers.
Furthermorethe sequence that is amplified is highly distinct among orgarasich&in
extensive database gpn60UT sequence informatias available(Hill et al, 2004)
Sincecpn60UT sequences are so distinct, sterbugh to be sequenced in a single
reaction, and accessible usmgniversal set of amplificatiorrimers, we set out to
determinenow wellcpn60UT sequence iddities correlated to the genorsequence
identities repded by Zeigler (2003)We also comparepredictions of genome sequence
identities usingpn60UT to theresults determined by whelgerome alignments of a
broad rangef taxa, which is an emerging gio$tandard for species identification

(Richter & Rossk6-Méra, 2009)
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3.3 Materials and nethods
3.3.1 Bacterial strainsand growth

In lab stocks oThermoanaerobactespp. WCIWC12 (Chapter 2),
Thermoanaerobacter broclsubspbrockii HDT4, Thermoanaerobacter
pseudethanolicu39E, andThermoanaerobactehermohydrosulfuricu®SM 567 were
used for all experiments. Cultures were grown in anaerobic ATCC 1191 medium

containing 2 g/L cellobiose as described (Chapter 2.3.2).

3.3.2 DNA extraction, anplification and sequencing of genes for determining
taxonomic identity

DNA was extracted fromovernight cultures of eachratn using a Wizard
Genomic DNApurification kit (Promega, Madison, WI), according to the recommended
proceduregChapter 2.3.6) To amplify each of the target genegdA, recN, thdF) in the
WC isolates and in the referen€aermoanaerobactestrains, PCR primers were
designed for amplification argkquencing based on tigentification of genespecific
orthologougegions in relatedhermoanaerobactegenomes accessed usthg Joint
Genome Institui@ s | MG @arkowitz et al 2019 (Table A2.1). Amplification
of eachtarget gene was performed using tbllowing cycling conditionsi) initial
denaturation at @€ for 4 min; (ii) 35 cycles of @€ for 45 s, Imin of annealingnd
1min at 72C; and, (iii) final elongatiomt 72C for 10 min. Annealing temperatures used
for recN, rpoA andthdF were 62C, 62C and 60C, respectively. Amplicons were

purified for sequencing usirgmicon YM-30 columns (Millipore).
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3.33 Sequerealignments, identity determinationand phylogenetic analyse
Sequences were assembled into contigs using Gap4 Statlen software
packagelfttp://sourceforge.net/projects/staderfonsensus sequences were exported as
fasta files and used as ingot multiple sequence alignments using CLUSTALW
(Thompsoret al, 1994)in BioEditv7.0.9.0 (Hall, 1999) Sequences were aligned and
gaps removed suchat sequences were trimmed to that of the shortest high quality
sequence obtained: fogcN, 616 bp;rpoA, 754 bp;thdF, 1,214 bp. The sequence
identity of each pairwise comparison for each geae determined using the numioé
identical residuesor each alignment divided by the totahbth ofthe alignment.
Phylogenetic analysis was conducted udtieGA4 (Tamuraet al, 2007) Consensus
trees were inferred from 500 replicates and werestructed using the neighivgoining
method Saitou & Nei, 198). Calculationsof average nucleotide identity (ANI) by
MumMerl® (ANIm), ANI by BLAST (ANIb), andtetranucleotide frequiey correlations

were performedising JSpecies, as described by Richter and Roddélla (2009)

3.4 Results and discussion

The genomic prediction model described by Zei(®03)provides a strong
mathematical rationale for tiselection of target genes for determining the taxonomic
identity ofan unknown isolateThe threegene model or the orgeenerecNbasednodel
has been successfully applied to a variety of isol@iegler, 2005; Kuhneret al, 2009.

However, it shoulde noted that, while the criteria upaihich genes were selected

0 MuMmer MaximaluniqueMatchmer) is a software program designed to align sequence data.gets (e
whole genome) too large to be computed via traditional BLAST algorithms (Delther1999; Kurtzet

al., 2004). In the present work, MuMmer is part of dispeciesoftware package used for analyses
(Richter & Rosset-Mora, 2009).
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includedthose that were long enoughlde phylogenetically informative, yet short
enough to be sequencida reasonable number i&actions, the thregene model still
requires th@eneration of approximately 4.2 kb of sequence filata each isolate to be
compared.Furthermore, with the exceptiaf the 16S rRNAencoding gene, none of the
genes reportedy Zeigler have a region thatasrrentlyuniversally accessible with a
singleprimer set.Essentially this means that amplification asdquencing primers mius
be designed based on reporseduences farlosephylogenet relativeswhom encode
orthologous gene sequencé¥e were therefore interested in determinmigether the
cpn60UT, which is réatively short (549567 bp), and is accessiblealmost all bacteria
with a single set of universptimers(Hill et al, 2006) might be useful as a predictor
genomic identity in the sammanner as the genes identified by Zeiglaithoughcpn60
is present as single copy gene in the majority organisms, distinct paralogs exist in
some genome@d.und, 2009) whichmay explain the exclusion cpn60f r om Zei gl er 0
original analysis.These paralogs atgpically sufficiently didinct from one another that
anyof them can be a reasonable candidate for unambiguous taxcassigoment.

Using the same set of organisms, the sequence identitiesaleutated for the
cpn60UT and these values were correlated towhele genome spience identities
determined byeigler. It wasfound that, using only a 556355 bp fragment of thepn60
genethe correlation o€pn60UT sequence identities to whole genoseguence
identities was ®9 (Fig. 3.1)which is just above thaeported fodnaBand 18" best on
the list of 32 genes examin€deigler, 2003) Linearregressioranalysegenabled the

determination of a predictivmodel for whole genome relatedness of a pair of organisms
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Genome sequence identity

0.4 0.6

cpn60UT sequence identity

Fig. 3.1. Linear regression analysis gbn60UT sequence identity compared to genome
sequence identityGenome sequence identities were from Zeigler (2003). The
lines show the best fit of the data as well as a hypothetical 1:1 relationship between

genome sequence identity atph60UT sequeace identity.
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basedon the corresponding sequence identities ot ms0UT:

Slgenome= 2156+ 3.44(SkpnsouT) (EQ.1)

where SfenomelS the genome sequence identity as determineteigler (2003, and
Slepnsout IS the sequence identity of thpn60UT in the corresponding strainghe high
correlation showiny thecpn60UT, combined withhe fact that it is the shortestrget
regon on the list and the only targae¢sides 16S rRNA th& currently universally
amplifiable with a single set of primeted us to determine whether Ed) could be
used to predict thgenome sequence identities of unknown isolates and detettmine
taxonomic classificationAs a test set of organismge chose series of
Thernoanaerobactersolates from woochip compostWC1i WC12, which showed
varying degrees of taxonomic relatedntes$. pseudethanolicl39E, T.
thermohydrosulfuricu®SM 567andT. brockii subspbrockiiHTD4 (Chapter 2).These
organisms are especialijfficult to type by theirl6S rRNA sequences due to high
sequence conservation across species, as well as the existendepdé 16S rRNA
copies that exhibit unusually high intragenomiiicergence Acinaset al, 2004; Peiet
al., 2010a).

The prediction based on Hg.) was compared to the genosequence identities
reported by Zeigler and it was found tlkan60UT provided a robust (mean absolute
residual = 0.088) means of determining taxonaaentity (Fig. 3.2A). Usig genomic
sequence data for a seriesTbermoanaerobactespecies that are currently available

throghthe JGd s | MG @Markowitz et al €201, it was determined that, for
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Fig. 3.2. Correlation of genome sequence identity predictions using the three
gene model of Zeigler (2003) and the one gene model based gmB@UT.

(A) All species as described in Zeigler. (Bhermoanaerobactespp. and select
reference organismg&al. sulterraneussubsptengcongensisB4 andTh.

thermosaccharolyticurdSM 571).
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these species, the prediction of whol e gen
gene model and that based on¢pa60UT model reported here shared a very high level
of ageement (R=0.9987; Fig. 3.2B). Furthermore, the species predictions aging
onegene model a ngere hedelgwere compared th dheeeminations of
average nucleotide identity and tetranucleofrdquency correlation@Richter &
Rosselb-Mora, 2009)generated from the reported whajenome sequences of reference
Thermoanaerobactestrains fromGenBank andhe JGI. Using an aveage nucleotide
identity by MuMmer (ANIm) of 95% as the speciatelineding line cutoff, as suggested
by Richter and Rossel®ora (2009) it was found that, in all cases, theedictions using
thegene models and the ANIm determinations resulted in the same species designations
for these strains (Table 3.1). All models predicted Thatrockiisubspfinnii Ako-1, T.
pseudethanolicuBSM 2355,T. ethanolicuCCSD1, andrhermoanaerobactespp.
X513, X514, and X561 should be considered the same species (Table 3.1).

To predict the genome sequence identities between isolatesWVZ2 2P and tk
Thermoanaerobacteeference strains, the sequenceszof, rpoA, andthdF were
determined. For each gene, includingdpa60UT whose sequences had previously
been reported (Chapter 2), the sequence identities, as well as the predicted whole genome
sequence identities were determined for each corresponding isolate and refewnce
pair (Table 3.2; Table &.2). Consistent with Zeiglea cutoff of 70%genomic identity
was used for determining species identitligh sequence identities at alcieexamined
were found for th&VC isolates, indicating that these isolates formed a taxonomically
coherent group andald likely be consideredsingle bacterial speciedt was also

shown that the isolates haajh sequence identities 1o thermohydragifuricus DSM
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Table 3.1 Predictions of genomic sequence identitiesTloermoanaerobacteand other select reference strains using
cpn60UT based ongene model, the thregene model of Zeigler (2003), and determination of average nucleotide
identities and correlations of tetranucleotide frequences using JSpecies (Richter &oRdésa]12009).

prediction of genomic Sl using

cpn60 3-gene 1-gene Species
Pair recN rpoA thdF UT model model ANIm ANIb Tetra predictiord
T. thermohydrosulfuricuBSM Different
567-T. brockiisubsp finnii 0.966 0.969 0.879 0.877 0.691 0.456 NDP ND ND .
AKO-1 species
T. thermohydrosulfuricuBSM Different
567.T. ethanolicu€CSD1 0.966 0.969 0.878 0.877 0.689 0.456 ND ND ND species
T. thermohydrosulfuricuBSM ;900 0942 0871 0868 0627 0425 ND ND ND  Different
567-T. italicusAb9 species
T. thermohydrosulfuricuBSM Different
567-T. mathraniisubsp 0.902 ND 0.870 0.868 0.635 0.425 ND ND ND .
N species
mathraniiA3
T. thermohydrosulfuricuBSM Different
567-T. pseudethanolicL@9E 0.966 0.969 0.879 0.877 0.691 0.456 ND ND ND species
T. thermohydrosulfuricuBSM Different
567-Thermoanaerobactesp. 0.965 0.969 0.879 0.877 0.690 0.456 ND ND ND .
species
X513
T. thermohydrosulfuricuBSM Different
567-Thermoanaerobactesp. 0.965 0.969 0.879 0.877 0.690 0.456 ND ND ND .
X514 species
T. thermohydrosulfuricuBSM Different
567-Thermoanaerobactesp. 0.965 0.969 0.879 0.877 0.690 0.456 ND ND ND .
X561 species
T. thermohydrosulfuricuBSM Different
567-Cal. subterraneusubsp  0.715 0.784 0.754 0.815 0.241 0.244 ND ND ND .
. o species
tengcongensisiB4
T. thermohydrosulfuricuBSM
56~ Th. | 0651 0729 0.648 0777 -0008 0113 ND ND ND  Diferent
thermosaccharolyticurdSM species

571
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cpn60 3-gene 1l-gene Species
Pair recN rpoA thdF UT model model ANIm ANIb Tetra prediction
T. brockiisubsp finnii Ako-1- Same
T ethanolicu€CSD1 1.000 1.000 0.999 1.000 0.939 0.880 0.980 0.977 0.999 species
T. brockiisubspfinnii Ako-1- ) 915 (949 0896 0944 0682 0687 0922 0917 0997 Diferent
T. italicusAb9 species
T. brockiisubsp finnii Ako-1- Different
T. mathraniisubsp mathranii  0.911 ND 0.899 0.944 ND 0.687 0.921 0.914 0.996 .
A3 species
T. brockiisubspfinnii Ako-1- 4 50 1000 0996 1.000 0932 0.880 0999 1.000 0999 Same
T. pseudethanoliclBOE species
T. brockiisubspfinnii AKO-1- - g8 1 000 0999 1.000 0.937 0.880 0981 0979 0999 Same
Thermoanaerobactesp. X513 species
T. brockiisubspfinnii AkO-1- g8 1 000 0994 1.000 0.929 0.880 0981 0979 0999 Same
Thermoanaerobactesp. X514 species
T. brockiisubspfinnii AO-1- 998 1 000 0999 1.000 0.937 0.880 0980 0979 0999 Same
Thermoanaerobactesp. X561 species
T. brockiisubsp finnii Ako-1- Different
Cal. subterraneusubsp 0.711 0.790 0.749 0.830 0.234 0.294 0.863 0.769 0.959 .
: species
tengcongensis1B4
T. brockiisubsp finnii Ako-1- Different
Th. thermosaccharolyticum  0.646 0.728 0.653 0.774 -0.003 0.101 0.862 0.697 0.902 .
species
DSM 571
T. ethanolicuLCSDLT. 0.912 0949 0.895 0944 0681 0687 0922 0977 0999 Dierent
italicus Ab9 species
T.ethanolicu€CSDET. = 5917 Np 0898 0944 ND 0687 0919 0912 0996 Diferent
mathraniisubsp mathraniiA3 species
T. ethanolicuCCSDLT. 1.000 1.000 0.995 1.000 0931 0.880 0979 0977 0998 Some
pseudethanolicu39E species
oGk e G Bosiol 0.998 1.000 0998 1.000 0935 0.880 0.985 0980 0998 -2me
Thermoanaerobactesp. X513 species
T. ethanolicus-CSDE 0.998 1.000 0.994 1.000 0.928 0.880 0985 0980 0.998 -ome
Thermoanaerobactesp. X514 species
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cpn60 3-gene 1l-gene Species

Pair recN rpoA  thdF uT model model ANIm ANIb Tetra prediction
o EHTEMEEE Lo s 0098 1.000 00998 1.000 0935 0880 0985 0980 0998 >Same
Thermoanaerobactesp. X561 species
T. ethanolicusCCSDZCal. Different
subterraneusubsp 0.711 0.790 0.749 0.830 0.233 0.294 0.866 0.770 0.959 .

: species
tengcongensidB4
T. ethanolicus<CCSDZ1Th. Different
thermosaccharolyticu®SM  0.646 0.728 0.654 0.774 -0.002 0.101 0.890 0.700 0.904 .
571 species
T. italicusADS-T. mathranii 079 Np 0995 1.000 ND  0.880 0981 0980 0999 -ame
subsp mathraniiA3 species
T. italicusAD9-T. 0012 0949 0899 0944 0689 0687 00925 0918 0997 Different
pseudethanolicu89E species
T. italicusAb9- 0012 0049 0899 00944 0689 0687 0925 0916 0997 Different
Thermoanaerobactesp. X513 species
o DGR o 0912 00949 0.899 00944 0.689 0687 00925 00916 0997 Diferent
Thermoanaerobactesp. X514 species
T. italicusAbS- 0912 00949 0899 00944 0689 0687 00925 00916 0997 Different
Thermoanaerobactesp. X561 species
T. italicusAb9-Cal. Different
subterraneusubsp 0.691 0.780 0.753 0.819 0.226 0.257 0.860 0.763 0.953 .

X species
tengcongensidB4
T. italicusAb9-Th. Different
thermosaccharolyticu®SM  0.644 0.730 0.658 0.761 0.006 0.057 0.873 0.696 0.909 .
571 species
T. mathraniisubsp mathranii Different
A3-T. pseudethanolicl39E 0.911 ND 0.895 0.944 ND 0.687 0.921 0.915 0.996 species
T. mathraniisubsp mathranii Different
A3-Thermoanaerobactesp. 0.912 ND 0.899 0.944 ND 0.687 0.923 0.915 0.997 species

X513
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cpn60 3-gene 1l-gene Species
Pair recN rpoA thdF UT model model ANIm ANIb Tetra prediction
T. mathraniisubsp mathranii Different
A3-Thermoanaerobactesp. 0.912 ND 0.895 0.944 ND 0.687 0.923 0.914 0.997 .
X514 species
T. mathraniisubspmathranii Different
A3-Thermoanaerobactesp. 0.912 ND 0.899 0.944 ND 0.687 0.923 0.915 0.997 .
species
X561
T. mathraniisubsp mathranii Different
A3-Cal. subterraneusubsp 0.693 ND 0.748 0.819 ND 0.257 0.855 0.765 0.955 .
. species
tengcongensis1B4
T. mathraniisubsp mathranii Different
A3-Th. thermosaccharolyticun 0.644 ND 0.652 0.761 ND 0.057 0.865 0.700 0.904 .
species
DSM 571
Il [EEELEEED e 0998 1.000 0999 1.000 0937 0.880 0981 0978 0999 M€
Thermoanaerobactesp. X513 species
T. pseudethanoliclB9& 0.998 1.000 00999 1.000 0937 0.880 00981 0977 0999 >aMe
Thermoanaerobactesp. X514 species
1T, (LBl e 0998 1.000 0999 1.000 0937 0.880 0981 0977 0999 >2me
Thermoanaerobactesp. X561 species
T. pseudethanoliclBIE-Cal. Different
subterraneusubsp. 0.711 0.790 0.753 0.830 0.240 0.294 0.865 0.773 0.958 .
: species
tengcongensis1B4
T. pseudethanoliclBOE-Th. Different
thermosaccharolyticuSM  0.646 0.728 0.656 0.774 0.002 0.101 0.859 0.696 0.904 .
571 species
Thermoanaerobactesp X513 555 1 000 0996 1.000 0932 0.880 1.000 1.000 1.000 Same
Thermoanaerobactesp. X514 species
Thermoanaerobactesp X513- 4 h 1000 1.000 1.000 0.940 0.880 0999 1.000 1.000 S2mMe
Thermoanaerobactesp. X561 species
Thermoanaerobactesp. X513 Different
Cal. subterraneusubsp. 0.711 0.790 0.748 0.830 0.232 0.294 0.866 0.770 0.956 species

tengcongensi®B4
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cpn60 3-gene 1l-gene Species
Pair recN rpoA thdF UT model model ANIm ANIb Tetra prediction
Thermoanaerobactesp. X513 Different
Th. thermosaccharolyticum  0.646 0.728 0.652 0.774 -0.006 0.101 0.880 0.699 0.905 .
species
DSM 571
Thermoanaerobactesp. X514 4 45 4 559 0996 1.000 0931 0.880 0999 1.000 1.000 S2Me
Thermoanaerobactesp. X561 species
Thermoanaerobactesp. X514 Different
Cal. subterraneusubsp. 0.711 0.790 0.748 0.830 0.232 0.294 0.866 0.770 0.956 .
. species
tengcongensis1B4
Thermoanaerobactesp. X514- Different
Th. thermosaccharolyticum  0.646 0.728 0.652 0.774 -0.006 0.101 0.880 0.699 0.905 .
species
DSM 571
Thermoanaerobactesp. X561- Different
Cal. subterraneusubsp 0.711 0.790 0.748 0.830 0.232 0.294 0.867 0.770 0.955 .
. species
tengcongensidB4
Thermoanaerobactesp. X561 Different
Th. thermosaccharolyticum  0.646 0.728 0.657 0.774 0.003 0.101 0.879 0.699 0.905 .
species
DSM 571
Cal. subterraneusubsp
e L 0.635 0716 0651 0.763 -0.018 0.064 0883 0.680 0.865 _rerent
thermosaccharolyticudSM species

571

aSpeciegrediction is consistent for all models. cAtoff of 70% genome sequence identity was used to determine species
identity, consistent with Zeigler (2003). For determination of species identity using JSpecies, a cutoff of 95% ANIm tea

determine spaes identity Richter & Rosseti-Mora, 2009.
PND, notdetermined due to the lack il or partialgenefienome sequenee time of analyses.

“Cal. subterraneusubsptengcongensis a reclassification of the straiftnermoanaerobacter tengcongen@tardeatet al,

2004)

9Th. thermosaccharolyticumSM 571 was selected as a phylogenetically related outgroup for comparison purposes
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Table 3.2 Gene sequence identities and prediction of genome sequence identitiesTfogrtheanaerobactesolates
using the threggene model of Zeigler and the egene model based on tbpn60UT: summary data showing the range
exhibited by WCIWC12.

prediction of genomic Sl using

Species
Pair SlreeN' Slipoa  Slindr Slcpnsoutr  3-gene model 1-gene mode predictior?
Isolates as a group (low .
WC3WCS) 0.998 0.999 0.998 0.975 0.936 0.793 Samespecies
Isolates as a group (high :
WC9-WC10) 1.000 0.997 0.998 0.998 0.936 0.874 Samespecies
T. thermohydrosulfuricus
DSM 56*isolates (low- 0.995 0.999 0.998 0.978 0.934 0.805 Samespecies
WC8)
T. thermohydrosulfuricus
DSM 56*isolates (high- 0.989 0.999 0.999 0.996 0.932 0.868 Samespecies
WC6)
T. brockiisubsp brockii Different
HTD4-isolates (low- WC3) 0.966 0.969 0.875 0.873 0.684 0.444 species
T. brockiisubspbrockii Different
HTD4-isolates (high- WC1) 0.969 0.967 0.873 0.893 0.681 0.512 species
T. pseudethanolicU39E 0966 0969 0879 0.873 0.691 0.444 Different
isolates (low- WC3) ' ' ' ' ' ' species
T. pseudethanolicU39E Different
isolates (high- WC1) 0.969 0.967 0.877 0.893 0.688 0.512 species

aSpecies prediction is consistent for both modelsuidff of 70% genome sequence identity was used to determine
species idetity, consistent with Zeigler (2003

" owoflmaingho refer to the extremes of hetglows af sequenees comgar
Based on the sequence identities ofdpe60UT. The isolate(s) that exhibited these ranges are indicated.
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567, and bth thethreegene model of Zeigler and the egenecpn60UT-basednodel
predicted that the isolates should be classified. aisermohydrosulfuricusFurthermore,
both models predicted th&t thermohydrosulfuricuaas a distinct species from bokh
pseudethanolicu89E andT. brockiisubspbrockii HTD4 as the type strains sharad
genome sequence identity of under 7(%ble A2.2)

Of the genes studiedecNandrpoA showed very high sequencenservation
betweenT. brockiisubspbrockii HTD4, T. pseudethanolicu39E, T.
thermohydrosulfuricu®SM 567and the WC isolates, whitedF andcpn60UT were
much more diverseZeigler reported thapoAwasthe most highly conserved in the
threegene model, followed bthdF andrecN, and that a onrgene model based solely on
recNsequences was nearly as good a predictor as theghneenodel(2003. We
found that, for th@hermoanaerobactespeciesanalyzedrecNwas highly conserved and
genomic identityprediction based only aecN predicted thal. brockiisubspbrocki
HTD4, T. pseudethanolicu®9E, T. thermohydrosulfuricuBSM 567 and all the isolates
belonged together in a single sped¢iable A2.3).

To resolve this discrepancy, phylogenetic trees were constructed dasiee
sequences okcN, rpoA, andthdF. As shown irFig. A.2.17 Fig. A.2.3, the phylogeny
for each locus showed with high bootstrap support that thesalates clustered with.
thermohydrosulfuricu®SM 567, while T. brockiisubspbrockii HTD4, T. ethanolicus
CCSDJ] andT. pseudethanoliclBE formeda separate cladelhis is in agreement with
the phylogeny that wasonstructed based on thpn60UT (Chapter 2). The phylogeny
predicted using the orgene model basezh cpn60UT was consistent witthe three

gene model based oacN, rpoA, andthdF. The high sequence identities obszhat the
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recNlocus were not due to the shorter fragments ofeébBl genethat were analyzed (all
sequences were trimmed to 616 bp), sitheesame results weobserved sing as much
as 1543 bp (88% othe gene length) of thecNsequenceThe Slecn betweenT .
thermohydrosulfuricu®SM 567andT. brockiisubspbrockiiHTD4 was 0.970 when
comparing 88% of the gene and 0.966 when comparing the 6itédgopent.

To determine if thepn60UT genomic prediction model wapplicable to other
taxa, the predicted species identity was calculgte@9 comparisons of the whole
genomes reported by Richtnd RosselldMora (2009) and compared tine reported
ANIm, ANIb, and Tetra valuesThese comparisons represendgoroad taxonomic range
of five bacterial phyla.As shownin Table 3.3the predictions based only on tt@n60
UT agreed witithose based on whole genome comparisons in nearly all casesnlyith
two discrepancies in the 39 comparisoMoreover, the twaliscrepancies that were
noted were both borderline cases whbeeANIm or the predicted genome identities
were near the cudff threshold. Thecomparison oBacillus cereusATCC 10987 taB.
cereusl4579 was particularly interesting, since whole genome sequenditig former
strain revealed high genetic relatednes34oillusanthracisAmes(Raskoet al, 2004)
This relatedass was reflected in the highgm60UT sequence identitiesf B. cereus
10987 and. anthracisAmes (Sépnsout = 0.995). Comparison oShewanella baltica
0OS155to Shewanella putrefaciemsesultedn a predicted genomic sequendentity of
0.73 (just above the threshold defined by Zeigler), wiihele genome alignmén
revealedhese to be distinct species. dihother cases, the predictiohgenomic
sequence identitigzasedon thecpn60UT predictionmodeland the species designation

basedon ANIm were inperfect agreement.
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Species prediction

Genomic parameters (JSpecies)

Slgenome 1-gene 3-gene Species
Pair Slepneour ~ (cpn60UT)  model mode? ANIm Tetra ANIb prediction
Phylum: Firmicutes
Bacillus cereuATCC 10987- Same Same Different
Bacillus cereuATCC 14579 0.975 0.793 species  species 0.924 0999 0.909 species
Streptococcus agalactl@_ﬂﬁOS VIR 0.987 0.836 Samg Samg 0994 0999 0988 Samfe
- Streptococcus agalactia&909 species  species species
Streptococcus agalactié603 V/R Same Same Same
- Streptococcus agalactiae 0.998 0.874 ) . 0.994 0.998 0.984 .
species  species species
NEM316
Streptococcus agalact!aaegog - 0.980 0.812 Samg Samg 0993 0.998 0986 Sam_e
Streptococcus agalactid¢EM 316 species  species species
Phylum: Bacteroidetes/Chloribgroup
Bacteroides fragiNCTC 9343 g9 g g74 SRR SENE ) eems qgmgn pEsy e
Bacteroides fragilisy CH46 species  species species
Bacteroides fragilisNCTC 9343 . . .
Bacteroides thetaiotomicrodPl-  0.873  0.442 Different - Different | 5 g43  g.965 0740 Different
5482 species  species species
Bacteroides thetaiotomicroviPI- Different Different Different
5482- Bacteroides fragilisy CH46" SHEyte Uase species  species Bl Oelag el species
Phylum: Alphaproteobacteria
Brucella canisATCC 23365 Same Same Same
Brucella melitensi®aTCC 23457  0.998 0.874 . ) 0.996 1.000 0.997 )
biovar 2 species  species species
Brucella canisATCC 23365 Same Same Same
Brucella ovisATCC 25840 0.998 0.874 species  species 0.996  1.000  0.996 species
Sl CENERITE ZSEs: 1.000  0.880 Same - Same 4999 1000 0999 SOMe
Brucella suisl330 species  species species
Brucella melitensi&TCC 23457 Same Same Same
biovar 2- Brucella ovisATCC 0.996 0.868 . . 0.995 1.000 0.996 .
species  species species

25840
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Slgenome 1-gene 3-gene Species
Pair Slepneour ~ (cpn60UT)  model mode? ANIm Tetra ANIb prediction
B_rucella melltenS|$\T_CC 23457 0.998 0.874 Samg Samg:- 0997 1.000 0997 Sam_e
biovar 2- Brucella suisl330 species  species species
Brucella OVisATCC 25840 0.998 0.874 Same Same 0996 1.000 0996 Same
Brucella suisl330 species  species species
Phylum: Betaproteobacteria
Nitrosomonas europedTCC . . .
19718- Nitrosomonagutropha 0.856 0.384 D'ffefe”t D'ffefe”t 0.832 0.925 0.789 D'ffefe”t
col species  species species
Phylum: Gammaproteobacteria
Escherichia colCFT073- Same Same Same
Escherichia colE2348/69 0.993 0.855 species  species 0.984 0999 0.976 species
Escherichia colCFTO073- Same Same Same
Escherichia colK12 MG1655 DREIER. DHEP, species  species s ey Ohtel species
Escherichia colCFTO073- Same Same Same
Escherichia coliO157:H7 EDL933 0.982 0.818 species  species 0.967 0.998 0.960 species
SSEEEE E S =10y 0.987  0.837 Same - Same 14970 999 0959 SaMe
Escherichia coli042 species  species species
Escherllchla coliCFTO73- Shigella 0.986 0.830 Samg Samg 0970 0998 0959 Same
flexneri2a 2457 species  species species
Escherlchla ColCFT073- Shigella 0.984 0.824 Samg ND¢ 0970 0996 0959 Samg
sonneib3G species species
Pseudomonas aeruginoBAO1- 0.879 0.465 leferent leferent 0840 0943 0758 leferent
Pseudomonas fluoresceRE5 species  species species
PseudomonaaeruginosaPAO1 - 0.877 0.459 leferent leferent 0839 0911 0749 leferent
Pseudomonas fluorescelRE01 species  species species
Pseudomonas aeruginoBAO1- 0.883 0.477 leferent leferent 0838 0916 0745 D|fferent
Pseudomonas fluoresce8BW25 species  species species
Pseudomonas aeruginoBAO1 - , , .
Pseudomonas syringae. 0.868 0.428 D'ﬁefe”t D'ﬁefe”t 0.837 0.820 0.739 D'ffefe”t

species  species species

Syringae B728a
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. Slgenome 1-gene 3-gene Species
Pair Slepnsout (cpn60UT)  model modeP ANIm Tetra ANIb prediction
Pseudomonas aeruginoBAO1 - : . .
Pseudomonas syringaw. Tomato 0.863  0.409 Different  Different |  aa5 g0s 0736 Different
DC3000 species  species species
Pseudomonas fluoresceR&O1 - Different Different Different
Pseudomonas fluoresceRE5 Uhelze UHae species  species DU Ohetlil, (Oheldle species
Pseudomonas fluoresceRE01 - Different Different Different
Pseudomonas fluoresceBBW25 0.930 0.638 species  species 0.859 0940 0.802 species
Shewanella amazonen§82B - Different Different Different
Shewanella oneidendidR-1 Jighe il species  species e species
Shewanella amazonen§82B- 0.827 0.285 Different Different 0823 0.649 0.705 Different
Shewanella putrefacier@dN-32 ' ' species  species ' ' ' species
Shewanella amazonen§82B- Different Different Different
Shewanella woodyATCC 51908 DHES b species  species DEEELL Qe Oaee species
Shewanella balt!c&)8155- 0.977 0.799 Sam_e Sam_e 0969 0999 0966 Samg
Shewanella baltic®S185 species  species species
shietieliela el veiles: 0.980  0.812 Same - Same | 5968 0999 0.965 “oMC
Shewanella baltic®S195 species  species species
Shewanella baltic®S155- 0.984  0.824 same - Same 4971 0999 0966 O
Shewanella baltic®S223 species  species species
Shewanella baltic®S155- 0.955 0.725 Same Different 0867 0968 0826 Different
Shewanella putrefacierdN-32 : : species  species ' ' : species
Shewanella baltic®S155 Different Different Different
Shewanella oneidendidR-1T 0.901 0.539 species  species 0.858 0972 0.783 species
Phylum: Thermotogae
Thermotoga maritim&SB8 - Different
Thermotoga neapolitan@SM 0.850 0.363 Different ND® 0.872 0.961 0.800 :
4359 species
Thermotoga marnitima/SB8 - 0955  0.724 Same e 0.953 0098 0948 Same
Thermotoga petrophil&KU-1 species species
Thermotoga neapolitan@SM Different Different
4359- Thermotoga petrophila 0.832 0.300 ; ND*® 0.857 0.964 0.790 .

species species

RKU-1
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Table 3.3 cont.

Slgenome 1-gene 3-gene Species
Pair Slepneout ~ (cpn60UT)  model mode? ANIm Tetra ANIb prediction
Phylum: DeinococcusThermus
De!nococcus des_er’tICD115- 0.888 0.494 leferent leferent 0841 0764 0738 leferent
Deinococcus radioduran1 species  species species

#Pairs and JSpeciggenerated ANIm, ANIb, and Tetra values were taken from Richter and &&4sala (2009).

bS| values forecN, rpoA andhdF can be found in Table &.4

“Comparison not reported by Richter and Rosgdiida (2009) but provided in the present study

IND, not determined Genome sequence f&: sonneb3G not available in GenBaralt time of analyses.

°ND, not determinedDNA recombination and repair ithermotogapeciesccurs viaad-type genes (Harvest al, 2002
and norecNortholog was identified.
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For two strains to have predicted genome sequence identity of 70%, and
therefore being considered the same speaigs60UT sequence identity threshold
between 0.940.95 is necessaryrhis is in very good agreement with Richter and
RosselléMora, who suggested that two strains sharing an ANIm of 95% (alongawith
correspondingly high Tetra score) should be considered the same species (2009). Species
prediction using thepn60UT wasquite accurate compared to whole genome
comparisons, but was somewhat less conservatilies suggests that speci@®diction
usingthecpn6OUT may be an excellent Ascreening toc
strains for whole or partial genome sequegé¢mcertaincases.In screening a large
number of environmental isolates, whgkenome sequence identity predictiondpyn60
UT can be a complementagol to select candidates for larger genome sequencing
efforts.

In summary, a mathematical meldvasdeveloped for predictingenome
sequence identities using the methodgaigler 003 based on the determination of the
sequence identities tie 549567 bpcpn60UT. This method is rapid and simple, the
sequences can be eagslgtermined using a sirgket of sequencingactions ands
accessible using aniversalset of amplification primers. Furthehe results are in
agreement with the best thrgene modetletermined bydentifying candidate genes
from complete genomes, as well as wdttterminations of ANI over the whole genome,
whichhasbeedesi gnated as a finew gold standardo
(2009) While this method would not be expected to repkstablished and emerging
methodologies for the determinationraivel bacterial species, the prediction of genome

identities basedn cpn60UT sequence identity can be a rapid way to determiae if
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isolate béongs in an established specarsf further experimentatioto designate a novel

species is warranted.
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Chapter 4. Genomic evaluation offhermoanaerobactespp. for the
construction of designer cecultures to improve lignocellulosic biofuel

production!

4.1 Abstract

The microbial production afthanolfrom lignocellulosic biomass is a multi
component process that involves biomass hydrolysis, carbohydrate transport and
utilization, and finally, the production of ethanol. Strains of the genus
Thermoanaerobactdrave been studied for decades due to theate abilities to
produce comparatively high ethanol yields from hemicellulose constituent sugars.
However, their inability to hydrolyze cellulose limits their usefulness in lignocellulosic
biofuel production. As suchpeculturing Thermoanaerobactespp. with cellulolytic
organisms is a plausible approach to improving lignocellulose conversion efficiencies and
yields of biofuels. To evaluate native lignocellulosibanolproduction capacities
relative to competing fermentative eptbducts comparative genomic analysis of 11
sequenced hermoanaerobactestrains, including @e novogenome,
Thermoanaerobacter thermohydrosulfurid¥€1, was conducted. Analysis was
specifically focused on the genomic potential for each strain to addrespedtsof
ethanolproduction mentioned through a consolidated bioprocessing approach. Whole

gename functional annotation analyselentified three distinct clades within the genus.

1 A modified version of this chapter has previously been published. Reproduced with perr@is2@is,
Tobin J. Verbeke. Found inerbeke TJ, Zhang X, Henrissat B, Spicer VRydzak T, Krokhin OV,
Fristensky B, Levin DB, Sparling R 2013. Genomic evaluation ®hermoanaerobactepp. for the
construction of designer emultures to improve lignocellulosic biofuel production. PLoS ®ne59362.
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The genomes of Clade 1 strains encode the fewest extracellular carlelaytirse
enzymes and also show the least diversity in terms of lignocelldtesant
carbohydrate utilization pathways. However, these same strains reparedppable of
direcing a higher proportion of their total carbon flux towards ethanolerédtran non
biofuel endproducts than otheThermoanaerobactestrains Strains in Clade 2 show
the greatest diversity in terms of lignocellulose hydrolysis and utilization, but
proportionately produce more nathanol engproducts than Clade 1 strainStrainsin
Clade 3jn which T. thermohydrosulfuricug/C1 is includedshow midrange potential
for lignocellulose hydrolysiand utilization but also exhibit extensive divergence from
both Clade 1 and Clade 2 strains in terms of cellular energetiespokantial
implications regarding strain selection and suitability for indusgtizhnolproduction
through a consolidated bioprocessingottturing approach are amined throughout the

chapter

4.2 Introduction

Consolidated bioprocessing (CBP), wherehicrobial enzyme production,
biomass hydrolysis arglibstrate conversion to biofuel occurs in a single bioreactor,
offers improved economic feasibility and process efficiencies compared with alternative
approaches to lignocellulosidofuel producton (Lynd et al, 2005; Cardona & &chez,
2007; Olsoret al, 2012) However,no single organism ha®tbeen identified that is
capable of performing all of these tasks at industrially significant |¢elsvaux, 2006)
The utilization of designer ecultures, allowing for potential complementary or

synergistic phenotypes between multiple organisms to improve process efficiencies and
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yields, is an alternative strategy to potentially overcome these limitations (reviewed by
Brenneret al 2008; Zuroff & Qurtis, 2012).

From a CBP standpointhe use of thermophilic, anaerobes belonging to the
Firmicutesoffers manyadvantagesGrowth at elevated temperatures reduces energy
costs by avoiding repeated heating and cooling steps associated with cycling between
microbial growth and both upstream fcessing as well as downstream product
recovery. Additionally, the native capacfor many strains to produce lignocellulose
hydrolytic enzyme#n situmay reduce or eliminate the need for enzymatieti@atment
of biomass. Finally, the ability of multiple strains to ferment a broad range of
lignocellulose constituent saccharide®iathanol allows for efficient conversion and
utilization of the biomass.

To date, the organisms garnering the most attention for thermophilic CBP include
strains in the orderGlostridialesor Thermoanaerobacterialgtynd et al., 2008) One
of these orgnisms Clostridium thermocellunhas been at the forefront of lignocellulosic
ethanolresearch for decades due to its high cellulolggipabilities(Lynd et al, 1989;

Levin et al, 2006; Ramaset al, 2009) However, the inability oC. thermocellunto

ferment pentose sugars resulting from hemicellulose hydrolysis reduces potential biomass
conversion efficiencies and represents a major limitation in its development as an
industrial microorganismVarious strain®f the genug hermoanaerobactenn the

other hand, are known to hydrolyze hemicellulose and ferment hemicellulose constituent
sugargWiegel & Ljungdahl, 1981; Kozianowskt al, 1997; Larsert al, 1997;

Onyenwokeet al, 2007;Chapter 2)naturally producéWiegel & Ljungdahl, 1981;

Zeikuset al, 1980)and toleratéLarsenet al., 1997; Georgievat al., 2008)
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comparatively high ethanol concentrations, and are amenable to genetic manipulation for
purposes of further improving biofuel yiel(lShawet al, 2010; Yao & Mikkelsen,
2010) Furtermore, previous studies have reported that cellulose degradation rates and
overall biofuel yields are improved I8y, thermocellum Thermoanaerobactesp. co-
cultures as compared @ thermocellunmonc-cultures(Ng et al, 1981; Sadder & Chan
1984; Heet al, 2011). heefore, theuse ofa Thermoanaerobactestrainasan
industridly relevant ceculture partnefor C. thermocellunshows great potential as a
CBP strategy.

The genomes of multip[Ehermoanaerobactespp. are currently available
publicly. The pupose of the current chaptsrto conduct genus wide comparative
genomic analysis of all available genomes, includidg aovogenome from
Thermoanaerobacter thermohydrosulfuria¥€1 (Chapters 2, 3)and evaluate the
potential of each strain @C. thermocellunco-culture partner. Factors evaluated
include the capacity for lignocellulose hydrolysis, transport of the resulting hydrolysis
products, carbohydrate utilizati@md the potential to produce ethanol relative to other
fermentation engbroducts. Further, given that these processes are interconnected with
cellular energy metabolism (Fig. 4.1), the potential mechanisms for energy conservation

will also be evaluated.

4.3 Materials andMethods
4.3.1DNA extraction, genome sequencing and asmbly
In lab glycerol stock cultures @f. thermohydrosulfuricug/C1 were rewed,

grown overnight and platesks previously describg€hapter 2.3.3) A single colony was
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Fig. 4.1. Schematic representation of key physgical processes pertinent to
lignocellulosic ethanol production in a CBP systdatysiological processes are

identified as the text in blue boxes.



113

picked and useatinoculate free ATCC 1191 liquid medium (10 mtontainirg 2 gl
cellobiose. The redting culture was allowed to grow overnight and gDNA was
extractedas done previously (Chapter 2.3.6)

The genome of. thermohydrosulfuricug/C1 was first sequenced at the McGill
University and Genome Quebec Innovation Centre using shotgun 454 pyrosequencing
(Margulieset al, 2005)to get 121,690 reads with an average length of 626 bp. Genome
assembly by Newbler v2.6 generated 123 contige (100 bp) with the longest contig
182,175 bp with ~15x depth coverage. To improve gap closure and perform scaffolding
of the contigs, genome-s=quencing was conducted with lllumina HiSeq 2000 paired
end technologies generating 122,042,203 reads obd®®m each end with an average
insert size of 277 bp. lllumina reads were-precessed by adaptor clipping, quality
trimming with the FASTXToolkit (Pearsoret al, 1997)and random subset data
selection. Multiple assembly pipelines combining both d6d lllumina data were
evaluated including Optimizedelvet (Zerbino & Birney, 2008)Ray(Boisvertet al.,
2010)and Newbler v.2.6. Based on statistics metrics, Newbler v2.6 generated the longest
contigs with the highest N50 and the resulting assembl/composed of 47 scaffolds
plus an additional5 unscaffolded contigs (sizd80 bp with the longest contig 261,431

bp) with ~56x depth coverage.

4.3.2Genome annotation and proteogenomic analysis
The assembled DNA scaffolds and contigs were suldhtitt¢éhe Joint Genome
I nstituteds (JGI) | +xperigReveetv @MGER) platform b i a | Gen

(Markowitz et al,, 2009)for gene calling athannotation using their automataigeline



114

(http://img.jgi.doe.gov/w/doc/img_er_ann.pdf). The annotated genesas subsequently
submitted to the J@atetal, BDE)whiehRdpdt®d 3p8i pel i ne
anomalies. Alanomaliesvere manually curated.

Proteogenomic analysis provitisupporting evidence for manual curation
decisions regaling reported GePRIMP anomlges. A mechanism of genome assembly
independent proteomics, similar to the approach by Ktwd (2011) was implemented
for this analysis. In brief, raw genomic sequencing reads.firermohydrosulfuricus
WC1, rather than an assemblexhgme, were transcribed into amino acid sequences in
all six possible reading frames with all potential STOP codons being reported as new
elements. These elements were subject@dgicotry pt i ¢ di gestivem t o c
peptide database. Ehildabase was used to sear@aHPLC-MS/MS experimental
output, generated from migkponential phasg. thermohydrosulfuricug/C1 cells
grown in liquidATCC 1191medium (as described above), using a ‘pghformance
GPU-based identification engine develodedthis projectMcQueenret al., 2012)
Correlating observed peptide retention times against their computed hydrophobicities as
described by Krokhiif2006)further supported the assignment confidences. As the
resultantin silico naive peptide collection was wholly disconnected from their source
proteins, the peptide database served as a validation for the genome assembly and
annotation workflows. Observed peptides were compared against the anri¢aitred
protein databse andthose ni que e ot dati@mase search were
peptides (869), corresponding to unannotaietein coding sequenceSS) within the
genome, were used to support or refute GenePRIMP identified annotation anomalies.

Modificationstothearmt at i on based upon these peptide
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within the GenBank file associated with the genome. The genome has been deposited at
DDBJ/EMBL/GenBankdatabasesnder accession number AMYGO00000000. The

version described in this paper is thst version, AMYG01000000.

4.3.3 Comparative genomic analyse

Comparative genomic analyses weomducted on genomes and gene annotations
available (as of July2012) using the IME&ER platform unless specified elsewhere.
Genes of interest, with the exception of transporters and carbohydrate active enzymes
(CAZymes), were identified within the IMEGR annotated genomes using independent
searches for the Clusters@rthologous Groups (COGTatusovet al, 2000) KEGG
Orthology (KO)(Kanehiseet al, 2008)and TIGRFAMs(Haft, 2003)unique identifiers.
Transporters were identified using the assignment criteria given by the Transporter
Classification Database (TCDBSaieret al, 2009)as part of the IMGER system and
substrate specificities were inferred based upon KO annotations of the sameTdgenes.
annotation accuracy for all genes identified using the above search methods was
manually assessed using a comboraof genomic contextual analysis, sequence
alignments and through literature and database searches. Gene annotations using
additional databases made available through the-B®R&nnotation pipeline including
Pfams(Finnet al, 2010) IMG Terms(Markowitz et al, 2009) the SEEOverbeelet
al., 2009)and InterprqHunteret al, 2009)were used in the manual assessment of COG,
KO and TIGRFAM designations when appropriagdl functional annotations
designations should be considered to be putativgramsnts, unless specifically

discussed.
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Analysis of CAZymes was conducted by accessing the CAZy datébastarel
et al, 2009)for all Thermoanaerobactegenomes available in the database or analysed
de novo ForThermoanaerobacter ethanolic@SDlandThermoanaerobactesp.
X561 the unfinished draft genomes were downloaded from the Na@Bbasand were
analyzed using the standard detection pipeline of the CAZy database. Substrate
specificities for all CAZymes were not inferred unless sBmadly discussed (Chapter
4.4.3 and vereinstead limited to substrates reported for each enzyme class by the CAZy
database. The subcellular localization of identified CAZymes was predicted by
uploading fasta files of all identified gene amino acid sequentethie PSORTb 3.0

databaséYu et al, 2010)and using the findbcalizationpredictions.

4.3.4Sequence and phylogenetic analysis
Sequence alignments were performed using BioEdit v.7.(Hal0 1999)
Phylogenetic analysis of individual sequences was performed using MEGsiraet
al., 2007) Phylogeny was inferred using the neigimining method with
evolutionary distances calculated via the Poisswrection as describdalusinskaet
al., 2010) Alignment gaps were deleted via pair wise sequence comparisons only and

clusters grouped using the bootstrapping method (10,000 replicates).

4.4 Results and dcussion
4.4.1Genome properties ofT. thermohydrosulfuricuswC1
The draft genome geience ofl. thermohydrosulfuricug/C1 is comprised of

2,573,51%p and shows a & C content of 34.35%, which is consistent with other
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sequenced hermoanaerobactestrains (Table A.1). There arg,655 genes annotated

with 2,552 predictetb be CDS The chaperoni#60 universal targetcpn60 UT)

nucleotide sequence, which has been shown to be a more reliable phylogenetic indicator

than 16S rRNAencoding DNAfor the Thermoanaerobactagenus(Chapter 3)agrees

100% with the previously published seque(Chapter 2) Based on the standards for

genomic sequencing proje¢tShainet al, 2009) theT. thermohydrosulfuricug/C1
permanentdraft e nome bel ongs -Oior etchtee di Alnnmportoavte noennt O

classification.

4.4.2\Whole genome comparative analysis

The genomes of 1Thermoanaerobactestrains (10 publicly available as of July
2012 +T. thermohydrosulfuricug/C1) were included in our genus wide comparison.
TheThermoanaerobacter tengcongengiB4 genomgBaoet al, 2002) corresponithg
to GenBanlkaccession numb&E008691, was not included basaal the reclassification
of the strain into the gen@aldanaerobacte(Fardeatet al, 2004) The available
genome sequences for the genus, in draft, permanent draft and finished states, range in
size from2.20 Mbi 2.78 Mb and are annotated to contain anywhere fr@®62 2,800
CDS (Table A3.1).

To determine the extent that similar functional profiles exist between strains,
hierarchical clusteringpased upon COG, KO and TIGRFAM qualigwas conducted
independently for edcqualifier. As showin Fig. 4.2, three distinatlades exist within
the genus. Clade 1 contains the most genomes and could also potentially be divided into

subclades. Howevert was previously show(Chapter 3}hat all strains in Clade 1
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T. wiegelii Rt8.B1 ]

T. siderophilus SR4 Clade 3

T. thermohydrosulfuricus WC1_|

T. italicus Ab9
:| Clade 2
3

T. mathranii subsp. mathranii A

T. ethanolicus CCSD1 ]

—— Thermoanaerobacter sp. X561

Clade 1

{ Thermoanaerobacter sp. X514

Thermoanaerobacter sp. X513

—— I. pseudethanolicus 39E

(l)—011 —T. brockii subsp. finnii Ako-1

Fig. 4.2. Phylogram of annotated COG functional profiles for sequenced
Thermoanaerobactestrains. Cluster analysis, based on Cluster 3.0 analysis software (de
Hoonet al, 2004), was conducted within the IMER platform using the COG profiles

for each genomeBranch lengths correspond to calculated distances between functional
profiles. Similar clade architectures are@lsbserved when using KO (Fig. A.3.1) or

TIGRFAM (Fig. A.3.2) descriptors.
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share an average nucleotide identity (ANIm) s¢®iehter & Rossei-Mora, 2009)

greater than 0.97 and thus, may represent strains of the same species. Previous work by
Hemmeet al, (2011)with Thermoanaerobactgrseudethanolicu89E and
Thermoanaerobactesp. X514, have shown that genomes with ANIm scores greater than
0.97 may have significant differences that impatdtivestrain suitability for

lignocellulosic ethanol production.nterclade functional divegence mayhereforehave

an even more drastic impact ona@daturing potential than intralade divergence.

Specifics regarding strain suitability are discussed below.

4.4.3 CAZyme analyses

The availability of fermentable sugars from lignocellulosmniass is dependent
on CAZymes capable of degrading the insolueldracellular carbohydrate polymers
(Fig. 4.1). In designer cecultures, the multiple hemicellulase enzymes inGhe
thermocelluntellulosome may help to liberate hemicellulose constitsegars from the
polymeric backbone. The liberation of such saccharides, most notably pebtisdso
a mixture of hexosespay subsequently be fermented to ethanda by
Thermoanaerobactestrain. However, expression analystudies o€C. thermocellum
grown on various substrates by Ranetmal (2009)have shown that xylanase expression
levels were at their lowest when grown on a hemicellulose containing substrate
(switchgrass) in comparison to growth cellobiose or cellulose. Therefoumder CBP
conditions the utilization of arhermoanaerobactestrain, which has xylan hydrolysis

capabilities, may help facilitate biomass hydrolysis similar to what has been reported in
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co-cultures ofC. thermocellunandCaldicellulosiruptor bescigrownon switchgrass or
cellulose plus xylaiiKridelbaughet al, 2013)

To examine the potential thafThermoanaerobactestrainmay contribute to
biomass hydrolysis, all CAZyme genes were identified withengenus. As shown in
Table A3.2,between 451 independent CAZyme gene sequences, belonging4® 27
distinct CAZyme classes, were identified within the sequenced strains.

A small subset (GH23 and various glycosyltransferases) of these genes encode
proteins typically associated with cellular mamrdace functions such as peptidoglycan
processing and glycogen synthesis. Furthernb@reed orthe PSORTB 3.0 predictions,
only a small fraction of each CAZyome is predicted to be localized extracellularly (Table
4.1) such that only a few gene prodymts strain would be capable of contributing to the

extracellular hydrolysis of complex polymers.

4.4.3.1 Extracellular, lignocellulose hydrolyzing CAZymes

As shown in Table 4.1, no predicted extracellular lignocellulose hydrolyzing
CAZymes were identified in Clade 1 strains. Moreover, @nyrains,T. italicusAb9, T.
mathraniisubspmathraniiA3 andT. thermohydrosulfuricug/C1, possess extracellular
erdo-xylanases capable of hydrolyzing the xylan backbone of many hemicelluloses. All
three strains contain a secretable medimponent CDS with the modular structure
CBM22-CBM22-GH10-CBM9-CBM9-SLH-SLH-SLH. To date, proteins belonging to
the GH10 family a& onlyknown to act on xylan, while CBM22 and CBM9 modules are
considered to be primarily xylan binding. All orthologs show high amino acid sequence

similarity (>74%) and similar modular structure to the functionally charactexip®d
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Table 4.1. Predided extracellular CAZymésnvolved with lignocellulosic biomass hydrolysis within sequenced
Thermoanaerobactespp.

CAZyme designation and modular structure
GH66- CBM22-
CBM35 CBM22-GH10-
CBM35 CBM9-CBM9-
Clade Strain GH10 GH43 GH52 CE4 PL9 GH15 SLH-SLH-SLH

1 T. brockiisubspfinnii Ako-1
T. ethanolicusCCSD1
T. pseudethanolicu3OE
Thermoanaerobactesp. X513
Thermoanaerobactesp. X514
Thermoanaerobactesp. X561

2 T. italicusAb9 0188 0190 1727 0192
T. mathraniisubspmathraniiA3 0247 1695 0249 0251
3 T. siderophilusSR4 1967 0902
T. thermohydrosulfuricug/C1 1012 1808 0529 1010
T. wiegeliiRt8.B1 00017610

20nly the numerical suffix of locus tags are identified. Corresponding prefixes fostathare identified in Table.A.1.
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gene inThermoanaesbacterium saccharolyticuldTOU1 (Hunget al, 2011) T.

italicus Ab9 (Thit_0188)andT. mathraniisubspmathraniiA3 (Tmath_0247) also

contain an additional extracellular GH10 family gene showing high amino acid sequence
similarity (>77%) with the cloned and characterizgthnaseb-xylosidaserom
Caldicellulosiruptor saccharolyticuBSM 8903 (L lithi et al, 1990)

The hydrolysis products resulting from GH10 mediated eqndianase activity
would be xyleoligomers. The generation of xylos®nomers from xylaligomers
requiresextracellular and/or intracellulf¥xylosidase activity. T&T. italicusAb9, T.
mathraniisubspmathraniiA3 andT. thermohydrosulfuricug/C1 genomes also encode
for an extracellular GH52 family enzyme (Talld, Table A3.2), which, to date, are
solely reported thaveb-xylosidase activity. Additionally, unique . mathraniisubsp.
mathraniiA3 is a putatively cell bound GH43 enzyme, which may have further pentose
releasing hydrolysis capabilities.

The identification that only three of the strains evaluated contain Gtiily
enzymes is consisteniith the reports that only. italicusAb9 (Kozianowskiet al,

1997) T. mathraniisubsp mathraniiA3 (Larsenet al, 1997)andT.
thermohydrosulfuricu8VC1 (AppendixA.5) are capablef growing on xylan polymers.
Other seganced strains lacking extracellular xylanolytic enzymes, specifitally
siderophilusSR4(Slobodkinet al, 199), Thermoanaerobactesp. X514(Hemmeet al,
2011)andT. pseudethanoliclBOE (Ng et al., 1981) have been specifically reported to
not growon xylan. The ability to use, or not use, xylan by the remaining

Thermoanaerobactestrains has not yet been reported.
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T. italicusAb9 hasthe sole genome containing a pectate lyKezianowskiet
al., 1997) while thegenomes ofT. thermohydrosulfuricug/C1 andT. wiegeliiRt8.B1
are the only two that encode a putative extracellular agglgh esterase for removal of
acetytgroups from xylan polymers. A final unique extracellular enzyme foufid in
thermohydrosulfurice WC1 andT. siderophilusSR4 (TthwC1_0529;
ThesiDRAFT1_0902) has a modular structure of Gi@&@M35CBM35GH15. No
database (GenBariknon redundant protein) entry yet is homologous over the entire
length of these CD&s 60% query coverage is observed when comparing all database
entries with either the TthwC1_0529 or ThesiDRAFT1_0902 queries. Reported
activities associated with GH66 and GH15 family proteins are reportedda Bajlucan
linkages, while CBM35 modules regiedlybind b-linkages(xylans, mannans,

galactans)butthe functional role of these enzymes is unknown.

4.4.3.2 Intracellular , characterized lignocellulose hydrolyzing CAZymes

Only a few glycoside hydrolases with lignocellulose hydrolysis potemdad
been functionally characterized in aflygermoanaerobactestrain and these are all
predicted to be localized intracellularly. One of theseH3 family proteinxarB from T.
ethanolicusIW20Q was initially cloned and characterized and was repodeteaveb-
1,4-xylobiose linkages as well as remove arabinagyups from xyleoligomers (Maiet
al., 2000) Orthologous sequences, showing conserved genomic organizafion to
ethanolicusIW200, are found iifi. italicusAb9 (Thit_0198),T. mathraniisubsp.
mathraniiA3 (Tmath_0257) and. thermohydrosulfuricug/C1 (TthwC1_1005) (also

see Fig. 6 in Hemmet al, 2011). Alternatively, anear identical, though {fierminally
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truncatedkarB ortholog,xglS wascharacterized if. brockiisubspbrockii HTD4
(Breveset al, 1997) andilso shown to havie-xylosidaseactivity. Similarly toT. brocKii
subspbrockii HTD4, thexglSorthologs inT. brockiisubspfinnii Ako-1 (Thebr_2099)
andT. pseudethanoliclBOE (Teth39_2055equences are d¢ocalized with acglT
(GH1) ortholog (Thebr_2098; Teth39_ 20%hmediatelydownstream. ThggIS
ortholog inT. wiegeliiRt8.B1 (Thewi_00009950) is separated froncd#l ortholog
(Thewi_00009970) by a hypothetical proteivhile the GH3 enzymes of
Thermoanaerobactespp.X513, X514 and X561, as well ds siderophilusSR4, do not
show conserved genomic organization to the experimentally charactesiBedr xglS
sequences

The present analyses indic#itat none of the GH3 CDS are predicted to be
secreted extracellularig in agreement with the findings far thermohydrosulfuricus
JW 102 (Maiet al, 2000) The predicted cytosolic location of this enzyme suggests that
xylo-oligosaccharides, and not just xylose, are capable of being transported into the cell.
The presece of both extracellular GH52 and cytosolic Gbi8ylosidaseorthologs in the
T. italicusAb9, T. mathraniisubspmathraniiA3 andT. thermohydrosulfuricug/C1
genomes is an interesting redundancy regarding xylandeitrin hydrolysis patterns
within these organisms, though the potential impact ¥ iveve on xylan hydrolysis and
utilization in raw substrates is unknown.

The study by Brevest al. (1997) additionally characterizedGH1 family
protein, designatecgIT, which is also predicted to be lzed intracellularly. InT.
brockii subspbrockii HTD4, cgIT is capable ohydrolyzingthe b-1,4-glucosidic

linkagesof cellodextringup to cellopentaose tested) as well asHie3- andb-1,2-
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glucosidic linkages of laminaribose and sophoresgectively, and is elmcalized with
xglS(see above)Only three sequenced straifis,brockiisubspfinnii Ako-1, T.
pseudethanolicu89E andT. wiegeliiRt8.B1 share similagenomic organizationGH1
domain containingequencesighly similar tothecglT gene inT. brockiisubsp brockii
HTD4, can be identified in all othdrhermoanaerobactestrains, but are not eocalized
with xglSand thus, may simply represagfiT homologs, rather than orthologs

The release of fermentable sugars fromdicgllulosic biomass is often
considered the rate limiting step in simultaneous saccharification and fermentation
processegPiccolo & Bezzo, 2009; Xet al, 2010; Da%t al, 2012) Enzymatic pre
treatment of biomass is a common strategy for improkgmgpcellulose saccharification
(Sun & Chen, 2002xhough the accumulation of soluble sugars generated through
hydrolysis are well known to have an inhibit@ffecton continued enzymatectivity
(Ramoset al, 1993; Xiacet al, 2004) Simutaneous inabation of enzyme cocktails
and sugar fermenting bacteria is one strategy to relieve this inhibition and continue
driving hydrolysis However, Podkaminet al (2012)have recently shown that in some
casesthe activity of freeenzymeis reduced when cubated under conditions amenable
for bacterial growth. Thus, using the hydrolytic machinery nativethtanolproducing
strains is favorable in terms of maintaining enzymatic activity and limiting costs
associated with exogenous enzyme additibne preent analysesf the
Thermoanaerobactespp.genomes has identifigdatonly T. italicusAb9, T. mathranii
subspmathraniiA3 andT. thermohydrosulfuricug/C1 possess thgotentialenzymatic
machinery needed to hydrolyze complex xylan polynaeis potentially facilitate

lignocellulose hydrolysis under CBP conditions
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4.4.4 Carbohydrate transport

The extracellular hydrolysis of insoluble carbohydrate polymers requires that the
resulting soluble saccharides be transported into the cell priermhentatior(Fig. 4.1)
Based upon genome annotatiohsermoanaerobactespp. import carbohydrates via
ABC-type transporters, phosphotransferase system (PTS) transporters and via cationic
symporters (Table 4.2). Of the three annotated systems;titransporters, are the
most abundant aBhermoanaerobactespp. contain anywhere from 1250 total genes
belonging to the ATHinding Cassette (ABC) Superfamily (TC:3.A.1) based on TCDB
designations. Only a subset of these will be involved with cadvabteyimport, and to

date, only a few of this subset have been characterized within any strain of the genus.

4.4.4.1 ABGtype transporters.

Despite the presence of annotated pahyd oligosaccharide transporters within
Thermoanaerobactegenomes (Table 4.2), few studies have investigdteability of
Thermoanaerobactestrains to import these saccharides. Working with
Thermoanaerobactestrains not analyzed here, the study by Wiegeall (1985) noted
strain specifidifferences in xyleoligomer utilization patterns and rates, yet to date, no
correlation between genome content and poiyoligosaccharide utilization has been
established for any strain within the genidifie predictian that most
Thermoanaerobacte€AZymes are intracellular alsuggests that these strains have the
innate capacity to transport complex soluble carbohydeatdiseras little evolutionary
advantage to maintain intracellular CAZymes if the saccharides upon which they act

cannot be transpted into the cell. However, experimental characterization of
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Table 4.2. Selectefitransporters associated with carbohydrate import identified

within sequencedhermoanaerobactespp.

Clade 1

Clade 2

Clade 3

T. brockiisubspfinnii Ako-1

T. ethanolicus<CCSD1

T. pseudethanolicu39E

Thermoanaerobactesp. X513

Thermoanaerobactesp. X514

Thermoanaerobactesp. X561

T. italicusAb9

T. mathraniisubspmathraniiA3

T. siderophilussSR4

T. thermohydrosulfuricug/C1

T. wiegeliiRt8.B1

Cationic symporters

2-Keto-3-Deoxygluconate
Glycoside/Pentoside/ +
Hexuronide Cation Symporter
ATP binding family
Lactose/l-arabinose -
Maltose/Maltodextrin +
Methyl-Galactoside -
Multiple Sugar (unspecified) +
Oligogalacturonide -
Putative Multiple Sugar
(unspecified)

Putative Sugar (unspecified)
Ribose

Simple Sugar (unspecified)
Xylose

PTS family

Cellobiose

Fructose

Galactitol

Galactosamine
Glucitol/Sorbitol

Mannitol

Mannose
N-Acetylglucosamine
Sucrose -

+

+ + + Lo

+ + +

+

++ 4+ + o+ 4 +

+ + +

+ + +

+

+

1 + !

+

+ + + Lo

+ + +

1 + 1

+

++ + ' 4+

+ + +

+ + +

+

+

1 +

+

+ + 4+ '+

+ + +

+ + +

+

1 + 1

+

++ + ' 4+

+ + +

+ + +

+

+ +

++ + +

+ + +

+ + +

+ + 4+ + '+ + +

+

+

+ + +

+ +

+

+ +

++ + 4+ + + + +

+

+ + +

+

+

+ + +

++ + 4+ + + + +

+

+ + +

+

+

+ + 4

+ + 4+ + + + + +

Symbols denote the presence (+) or absefa# & particular annotated transporter.
Substrate specificity is inferred based upon KO annotated specificity of the substrate
binding protein (ABC transporters) or the membrane linked EIIC components (PTS

transporters).

aTransportsystems presented are limited to complexes showihgoadization of all genes
needed to form a functional complex. Complexes lacking annotation of a single comg
are not included. Redundancy in transport systems exists, but is not identified.
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Thermoanaerobactdransport systems is needed. This is particularly true ghagrthe
mean degree of polymerization for cellulose hydrolysis products generat&d by
thermocellums four (Zhang & Lynd, 2005)and thaC. thermocellunxylan hydolysis
yields principallyxylo-oligomers(Moraget al, 1990; Hayashet al, 1999; Zverlowet
al., 2005; Izquierdet al, 2012). The ability, or lack thereof, to transppdly- and
oligosaccharides in 8hermoanaerobactestrain may signitantly impact carbohydrate
utilization in a ceculture withC. thermocellum

Xylose transport has been one of the most thoroughly investigated sugar import
mechanisrawithin the genus An ABC-typexylose binding protein was first identified
in T. psedethanolicus39E by Erbezniket al (1998%) and axylFGH operon coding for
the entire ABGtype transporteryas later determined in the same st(&rbezniket al.,
2004) However, the amino acid sequences reported do not agree with those identified in
theT. pseudethanolicU39E genome. Nevertheless, teportedpartialxylF sequence
and completeylGH sequences reported do show 99.5%, 100% and 100% sequence
identity, respectively, and similar genomic architecture, with the annotated xylose ABC
transprt system inT. italicusAb9.

In T. italicusAb9, as well ag. mathraniisubspmathraniiA3, T.
thermohydrosulfuricu8VC1 andT. wiegeliiRt8.B1, the annotated xylose transport genes
are not ceocalized with the xylose isomerase and xylulokinas$AB) operon. They
are however, ctocalized inThermoanaerobactespp. X513, X514 and X56T..
ethanolicusCCSD1 andr. siderophilusSR4 as is reported elsewhékHemmeet al,

2011) Thermoanaerobactespp. X513 X514, and X561, as well & siderophilusSR4,

all contain a secondary gene cluster with an annotated xylose binding protein located
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further downstream. Recently, Lat al (2011)report that inThermoanaerobactesp.
X514, the xylose transport genes foundawalized with thexylAB operon are induced
when grown on xylose giving support to the annotation of these genes as xylose
transporters. The response of the secondary gestercivas not discussed aitsirole in
xylose transport is not yet confirmed. The presence of &dpscific ABCGtransport
systems in some, but not allnermoanaerobactestrains (Table 4.2)as been proposed
to potentially account for increased xylose uptake and utilizatyahe strains encoding
the transportei(Hemmeet al, 2011) Assuming thigranslates throughout the genus,
only two strains]T. brockiisubspfinnii Ako-1 andT. pseudethanoliclBOE, may be
limited in xylose uptake efficiency based on their annotated genomes, asaiesly
on nonspecificmechanisms for xylose uptake

Thetransport of cellobiose and/or glucose hE®been proposed to occur via an
ABC-type transport system designatgi--cglG(xarG) with the substrate specificity
inferred based upon its proximal location to a glycobitirolase ¢gITT discussed in
Chaper 4.4.3.2howing high activity towards cellobioseThermoanaerobacter brockii
subspbrockii HTD4 (Breveset al, 1997) However, Makt al. (2000)note that inT.
ethanolicusJW200 the orthologousansporter encodingenes areco-localized with a
bifunctional xylosidas@rabinosidasexarB/xglS) and not with agIT ortholog. The gene
products may therefoitge involved with transporting xylan hydrolysis produd@nly
six ThermoanaerobactegenomesT. brockiisubspfinnii Ako-1, T. pseudethanolicus
39E,T. italicusAb9, T. mathraniisubspmathraniiA3, T. thermohydrosulfuricug/C1
andT. wiegeliiRt8.B1,contain thecglF-cglG/xarG gene cluster and in all casebpw

similar genomic organization b. ethanolicusW200.



130

4.44.2PTS-mediated transport.

Genes annotated taansport nine different substrates via PM&diated
mechanisms aréentifiedwithin the genus (Tablé.2), thoughnone ofthese gene
sequencebave been functionally characterized. Alternative to the AlB@enden
glucose uptake proposed (Chapter 4.4,4.ih et al (2011)have identified genes in
Thermoanaerobactesp. X514 which may form a glucose specific PTS complex.
Expression analysis of the gene cluster identified (Teth514 -0dt514 0414) was
specifically linked to migexponential phase growth of cells groamglucose only.
However, the KO annotation (KO:K02803/K0:K02804) suggests thagéme cluster is
specific for Nacetylglucosamine (GIcNAc) rather than glucose. The KO annotation is
further supported by the fact that the phosphotransferase specificity of the orthologous
EIICB gene inCaldanaerobactesubterraneusubsptengcongensisB4 (87.7% shared
amino acid identity witffhermoanaerobactesp. X514) has &max4-fold higher for
GIcNAc than it does for glucog®lavdaevaet al, 2011) Additionally, the studies by Ng
and Zeikug1982)on T. pseudethanolicU39E and Coolket al (1993)on T. wiegelii
Rt8.B1 have identifiethat glucose import igia nonPTSmediaedtransporters. Thus,
the genes responsible for glucose uptake inTdrgymoanaerobactestrain are not yet

confirmed.

4.4.4.3Cationic symporters.
Only two distinct carbohydrateelevant types of cationic symporters are
annotated within the genus (Table 4.2). The study by Heetrale(2011) has proposed

that N& gradientlinked transport may be a mechanism for xylose uptaRe in
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pseudethanolicu89E, which lacks an annotated xylose specific Afgfe transport
system. While the substrate binding specificity of the annotated cationic symporters is
not yet known, experimental characterization of these enzymes may shed valuable
insights intoThermoanarobacterspp. carbon transport, particularly in strains lacking

annotated carbespecific transport systems.

4.4.5Carbohydrate utilization

While cellulose is comparatively chemically homogen(iu$,4-glucose
linkages), hemicellulose fractions are cheaily and structurally diverse. Ae products
of lignocellulose hydrolysis willhereforegenerate a mixed pool of saccharides available
for utilization. While sugar composition ratios and linkages vary fnemicellulosao
hemicellulosethe principakimple saccharides of hemicellulose are xylose, arabinose,
mannose, glucose, galactose and glucuronic(&zta, 2003; Shallom & Shoham, 2003;
Moreiraetal., 2011) As the conversion of hemicellulose to ethanol plays an important
role in making lignocélilosic biofuels economically feasib{®emirba, 2005; Galbest
al., 2007) identifyinga straincapable of fermenting multiple sugars, particularly

multiple sugars simultaneously, into ethanol is essential.

4.4.5.1Utilization of hexose sugars

The potential for all sequenced strains within the genus to utilize the seven
primary constituent sugars of lignocellulose was evaludtablé 4.3, Table 8.3). All
strains contain a complete EmbeldeyerhoffParnas (EMP) pathway. Redwamty in

genome annotations for the EMP pathway were only observed for genes encoding



Table 4.3. Identification of the genomic potential for sequentédrmoanaerobactestrains to utilize the major
carbohydrate hydrolysis products of lignocellulose deafian.

Cellulose hydroylsis

132

product$ Hemicellulose hydrolysis products
Galacturonic
Glucose Cellobiose | Arabinose Galactose Mannose  Xylose acid
Clade Strain GP PR GP PR GP PR GP PR GP PR GP PR GP PR Ref
1 T. brockiisubspfinnii + o+ 4 + ) ) + o+ o+ o+ o+ 4 ) NR 1
Ako-1
T. ethanolicusCCSD1 + NR + NR - NR + NR + NR + NR - NR -
T. pseudethanoliclBOE  + + + + - - + + + + + + - NR
;gi;moanaerobactesp. + + + NR| - NR + NR + NR + ) NR
;’(gi;moanaerobactesp. + + + NR| - NR + NR + NR + + ) NR 3
;’(geesrlmoanaerobactesp. + + + NR!| - NR + NR + NR + + ) NR 3
2 T. italicusAb9 + + + + + + + + + + + + + NR 4
T. mathraniisubsp. + o+ o+ + + o+ 4 _ + o+ o+ o+ 4 NR 5
mathranii A3
3 T. siderophilusSR4 + + + + - - + NR + NR + + - NR 6
T.
thermohydrosulfuricus  + + + + - - + + + + + + + NR 7
wWC1
T. wiegeliiRt8.B1 + + + + - - + + + + + + - NR 8

Symbols and abbreviations: Symbols denote the presehoe dbsence-) of all protein coding genes needed for substr:
hydrolysisto pyruvate or whether the substrate has been reported to be used (+) or nQtindkd [jterature.GP = genes
present; PR = phenotype reported; NRBubstrate utilization has not yet been reported for a particular strain.

%Cellulosehydrolysis products have been limited to glucose and cellobiose and not higher order cellodextrins.

PReferences are as followks= Cayiket al, 1995:2 = Onyenwokeet al, 2007;3 = Rohet al, 2002;4 = Kozianowskiet al,
1997;5 = Larsenet al, 1997;6 = Slobodkinet al, 1999;7 = Chapter 28 = Cooket al,, 1996.
‘Physiological data has not yet been reported for this strain.
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glucokinase, ghopshofructokinase, fructode6-bisphosphate aldolasad
phosphoglyceromutase (Table38).

Genes for a complete EntABoudoroff pathway could not be identifigih
agreement with previous findingdemmeet al, 2011) Additionally, a 6
phosphogluconolactonase encoding gene, potentially allowing for hexose utilization
through the oxidative pentose phosphate pathway, was not identified in any of the
genomes. This pathway has been shown to bduranional inThermoamerobactersp.
X514 (Fenget al, 2009) However, genes encoding enzymes common to both the
EntnerDuodoroff and pentose phosphate pathways are identified within the genomes
These gene produatsay catalyze the conversion of specific sugars into samdsr
suitable forcatalysis vidhe EMP pathway.

All of the sequenced genomes contain a mangeResomerase responsible for
converting mannosé-P to fructoses-P and needed for mannosédiation.

Additionally, a conserved-§ene cluster needed fosroversion of galactose to gluceSe

P via the Leloipathway was identified in all of the genomes. This cluster is orthologous
to the novebal operon characterized {Dal. subterraneusubsptengcongensisB4

(Qianet al,, 2009)

The entry points intthe EMP pathway for the products of cellobiose hydrolysis
aresomewhatlifficult to predict andvould largelybe dependent on the mode of
transport into the cell (s&ghapter 4.4.% which is not yet knowim any strain
Transport via an AB&ype systenwould import cellobiose, while transport via a PTS
transporter would yield cellobiogeP. In the former situation, cellobiose could be

hydrolyzed to two glucose molecules or, if hydrolyzed using a cellobiose phosphorylase
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(Table A3.3), could yield 1 glaose + 1 glucos&-P using an inorganic phosphate for
phosphorylation. If cellobiose import is via a PTS transporter, hydrolysis would yield 1
glucose +1 glucoses-P andcould occur via any of the GH1, GH3, GH4 or GH5
enzymes identified in alfhermoanambacterstrains (Table 4.2, Table.23). To date,
only thecgIT gene characterized h brockiisubspbrockii HTD4, which has homologs
in all otherThermoanaerobactegenomeshas been shown to hafrglucosidase
(including cellobiose) activityBreves et al, 1997) Transformation from glucoseP to
glucose6-P could occur via a phosphoglucomutase (COG0637; KO:K01838) found in all
genomes.

Genes for glauronic acid metabolism ar®t universally conserved throughout
the genus. Only the Clade 2 strains, gluthermohydrosulfuricug/C1, have the
necessary genes for conversion of glucuronic acid to glycerald@yde pyruvate in
conserved fgene clusters. Multiple genes are atiaed to encode for aketo-3-
deoxyphosphogluconate (KDPG) aldolase (COG0800; KO:K01625; TIGR01182) in all
Thermoanaerobactestrains, though. This enzymehieh is common to the Entner
Doudoroff pathwayalso serves as the entry point §ducuronic a@ utilization into the
EMP pathway However, with the exception of the strains mentioned above, the
necessary genes for glucuronic acid utilization are not identified and thus the role of these

annotated KDPG aldolases is difficult to infer.

4.4.5.2Utilization of pentose sugars
The present analyseonfirmsthat in all strains, xylose is likely isomerized and

phosphorylated via xyloseomeraséxylA) and xylulosekinase(xyIB) reactiongprior to
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entering the pentose phosphate pathway, in agreemitdnprevious findinggHemmeet
al., 2011) Arabinose utilization genes seem to be limited to Clade 2 strains.TBoth
italicus Ab9 andT. mathraniisubspmathraniiA3 have a onserved 3jene cluster
(Table A3.3) annotated as-hrabinosasomerase, iribulokinase and kibulose5-P-4-
epimerase needed to converaitabinose to Exylulose5-P prior to entering the pentose
phosphate pathway.

Of the77in silico predictions for carbohydrate utilization (11 genomes x 7
carbohydrates), 45 agree with phenetypeported in the literatu(€ayolet al., 1995;
Cooket al, 1996; Kozianowsket al, 1997; Larsewet al, 1997; Slobodkiret al, 1999
Rohet al, 2002; Onyenwoket al, 2007; Chapter )rable 4.3). Thity-one of the
strainsubstrate combinations have not yet been investigated experimentally to either
confirm or refutehesepredictions and one prediction (galactose utilizatio by
mathraniisubspmathraniiA3) disagrees with reported phenotygearsenet al, 1993)

T. mathraniisubspmathraniiA3 hasorthologs to the functionally characterizgal
operon(Chapter 4.4.5)lin Cal. subterraneusubsptengcongensisB4. The
arrangement of the genes is identicaCab. subterraneusubsptengcongasisMB4 and
the annotated genes share >89% amino acid sequence similaaghtoespective
ortholog. Thereforethe reason galactose utilization was not observed by Larsen and
coworkers(1993)may be due to regulatory differencadew select mutatianaffecting
enzyme functionalitypr even an inability to transport galactpbat the exact reason is
not clear at this time.

Only Clade 2 strains have the potential to utilize all of the major lignocellulose

hydrolysis products (Tabk3). Howeve, the significance of this in CBP terms may
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vary dependent on the nature of the lignocellulosic feedstAskhe composition of
hemicellulosevaries between feedstogkhle inability to utilize substrates in low
abundance may represent acceptable Idssesy singleCBP system Alternatively,

using a strainwith diverse substrate utilizatiomgabilities affords flexibility in designing

a CBP systemindependent of the nature of the biomass feedstock, not present in strains

lacking the ability to utike specific hemicelluloseelevant saccharides.

4.4.6Pyruvate catabolism and eneproduct synthesis
4.4.6.1Pyruvate catabolism

Fermentation of the above mentioned carbohydrates tedalle formation of
pyruvate(Fig. 4.1) a key branch point imhermoanaerobacterarbohydrate metabolism.
All Thermoanaerobactestrains are reported to have branched catabolic pathways from
pyruvate, which yield both ethanol and rethanol engpbroductsin varyingratios (Table
4.4). Understandingyruvate catab@m, and identifying mechanisms to maximize
carbon flow towards ethanol, isereforean important component in making
Thermoanaerobactestrains industrially relevant.

Pyruvate decarboxylation in &lhermoanaerobactestrains forming aceéyl-CoA
+ CO: + reducing equivalentsppears tprocesd through a pyruvatéerredoxin
oxidoreductase (PORNzyme This is supported by thdentification ofgenes (Table
A.3.4) homologous to the single subunit characterized POR in thegemgdtically
relatedMoorella thermoaceticg§Furdui & Ragsdale, 2002; Piereeal., 2008). Further,

multiple investigations of Clade 1 strains have reported a significant role for Fd, as well
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Table 4.4. Reported engbroduct yields and related growth conditionsdequencedhermoanaerobactestrains grown

on glucose, xylose or cellobiose.

End poducts (mol/mol
hexose equivalent)

Culture Conditions

Clade Strain Ho CO, Ac Et La |Substrate [g/L] Type Reference
1 T. brockiisubspfinnii Ako-1 03 1.7 0.3 1.7 0.4 | Glucose 5 B (Schmidet al,, 1986
T. pseudethanolicu39E NI NQ 04 1.1 0.3 | Glucose NR B (Hemmeet al,, 201)
NI NQ 03 15 0.1 | Xylose 2 B (Hemmeet al,, 201)
05 1.7 0.1 1.4 0.2 | Glucose 10 B (BenBassakt al,, 198)
NI 1.6 0.1 1.6 0.2 | Glucose 4 B (Lovitt et al., 19829
NI NI 0.2 1.3 0.3 | Xylose 5 B (Heet al, 2009
NI NI 0.2 1.1 0.4 | Glucose 5 B (Heet al, 2009
Thermoanaerobactesp. X513 NI NI NI NQ NI | Xylose 15 B (Rohet al, 2003
Thermoanaerobactesp. X514 NI NQ 05 1.0 0.3 | Glucose NR B (Hemmeet al.,, 201)
NI NQ 03 1.6 0.1 | Xylose 2 B (Hemmeet al.,, 201)
NI NQ 03 1.3 0.2 | Glucose 2.1 B (Fenget al,, 2009°
Thermoanaerobactesp. X561 NI NI NI NQ NI | Xylose 1.5 B (Rohet al, 2003
2 T. italicusAb9 NQ NC NC NC NC |Glucose 5 B g';g%?”ows“'et al,
T. mathraniisubspmathraniiA3 1.1 2.2 0.5 1.3 0.1 | Xylose 2 B (Larsenet al., 1997
3 T. siderophilusSR4 NQ NQ NI NQ NQ | Glucose 5 B (Slobodkinet al, 1999
T. thermohydrosulfuricug/C1 06 1.2 0.7 0.6 0.3 | Cellobiose 2 B Chapter 2
T. wiegeliiRt8.B1 NI NI 05 0.9 0.2 | Glucose 8.6 B (Cook, 2000°
NI 16 05 11 O Glucose 9 P (Cooket al., 1994)¢
NI 1.8 0.5 1.3 0.1 | Xylose 7.5 P (Cooket al., 1994)¢
NI 1.7 06 1.1 ND | Cellobiose 17 P (Cooket al., 1994)¢

Abbreviations: NI = engbroduct not investigated; ND = eqmloduct investigated, but not detected; NQ =-prwHuct detected,
but not quantified; NC = engroduct quantified, but ratio not calculable due to missing substwasimption data; B = batch

culture; P = pHcontrolled batch culture.
aT. ethanolicusCCSD1 omitted as no physiological data is available

PEnd-product and substrate utilization data used for calculations approximated from graphical data.

‘Succinatgroduction reported as a minor product.

dPropionate detected on xylose grown cells (molar ratio = 0.12) and cellobiose grown cells (molar ratio = 0.06).
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as ferredoxinNAD(P)H reductase activity (Lamed & Zeikus, 1980a; Hassaketal.,

1981; Lovittet al, 1988) Fourgene clusters, annotated as the alpha, beta, gamma and
delta subunits of a musubunit POR complex are also idéetl within all strains

(Table A34). lItis difficult to predict on am silico basis which gener gene clusters
encode th@rimaryPOR responsible for pyruvate catabolism and which encode gene
products that may act on alternative katiads such as indolepyruvatek@toisovalerate

or 2ketoglutarate.

4.4.6.2Lactate synthesis

The productiorof lactate has been reported forsdbuenced
Thermoanaerobactestrainswith physiological datavailable (Table 4.4) and occuwis
the reduction of pyruvate using a lactate dehydrogemdid)(enzyme. Strains in all 3
clades have a single gene anrnedads ddh (KO:K00016; TIGR01771), though by COG
annotation (COGO0039), these same genes are designated as malate/lactate
dehydrogenases. Distinguishing betwkbnand malate dehydrogenasedh) genesn
silico can be difficult though theCDS identifiedin all genomes (Table .84), with the
exceptionof Thermoanaerobactesp. X561 §equencéruncated due to contig break),
share >86% amino acid sequence similarity with the charactédzédm
Thermoanaerobacterium saccharotytim (Shawet al, 201H). As no other obviousdh
is identified, and lactate production is reported throughout the gireugenes identified

in Table A34 are proposed to catalyZ&éermoanaerobactdactate formation.
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4.4.6.3Acetate synthesis

Strains ofThermoanaerobactare also reported to produce ace(awble 4.4)
POR mediated pyruvate catabolism will yield ac&@A, which can be converted to
acetate + 1 ATP via phosphotransacetylas® @nd acetate kinasadk gene products
In all strainsthe PTA and ACK enzymes are-taxalized within the genome (Table
A.34). Three strainsfhermoanaerobactespp. X513, X514 and X561 have additional
ackgenes annotated, though these are ndédcalized withptagenes. Working with a
nonsequenced hemoanaerobactestrain, Thermoanaerobacter thermohydrosulfuricus
DSM570, Mayetet al (1995)observed a severe reduction in acetate production and
enzyme activity irPTA  andACK™ mutants and additionally proposed that pteeand
ackgenes were ctocalized and formed an operofi.he residual acetate production
observednay be in part due to the fact that in all sequenced strains, additional gene
sequences annotated as phosphate butyryltransferases and butyrate kinase genes are also

identified(Table A3.4) and the substrate specificity of these genes is not yet known.

4.4.6.4Ethanol synthesis

Ethanol production occurs via the reduction of ac€iyA to acetaldehyde via an
acetaldehyde dehydrogenase followed by a second reduction to ethanolle@hah a
dehydrogenase. Three functionally characterized alcohol dehydrogenase (ADH) genes,
adhA, adhB andadhE, have been reported to be principally involved with ethanol
formation and a model describing the physiological roles of each gene has beeegropos
(Peiet al, 201M). TheadhA geneproductfrom T. ethanolicusdW200 is a reported Zn

binding NADPHdependent primary alcohol dehydrogend@yantet al., 1988; Holtet
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al., 2000) In comparison, thadhA geneproductfrom T. pseudethanolicu39E, which
is capable of utilizing both NADH and NADPH, showed a higher catalytic efficiency for
NADH oxidation over NADPH oxidatiofBurdette & Zeikus, 1994)Peiet al (201M)
demonstratedn vitro, that theadhB andadhE gene products fror. ethanakcusJW200
displayedbifunctional acetaldehydalcohol dehydrogenase activity despite the fact that
only theadhE gene contained two independent domains related to aldehyde
dehydrogenase and alcohol dehydrogenase families, respectively. However, when
assyed using measured intracellular concentrations of NATHR) NAD(P)H, the
adhE gene product displayed only aldehyde dehydrogenase activity (NADH dependent),
while theadhB gene strongly favored acetaldehyde reduction over aCetil reduction.

Only five Thermoanaerobactegenomes contain genes annotated as standalone
aldehyde dehydrogenases (Tabl&4), but no evidence yet exists to suggest that these
genes function as acetaldehyde dehydrogenases. Furthermore, genomic context provides
no further ingyhts into substrate specificity. As such, it is likely that the reduction of
acetytCoA to acetaldehyde viedhE is a conserved physiological process throughout the
genus. TheadhB encodinggenein T. pseudethanoliclBEis considered to be NADRH
depenént (Burdettest al, 1996) and, upon ethanol accumulation, has shown a higher
specific activity towards ethanol oxidation as opposed to ethanol formatioet @ei
201(M). Its rolein vivois not yet confirmed.

Thethree ADHencodinggenesadhA, adhB andadhE, in conjunction with a
recently described redesensing transcriptional regulatorT. ethanolicussW200(Peiet
al., 2011) have largely formed the basis for our understandirgghazinologenesis in a

few selecfThermoanaerobactestrains However, given that the sequenced
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Thermoanaerobactegenomes have annotated anywhere fredngaitative alcohol
dehydrogenases, most of which have unknown specificity, this model of ethanol
metabolism may not fully encompass all ethanol producing reactidims the cell.

The three characterizdthermoanaerobactelcohol dehydrogenase genes
belong to COG1454Class IV alcohol dehydrogenasefA, adhE) and COG1063
Threonine dehydrogenase and relateeliZ2pendent dehydrogenasadi@). Additional
sequaces belonging to each COG designation were identified, as well as sequences
belonging to COG1979Uncharacterized oxidoreductase;dependent alcohol
dehydrogenase family (Table34). To identify whether thgenomes encode potential
additional ethanigproducing alcohol dehydrogenases, we conducted phylogenetic
analysis of all gene sequences identified in COG1063, COG1454 and COG1979 (Fig.
4.3) as a means of inferring specificity.

Of the 80 gene sequencasalyzed 8 distinct clades, ahan additional 4 sub
clades were identified. Gene sequences homologadhtowere identified in Clusters
4A and 4B. Additionally, 5 genomes contained paralogous pairs within these clusters
that showed $0.3% amino acid sequence identity within each respective pair.
Microarray data from Hemmet al (2011)have shown that imhermoanaerobactesp.
X514, both genes in the paralagous pair (Teth514 D%84dster 4A; Teth514_ 0654
Cluster 4B) are expresseddditionally, in one case (Teth514 0564), expression is
dependent on growth conditions. All genomes contained sequences orthologous to the
characterizea&dhB gene (Cluster 5) as well as thehE gene (Cluster 1A). Three strains,
Thermoanaerobactespp X513, X514 and X561 contained an additioadhgene that

grouped near thadhk orthologs (Cluster 1B)The annotation of these sequenitesigh
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Fig. 4.32. Phylogenetic analysis of all annotated alcohol dehydrogenase genes within
sequencedhermoanaerobactestrains. All included sequences belong to COG1063,
COG1454 or COG1979. Tmath_0755 was excluded from analysis as the annotated
sequence appears to b€RAS fragment. Sequences in bold correspond to the GenBank
accession numbers for functionally characterized sequenced fretinanolicusgW200
(Peiet al, 201, Holt et al, 2000) Tree onstruction was as described (Chapter 4.3.4)

Bootstrapping suppt values are indicated by their respective nodes.

2 A higher resolution versioaf this Figure is accessible at:
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0059362
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suggests only alcohol dehydrogenase, and not aldehyde dehydrogenase, activity.
Surprisingly, Clusters 3A and 3B, which belong to COG1979, group more closely to
Clusters 1 and 2 (COG1454) than doess@u4 (also COG1454).

Given thenumber andliversity ofadhgenes annotated, and tleaipression
patterns of homologous genes in different strains are digkilechmeet al, 2011),
suggesting differential regulation, the currdrgenemodel (Peket al, 201®) proposed
for ethanol formation imThermoanaerobactespp.may not translate across all strains.
This is supported by the fact that the study by Herata (2011)identified varied
expression of 8 of the &hannotated sequencesTihermoanaarbactersp. X514 under
different growth conditionsHowever, giverthat multipleThermoanaerobactespp.
have been reported to grow on sugar alcofdskuset al, 1980; Coolet al 1996;
Kozianowskiet al,, 1997, Larseet al, 1997; Xuetal., 2010) it is possiblehat some of
these may have catabofimctions and are not involved wiethanolsynthesis
Understandingthanologenesis ithermoanaerobactespp.will ultimately requiremore

in depth functional and expression analysis studies acrosiplegtrains.

4.4.6.5Hydrogen synthesis

Hydrogen production, similar to lactgteoduction competes for reducing
equivalents with ethanaslynthesis to a greater or lesser extent in all strains of
ThermoanaerobactdiTable 4.4), but irdepth crosspeciesanalysis of

Thermoanaerobactdrydrogenaselas yet to be conducted.



Table 4.5. Annotated hydrogenase encoding géméthin sequencedhermoanaerobactespp.

Ni-Fe
FeFe hydrogenases hydrogenase
Clade Bifurcating’ Fd-linked PASsensory | Ech
1 T. brockiisubspfinnii Ako-1 14911495 1498 0227
T. ethanolicusCCSD1 0391- 0395 0398 1595
T. pseudethanolicu39E 1456 1460 1463 0221
Thermoanaerobactesp. X513 0793 0797 0790 2270
Thermoanaerobactesp. X514 2138 2142 2145 0655
Thermoanaerobactesp. X561 0433 0437 0440 0685
2 T. italicusAb9 0826 0830 0823 2175 1612 1617
T. mathraniisubspmathraniiA3 0865 0869 0862 2092 1603 1608
1048
3 T. siderophilusSR4 1833 1837 1830 1402 1407
T. thermohydrosulfuricug/C1 1780 1784 1787 1092 1097
T. wiegeliiRt8.B1 00017870 00017850 00028620 00009046
00017920 00009090
00028740 00005270

20Only numerical suffixes of locus tags are provid€arresponding prefixes for eastrain are identified in Table

A.3.1.

bBifurcating activity proposed based on orthology to identified sequences (Schut & Adams, 2009). See Chap

4.4.6.5.1 for details.

144
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4.4.6.5.1 Fe-Fe) hydrogenases

Gene sequences homologous to the cytosolic NABpendent Fenly enzyme
characterized ilCal. subterraneusubspiengcongensidB4 (Sobohet al, 2004) are
conserved in all strains tie Thermoanaerobactegenus (Tabld.5). Sequence analysis
of the hydrogenaseonserved domairgiggests thahese hydrogenases are most similar
to the heterotrimeric Al group exhibiting a TR(M3) modular structure described by
Calusinskeet al (2010) These gene products are thought to be MiPendent due to
the presence of NADHInding domains in the accessory subunits. HoweveZain
subterraneusubsptengcongensidiB4, these same genes, as well as the ortholo@s in
pseudethanolicu89E have recently been proposed to function as piatdmfurcating
(Fe-Fe) hydrogenases (Schut & Adams, 2009), whkimiple the thermodynamically
unfavourable oxidation of NADH to +production through utilization of the exergonic
oxidation of Fekg.

Upstream othe genes in the Al grouping in @lhernbanaerobactestrains isa
histidine kinase proteias well as another putative hydrogenase geheh shows
similar domain architecture to group D hydrogenasdss is consistent with the
genomic organization described for bifurcating hydrogen@3alasinskaet al, 2010),
which is also observed i@al. subterraneusubsptengcongensisiB4 (Sobohet al,
2004).

PAS-domain (pfam00989) containing sensory hydrogenaseasoeonserved
throughout the genus with the exceptiomokiderophilusSR4andT.
thermohydrosulfuricu8VC1 (Table4.5). Sensory hydrogenases have been reported to be

linked with histidine kinase based signal transduction mechanisms and could play a role
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in regulating cellular redox leve(3aylor etal., 1999;Calusinskeet al., 2010). T.
wiegeliiRt8.B1 andl. mathraniisubspmathraniiA3 both contain additiongFe-Fe)-
hydrogenases showing modular structures similar to the B1 or B3 monomeric

hydrogenases described by Calusinskal (2010)

4.4.6.5.2 Ni-Fe) hydrogenases

(Ni-Fe) hydrogenase encoding genes can be identified for stra@isade 2 and
Clade 3, but nan Clade 1 (Table 4.5)Clade 2 and 8trainsboth have the conserved 6
gene cluster coding for a membram@und,cation transporting Fdonsumingerergy
congrving hydrogenasg=ch) directly followed by the-§enehypABFCDEgene cluster
responsible for assembly of tfii-Fe) center. Fdqgenerated vi®ORin pyruvate
catabolisms thought to provid the electrons needed tds evolution using the Ech

Fd-dependence has been shown for the orthologous gene sequddaes in
subterraneusubsptengcongensidB4 (Sobohet al, 2004) Furthermore, cell extracts
of Cal. subterraneusubsptengcongensisiB4 were shown to favour f=evolution over
H>-consumptiorandEchwas additionally proposedtoplayao |l e i n fApr ot on r ¢
(Sobohet al, 2004). However, the physiological role aftEhas not been determined for
anyClostridiaand the exact nature of the exported catiohdiHNa") has not yet been
determined.lt is interesting to note that the absence of Ech encoding homologs (Table
4.5) inT. pseudethanolicuBOE (Clade 1) correlates with the lowest reported moar H
yield (and highest molar ethanol yield) of strains with datalable(Table 4.4).This is
perhaps indicative of an important physiological role for Ech in Clade 2 and/or Clade 3

strains. Apart from &h, no othe(Ni-Fe) hydrogenases wergentified
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4.4.7Energy metabolism

Energy metabolism is interconnectedwaiarbon and electron flux and governs
many of the physiological processes involved with lignocellulosic ethanol production
(Fig. 4.1). The principal forms of metabolic energy in bacteria include ion motive force,
ATP and/or in some cases, pyrophospl{etfei). Understanding intestrain differences
in energy metabolism may help provide insight into the mechanisms governing observed

physiological differences (Table 4.4).

4.4.7.1Transmembrane ion gradient generating/consuming reactions

Transmembrane ion gradients can be used to drive endergonic reactions such as
solute transpoyincluding carbohydrate transport (Fig. 4.1, Table 48y ATP
synthesis. The mechanisms of balancing ion motive force with the other energy
currencies are muly characterized imhermoanaerobactespp., buthe presenin silico
analysis indicates that the potential energy conserving mechanisms within the genus
show significanintra-cladeconservation (Fig. 4.4).

Strains of Clade 3 contam13gene cluster (Figuré.4) similar in genomic
structure to thenbxgenes oPyrococcus furiosusThese gene products gn®posed to
encodea complex with Fd¢ NAD(P)" oxidoreductase activit{Schutet al.,, 2007), with
energy released via tloxidation of Fekg being conserved through thr@nslocation of a
cation InP. furiosusthembxgene cluster haseen proposed to play a role in the
reduction of elemental sulfiawvhere it transfers electrons from&do NAD(P)H, which

is subsequentlgxidized via a NAD(P)H elemental sulfakidoreductaséSchutet al,
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Fig. 4.4. Transmembrane ion gradient generating and consuming reactions involvadteiithoanaerobacterellular
energetics.With the exception of theatAB complex (Table A3.5),all enzymecomplexes show intrelade conservation.
Cation specificity is not inferred unless spagfly discussed within Chapter Pashed lines associated withpA andnhaC

antiporters indicate a countdirectional flow of Na ions in relation tdd™.
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2007). However, the role in sulfur metabolidor P. furiosushas been inferred based
upon microarray data inckting increased gene expressabthembxgene cluster in
response to the addition of elemental sulfur to the growthumedAssuming the
proposed FANAD(P)" oxidoreductase activity afibxis also observed in the Clade 3
strains there isno evidence yehat suggests it is connected with gulfeduction in these
Thermoanaerobactestrains.

Clade 1 strains contain apparent remnants ofninegenecluster (Table A3.5)
asnot all 13genes could be identified. Five genes,mii®@MJKLN cluster, are not found
immediately following orthologsfahe mMb>ABCDFGHHO6 g e n e isdbsesvéd@nr a s
Clade 3.Clade 1 strains dthereforenot appear to contain the genes necessary for a
functionalMBX complex. No orthologs were identified in the Clade 2 strains.

A functionally analogous FANAD(P)* oxidoreductase system, the ion
translocating Rn{NFO) complex, is present in all CladL and Clade 2 strains (Fig. 4.4
TableA.35). The genomic organization is identical to what is reported for
Acetobacterium woodand multiplesubunits of thd. pseudethanolicU39E complex
have beemeportedio be genetically similar to the partially characterized protein complex
in Ac. woodii (Biegelet al, 2009; Biegekt al, 2011). InAc. woodii the complexs
thought to translocate Né#ons, yet defirtive proof has not yet been determined.

Na’ energetics may play a prominent role in multipleermoanaerobacter
strains. Of the five classes of recognized primaryNenps(Mulkidjanianet al, 2008)
four of the classes are abged within the genus @ble A35). One class, comprised of
Na'-translocating decarboxylation reactions, is limited to strains belonging to Clade 1.

Hemmeet al (2011)identify both a methylmalonyCoA decarboxylase and an
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oxaloacetate decarboxylase in the genomds psedethanolicus89E and
Thermoanaerobactesp. X514. Howevethe presenanalysis is unable to find locus
tags supportive ci membraneassociated oxaloacetate decarboxytasaplex.

Annotationof the methylmalonylCoA decarboxylase ending genes (Fig..4,

Table A35) is supported by the presence of genes annotated to encode methylmalonyl
CoA mutase and methylmalorgoA epimerase immediately adjacent to the
methylmalonydCoA decarboxylase annotated gene sequences in all Clade 1 genomes. In
all sequened Thermoanaerobactestrains, genes annotated as oxaloacetate

decarboxylase subusifU,  ban beddgntified, though they are nevefl@alized into

a single gene cluster, as is observed with diihestridia (van de Werkert al, 2008).
Thereforea functionalmembrane associatedaloacetate decarboxylase comphesy

notexist in any of th@ hermoanaerobactestrains.

Genes homologous to tinatAB genes described Bacillus subtilis(Chenget al,
1997)are identified in mliple Thermoanaerobactestrains, but do not showtraclade
conservation (Table 85). A third primary Napumpincludes the Rnf complexThe
fourth and final class of potential Naumps identified inThermoanaerobacteare the
V-type inorganic pyrphosphatasgdable A35). All V-type pyrophosphatases
identified in Clades 1 and 2 appear to be orthologous to each other. Genes in Clade 3
though, are significantly different than thetype pyrophosphatases identified in Clades
1 and 2. Key residueas determined by Luot al.(2011) were identified for all
annotated/-type pyrophosphataggnes via sequence alignments. The sequences

present in Clades 1 and 2 share key residues identical to reportiepp&nhdent, Na
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exporting \ftype pyrophosphtases, while Clade 3 sequences share identical residues
with K*-independent, Hexportingversions (Table 48.6).

Given that the cation specificity for any of the above mentionedramslocating
processes discussed have not yet been determined espiaiig;nfor any
Thermoanaerobactestrain, it is impossible to predittieir role Cook(2000)reports
inhibited growth byT. wiegeliiRt8.B1 in the presence of the Nanophore monensin,
suggestinghe importancef maintaininga transmembrane Ngradientfor cell viability.
However, genomic analysis identifies that ‘anibtive force is also expectedTn
wiegeliiRt8.B1 (eg. via aV-type pyrophosphataseRoth gradients may exisaind
cellular demands are balanced by the use"tfl&i antiporers. Cation exchange
antiporters, showing homology to the Nhi@hily, can be identifieéh all strains except
Clade 2 (Figurd.4). Clade 1 also contains genes homologous to NapA type antiporters.
Surprisingly, analysis of the annotated transport syster Clade 2 strains does not
reveal any cation exchangers. Therefar€lade 2strains generate both'tdnd Nd ion-

motive forces, it is uncledrow they balance these forces

4.4.7.2ATP and pyrophosphate (PPi) as energy currencies

Synthesis DATP as an energy currency, which is closely linked with
carbohydrate and pyruvate metabolism (Fig. 4.1), can occur via glycolysis and through
the production of acetate via acetate kinasdlimhermoanaerobactestrains.
According to its annotatiomyoth Clade 1 and Clade 3 genomes also encode an ATP
linked (in contrast to GTHnked) PEP carboxykinase based on the enzyme commission

number assigned to the annotated sequences (EC: 4.1.1.49) (Aich & Delbaere, 2007)
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This bidirectional enzyme could eghcarboxylate PEP giding 1 ATP + oxaloacetate or
decarboxylate oxaloacetate at the expense of. Allife flux models for .
pseudethanolicu89E andThermoanaerobactesp. X514 (Hemmet al, 2011) suggest
that, in these two strains, oxaloacetate decarboxylation occurs, but it is unknown if this
translates universally throughout the genus

ATP synthesis via ATP synthase genes can occur through two distinct means
within Thermoanaerobactespp. StrainsfoClade 1 contain a-§ene cluster designated
asan A/V-type ATP synthase (Fig. 4.3, Table®5), while Clade 3 strains contain the
FoF1-ATP synthase in a conservedy8ne cluster. Strains of Clade 2 contain both the
AV -type and the #1-ATP synthase genclusters in identical genomic organization as
Clade 1 or Clade 3, respectively.

PPi as an alternative energy cart@ATP has been observed during exponential
phase for the phylogenetically related straiorellathermoacetic{Heinonen &
Drake, 198) andCaldicellulosiruptorsaccharolyticuSM 8903(Bielenet al, 2010)
Many of the key genomic elements to potentigkyerate andtilize PPi as a central
energy carrier arsimilarly identified within allThermoanaerobactespp. Pyruvate
kinasewhich is identified in allThermoanaerobactestrains, igypically considered to
be responsible for the conversion of phosphoenolpyruvate to pyruvate. However, two
distinct pyruvate phosphate dikinase (PPDK) genes-f8g&nd877 amino acids) are
alsouniversally consemd throughout the genus (Tabldy. The longer of these genes
shows >77.7% amino acid identity with the annotated PPDK gene (Csac_195%)drom
saccharolyticuDSM 8903 whose genome also encodes a pyruvate kifvasede

Werkenet al, 2008) In Ca. saccharolyticu®SM 8903, the PPDK has been proposed to
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function in a catabolic role during exponential growth whereby the conversion of PEP to
pyruvate is coupled to the conviers of AMP + PPito ATP + Pi (Bieleat al, 2010)

Its presence inThermoanaerobactespp. suggests that PPi may also play a role in
cellularenergetics.

Additiondly, sequencealignments (Fig. A3.3) of theannotated 6
phosphofructokinase (PFK) genes (Teahl3.7) identifies that Clade 1 and Clade 3
strainspossess one copy of PFK that contains the conservedsAspys:24 residues
(Escherichia colnumbering) associatetith PP+dependence (Baptesteal.,, 2003)and
also found inCa. saccharolyticu®SM 8903(Bielenet al, 2010) Energy may
additionallybe conserved as an iomotive force through the use of a membrane linked
cationttranslocating Mtype pyrophosphatase (Chapter 4.4.7 Strains reported to use
PPi as an energy currency during exponential growth are expected to have relatively high
intracellular PPI/ATP ratios and low cytosolic PPiase activity. While, the intracellular
ATP concentrations of exponentibl wiegeliiRt8.B1 cellg(Cooket al,, 2000)are
reportedly higher than those observedQ@ar saccharolyticu®SM 8903 (Bieleret al.,

2010), PPi levels and PPiase activity has not yet been investigated for any strain of the

Thermoanaerobactegenus.

4.5Conclusions

The analyss presented heteveidentified inter-strain differences at the genomic
level within theThermoanaerobactegenus that may account for differences in the
industrial application of these bacteimaa CBP systemBased on genome content,

Clade 2 strains seem most well suited to biomass hydrolysis and utilization, though these
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strainshave notyet been reported to have as high of ethanol yields as some Clade 1
strains do (Table 4.4)Conversely, despite the ethanologenic capabilities of Clade 1
strains, their genomes encode the fewest extracellular CAZymes of all strains within the
genus(Table4.1), which maypotentially limit their hydrolytic capabilities. The genomes
of Clade 3 strains show intermediate hydrolytic and substrate utilization capabilities, but
also represent the most divergent lineage of the gé&ingis4.2)and may have yet
unexamined potential.

The use oh specific strain for development of a universal approach to
lignocellulosicethanolproduction may represent an idealistic concept. Rather, strain
selection may be specifto a single CBP systeand dependent on the natwf the
feedstock. Efficient conversion of arabinose to ethanol is of little value for bioenergy
feedstocks such as eucalyptus, which costeamparatively low amounts ofalinan
(0.3%), in contrast to switchgrass (3.0Garroll & Somerville, 2009) Alternatively,
extracellular xylan hydrolysis may not be an essential component in the microbial
conversion of feedstoclssich as softwoods, which havéw xylan and high
glucomannan hemicellulose contéBregg & Saddler, 1996; Saha, 2003his is
paticularly true given that no extracellular glucomannanases were identified in any strain
of ThermoanaerobactgTable 4.1).

Developmenbdf biocatalysts with desired physiological characteristics using a
strainwith diverse, rather than specialized capebs may be advantageoisr
constructing a robust and dynamic CBP systé&ior. example, the construction of a
singlemutant ¢ddh) in T. mathraniiBG1, a platform organism of BioGasol

(http://www.biogasol.comMikkelsen & Ahring, 2007)has shown to iprove ethanol



155

yields and still maintain substrate utilization capabilities simildr. tmathraniisubsp.

mathraniiA3 (Clade 2) Alternatively, strategies that broaden the capabilities of a

relatively specialized strain have also shown to be succedsfelcloning and

expression of a functional endoglucanase Titermoanaerobactesp. X514 (Linet al.,

2010), a comparatively good ethanol produc
capabilities.

The purpose of this chapter was to evaluate genomic differences within members
of theThermoanaerobactegenus, which may influence strain suitability in a CBP co
culture system. Also, correlating genome content with the reported physiologies is a first
step to help shape molecular engineering strategies for strain improvement. It is
important to considethoughthat the analysis presented here is of the genomic potential
of sequence@hermoanaerobactestrains and is not of the observed phenotypésture
experimentssuch as expression profiling studies and enzymatic characterization, which
can supplement thgatapresented herayill help to improve our understanding thie
extentthatthe genomic potential is realized within these stratfrgperimens targeted
towards improving the hydrolysis of raw lignocellulosic biomass, understanding carbon
transport and simultaneous utilization of mgraigo-, and polysaccharides, evaluating
the genomic and regulatory basis for the observed differences-pretdct synthesis
ratios and improving the correlation between energy metabolism aratethact yields
will all help developThermoanaerobactespp. into more efficient CBP microorganisms.

This study iSocused orcomponents associated with lignocelluddsiofuel
production and does not investigate the genomics associated with other phenotypes

reported within the genus such as peptide and amino acid oxidasiodqnet al, 1995,
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metalreduction Globokinet al, 1997; Rolet al, 2002; Gavrilowet al, 2003 or sulfur
reduction [Leeet al, 1993. The potential impact that these phenotypes may have on
biofuel production is not yet known. For example, vitamiplBosynthesis, associated

with co-factor metabolism, has recently been shown to playn@eitant role in

improving observed ethanol yieldd€et al, 2011; Hemmet al, 201 in select
Thermoanaerobactestrains. Therefore, we cannot discount the possibility that additional
components of cellular physiology may similarly influence the logtlalosic ethanol
production capabilities of these strains. However, this work does identify key genomic
criteria pertinent to strain evaluation for the development@ftaermocellum
Thermoanaerobactesp. coculture and represents the most comprelkersomparative
genomic analysis of the genus to date. Furtbeemrcomparative genomic analgssich

as thee can be useful in identifying important physiological questions to address through
experimentation not only farhermoanaerobactespp., but alsan other organisms of

interest for lignocellulosic ethanol production through CBP.
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Chapter 5. Metabolic and labelfree quantitative proteomic analysis of
Thermoanaerobacter thermohydrosulfuricdd/C1 on single and mixed

substrates®

5.1 Abstract

Thermoanaerbacterspp. have long been considedtableClostridium
thermocellunto-culture partners for improving lignocellulosic biofuel production
through consolidated bioprocessing. Despite this, studies using global expression
strategies to better understazatbon utilization and biofuel producing pathways have
been limited to only a few strains thus fam better characterize tlogerall physiology
and refine carbon utilization pathwagka recently isolated, xylanolytic
Thermoanaerobactestrain, Thermoamaerobacter thermohydrosulfuricM§C1, labet
free quantitative proteomic analysis wasntined with metabolic profiling SWATH
MS! proteomic analysis quantified 832 proteins in each of six proteomes generated from
mid-exponential phase cells grown xylose, cellobiose, or a mixture of both. Despite
encoding genes consistent with a carbon catabolite represtioark observed in other
Grampositive organisms, simultaneous consumption of both substrates was observed.
Lactate was the major esatoduct of fermentation observed across all conditions despite
the high expression of gene products involved with ethanol and/or acetate synthesis,

suggesting carbon flux in this strain may be subject to metalbaiged (allosteric)

1 A modified version of this chapter has been submitted for publication. Contributing adtbdyske

TJ, Spicer V, Krokhin OV, Zhang X, Schellenkerg JJ, Fristensky B, Wilkins JA, Levin DB, Sparling

R.

14 SWATH-MS is a data independent acquisition method used in proteomics whereby all peptide parent
ions are archived in sequentially cycled blocksswaths allowing for retrospective extraction of
peptide/protein intensities based on previously observed or computationally derived transitions (see Gillet
et al, 2012).
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regulation or is constra@a by metabolic bottlenecks. The analyses presented here
improve our understanding ®f thermohydrosulfuricug/C1 metabolism and identify
important physiological limitations to be addressed in its development as a

biotechnologically relevant strain inh@inologenic designer aaultures.

5.2 Introduction

The useof designer ceculturesis an increasingly investigated strategy for
achieving improved biofuel yields and conversion efficiencies tfrgnocellulosic
biomass throughonsolidated biopcessing (CBP{He et al, 2011; Kridelbauglet al,
2013; Zuroffet al, 2013. In a CBP platform, which involves concomitant enzyme
production, biomass hydrolysis and biofpebduction(Lynd et al, 2003, an ideal
consortium would achieve: i) effiad and complete biomass hydrolysis; ii)
simultaneous, rather thaequential, utilization afellulose and hemicellulose constituent
saccharides; and iii) industrially relevant biofuel yields. The selection of microorganisms
is therefore an important compent in achieving a successful designer consortium.

The extensig suite of lignocellulose degrading enzymes encodeddwstridium
thermocellumhasmade itanattractve candidatdor CBP platformgZhang & Lynd,
2005; Ramanet al, 2009 Rydzaket al, 2013. Howevae, its inability to grow and
produce biofuels from hemicellulose constituent saccharides, most notably peNpses (
et al, 1977; Demairet al, 2009, has ofterprovided a rationaléor the identificationand
investigdion of suitable ceculture partners. BwiousC. thermocellunco-cultureswith

bacteria possessing more diverse substrate utilization capabilities have resulted in
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improvedrates ofbiomass degradation and biofuel yield (etual, 2008; Heet al,,
2011;Hemmeet al, 2011 Kridelbaughet al, 2013).

In such cecultures, the hydrolysis of lignocellulosic biomass would generate a
pool of mixed sugars available for fermentation. While the constitueciiloare
members may have the potential to utilize many of the hydsgbyseducts, distinct
preferences for certain carbon sources, at the exclusion of others, may exist. This
preferential utilization by many bacteria, known as carbon catabolite repression (CCR),
has been well documentedRirmicutes(Bruckner & Titgemeyer, 2002; Deutscher,
2008, including strains of interest for lignocellulosic biofuel production such as
Clostridium cellulolyticun{Abdouet al, 2008) and’hermoanaerobacterium
saccharolyticun{Tsakraklideset al, 2012). Additionally, strainsfahe genus
Thermoanaerobactdrave been shown to exhibit CCR under some mixed sugar
conditions (Hyuret al, 1985; Jonest al., 20023, while showing no evidence of CCR
under other conditiongE(bezniket al, 1998a; Jonest al, 2002b; Linet al., 2011).

Thermoanaerobacter thermohydrosulfurid¥€1, an isolate from woodchip
compost, has recently beeharacterized (Chapter 2). Phylogenetic (Chapter 3) and
genomic analyses (Chapter 4) of #tmin have shown that it belongs to a divergent and
lesser characterized lineage (Clade 3) of Theermoanaerobactegenus. Its ability to
hydrolyze and grow on xylamhich distinguishe3. thermohydrosulfuricug/C1 from
many otheilhermoanaerobactestrairs (Chapter 4, Appendix A.5goupled with its
ability to utilize most hemicellulose constituent saccharides, suggedt.that
thermohydrosulfuricu8VC1 may be an effectiv€. thermocellunco-culture partner.

However, the simultaneous utilization of lignocellulose constitutive saccharides such as
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cellobiose from cellulose hydrolysis) and xylose (from xylan or hemicellulose
hydrolysis) by this organism is not yet understood. Additionally, molar ethanol yields of
T. thermohydrosulfuricug/C1 in comparison to othdihermoanaerobactespp. is
comparativelyjow (Chapter 4 Table 4.4)ultimately reducing its industrial relevance.
Identifying approaches to address these limitations is hampered by a lack of
understanding of . thermohydrosulfuricug/C1 physiology.

To date, only a few studies have investigatbdrmoanaerobactgrhysiology
and gene expression profiles at a gldbaél (Hemmeet al, 2011; Linet al, 201J, and
these studies have focused on strains belonging to a lineage distingt from
thermohydrosulfuricu8VC1. As such, metabolic and quantitative proteomic analyses
were conducted to achieve two major objectives.

First, C. thermocellunmediated hydrolysis of cellulose is reported to yield
primarily higher order cellodextrins with little concomitant gluc{@eang & Lynd,
2005. AsT. thermohydrosulfuricug/C1 encodes two distinct annotated cellobiose
specific phosphotransferase systé&i$) type transporters, and a connection between
PTSmediated sugar transport and CCR is well establishEdnmcutes(Brickner &
Titgemeyer, 2002; Warner & Lolkema, 2Q08e ability forT. thermohydrosulfuricus
WCL1 to simultaneously use cellobiose aytbse two important lignocellulose
constituent saccharidesas investigated. Secondfyoteomic analysesas performed
under single and multiple substrate conditions as a means of better characterizing carbon
flux in T. thermohydrosulfuricug/C1 thraigh correlation of theroteomewith the

observed physiology.
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5. 3 Materials and methods
5.3.1 Bacteriaand culture conditions

Independent glycerol stocks ©f thermohydrosulfuricug/C1 were revived for
each experimental replicate performed in #tigly. Cultures were grown at%Din
ATCC 1191 medium as previoughescribed (Chapter 2.3.@jth the following
exceptions: i) the concentration of yeast extract was reduced from 2 g/L to 0.67 g/L to
reduce the potential for growth on yeast extract components and ii) gaksyagsing
butyl rubber stoppered bottles to make the medium anoxicshergened to three cycles
(2 min gassing3 min degassing) with a final gas cycle of 100% nitrogen (Daeteds,
1986). Anoxic, filtersterilized sugar solutions were added to the medium post
autoclaving so that medium contained (final concentratidmg). xylose, 5 g/L
cellobiose or 5 g/kkylose plus 5 g/L cellobiose (sugar mix). An equal volume of anoxic,
filter sterilized water was used for the no substrate conditibnthermohydrosulfuricus
WC1 has since been deposited in the Deutsche Samnunglikroorganismen und

Zellkulturen culture collection as DSM 26960.

5.3.2 Genome analysis
Analysis of theT. thermohydrosulfuricug/C1 annotated genome was performed
as previouslyescribed (Chapter 4.3.3) usingth®@ i nt Genomegrdtedst i t ut e
Mi crobi al GeRewew¢IMGER)orlipectaolt(Markowitzt al, 2009). The
genome is publicly available in GenBank under accession nuiNy¥G 00000000
An ad hocperl script was developed to identify putative catabolite responsive

elenments ¢re) in theT. thermohydrosulfuricug/C1 genome using the reported
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degenerate consensus sequences Baaillus subtilis(Miwa et al.,, 2000),Lactobacillus

casei(Monedercet al, 1997) ancClostridium difficile(Antuneset al, 2012) as queries.

5.3.3 Growth and metabolic analyses
5.3.3.1 Growth

Revivedglycerol stocks were serially passaged three times’& 60 5 g/L
xylose every 24 hours prior to inoculating (10% vol/vol) 10 ml tubes containing 5 g/L
xylose, 5 g/L cellobiose, 5 g/L xyloseus! 5 g/L cellobiose or no substrate. The optical
density (ORog) of inoculated cultures was routinely measured until an increasedsy OD
was no longeobserved. Reported doubling timeee averages of three independent

experiments with each experiment containing three biological replicates.

5.3.3.2 Metabolic analyses

Ten ml cultures, prepared as described, were grown to target optical densities
based on the growth profiles observéar all conditions (excluding the no substrate
control) three tubes per experiment were harvested immediately after inoculation (T=0)
or upon reaching a target @oof 0.10, 0.20, 0.40, 0.70, 0.80 or 0.85. Cultures were
then analyzed for erproduct ad protein/biomass synthesis as well as residual sugar
concentrations.

Gas analysis (iHand CQ) was conducted by injecting triplicate 1 ml samples per
tube into a Varian 490 Micr@&C gas chromatograph (Agilent Technologies, CA) using
nitrogen as a carmeyas. Gas solubility was accounted for in determining concentrations

by measuring barometric pressure, tube pressure and temperature as describedt(Sander
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al., 1999). Additionally, the bicarbonate fraction was determined as part of the tetal CO
calcdation (Darrett & Grisham, 1995). Acetate, lactate, xylose and cellobiose
concentrations were determined via hjggrformance liquid chromatography (Waters

Corp., Milford, MA) equipped with a refractive index detector (Model 2414) and an ion
exclusion caimn (Aminex HPX87H; Bio-Rad Laboratories, CA) using sulfuric acid (5

mM) at a flow rate of 0.6 ml/min as the mobile phase. Ethanol and protein measurement

assays were performed @asscribed (Chapter 2.3.8).

5.3.4 Proteomic analyses
5.3.4.1 Growth

Cultures (10 ml) were prepared and grown on xylose, cellobiose, or xylose plus
cellobiose from two independent, glycerol stock cultureb. ehermohydrosulfuricus
WCL1 (designated as Culture A or Culture B). Upon reaching a targst 6f®.40,
represenhg mid-exponential phase, cultures were centrifuged at £, 4for 10 min
and the resulting pellet washed three ti me
NaCl, 0.2 g/l KCI, 1.44 g/l N&dPQy, 0.24 g/l KHPQy, pH = 7.4). Cell pellets derived
from the same inoculum (Culture A or Culture B) and grown under the same conditions
were combined (18 10 ml culture) and treated as a single sample. Thus, six samples (3
conditions® 2 glycerol stock cultures) were used for proteomic analysis. Samples were

frozen at-80°C until protein extraction could be performed.
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5.3.4.2 Protein extraction

A modified version of the filter aided sample preparation (FASP) protocol
(Wilniewskiet al, 2009) was used for protein extraction. Cell pellets wesespended
in 1 ml lysis buffer (4%Wt/vol) sodium dodecyl sulfate, 100 mM T4#4Cl, 0.1 M
dithiothreitol, pH 7.6) and heated at’@5for 5 minutes. The samples were continuously
sonicated at an output of 3.5 for two minutes using a Branson SonifiéBrsson
Ultrasonics Corporation, Danbury, CT) and subsequently centrifuged at 26¢J00 20
min. The resulting supernatant was transferred to an Amicon18ti®K filter device
(Millipore, Billerica, MA) and washed three times in 12 ml urea solution (8M urea in 0.1
M Tris-HCI, pH 8.5). Each wash step was centrifuged at £09€br at least 10 minutes
until the final volume remaining in the filter tube was less than 1 ml. Two ml of
iodoacetamide solution (50 mM iodoacetamide in urea solution) was added to the filter
device and incubated at room temperature in the dark for 20 miar d&ntrifugation,
the filter membrane was washed twice more with an additional 12 ml of urea solution. A
50 ¢l aliquot was taken from the filter
(Pierce Chemical Co., Rockford, IL) to estimate the totatein content of the sample.
The filter membrane was washed twice with 12 ml of 50 mM ammonium bicarbonate in
water and the remaining protein was trypsin digested for 18 hours at room temperature
(trypsin to piLo0egg) r ait\abteawsfeiret to @ mpw u
collection tube, spun at 4,080y for 10 min and the filtrate retained for downstream
analysis. The membrane was washed with 1 ml of 0.5 M NaCl and the resulting filtrate

combined with the corresponding previous filtrate stwled at80°C.



166

5.3.4.3 Peptide purification and mass spectrometry (MS) analysis

Peptide concentrations in the combined filtrate were measured using a Nanodrop
(Nanodrop Technologies, Wilmington, DE). Acidified aliquots of combined filtrate
containng ~150ny of the digest were purified by loading onto & 100 mm C18
column (5mm Luna C182); Phenomenex, Torrance, CAndeluted using 80%
acetonitrile (vol/vol). Purified aliquots were lyophilized anedigsolved in buffer A
(0.1% formic acid irwater) for subsequent l-8IS analysis.

A splitless nandlow 2D LC Ultra system (Eksigent, Dublin, CA) with b
sample injection via a 30@m 3 5 mm PepMap100 trapolumn Thermo Fisher
Scientifig Rockford, IL)and a 100mm 2 200 mm analytical column p&ed with 5mm
Luna C18(2)were used for all LC separations. Both eluents A (water) and B
(acetonitrile) contained 0.1% formic acid as thepairing modifier. Tryptic digests
were separated using a 0.33% gradient-886% acetonitrile over 107 minutes)
corresponding to 2 hours of EKIS instrument time. Quantities of In@ and 0.51g of
theT. thermohydrosulfuricu8VC1 digest were used for injection into IDA (information
dependent acquisition) and SWATMS (Gillet et al, 2012) analyses, respectively.
Aside from the differences in the amount of injected digest, the identical chromatography
settings on the same mass spectrometer permitted the direct utilization-baHe4A
identification daa to drive the subsequent SWATMSS analyses.

A TripleTOF5600mass spectrometer (Applied Biosystems, Foster City, CA) was
used for both IDA acquisitioand SWATHMS analyses. Each scan in the standard
MS/MS IDA included a 250 ms survey of MS spectra (m/z38800) and up to 20

MS/MS measurements on the most intgmesent ions (300 counts/sec threshold; +2
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charge state, m/z 11600 mass range for MS/MS, 100 ms each). Previously targeted
parent ions were excluded from repetitive MS/MS acquisition for 12 sec (50 mDa mass
tolerance). Raw spectra files were certed into Mascot Generic File (MGF) format for
peptide/protein identification. Each cyaeSWATH-MS acquisition mode consisted of

a 250 ms survey MS spectra followed by 34 MS/MS spectra in 25 Da wide parent blocks

(100 ms each) giving a total of 3.6&cends per cycle.

5.3.4.4 Data processing and analyses

Peptides were identified from the observed MS/MS spectra usingrenuge
GPU peptide search engine (McQuetal, 2012) from a single missed cleavage tryptic
database derived from tfie thermtydrosulfuricusANVC1 genome annotation with only
the fixed postranslational modification of the carbamidomethlyation of cysteine
residues (+57.021 Da) applied. The GPU search engine settings were 20 ppm on parent
mass ions and a 0.2 Da window on fragmens respectively and peptides with
expectation log(e}1 were reported. Each identified peptide in the six IDA runs was
aligned against its corresponding collisiomluced dissociation fragment spectra to form
a fragment ion library with each hypotleat transition (b or y ions for M/Z where Z =
+1, Z = +2) computed from the peptide sequence and integrated over a 20 ppm window
of the target spectrum. A strategy was then devised to combine these six libraries into a
single reference database, whichildopotentially allow for peptides observed in only a
single IDA run to be detected the potentially deeper SWATMIS analysis.

For each fragment ion library the most intense identification of every non

redundant peptide sequence was selected. s&¢he collection of IDA runs, the
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retention times of these ngadundant peptides were averaged, with the identified

peptides with the greatest signal providing the fragments. Thisetlumdant
Aaveragedo coll ecti on wa sollectioreohQlfQ8 r matt ed t
transitions for processing by PeakView software (AB Sciex, Farmingham, MA). This ion
library contained 111,856 transitions spanning 9,110 peptides belonging to 1,313

proteins. PeakView transition XIC extraction within detection wwmslof+ 5 minutes

and 20 ppm were applied to all six SWA-MS runs and the resulting peptitievel

intensity report contained 6,264 entries spanning 1,171 proteins. Proteins identified with

only a single member peptide were excluded from the analysis.

Theexpression measurement for each protein was total ion current (TIC),
measured as the sum of the signal intensit
peptides, and expressed on alecple. Normalized TIC values (nTIC) of the raw data
for each protein wre computed by dividing the observed TIC by the lajue of its
mass in kilodaltons. An additional filtering step of removing proteins withnd¢C
values having a difference in magnitugacross biological replicates (Culture A and
Culture B) wasapplied yielding a final dataset of 832 proteins quantified across all six
conditions.

Relative expression levels between growth conditions were calculated for each
protein using a simple transformation, which combines difference measurements into a
unified expression (W) based on protein lewsicdares and is measured in units of
standard deviation. First, expression values for all populations are normalized to a mean
of zero and a standard deviation of one. For each comparison, four difference

measurerants were determined. These difference measurements incorporate the intra
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replicate variability (RO = Bi Ax, R1 =B/i Ay) as well as the intezondition

variability (Z0 = AxT Ay; Z1 = Bx i By) where A and B represent different glycerol

stock culturesind X and Y represent different substrates. Vectors were computed as the

distance from the origin to the mapped points ((RO, R1) or (Z0, Z1)). The difference
between the magnitudes was scaled by the ratio of their respective population widths
yielding Wwith the sign being computed via the angle subtended from-&xesxo (Z0,
Z1). Angles between 32and 138 are positive, or otherwise negative. Finally, W was
normalized to Wetand for thepresent work is representad i) WO0net = Xylosegrown

cellst cellobiose grown cells; ii) Wik = xylose grown cell$ sugar mix grown cells;

and iii) W2yt = cellobiose grown cells sugar mix grown cells. Therefore, in W(for
example), for any protein, positive values represent higher nTIC values obkerved
growth on xylose in comparison to cellobiose, while negative values represent the
opposite.

Global expression trends were analyzed using drouse analysis platform,

which groups proteins/ genes into membershi

extracted fromthe MGER fiexport gene i nfor ealf2009)n 0
for an individual genome. Theselude: i) METACYCpathways (Caspt al, 2008;

i) enzymeclass (EC) numbers (IUBMB, 1992ii) clusters of orthologos group (COG)
classes (Tatusost al, 200Q; or iv) KEGG modulesKanehiseet al, 2009. Coarse

global expression trends associated with an HOV are defined as an asymmetry (up
regulated or dowanegulated) in the expression of proteins in that HOV, relative to the
expression profiles of the overall population. For this study, HOV analysise®n

limited to COG categories and anM¥alue of+l standard deviation (representing the

f un
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outermost 32% of the population) has been used as an initial guide to investigate

population regulation asymmetries.

5.4 Results
5.4.1 Genomic analysis of CCRetwork genes

All genes needed to encode for a potential carbon catabolite control protein A
(ccpA)dependent CCR network h thermohydrosulfuricu/C1 were identified. The
identified homologous protein sequences include: i) a histicméaining pragin (HPr)
(TthwC1_1711); ii) a catabolite repression HiRe protein (CrH) (TthwC1_2012); and
iii) a HPr kinase/phosphase(TthWC1_1297). The His and Sess residues of HPr in
Bacillus subtiliswhich activate HPr upon phosphorylation for either fid&liated
transport or CCR network signalling respectively @tal, 1994; Galinieet al., 1999;
Vianaet al, 2003, were conserved in thie thermohydrosulfuricug/C1 annotated
protein seqance(Fig. A.4.1). Additionally, equence alignments (Fig.A2) of the CrH
protein confirms a conserv&eus residue suitable for HPr kinadependent
phosphorylationas well as the absence of the Higsidue, as described B subtilis
(Galinieret al, 1997). Nine annotated proteins homologous tdattiefamily
transcriptional regulator protein ccpA were also identified (based on assignment into
C0OG1609), making it difficult to determine which homolog, if any, may function as
CCpAin vivo.

The genome was also searched for catabolite responsive eleanentaliiich
may serve as putative ccpA binding sites for repressing transcription. Fiheegysites

homologous to th8. subtilissequence andne site homologous to tii difficile
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sequence werndentified (Table A4.1). The putativecre sequences wemotassociated
with any genes expected to be involvedylose catabolism with the exception of one
sequence upstream of a gene cluster that encodes a putative ribose transporter
((TthwC1_13691371; TthwC1_1373), which may be involved with xylose uptake
someThermoanaerobactestrains Chapter5.4.6. While sequences were found both
internal tocoding sequence(stDS), as well as in intergenic regions, 25% of the
identified sequences were also found to ba strancbppositeto a CDSand are unlikly

to representre sequences.

5.4.2 Growth and metabolic analyses

Based on the genomic analysis of a potential CCR netwadrk in
thermohydrosulfuricu8VC1, the substrate utilization profiles of cultures grown on
xylose, cellobiose and xylose plus cellobiose were evaluated. Cells transferred from a
xylose grown inoculum consistently lagged when transferred to medium containing
cellobioseonly (Fig. 5.1). A lag was not observaghen transferred to xylose or xylose
plus cellobiose containing medium. All cultures, with the exception of the no substrate
control, grew to a similar maximum Qg (~0.85). The fastest doubling tini279+
0.11 h/generation) &s observed for cells grown on cellobiose only, while growth on
xylose (3.53t 0.25 hr/generation) and xylose plus cellobiose (2.25.6 hr/generation)
was slower.

To account for differences in growth rates, metabolic analysis acnog#icns
was normalized by using cultures harvested atptermined target Qb values. The

measured OByovalues from the cultures showed a mean deviation from the target OD
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Fig. 5.1. Typical growth curve of. thermohydrosulfuricu/C1 under singlsubstrate
mixed substrateor no substrate conditions testedlymbols are as follow g/L xylose

(black squares), 5 g/L cellobiose (black circles), 5 g/L xylose plus 5 g/L cellobiose (white
squares) or with no added sugar (white eixcReported values represent the average of
three biological replicates from a single experiment. Error bars represent the standard

deviation between replicates.
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values of 1.54%, with a maximum deviation &% (Fig. A4.3). Thedifferences
between observed QB values and the target optical densities wwbkeseforeconsidered
negligible.

Growth onall substrates was in carbon excess condition$.for
thermohydrosulfuricu8VC1 (Fig. 5.2A). Residual xylose and cellobiose cotregions
were higher for the mixed substrate condition throughout growth in comparison to the
single substrate condition3.his was likely due to the simultaneous utilization of both
xylose and cellobiose in the mixed substrate condition suggesting af l@CRtype
repression with this sugar combinatidfurther, analyses of the specific substrate
consumption rate@ able 51) identifiedthat xylose was consumed at a faster rate than
cellobiose under single gar conditions. This trend was also obserin the mixed
substrate conditions despite an overall decrease in the consumption rates of each specific
sugar Endprodud and biomasanalyses revealed that most of the major products
formed from sugar consumption were accountedRay A.4.4;TableA.4.2) and were

detected throughout growth, with lacténg the most abundant epcbduct.

5.4.3 Proteomic analysis and global expression trends

Six two-hour IDA runs were conducted dn thermohydrosulfuricug/C1
yielding 205,309 MBS spectrgTable A4.3). Owr half of the MS/MS spectra yielded
peptide identifications and the ratio of adundant peptides to overall peptides was
approximately 13. SWATHMS analyss allowed for the quantification of 892 proteins
under all thregrowth conditions, which was reduced to 832 after filtering data with large

differences between biological replicates. The dynamic range of obseryed 1Gg
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Table 5.1. Specific substrate utilization ed of T. thermohydrosulfuricus
WCL1.

Averagé substrate consumption rates
(mmol consumed pagram of cellular proteiperhour)

Growth

substrate Xylose consumption Cellobiose consumption
Xylose 29.03+2.41 NC*

Cellobiose NC 14.61+ 097

Sugar mix 17.35 + 355 820+0.68

dConsumption rates determined independently for each experimental
replicate. Averages represent the calculated values from experimenti
done in triplicate.

bRatescalculated as the slope of selmgarithmic plots for each substrat
consumed (Islamat al, 2006). In all cases, the? Ralues exceeded 0.93.
“Not calculable as substrate not cam&d under condition testelig.
5.2A).
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values was %7. Good correlation was observed betweéiological replicates (Fig.

A.4.5) as linear regression analysis of the replicates showed a slope >0.F/ah:&®
>0.97. The crossondition corelations were also high (Fig..#AA6) suggesting relatively
stable gene expression patterns under all conditions tested. Proteomes derived from
xylose grown vs. cellobiose grown cells were the most diffefagt A.4.6A), while
proteomes from cellobiose vs. sugar mix grown cells were thesmogr (Fig. A4.60),
suggesting that cellobiose may have a broader impact on global expression profiles than
does xylose.

To determine if substrate specific global expression profiles emerged, the
observed proteins were grouped according to their respective annotated G®&ndla
Whetvalues found in the outermost 32% of each population were used to identify
regulatory responses of pathways as a whole. The most pronounced changes, in terms of
number of proteins affected, were observed with proteins in COG class®ohydate
metabolism antéransport (Table 5)2 Genesnvolved in energy production and
conversion (COG class C) were-tggulated on xylose alone in comparison to cellobiose
alone or the sugar mix. Conversely, proteins in COG clasar&ino acid transporina
metabolism, and clasg dranslation, were upegulated in cellobiose containing cultures
(as a single substrate or in the sugar mix) in comparison to growth on xylose alone. This
trend is consistent with the increased growth rates observed on esfiabithe sugar
mix in comparison to growth on xylose alone. The fewest proteinsrugownregulated
were observed when comparing the proteomes from the cellobiose grown culture against

the sugar mix culture, with most of the changes occurring in dass G.



Table 52. Number of proteins in specific COG classes aipdownregulate@under specific growth conditions

Xylose vs. | Xylose vs.| Cellobiose vs.
cellobiose | sugar mix sugar mix

COG

clas® Description Up Down| Up Down | Up Down
c Energy production and conversion 13 5 18 3 6 4

D Cell cycle control and mitosis 0 0 1 2 0 2

E Amino acid metabolism and transport 9 18 |10 17 8 3

F Nucleotide metabolism and transport 3 6 3 6 0 2
G Carbohydrate metabolism and transport 20 11 |17 10 |15 13
H Coenzyme metabolism 0 0 6 3 5 3

I Lipid metabolism 2 3 2 1 0 0

J Translation 2 8 1 10 3 0

K Transcription 0 0 5 0 2 1

L Replication and repair 0 0 0 0 2 4
M Cell wall/membrane/envelope biogenesis 6 1 7 1 0 4
o Posttranslationamodification, protein turnover, 1 2 1 5 1 2

chaperone functions
P Inorganic ion transport and metabolism 1 2 0 2 4 3
0 Second_ary metabolites biosynthesis, transport and 0 0 0 0 0 5
catabolism

R General function prediction only 8 7 7 8 0 0

S Functionunknown 6 1 8 3 1 2

T Signal transduction 0 3 1 3 0 2
Total 71 67 |87 71 |47 47

aUp- or downregulation limited to proteins having a relatives@ore expression ratio () outside () one

standard deviation from the population mean.
®Limited to COG classes with at least one proteinarmownregulated

178
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5.4.5 Proteomic analysis of CCR networkgenes

Proteins of a potential ccpdependent CCR network (HFCrH, HPr
kinase/phosphasg were not observed under any conditions. In addition, only three of
the nine annotateccpAhomologs (TthWC1_0680, TthwC1_2179 and TthWC1_2451)
were observed in the proteoni@able A4.4). Thus, given that these proteins were not
detected, in conjunctiowith the simultaneous utilization of xylose and cellobi@3g.
5.2, Table 5.}, it suggests that if a ccpBependent CCR network existsTin
thermohydrosulfuricu8VC1, that cellobiose consumption does not exert a repressive

effect preventing xylose tabolism, nor vice versa.

5.4.6 Cellobiose and xylose transport and hydrolysis

Comparison of the average nTIC values between subunits of both annotated
cellobiosespecific PTStypetransporters (Fig. 5.3A, Tabke.4.4) suggest similar
expression of both gene clusters when grown on cellobiose alone. However, the large
negative W@etand Wlhetvalues observed for the TthwC1_0928922 gene cluster in
comparison to the TthwC1_214348 gene cluster suggests that expression of the
former ismore responsive to the presence of cellobiose. Bothtg¥Stransporters are
co-localized in the genome withanscriptional antterminator proteins containing PTS
regulatory domains (pfam00874)hich may regulate their expression, similar to what
hasbeen proposed for PR&ansporters iThermoanaerobactesp. X514(Lin et al,
201]). The TthwC1_092@922gene cluster ialsoco-localized with glycoside
hydrolase (GH) family 1 and family 4 proteins, which may be involved with cellobiose

hydrdysis (see below)while the TthWC1_214@148 gene cluster has no obvious genes
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Fig. 5.3. Normalized relative &core expression ratios (& of selectT.
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potential modes of entry into the cell and hydrolysis for entry into either the glycolytic

(cellobiose) or pentose phosphate (xylose) pathways for subsequent catabhobsis.



181

Fig. 5.3 cont.

tags in black were observed in the proteomes, while those in red weigatiotlines

represent potential routes when transport is through phosphotransferase system (PTS)
mediated mechanisms, while dashed lines represent8diatedransport. W0Onet,

Wlnetand W2etare as define@Chapter5.3.4.4) The fourcolour scheme represents the
populations of We, where red boxes are the outermost 1%4W O 2. 58), gr een
arethe outermost5% (W O 1. 96) , |loltarneosthO8ox|Ws Or &. 6 & ¢,

and white boxes atle innermost 90%
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involved with cellobiose hydrolysis proximally located.

The genome also encodes a gene cluster (TthWC1-1@u®) orthologous to the
proposed cellobiose AB§/pe importer ¢glF-cglG) in Thermoanaerobacter brockii
subspbrockiiHTD4 (Breveset al, 1997). Its expression though, correlates with the
presence of xylose rather than cellobidsg.(5.3.

Multiple cytosolic GH enzymes potentially capable of cellobiose hydrolysis, in
addition to a membrane bound cellobiose phosphorylase, are annot@ted in
thermohydrosulfuricu8VC1. Three genes (TthwC1_0923; TthwC1_0924;
TthWwC1_0925) are immediately adjacent to one of the cellolsipseific PTStype
transporters. Only two of the ges(TthWC1_0923; TthwC1_0924) follow a similar
expression profile to the cellobiose responsive-B/p@transporter (Fig. 5.3)An
additional GH1 enzyme, TthWC1_0946, was also observed at a higher expression level
in the presence of cellobiose, thoughawerage nTIC value is less than TthWwC1_0923 or
TthWwC1_0924 by a logdifferencex1.58 under cellobiose onbonditions (Table At.4).

Of the three GH enzymes uipgulated in response to cellobiose, TthWC1 0924 is the
most abundant in both the cellobiasdy and the sugar mix conditions. Neither the
cellobiose phosphorylase, nor the annotated phosphoglucomutase needed to convert
glucosel-P to glucoses-P, were detected in the proteomes supporting the proposal that
cellobiose is transported via P-htedided mechanisms and not ABfependent
mechanisms iff. thermohydrosulfuricug/C1 (Fig. 5.3A).

Expression of the TthwC1_10a®€08 transporter correlatesth growth on
xylose (Fig. 5.3B). It$unction as a presumed xylose transporter is further supported by

its genomic context, which includes an annotated extracellularerdoase (GH10
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enzyme) (TthwC1 _1010), an aceiylan esterase (TthWwC1_1011) and an extracellular
GH52 betaxylosidase (ThwC1_1012. Proteins in the region spanning TthwC1_1005
1023, which includes the xylose isomerase (TthWC1_1022) and xylulose kinase
(TthwC1_1021), are more highly expressed when grown on xylose or the sugar mix
compared to growth ocellobiose alone (TddA.4.4). No ATPase subunit is found
associated with the annotated ABype transporter proteins and complex formation may
therefore rely on an independently transcribed ATPase subunit.

A second xylose specific AB@ansporter (TthwC1_1216219), which mcludes
an ATPase subunit, was not observed in the proteomes. AnrtraBEporter
(TthwC1_09971000), annotated to be involved with ribose transport, is also encoded
near the xylose responsive gene cluster (TthwC1 -1023). Hemmet al. (2011)
suggesthat, in strains lacking obvious xylose specific AB@nsporters, such as
Thermoanaerobacter pseudethanoli@®E, this orthologous ribose transporter may have
xylose transport capabilities. However, it was also identified that this gene cluster was
not y-regulated in response to growth on xyloselbpseudethanoliclB9E. InT.
thermohydrosulfuricu8VC1, only two of the four annotated subunits were observed in
the proteomes, and only expression of one subunit, the periplasmic component

(TthwC1_0997), songly correlated with the presence of xylose.

5.4.7 Central carbonmetabolism
Xylose catabolism iff. thermohydrosulfuricug/C1 likely proceeds through the
nontoxidative pentose phosphatathway (Fig. 5.4) as nghosphoketolase enzyn

present in somEirmicutes(Tanakaet al, 2002; Liuet al, 2013, is identified within the
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Fig. 5.4 cont.

phosphate pathwayColour scheme as identified in Fi§.3. Whhe, Wlietand W2etare
as definedChapter5.3.4.4. Abbreviations: Gle6-P = glucoses-phosphate; FH&-P =
fructose6-phosphate; FHBP = fructosel,6-bisphosphate; Xlu = xylulose; X{&-P =
xylulose5-phosphate; Reb-P = ribuloses-phosphate; RE®»-P = riboses-phosphate;
Sed7-P = sedoheptuloséphosphate; Erd-P = erythrosel-P; DAP = dihydroxy
acetone phosphate; GByP = glyceraldehyd&-phosphate; 1;BPG = 1,3
bisphosphoglycerate:BG = 3phosphoglycerate;-PG = 2phosphoglycerate; PEP =

phosphoenolpyruvate.
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genome. While the xylogsomerase and xylulose kinase areregulated under xylose
or sugar mix conditions, a second annotated xylulose kinase (TthWwC1_1193) shows the
highest expression under cellobiose conditions (Table4y makingt unlikely to be
significantly involved inxylose catabolism. Relatively uniform expression across growth
conditions was observed for genes involved in the conversion of xylBs® riboses-
P (Fig. 5.4).

Identification of the transketolase encoding gene(s), which would catalyze the
formation of sedoheptulosé-P and glyceraldehyd&P from ribose5-P and xylulosé-
P, remains ambiguous T thermohydrosulfuricug/C1. Functionally characterized
transketolase enzymasehomodimers (Sprenger, 1993; Patlal, 2006). These
thiamine diphospatedependent enzymes have atteminal diphosphate binding
domain, a centrgbyrimidine binding domain and at€rminal domain of unknown
function (Kochetov & Sevostyanova, 2003 T. thermohydrosulfuricug/C1, as in all
sequenced hermoanaerobactestrains Fig. A.4.7), the Nterminal domain is annotated
to be encoded onseparate CDS from the protein encoding the midahe Gterminal
domans. Similar observatiorsave also been reported for other sequenced
Thermoamerobacteralegvan de Werket al., 200§. Of the onlyco-localized
transketolase genastheT. thermohydrosulfuricug/C1 genome, only thef&rminal
domain encoding protein (TthWwC1_1181) was observed in the prote&iges.4),
while the adjacent proteifTthwC1_1182)encoding he middle and-terminal
domains) was not. Transketolase activity has been reported in the related strain,

Thermoanaerobacter wiegeRt8.B1 (Cooket al, 1994b), and is also expectedTlin
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thermohydrosulfuricu8VC1 as part of xylose catabolism, but gresent data are unable
to resolve which gene(s) may encode a functional transketolase in this strain.

Two divergent (24% amino acid similarity; 178 residue difference in length)
transaldolase genes are annotated, though only one was obseheegrioiteomes. The
transaldolase observed in the proteomes is only one of two proteins observed in the
transaldolase (TthwC1_1180), transketolase (TthWC1 -1182) and ribos&-P
isomerase (TthwWC1_1183) gene cluster predicted to be involved with xgts®olism
(Fig. 5.4).

Similar expression between growth conditions was also observed for proteins
found in the glycolytic pathway (Fig. 5.4). The protetesresponding to the five gene
cluster responsible for the conversion of dihydroxyacetone phtspDAP) to
phosphoenolpyruvate (PEP) were all expressed, though average nItifergnce
¥3.97 was observed between the most abundant (TthwC1_1988; glyceral@ehyde
phosphate dehydrogenase) and least abundant (TthWC1_1985; phosphoglycerate mutase)
proteins under each conditighable A4.4).

Only one 6phosphofructokinase, proposed to be AT&ther than pyrophosphate
(PPi}dependentGhapter 4 Baptesteet al, 2003), wa®bserved (Fig. 5.4). This
suggests thal. thermohydrosulfuricug/C1 does not use PPi as an alternative energy
currency to ATP during exponential growth, as has been described in other thermophilic
Firmicutes(Bielenet al, 2010). Expression analysis of other proteins though suggests
PPi may play a role during growttspecifically, pyruvate phosphate dikinase, as an
alternative to pyruvate kinase, may catalyze the conversion of phosphoenolpyruvate to

pyruvate as part of glycolysis using AMP + PPi. While both the kinase and the dikinase
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were observed in the proteontiee dikinase (TthWC1_2295) was in the top thirty most
abundant enzymes and hadaaerage nTIC logdifferencexl.96 than the pyruvate

kinase acrasall growth conditions (Table.A.4). Additionally the membrane bound-V

type pyrophosphatase (TthWC1_1224hich conserves energy through the hydrolysis

of PPi, was more abundant than the observed cytosolic pyrophosphatase (TthWwC1_0544)

by an nTIC average leglifferencex).92.

5.4.8 Endproduct and co-factor metabolism

Lactate was the major esptoductobserved (Fig. 5.2C) and is most likely
catalyzed by a highly expressed lactate dehydrogelthigg TthWwC1_ 1229 (Fig. 5.5A,
Table A4.4). Alternative to lactate production, pyruvate nsgobe decarboxylated to
acetytCoA yielding CQ and reduced ferdoxin (Fded) via pyruvate ferredoxin
oxidoreductase (POR). Two mufiubunit, as well as two single subunit PORs
homologous to the characterized single subunit PQWoiorella thermoaceticgFurdui
& Ragsdale, 2002; Piere al, 2008), are identifieth the genome. Synthesis of all
subunits forming the putative mukubunit PORs was not observed, while both the
single subunit PORs were observed. Expression analysis identified that TthwC1_1927
was observed at an average nTIGIdidferencex3.47 hider than TthWC1_1529 in
eachcondition (Table A4.4) ands likely the primary POR utilized.

Acetate production may proceed primarily via thdaxalized
phosphotransacetylase and acetate kigases (Fig. 5.5A). Gen@oducts annotateas
phosphotransbutyrylase (TthWC1_2222; TthwC1_2230) and butyrate kinase

(TthwC1_2228; TthwC1_2231), whose specificity is not known and which may also
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contribute to acetate production, were also observed in the proteomes, but at much lower
levels (Table A4.4).

Ethanol production from acet@oA in T. thermohydrosulfuricug/C1 may occur
directly throgh a bifunctional acetaldehydsoohol dehydrogenas@(hE) or via a
standalone aldehyde dehydrogenase and independent alcohol dehydro§BrBsE-1Q.
5.5A). The sandalone aldehyde dehydrogenase (TthWC1_1190), which exists in only a
few Thermoanaerobactespp. (Chapter 4)vas observeth the proteome, but was not
highly expressed (Table.A.4). AdhE on the other hand, was found in high abundance
in all proteomes and may represent the principal route through which acetaldehyde is
formed. Additionally, the protein (TthWC1_0498) encddby the gene orthologous to
adhAin Thermoanaerobacter ethanolicdg/200 (Bryantt al, 1988; Holtet al, 2000)
was found in even higher abundance and was in the top five most abundant proteins
across all growth conditions. Two oth&DH proteins were also observed in the
proteomes, while a final annotatd®H encoding gene (TthwC1_1530) was not.

Three distinct hydrogenases, including an en@ayserving hydrogenase (Ech),

a putative bifurcating hydrogenase, and diffkied hydrogenasere present if.
thermohydrosulfuricu8VC1 (Fig. 5.5B). The first, the Ecthydrogenase, had only three

of the six annotated subunits observed in the proteomes. While it is possible that the
remaining three proteins are synthesized and were just setvaa, only a single

protein, TthWwC1_1090, encoded within the adjadgmtAhypFgene cluster, known to

be responsible for hydrogenase maturation and the assembly of the NiFe centre in NiFe
hydrogenases (Blokeseh al, 2002), was also obsed (Table A4.4) suggesting low, if

any, expression of Ech.
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Only three subunits composing a potential bifurcating hydrogenase were
identified in the proteomes, though ambiguity exists in terms of what subunits are needed
to form a functional complex. The gene ckrgs orthologous to those found in other
Thermoanaerobactespp. Chapter 4)ncluding those previously proposed to form a
bifurcating hydrogenase (Schut & Adams, 20@&h the exception that TthWwC1_1784
is annotated as a pseudogene. Additionally, TtAWAZ83 is annotateak a histidine
kinase and its role is unknown. Average nTIC analysis identifies that the TthwC21_1780
1781 cluster is highly expressed (top 35 most abundant proteins) across all conditions,
though the ferredoxin encoding gene (TthWwC182)7s not as highlgxpressed (Table
A.4.4). A putative single subunit, fidked hydrogenase (TthwC1_1787) was also not
observed in the proteomes.

Theadhgene products in soméghamoanaerobactespp. have been shown to
utilize both NADH and/or NADPHas cofactors (Bryarst al, 1988;Burdetteet al,
1996;Holt et al, 200Q. While NADH is typically considered a jyroduct of glycolysis,
NADPH production inThermoanaerobactespp. is less well understood.
thermohydrosulfuricu8VC1, like other strains dfhermoanaerobactgtamed &
Zeikus, 1980b; Fengt al, 2009), has no apparenPegluconolactonaspotentially
preventing M\DPH productionthrough the oxidative portion of the pentose phosphate
pathway. The genome does encode@anotated NADRBpecific isocitrate
dehydrogenase (TthWC1_0990) though, which is considered NAdp@ific Dolegal
et al, 2009, and is also observed in throteomes (Table A.4).

Additionally, a two gene cluster orthologous to ttieABgenes irClostridium

kluyveri(Wanget al, 2010) andVl. thermoacetic§Huanget al, 2012) which couples
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the reduction of NADPvia Fdeqwith the reduction of NADPvia NADH, is annotated
(TthwC1_06060607) Only one protein (TthWwC1_0606) was observed in the

proteomes.

5.4.9 Energy conservation

T. thermohydrosulfuricug/C1 has many mechanisms to conserve energy as an
ion-motive force or as ATIPPi (Chapter 4.4.7)Two potential iorgradient generatg
reactions, catalyzed by Ech or atdanslocating Wype pyrophosphatase, have been
discussed (above) with only the synthesis of thgpé pyrophosphatase confirmed. No
gene products in the iemanslocatingnbxgene cluster (TthwC1_071IthwWC1_0729)
were observed, while the gene product homologousag, encoding a potential ifNa"
antiporter was also not observed. Both products of the two gene cluster (TthWG1_1955
1956) homologous to theatABATPase irnB. subtilis(Chenget al, 1997)were obsersd
(TableA 4. 4), while all but subunits fAao (Tt hV
FoF1-ATPase weralso observed. An annotated AliRked (EC: 4.1.1.49) (Aich &
Delbaere, 2007) PEP carboxykinase (TthwC1_1173) was also not observed.

The genes produgiassociated with iemotive force or ATP/PPi generation were
not the same products in COG class C found to beegplated under xylose onl
conditions (Table 5,2Table A4.4). Ofnote, in these upegulated class C genes is a
gene cluster (TthwC1_222%P31), which encodes gene products putatively associated
with amino acid metabolism including an annotated indolepyruvate ferredoxin
oxidoreductase, a musubunit pyruvate/ketoisovalerate ferredoxin oxidoreductase and

a leucine dehydrogenase.
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5.5 Dscussion

A lack of CCR allowing for the simultaneous utilization of lignocellulose relevant
saccharides is a desirable phenotype for CBP microorganisms. Despite encoding genes
for a potential CCR networH;,. thermohydrosulfuricug/C1 was able to utilize both
xylose and cellobiose, two important lignocellulose constituent saccharides,
simultaneously, suggesting a lack of CCR with respect to this combination of substrates.

Independent of observing sugar utilization preferences, understanding the nature
of substratdinked gene regulation is important to improving our understandiiig of
thermohydrosulfuricu8VC1 physiology. The HOV analysis presented identified that
growthon xylose alone lead to an-sg@gulation in genes involved with energy
production (COG C) consistent with reports Tdtrermoanaerobactesp. X514 (Linet
al., 2011). Despite this, growth @f thermohydrosulfuricug/C1 under xylose only
conditions corregpnded to the slowegrowth rateand the presence of xylose seemed to
even slow growth under the mixed substrate conditions (above). These differences may
be partly attributable to differences in potential energy yield from both the transport and
hydrolyss of each substrate.

The proteomic results suggest xylose transport is principally throughtyiBC
mechanisms as has been reported in athermoanaerobactespp. (Erbeznilet al,
1998b; Jonest al, 2002b; Erbeznilt al, 2004; Linet al, 2011) ad would consume
one mole of ATP per mole of xylose transported. Conversely, transport of the
disaccharide cellobiose seemingly occurs via4¥sliated mechanisms. Its transport
would also consume one mole ATP equivalent/mole cellobiose. In this ca3eydritd

phosphorylate the transported cellobiose molecule, rather than ADP (forming ATP) as it
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would in the conversion of PEP to pyruvate. Thus, the energy expenditure is equivalent
for transporting one mole of either substrate.

However, assuming PF@ediated transport of cellobiose ocsyits hydrolysis
would yield 1glucose plus flucose6-P (Fig. 5.3) and thiheoretical ATP yield from
converting 1 mole of cellobiose to pyruvate would be 5 moles ATP. The conversion of
xylose to pyruvate through tipentose phosphate pathway would only yield 1.67 moles
ATP/mole xylose providing less energy for growth. If trueTfothermohydrosulfuricus
WC1, these differences could potentially account for the difte®im the observed
doubling times Thisis further supported by the observed differences in substrate
consumption rates (Table 5.1)Vhile xylose was consumed at a fagtge than
cellobiose under botthe single substrate attae mixed sgarconditions, the calculated
rate was not sufficiently faginough to potentially mitigate differences in the energetic
potential from each substrat8imilar findings were observed by Lacis and Lawford
(1991) whom report lower ATP yields fdhermoanaerobacter ethanolicggown on
xylose in contrast to glucosehich correlatedvith slower growth ofl. ethanolicun
xylose under batch conditions.

To compensate for growth on a poorer energy source such as xylose,
ethanolicussimultaneously consumed yeast extract as an additional energy source during
growth, but would not do so during growth on glucose (Lacis & Lawford, 1991). Like
many otheMhermoanaerobactespp. (Faudort al, 1995),T. thermohydrosulfuricus
WCL1 is capable of growing on yeasttract (Chapter 2jhough the reduced
concentrations of yetextract and absence of thiosulfate (Fauebal., 1995; Fardeaat

al., 1997) in the medium used makes it unlikely to act as a major carbon or energy source
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here (Fig. 5.1). It is plausible however, that the genaggplated during growth on
xylose COG clas<C), notably the indolepyruvate ferredoxin oxidoreductase, 2
ketoisovalerate ferredoxin oxidoreductase and leucine dehydrogenase, which are known
to be involved with peptide fermentation (Mai & Adams, 1994; Heatled., 1996), may
be a mechanism bly. thermohydrosulfuricug/C1 to maximize energy when grown on
poorer energy sources. It should be noted though, that the specificity of these gene
products is not yet known and in some cases, such as winnlogatedndolepyruvate
ferredoxin oxidoreductase or thek2toisovalerate ferredoxin oxidoreductase, the gene
products may have POR activity and not be involved with amino acid fermentation.

T. thermohydrosulfuricug/C1 produced comparable amouotendproducts
across growth conditions with lactate being the majormoduct formed (Fig. 5.2).
This was surprising given that previous experiments Witthermohydrosulfuricug/C1
using lower substrate and higher yeast extract concentrations (2 g/L cellobifise, 2 g
yeast extract) in the same medium found that acetate and ethanol were produced in
comparable amounts with lactate being a minorgoediuct(Chapter 2).Similar
observations have been reported WittethanolicusW200 as increasing glucose
concentrabns have led to a similar disproportionate increase in lactate production (Lacis
& Lawford, 1991).

Given the high expression of all epdoduct formingenzymes (Table 4.4)and
thatadhgene products, in some cases, were even more abundant th&Hthie
formation of lactate as the major epbduct does not correlate with a lack of expression
of the other gene products. Therefore the basis for lactate formation may be related to

metabolic flux or metabolitbased activityontrol (allosteric regulain).
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In Thermoanaerobacter broclsubspbrockii HTD4, high lactate formation has
beenassociated with high intracellular concentrations of frueig6disphosphate (FBP)
(Ben-Bassaget al, 1981), while thé.DH enzymes ofl. pseudethanolicU39E (Lovitt et
al., 1988) as well a$. ethanolicusW200 (Zhou & Shao, 2010) have been shown to be
allosterically activated by FBP. If also trueTinthermohydrosulfuricug/C1,
intracellular FBP levels must always be sufficiently high to activate lactatetiorma
under the conditions tested as lactate was produced throughout all stages of growth. The
disproportionate increase in lactate production by-exigonentiaphase (Fig. 5.2nay
represent an excess accumulation of FBP at this stage of growth phteatigled by a
bottleneck in its consumption during glycolysis by FBP aldolase, allofeinigcreased
activation of LDH

Alternatively, high lactate production may occur through a limitation in the ability
of T. thermohydrosulfuricug/C1 to producelternative engroducts. One possible
bottleneck could be in the decarboxylation of pyruvate through POR, as has been
reported in other saccharolyt@ostridia (Guedoret al, 1999; Bahkt al, 1986), leading
to the disposal of carbon, and reducing equivalents in the form of NADH, by producing
lactate. Slow consumption of acetybA generated from POR mediated catalysis could
also exist. This would require that the phosphotransacetylasbeardzyme(s)
catalyzing acetaldehyde formation have a much lower affinity for aCetyd thanLDH
does for pyruvate, or function at a much slower catalytic rate.

Ethanol production may also be limited by a lack of suitable reducing equivalents.
In T. ethanolicusIW200, the_.DH enzyme has been characterized as being NADH

dependent and no activity was observed when NADPH was used as an alternative co



197

factor (Zhou & Shao, 2010). Conversely, théhA protein inT. ethanolicusW200,
whose ortholog ifT. thermohydrosulfuricu8VC1 was the most abundantly expressed
adhgeneproduct (Table A4.4), is consideretb be primarily NADPHdependent (Bryant
et al, 1988; Holtet al, 2000). If similar specificities are also presentin
thermohydrosulfuricu8VC1, and assuming that glycolysis principally generates NADH
rather than NADPH, ethanabdfmation via AIhA may be limited by a lack of available
NADPH. While theadhEgene was also highly expressed’irthermohydrosulfuricus
WC1, the study by Peit al. (2011)with T. ethanolicudW200has suggested thadAE
may be principally involved with acetaldehyde, rather than alcohol, formation.

Based on flux analyses conducted in offleermoanaerobactespp. (Hemmest
al., 2011), carbon flux through an NAB#pecificisocitrate dehydrogenase seems
unlikely to provide significant levels of NADPH for ethanol productionAdhA. As
thembxgene cluster iff. thermohydrosulfuricug/C1 (Chapter 4), whose NAD/NADP
specificity is not known, was not observed in pneteomes (Table A4.4),it also
unlikely contributes significantly to cellular NADPH levels. Therefore, the only obvious
mechanism for NADPH production may be tifeABgene cluster, though not all
subunits were observed in the proteome. Thus, the mechani®§AOSH synthesis in

T. thermohydrosulfuricug/C1 are not yet understood.

5.6 Conclusions
The present study has identified thathermohydrosulfuricu/C1 has the
ability to coferment cellobiose and xylose with no overt repression in the utilization

either sugar. Additinally, proteomic analysed the strain grown on single and multiple
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substrates hdseenconducted However, we have not been able to fully resolve
pathways of carbon flux, as enzyme specificity is currently limited to insigbvsded

by genome annotation and detailed knowledge of enzyme activity has not yet been
conducted. Further, the current proteomic analysis is limited to proteins observed with
high confidence through MS/MS analyses and does not reflect the entiretygehthe
products synthesized by the bacterium. A major finding of the analysis though,Tis that
thermohydrosulfuricu8VC1 endproduct synthesis patterns seem to be more connected
to metabolic flux or metabolic regulation, rather than to a lack of genessipn for

ethanol forming enzymes.

The low ethanol yields observedTnthermohydrosulfuricug/C1 is a significant
issue in its development as a GBfevant, biofuel producing organism. Further
refinement of metabolic flux may help identify meclsns and strategies to potentially
eliminate bottlenecks currently limiting ethanol production. The current work can help
serve as a baseline for such studies and, as it represents the first known proteomic
investigation into & hermoanaerobactestrain, nay help shed insight into the

physiology of other strains within the genus.
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Chapter 6. Thesis conclusions and future perspectives

6.1 Introduction

Developing second generation biofuel technologies into a viable industry is
desirable for environmental sustainability and ldegn energy security. However, its
progression into industry is currently fraught with numerous challengedyentaast of
which includes the selection and development of suitable platform microorganisms. This
aspect is particularly important in CBP platforms, which requires that selected strains be
proficient in numerous physiological processes related to liglntzse conversion and
biofuel production. For rapid development into industry, selecting innately capable
strains to use in CBP is inherently logical, yet the potential of this approach has not yet
been realized due to physiological limitations assodiati¢h currently investigated
microbes.

Addressing such limitations through a combined applied ecological/physiological
approach has been the goal of this thesis. As shown throughout, the value of
bioprospecting lies not only in its potential for nogejanism discovery, but it also
requires that current developing platform strains beveduated. Furthermore, as novel
isolates are unlikely to continually possess @BRvant phenotypes that are
Afadvant ageouso or i exc eredinvedtidated sttaéns,the ab | e
value of exploring the diversity of biofuel producing microbes may lie in the
physiological insights gained. Advancements in the understanding of diverse
physiologies may continue the development of current platform spatestially

leading to industrready microbes.

q



201

6.2 Thesis findings and conclusions
6.2.1 Strain isolation, identification and taxonomic implications within the genus
Thermoanaerobacter

Efforts to explore the microbial diversity present in decaywgdchip compost
identified a collection of isolates belonging to only two genén@rmoanaerobacteand
ThermoanaerobacteriuifChapter 2). Whiletiis unlikely that these isolatesicompass
the entire breadth of diversity present in the compost, previous studies have identified the
CBP-relevance of strains in these genera (Lghal., 2008; Shavet al, 2010; Hemmet
al., 2011) and thus provided a rationale foirtisentinued investigation.

Assigning taxonomic identities to the (now recognized) twelve
Thermoanaerobactéasolates, for solpurposes of identifying close phylogenetic
relaives,proved to be an initial challenge. Inferring phylogenies using conventional 16S
rRNA sequence analyses was complicated by the presence of IVS in numerous 16S
rRNA encoding sequences withime genus (Chapter 2). As IVS contribtdeinusually
high interoperonicrrn variability within Thermoanaerobactespp. and in related strains
(Acinaset al, 2004b; Chapter 2), the reliability of 16S as a phylogenetic signgéne
for Thermoanaerobactespp. became questionable.

MLST approaches, most notably @8ne model developed by Zeigler (2003),
which had been developed based on recommendatdimd alternatives to DNANA
hybridization studieg¢Stackebrandet al, 2002), offereghotential as an alternative to
16Sbased typing for evaluation of the novel isolates. Concurrent with the application of

Z e i g |l-gemednsdel3o the isolatessiagle genenodel for predicting genomic
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relatedness, based on tEn60UT gene sequence, was also developed (Chapter 3). This
1-gene model was built using diverse bacterial lineages consistent with Zeigler (2003),
and was further validated usingthere g ni z esdt afingdoalrdd 6 f or del i nea
species (Richter & RossélMora, 2009. It was shown to offer a technically simple and
reliable approach for rapidly inferring phylogenetic relatedness amongst diverse
microorganisms. Since its developnt, the model itself, or justification for the use of
cpn60based on this model, have been effectively employed to differentiate between
strains ofBrachyspira(Rubinet al, 2013),Pseudomonas putid®&harmeet al, 2012),
Mesorhizobiun{Moukoumiet al, 2013) andsardnerella vaginaligJayaprakashkt al,
2012).
Application of both the @ene model and thedene model to isolates WE1

WC12 supported the assignment of the isolates to the spEoerspoanaerobacter
thermohydrosulfuricugChapter 3). &rther, both models suggested that the 12 novel
isolates, as well as the 11 refereiitermoanaerobactespp. used, may actually
comprise only three independent species based on a species delineatibofti®%
predicted shared genome sequence idenfitye coherence of three distinct
species/clades was further supported by comparisons of the-gdmadene functional
annotatiorprofiles observed amongst sequentedrmoanaerobactespp. (Fig. 4.2; Fig.
A.3.1; Fig. A.3.2).

However, as the intent dfis thesis was never to provide a comprehensive taxonomic
classification of th& hermoanaerobactegenus, formal proposals ftirereclassification
of species within the genus were not pursued. This decision was additionally justified by

the realizationhiat numerous reclassifications of multigleermoanaerobactespp. (Lee
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et al, 1993; Rainegt al, 1993; Collinst al, 1994; Cayokt al, 1995; Fardeast al.,

2004; Onyenwoket al, 2007) have made deciphering the related scientific literature a
chdlenge (Appendix A.8). Further, as significant physiological differences can be
identified amongst subspecies of a single lineage (Gayadl, 1995; Chapter 2),

maintaining current taxonomic designations, rather than combining multiple strains into a

single species, is preferable for the continued delineatidim@fmoanaerobactestrains.

6.2.2 The CBPpotential of the genusThermoanaerobacter

The evaluation of the CBRelevant physiology of hermoanaerobactespp.
presented in this thesis Hasgely been limited to only a few processeg.(biomass
hydrolysis, substrate utilization, biofuel production) overtly related to segendration
biofuel production (see Chapter 1.3; Fig. 4.1). The basis for these limitations largely
stems from théact that the value in understanding these processes are well established,
yet the actual physiology within the genus is poorly understood and can vary widely.
Further, differences in these physiological processes are reported to have practical
implications in the implementation of certalinermoanaerobactestrains into designed
CBP-platforms (Hemmet al, 2011).

For example, none of thevel isolates were cellulolytic (Chapter 2), as is
consistent with reports for most strains within gemus (Wiegel2009). Thereforgethe
use of mosThermoanaerobactespp. in CBPtechnologies would ultimately require
external means of lignocellulose hydrolysigy(eddition of free enzymes) or more
practically, through caulturing with a cellulolytic thermophileAs recent ceculturing

efforts have shown (Kridelbauggt al, 2013), consortia whereby both members possess



204

hydrolytic capabilities (cellulolytic and/or hemicellulolytic) are desirable for CBP
development. The analyses presentedhagier 4 has idenidd thathydrolytic

capabilities are not evenly dispersed throughouT tirermoanaerobactegenus. In fact,
only three straingT. italicusAb9 (Clade 2°), T. mathraniisusbpmathraniiA3 (Clade 2)
and a novel isolate arising from work done in this #dsithermohydrosulfuricug/C1
(Clade 3), from th@hermoanaerobactespp. examined have the ability to hydrolyze and
grow onpolymericxylan. This ability was proposed to be attributable to the presence of
extracellular GH10 endmylanases in thgenomes of these strains (ChapteAgpendix

A5).

The ability to ferment diverse saccharides, another desirabler€®rant
phenotype, also varies widely amongst genus members (Chapters, 2, 4), but has often
provided part of the rationale for investigaf the CBPpotential ofThermoanaerobacter
spp. (Tayloret al, 2009; Hemmeet al, 2011; Linet al, 2013). As the most diverse
potential for substrate utilization is also identifiedlintalicusAb9 andT. mathranii
susbpmathraniiA3 (Chapter 4), sawell asT. thermohydrosulfuricug/C1 (Chapters 2,
4), this once again distinguishes these
CBP-biofuel production over oth&rhermoanaerobactespp. evaluated. However,
despite possessing diverse substuditezation potential, the simultaneous utilization of
lignocellulose relevant saccharides has only been reported in Clade 1 straiisa(l,in
2011) or Clade 3 strains (Cook & Morgan, 1994a; Chapter 5). While the simultaneous
utilization of lignocellubse relevant saccharides has been limited to combinations of

xylose plus glucose or xylose plus cellobiose only, this is still a highly desirable

15 See Fig. 4.2 for Clade designations of select strains

St
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characteristic of these strains given the relative abundance of these saccharides in many
types of lignocellubsic biomass (Carroll & Somerville, 2009).

Finally, the highest yields of biofuelshich, forThermoanaerobactespp. has
principally focused on ethanol production (BBassaet al, 1981, Lovittet al, 1988;
Burdetteet al,, 1996; Heet al, 2009; Linet al, 2011),are found in Clade 1 strains
(Chapter 4). The novd@lhermoanaerobactasolates identified (WCGINVC12) have
lower molar ethanol yields than both Clade 1 or Clade 2 strains (Chapters 2, 4) under the
conditions tested, and at elevated sugacentrations . thermohydrosulfuricug/C1
produce lactate as the major gordduct (Chapter 5).

The analyses presented in this thesis in unable to identify a novel isolate or
referencelThermoanaerobactes t r ai n t hat 1 s an obfori ousl y
development into a platform organism. Rather, in all of these strains evaluated, both
desirable and undesirable CB&tevant phenotypes are evident. Therefore, while efforts
directed towards the continued development of Emgrmoanaerobactestraincan build
upon the data/analyses presented here, the choice of strain for development remains with

individual researchers.

6.2.3 Core metabolism ofl. thermohydrosulfuricuswC1

Given its diverse substrate utilization potential and itdivelathanol production
capabilities, isolat&. thermohydrosulfuricu/C1 was selected from the twelve novel
Thermoanaerobacteasolates (Chapter 2) for deeper investigation into its core
metabolism. As the nature of the fermentative-pratiucts inT. thermohydrosulfuricus

WCL1 is consistent with many oth€hermoanaerobactespp., yet the ratiosanvary

Fall
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significantly (Chapters 2, 4), understanding its core metabolism may help identify
approaches to improve ihanol production and ultimately, itedustrial relevance. To
investigate this, links between observed metabolism and genome content (Chapter 4), as
well asproteomic profiling(Chapter 5) were established.

Genomic and proteomic analyseslothermohydrosulfuricu/C1 support the
proposakhat lignocellulose constituent hexose sugars or pentose saccharides are either
consumed, or feed into, the EMP and pentose phosphate pathways, respectively. Further,
relatively stable protein abundariegels were observed independent of growth substrate
(Chapter 5). The same is also true for gene products involved in pyruvate catabolism;
however, not all annotated genes whose products may be involved with pyruvate
catabolism were observed. As such, the highly expressed gene products observed are
therebre considered to be rational targets for genetic engineering strategies to atanipul
carbon flux in this strain and improve biofuel yields

However, knockdown/knockout strategies that target specific genes to improve
biofuel (ethanol) yield ifT. themohydrosulfuricuC1 mayalsohave unintended
physiological implications For example, while lactate was the predominantgoduct
observed undehe conditions tested, abundameeels of specific alcohol
dehydrogenaseadhA/adhE were also high suggting enebroduct formation irT.
thermohydrosulfuricu8VC1 is more influenced by enzyme activity/regulation than it is
by protein abundancg&hapter 5). Deletion of tHdh would therefore be an obvious
target to reduce carbon flux towards lactate faroma However, as lactate production
coincides with the consumption of reducing equivalents (NAD(P)H), deletion tftthe

may ultimately generate a redox imbalance. This balance may be restored though if
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ethanol production and lactate production utitize same reducing equivalent (NADH or
NADPH). If true, this ultimately raises the question that if both lactate and ethanol
formation are dependent on the same reducing equivalent, why is lactate principally
formed under the conditions tested, and nioaeo|?

The explanation for this may simply be differences in the native catalytic activity
of theT. thermohydrosulfuricug/C1 LDH-enzyme in comparison to oth&rains.
Specifically, the LDHof T. thermohydrosulfuricug/C1 may have a higher turnover
number (high ks or show increased binding affinity for pyruvate (I8w) than the
LDH enzynes in other strains. Or, if LDIS allosterically activated by fructoge6-
bisphosphate (FBR) T. thermohydrosulfuricug/C1, as it is in other
Thermoanaerobactespp (BenBassatt al, 1981; Bryant, 1991; Zhou & Shao, 2010),
the differences may be in the intracellular FBP levels. It is also important to consider that
lactate formation is thermodynamically favourable when compared to ethadolcgion
(Carereet al, 2012); yet, this is also true for dlhermoanaerobactespp. and would not
explain comparatively low lactate formation in those strains.

With these potential explanations in mind, deletiofdbfmay lead to increased
ethanol poduction under these same conditions. However, much of this discussion is
predicated on the basis that lactate formation and ethanol producfion in
thermohydrosulfuricu8VC1 are reliant on the same reducing equivalent, or show low
specificity for eitheNADH or NADPH. If this is not the case, the physiological
implications associated witllh deletion may have unintended and detrimental effects to

cell viability, yet this remains to be determined.
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The work presented in this thesis has helpeéfioe the routes of carbon and
electron flux inT. thermohydrosulfuricug/C1, but has not been able to fully resolve
them. Further, lased on comparative genomic analyses (Chapter 4), significant
conservation of potential pyruvate catabolism related gamesbserved throughout the
genus, and several of the observations notdd thermohydrosulfuricug/C1 (Chapter

5) mayalsohelp resolve routes of carbon flux routes in other strains.

6.2.4 General mnclusions

The bioprospecting efforts presented @vanable to identify a novel organism
that was natieadlyyoini Sdoét expectations woul
physiological demands of industrial strains rarely evolve naturally, particularly given the
communal nature of microbes (Chad¢r Rather, the work presented has developed
whereby the discovery of novel isolates provided a rationale to continue the evaluation
of, and in many cases-wsit, the genu§ hermoanaerobacterThe relevance of
Thermoanaerobactespp. for secongenerdéion biofuel production through CBP is
widely accepted (Lynét al, 2008; Tayloet al, 2009; Olsoret al, 2012), yet numerous
strains with great potential for CBP have received little attention since their initial
isolation.

The progression of theawk presented in this thesis has intended to, while
remaining principally rooted in a single isolate, explore the -@B&vant potential of
diverse strains within the gentlisermoanaerobacterThe recognition of diverse
lineages, or cladefChapters 3, 4has helped refine phylogenetic relatedness between

strains and also identify the divergent, as well as the conserved, physiological potential
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found amongst genus members. While this work has principally focused on CBP
relevant processes such as biontagbolysis, substrate utilization and biofuel

production, the insights into these processes gained from evaluating diverse strains may
not only help advance the developmenTbérmoanaerobactespp. for biofuel

production, but potentially also be applitabo strains outside of the genus.

6.4 Future perspectives

From a biotechnological viewpoint, platform organism development remains one
of the largest issues in achieving industrially viable lignocellulosic biofuels. This is
evident by the fact thavhile numerous organisms show potential for development
(Chapter 1), only a few, such @ostridium phytofermentar(gttp://www.qteros.com) or
T. mathraniiBG1 (Mikkelsen & Ahring, 2007)http://www.biogasol.com have
progressed past ledrale experimentation.

Continuing the development of aijermoanaerobactesp. for CBRbiofuel
production requires that numerous physiological limitations be resolved. Firstly, the
lignocellulose hydrolytic abilities, or lackereof, found throughout the genus
significantly impede the implementation of any strain in moulure in a CBP system.
Genetic engineering targeted towards improving the hydrolytic capabilities of a strain,
such as has been attempted Witlermoanaeroéctersp. X514 (Linet al, 2010), does
offer a potential approach to improve upon this limitation. However, to engineer the
hydrolytic capabilities of anyhermoanaerobactesp. comparable to those innately
found in other developing platform organismgy(€. thermocelluhwould require

tremendous engineering efforts. While this aspect alone should not be viewed as a
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limitation, this approach is largely counvetuitive to the logic of selecting natively
capable strains for development.

A more practial approach would be to @ulture aThermoanaerobactestrain
with a cellulolytic organism. While such-@ultures have previously shown to display
desirable synergies (Ng al, 1981; Moriet al, 1990; Heet al, 2011; Hemmet al,

2011), a major cHeenges lies in the continued development of thewlture itself.

Specifically, the complexities of identifying and resolving physiological limitations in

any of these strains are further compounded by a lack of understantiegofential

interactions that may exist betweenthecas | t ur ed6s constituent mem
expression profiling and examining culture/population dynamics may provide insights

into these processes, allowing for physiological limitations to be identified, yet such

effortshave not yet been reported in GBf#tevant cecultures.

Improvement of overall biofuel yields to approach theoretical maxima in these
strains remains an additional challenge. While manipulating growth conditions or
fermentation broths can influence fuel yields in som& hermoanaerobactespp. (see
Table 4.4), genetic engineering to redirect carbon flux in specific strains may offer a
more permanent solution for strain development. Further, genetic engineering may
afford flexibility in CBP-platform design for use with developed strains making them less
susceptible to changes in environmental conditions. Despite the comparative increased
amenability to genetic manipulation reported Ttiermoanaerobactespp. in comparison
to other developing platforstrains (Shavet al,, 2010), only a few attempts to engineer

carbon flx in any strain of the genus haveen reported (Mikkelsen & Ahring, 2007,
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Yao & Mikkelsen, 2010). Genetic engineering is an underexplored area of research in
Thermoanaerobactespp.

However, as illustrated throughout Chapter 1, modulating central metabolism can
have unintended physiological effects given the global connectivity of many metabolites.
As proposed in Chapter 5, at least in the cage tifermohydrosulfuricug/C1 under the
conditions tested, the role of-tactors/metabolites may play an important role in
determining engbroduct distribution patterns and must be taken into consideration when
designing engineering efforts. Tihermoanaerobactespp., the role of céactors in
ethanol synthesis (Bryast al,, 1988; Holtet al,, 2000; Burdette & Zeikus, 1994; R
al., 2010b), and to a lesser extent lactate syntiiBsyant, 1991; Zhou & Shao, 2010),
have been previously ingggated, yet global profildsave not yet emrged.

Technologies such as metabolomics have not yet been applieérnmoanaerobacter
spp., yet insights gained from such strategies may significantly advance our
understanding of the mechanism(s) controlling-pratuct distribution.

An important phy®logical aspect not yet discussed in this thesis is the tolerance
of Thermoanaerobactespp. to accumulating levels of their own fermentation end
products. The sensitivity of many ethanologenic strains to the toxic effects of ethanol is
often viewed as Bmitation for strain development (Taylet al, 2009; Webeet al.,

2010; Lin & Jian, 2013). Many thermophiles cannot grow at ethanol concentrations
above 2%, while CBfethanol platforms require tolerance of concentrations exceeding
5% (Georgievat al, 2007b). Tolerance levels exceeding 5% have been reported for
Thermoanaerobactespp. and have been attributed to random mutagenesis (&baltt

1988; Burdetteet al,, 2002), directed evolution of strains (lehal, 2013), or in some
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cases, occunaturally (Georgievat al, 2007a, b). While the insights provided by these
studies are valuable, they often unfortunately focus on strains distinct from those having
undergone significant physiological characterization. Continued development of many
currently investigated hermoanaerobactespp. would additionally benefit from
experiments of this type.

Of thenumerouschallenges facing the developmenfltiermoanaerobactespp,
as well as other potential platform organisios lignocellulosicbiofuel production, one
of the most significant may be the time ne
r e ady aelasive to thé demand for specific biofuelBhe basis for this statement is
founded in the argument that selecting microorganisresgssing innate CBielevant
phenotypes is an inherently logical approach to develop segmametration biofuel
platforms. As such, for mo$hermoanaerobactespp. the native fermentative pathways
yield only two potential fuels, for ethanol. Given thaither developing platform
organisms natively produce much highenj¢lds thanThermoanaerobactespp. (Table
1.5), pursuing biological Hproduction using those microorganisms is likely
advantageous. Therefore, the rol@bérmoanaerobactespp. for BP-based biofuel
production to meet the increasing fuel needs of the transportation sector is centred on the
ethanologenesis capabilities of these strains.

Current government mandates by the United States and the European Union
(Antizar-Ladislaoet al, 2008; Hertelet al, 2010; Hstet al, 2010; Roberts & Schlenker,
2010), and to a lesser extent the Canadian government (Mabee & Saddler, 20H0; Li
2012), to increase fuel ethanol production are a particularly powerful driving force

behind researchnio lignocellulosic ethanol production; including research into
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Thermoanaerobactespp. Despite this, the lorigrm sustainability and viability of
ethanol as an alternative fuel are uncertain (Hamebnek, 2005; Tyner & Viteria,
2010. Issues suchs the low energy density of ethanol in comparison to gasarticie
other fueldDurre, 2007; Balat & Balat, 2009)mitations in the extent it can be blended
with gasoline (Tyner & Viteria, 201@nd the incompatibility of ethanol with current
transportaobn infrastructure due to its corrosive and hygroscopic naturediLae 2008)
have already prompted efforts to attain alternative segoadch e r a t -intfon biii dorfoupe | s
such as butanol. The concurrent development ofatlbanolsecondgeneratiorfuels,in
conjunction with the expiration of current government mandatgsin the year 2022 for
current U.S. mandates; Hstial, 2010) may lead efforts to produce ethanol as a fuel
additive to be reduced, if not completely abandoned, in the futlmeever, historically
speaking, the demand for fuel ethanol has undergone numerouamiglowperiods
(Rosillo-Calle & Walter, 2006; Solomoet al, 2007;Songstacet al, 2009 and the
current pressures driving research into lignocellulosic eth@moduction may not only
persist, butould alsgpatentially increase. Therefqra potential also exists whereby
lignocellulosic biofueproductionusingThermoanaerobactespp.will continue tobe
drivenas it is currently.

Independent of the fuel tyglemanded, a biotbnological potential exists in
Thermoanaerobactespp. that has not yet been observed in many other thermophilic
organisms of interest for CBBiofuel production. As mentioned, the relative amenability
to genetic manipulation dfhermoaaerobactespp. in comparison to other thermophilic

Firmicutes(Shawet al, 2010), should be regarded as a major technologically

1 Drop-in biofuels refer to alternative fuels that can be transported androedsusing existing
infrastructure and technologies (for petroleum consumption) without the need for modification (Savage,
2009).
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advantageous phenotype. This is particularly true given that the innates€8&nt
capacities of any strain, no matterhdva d vant ageouso0 in compari s
most | ikely requires signifi carnetaddye.voel oMpsme
such, a potential exists to engineer native ormative metabolic pathways in a
Thermoanaerobactdrost strain leadintp the production of neethanol biofuels or

other valuable products.

Precedence for such an approach has been well established in mesophilic host
organisms (Steeet al, 2008; Liet al, 2011; Peralterahyaet al, 2012 Chapter 1.2.Q
yet no analogus thermophilic host has yet been developed. As such, thedlBRnt
advantageous physiological or bioengineering aspects associated with thermophily
(Chapter 1.3.1) cannot be exploited in mesophilic strains. While it would be
presumptuous to assunieat anyThermoanaerobactesp. have a biotechnological
potential comparable to those demonstrated by organismis.lit@i, B. subtilisor S.
cerevisiagfurther research intbhermoanaerobactespp. for these reasons may hold
great potential. Such effisrhave recently been undertaken in close phylogenetic
relatives ofThermoanaerobactdor purposes of producing alternative fuels or solvents
including acetone, isopropanokpnopanol or propanediol (Shast al, 2011b; Mcbride
et al, 2012).

No single, universal strategy has yet emerged for achieving industrially viable
lignocellulosic biofuel production. Specifically, the type of biofuel, nature of the
feedstock, process design, and particularly, the platform organisse@)or catalyzing
the conversion process, all remain debatable. While it is unlikely that a single,

universally applicable strategy, or microorganigxist it is important to realize that
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consistent amongst all current platform organisms is a wedlldped understanding of
their native physiologyln many cases, these insights have developed not just through
dedicated efforts inta single strainbut have evolved through the examination of the
physiologies found in diverse microbés such, invesgations into
Thermoanaerobactespp. will continue to play a valuable role in the development of

platform microorganisms for secoggneration biofuel production.
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Appendix

A.1 Supplemental material for Chapter 2: Isolates oThermoanaerobacter
thermohydrosulfuricusfrom decaying wood compost display genetic and phenotypic

microdiversity

A.1.1 Supplemental methods

Table A.1.1 Nucleotide accession numbers for sequences used in Fig. 2.1 and F
2.2.

16S cpre0

GenBank accessio GenBank accession
Strain number number
Caldaraerobacter subterraneusubsp. a
subterraneuSEBR 7858 AL Na
Caldaraerobgcter subterraneusubsp. AE209708 NC 003869
tengcongensisviB4 -
Cald._arae_robacter subterraneusubsp. AE212925 NA
yonsiensiKB1
Clostridium thermocellumMTCC
57405 L09173 NC_009012
Thermoanaerobacter acetoethylicus
ATCC 33265 L9163 NA
Thermoanaerobacter broclgubsp.
brockii HTD4 L09165 HM623909
'I_'he_rmoanaerobacter broclgubsp. L09166 NZ_ACQZ01000003
finnii Ako-1
Thermoanaerobacter broclgubsp
lactiethylicusSEBR 5268 U14330 NA
}\?\/ezrgnooanaerobacter ethanolicus L09162 NZ_ACXY01000003
Thermoanaerobacter italicusb9 AJ250846 NZ_ACVH01000076
Thermoanaerobacter kividSM 2030 L09160 NA
Thermoqnaerobactemathranusubsp. v11279 DO439966
mathraniiA3
gggrmoanaerobacter pseudethanolic L09164 NC_010321

Thermoanaerobacter siderophil&R4 AF120479 NA
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Strain 16S cpn60
Thermoanaerobactesp.Rt8.G4 NA U56021
Thermoanaerobactesp.strain X513  AF542520 ACPF01000040
Thermoanaerobactesp.strain X514  AF542517 NC_ 010320
Thermoanaerobactesp.strain X561  AF542518 ACXP01000037
Thermoanaerobacter sulfurophills64 NR_026458 NA
Thermoanaerobacter thermocopriae

ATCC 51646 L09167 AY691308
Thermoanaerobacter

thermohydrosulfuricu®SM 567 SO nhiIBEERR
Thermoanaerobacter wiegeRt8.B1 NR_029301 CP002991
Thermoanaerobacterium

thermosaccharolyticurdSM 571 AR e
Thermoanaerobacter

thermohydrosulfuricugvC1 HM585213 HM623896
Thermoanaerobacter

thermohydrosulfuricugvC2 Sl hilerEEe
Thermoanaerobacter

thermohydrosulfuricugvC3 HM585215 HM623898
Thermoanaerobacter

thermohydrosulfuricugvC4 SliiiSiEieraTe silPEEIEkEES
Thermoanaerobacter

thermohydrosulfuricugvC5 HM585217 HM623900
Thermoanaerobacter

thermohydrosulfuricugvCé sliieteieratia sliilePZE I
Thermoanaerobacter

thermohydrosulfuricugvC7 HM585219 HM623902
Thermoanaerobacter

thermohydrosulfuricugvC8 sliiieteierdd shilerEelte
Thermoanaerobacter

thermohydrosulfuricugvC9 HM585221 HM623904
Thermoanaerobacter

thermohydrosulfuricusvC10 shifelEisa shilerzEelts
Thermoanaerobacter

thermohydrosulfuricusvC11 HM585223 HM623906
Thermoanaerobacter

thermohydrosulfuricusvC12 sliiislEier s, rhilersse
Thermoanaerobacterium HM585225 HM623908

thermosaccharolyticutvC13

NA = Sequence dataot available at time of analysis.



A.1.2 Supplemental results

Table A.1.2. Fermentation of 30 test carbon substrates by isolatesWC12,

Th. thermosaccharolyticuMvC13,T. brockii subsp brockiiHTD4, T.
pseudethanolicu89E andT. thermohydrosulfuricuBSM 567.

WC isolates

Substrate 123456789 10 11 12

13

T.pse T.bro T.the

Acetate - _
Arabinsse - - - - - - - - - - . .
Casamino

acids

Cellobiose + + + + + + + + + + + +
Citrate . ;
Esculin + +
Fructose + +
Galactose  + +
Galacturonic

acid

Glucose +4+ + + o+ +
Isoleucine - - - - - - - -
Lactate - -
Lactose
Maltose
Mannitol
Mannose
Melibiose
Pyruvate
Raffinose
Rhamnose
Ribose

Salicin

Sorbitol
Sorbose - .
Succinate - - - - - - - - - - -

Sucrose .
Tartaric acid
Tryptone
Xylose +4+ 4+ + + + + + + + + +

Yeast
extract

1
1
1
1
1
1
1
1
o+ 4+
1
1
1

+ o+

+ + + + + +

+ + + + + + +
+ + + +
o+ 4+ o+ o+ 4+ 4
1
+ + + +
+ + + +
+ + + +

+ + +
+ + + + + + +
+ + + +
+ + + 4+ + + +
+ + + +

+ + +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +

+ + +

+4+ 4+ + + + + + + + + +

+ + + +

+

+

+ + + 4+ + + +

+ +

+

+ + + + + + +

+ +

+

Symbols denote observable growth (+) or no observable greyh & particular
substrate.Abbreviations: T.pse . pseudethanoliclBOE, T.bro =T. brockiisubsp.

brockii HTD4; T.the =T. thermohydrosulfuricuBSM 567,
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Table A.1.3. Sequence identity score matrices of aligned IVS sequences as fou
the 16S rRNA gene sequenced opseudethanoliclBOE, T. thermohydrosulfuricus
DSM 567and isolates WGWC12.

T. pseudethanolicus T. thermohydrosulfuricus Isolate

39E DSM 567 WC1
VS 1
T. pseudethanolicu39F* 1.000
T. thermoh icus
L onerme ydrosulfuricu 0973 1.000
IsolateWC1° 1.000 0.973 1.000
VS 2

T. pseudethanoliclBE  1.000
T. thermohydrosulfuricus

DSM 567 1.000 1.000
IsolateWC1 1.000 1.000 1.000
IVS 3

T. pseudethanolicu89E  1.000
T. thermohydrosulfuricus

DSM 567 1.000 1.000
IsolateWC1 1.000 1.000 1.000
IVS 4

T. pseudethanoliculBE  1.000
T. thermohydrosulfuricus
DSM 567 0.915 1.000

IsolateWC1 1.000 0.915 1.000

The 16S rRNA gene sequence usedTopseudethanolicU39E isfound at position
2,265,749 2,267,517 within the published genome and has 4 IVS regions.
b|solate WC1used to represent all Wi€olates. VS region is identical amongst Wi
isolates.

Note: Thel6S rRNA gene sequence fbrbrockiisubspbrocki HTD4 contains no
identifiable IVS
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10 20 30 40 30
wC1 GGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGA
T.the s GGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGA
T.pse 4 "CCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGA
T.pse 2 "CCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGA
T.bro CCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGA

60 0 30 o0 100
wC1 AGAACCTTACCAGGGCTTGACATGCAGGTAGTAGCGAGCCGAAAGGTGAG

T.the AGAACCTTACCAGGGCTTGACATGCAGGTAGTAGCGAGCCGAAAGGTGAG
T NNAGAACCTTACCAGGGCTTGACATGCAGGTAGTAGCGAGCCGAAAGGTGAG
JECTYEAGAACCTTACCAGGGCTTGACATGCAGGTAGTAGCGAGCCGAAAGGTGAG
T.bro AGAACCTTACCAGGGCTTGACATGCAGGTAGTAGCGAGCCGAAAGGTGAG

110 120 130 140 150

wcl CGACCCGGCACTCAAGTGGGCATGATAGAGAAGGTAGTAAGAGGGAGAAT
TSN C G ACCCGGCACTCAAGTGGGCATGATAGAGAAGGTAGTAAGAGGGAGAAT
I YW CGACCCGGCACTCAAGTGGGCATGATAGAGAAGGTAGTAAGAGGGAGAAT
Tpse2 [oeb e eTTA[S- - - - - - - - - oo
Thro S Ue o TTAY- - - - - - - - o o

160 170 180 190 200
wC1 GAAGTGCCTACTTGAGTGCCGGGAGCCTGCACAGGTGGTGCATGGTTGTC
T.the GAAGTGCCTACTTGAGTGCCGGGAGCCTGCACAGGTGGTGCATGGTTGTC
T NNGCAAGTGCCTACTTGAGTGCCGGGAGCCTGCACAGGTGGTGCATGGTTGTC
Tpse2 - - - - - - - - - - : AFNEGUNEFNGGAGCCTGCACAGGTGGTGCATGGTTGTC
Thbro - --------- AFYNEGUNEFNGGAGCCTGCACAGGTGGTGCATGGTTGTC

210 220 230 240 250
wC1 GTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC

T.the GTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC
IR T NGC TCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC
TV EGC TCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC
T.bro GTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC

260 270
wC1 CTTGCTTIWTAGTTGCCAGTCCGTC
T.the CTTGCTTCTAGTTGCCAGTCCGTC
IR I C TTGCTTCTAGTTGCCAGTCCGTC
N ENCINTGCMT CTAGTTGC CAGIHIG T (e
T.bro CIMTGCMTCTAGTTGCCAG[MeISG T (e

Fig. A.1.1. Representative sequence alignment of a single IVS found in isolates WC1
WC12,T. thermohydrosulfuricuBSM 567 andr. pseudethanolicu89E. T.pse 4 refers

to the gene found at position 2,265,#489267,517 containing 4 IVS, while T.pse 2
refers to the gene found at position 1,373,190374, 716 containing no IVS. Shading
identifies identical nucleotides (gyg or nonidentical nucleotides (white). Abbreviations:
T.the =T. thermohydrosulfuricuBSM 567; T.pse 3. pseudethanolicUd9E; T. bro =T.

brockii subspbrockii HTDA4.
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Fig. A.1.2. Representative example of cell morphology and arrangememge of

WC6 taken at 10G0magnification as described (Chapter 2.3.4).
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Fig. A.1.3. Average cell lengths of cultures grown to and® 0.75% 0.03 as described

in Chapter 2.3.4.
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Fig. A.1.4. Averagecalculated doubling timef cultures grown to an Qfgb= 0.75+

0.03.
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Fig. A.1.5. Average acetate production of cultures grown to aoe90.75+ 0.03.
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Fig. A.1.6. Average lactate production of cultures growrmtoODyoo= 0.75+ 0.03.
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Fig. A.1.7. Average ethanol production of cultures grown to ard®0.75+ 0.03.



227

Strains

8 -
,-\7‘1[
=
E®]
=5 - {;
)
g4 -
S
83
S ﬂ
I
1 -
O Iﬂl T Iﬂlmlﬂl Iﬂl Iﬁ ﬁ |*|
N N TIT) S o SN - S WG NG SN Q) Q) u
§ ©°’
r&”‘@o.@‘?
¥
&S
T
&'oa&v,@
& &
S &
P

6\

Fig. A.1.8. Average H production of cultures grown to an @g= 0.75+ 0.03.
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Fig. A.1.9. Average CQ production of cultures grown to an &= 0.75+ 0.03.
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Fig. A.1.10. Average biomass production of cultures grown to ard0.75+ 0.03.



230

A.2 Supplemental material for Chapter 3: Predicting relatedness of baetial
genomes using thehaperonin-60 universal target ¢pn60UT): Application to

Thermoanaerobactespecies.

A.2.1 Supplemental methods

A.2.1.1 Primer design

Genomic data fof. pseudethanolicuB9E, T. brockiisubspfinnii Ako-1, T.
ethanolicusCCSDL, Thermoanaerobactesp. X513, Thermoanaerobactesp. X514,
Thermoanaerobactesp. X561,T. italicusAb9 andT. mathraniisubspmathraniiA3
was accessed from the Joint Genome Institu
(Markowitz et al, 2012)). ®&quences forecN, thdF (trmE) andrpoA, including the 100
nucleotides both upstream and downstream of each gene were deteamihaligned
using BioEdit v7.0.9.0 (Hall, 1999). Conserved regions were identified and primers
(Table A.2.1) were designegsing the publicly accessible Primex@ftware(Untergrasser
et al, 2012 such that the entire gene region would be accessible for sequencing.

Additional sequencing primers, internal to the gene sequence, were designed for use with

recN.
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Table A.2.1.Amplification and sequencing primers fbhermoanaerobactesolates
andreference strains

Target Primer

Sequence (5- 3)

Use

recN

rpoA

thdF

recNEF
recNER
recNIF2
recNIR2
rpoAF
rpoAR
thdF
thdR

TTCTGGGGGTTTTGTTATGC
TCCGATAGTAAAAGGAAGTGAGA
GAAAAGGCGAATTTGAGTGTAG
AAGGCTTCAAAGGTTCTCCTC
AGGAGGGTTCACAGTGTTTGA
GAAGGACGGCCTAATTTTCTG
TTGGTTGGTGATGAAAATGG
CCAACAACTGCAACATCGTA

Amplification/sequencing
Amplification/sequencing
Sequencing

Sequencing

Amplification/sequencing
Amplification/sequencing
Amplification/sequencing
Amplification/sequencing




A.2.2 Supplemental results

Table A.2.2. Gene sequence identities and prediction of genome sequence identities using-fpentnreedeand
the n60UT onegene model: data for all isolates and reference strains

Prediction of

genome Sl using

Species
Three One prediction
gene gene (both

Pair SheeN Shpoa  Shnar  Slepnsour  modeP  modef  models)
T. brockiisubspbrockiiHTD4-WC1 0.969 0.967 0.873 0.893 0.681 0.512 Different
T. brockiisubspbrockiiHTD4-WC2 0.969 0.967 0.874 0.882 0.682 0.475 Different
T. brockiisubspbrockiiHTD4-WC3 0.966 0.969 0.875 0.873 0.684 0.444  Different
T. brockiisubspbrockiiHTD4-WC4 0.966 0.969 0.872 0.880 0.679 0.469 Different
T. brockiisubspbrockii HTD4-WC5 0.968 0.969 0.876 0.884 0.686 0.481 Different
T. brockiisubspbrockii HTD4-WC6 096 0.968 0.876 0.880 0.683 0.469 Different
T. brockiisubspbrockiiHTD4-WC7¢ 0.966 ND¢ ND 0.871 ND 0.438 Different
T. brockiisubspbrockiiHTD4-WC8 0.968 0.968 0.873 0.891 0.681 0.506 Different
T. brockiisubspbrockiiHTD4-WC9 0.966 0.967 0.873 0.891 0.679 0.506 Different
T. brockiisubspbrockiiHTD4-WC10 0.966 0.969 0.875 0.891 0.684 0.506 Different
T. brockiisubsp brockii HTD4-WC11 ND 0.968 0.875 0.893 ND 0.512  Different
T. brockiisubspbrockiiHTD4-WC12 0.969 0.967 0.873 0.888 0.681 0.494 Different
T. pseudethanoliclBEWC1 0.969 0.967 0.877 0.893 0.688 0.512 Different
T. pseudethanoliclBOEWC?2 0.969 0.967 0.878 0.882 0.690 0.475 Different
T. pseudethanoliclBOEWC3 0.966 0.969 0.879 0.873 0.691 0.444 Different
T. pseudethanoliclBEWC4 0.966 0.969 0.876 0.880 0.686 0.469 Different
T. pseudethanoliclBIE-WC5 0.968 0.969 0.880 0.884 0.694 0.481 Different
T. pseudethanoliclBOE-WC6 0.964 0.968 0.880 0.880 0.691 0.469 Different
T. pseudethanoliclBOEWC7 0.966 ND ND 0.871 ND 0.438 Different
T. pseudethanoliclBOE-WC8 0.968 0.968 0.877 0.891 0.688 0.506 Different
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Table A.2.2 cont.

Species
Three One prediction
gene gene (both

Pair Skech Skpoa  Shndr Slepneour  model  model  models)
T. pseudethanoliclBAEWC9 0.966 0.967 0.877 0.891 0.686 0.506 Different
T. pseudethanoliclBEWC10 0.966 0.969 0.879 0.891 0.691 0.506 Different
T. pseudethanoliclBEWC11 ND 0.968 0.879 0.893 ND 0.512  Different
T. pseudethanoliclBAEWC12 0.969 0.967 0.876 0.888 0.686 0.494 Different
T. thermohydrosulfuricuBSM 567#WC1 0.997 0.997 0.998 0.984 0934 0.824 Same
T. thermohydrosulfuricuBSM 56#WC2 0.997 0.997 0.997 0.987 0.931 0.836 Same
T. thermohydrosulfuricuBSM 56#WC3 0.994 1.000 0.998 0.996 0.934 0.868 Same
T. thermohydrosulfuricuBSM 567WC4  0.994 1.000 0.998 0.989 0.932 0.843 Same
T. thermohydrosulfuricuBSM 56#WC5 0.995 1.000 0.999 0.993 0.936 0.855 Same
T. thermohydrosulfuricuBSM 56#WC6 0.989 0.999 0.999 0.996 0.932 0.868 Same
T. thermohydrosulfuricuBSM 56#WC7  0.994 ND ND 0.995 ND 0.861 Same
T. thermohydrosulfuricuBSM 567-WC8 0.995 0.999 0.998 0.978 0.934 0.805 Same
T. thermohydrosulfuricuBSM 567#WC9 0.994 0.997 0.998 0.984 0931 0.824 Same
T. thermohydrosulfuricuBSM 56#WC10 0.994 1.000 0.998 0.986 0.932 0.830 Same
T. thermohydrosulfuricuBSM 56#WC11 ND 0.999 1.000 0.980 ND 0.811 Same
T. thermohydrosulfuricuBSM 56#WC12 0.997 0.997 0.994 0.980 0.927 0.811 Same
WC1-WC2 1.000 0.995 0.995 0.989 0.928 0.843 Same
WC1-WC3 0.997 0.997 0.998 0.980 0.934 0.811 Same
WC1-WC4 0.997 0.997 0.999 0.987 0.935 0.836 Same
WC1-WC5 0.998 0.997 0.998 0.991 0.933 0.849 Same
WC1-WC6 092 0.996 0.998 0.987 0.929 0.836 Same
WC1-WC7 0.997 ND ND 0.978 ND 0.805 Same
WC1-WC8 0.998 0.996 0.998 0.995 0.934 0.861 Same
WC1-WC9 0.997 0.995 0.996 0.996 0.928 0.868 Same

WC1-WC10 0997 0.997 0.996 0.998 0930 0.874 Same
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Table A.2.2 cont.

Species
Three One prediction
gene gene (both

Pair Shech  Skpoa  Shndr Slepneour  model  model  models)
WC1-WC11 ND 0.996 0.998 0.996 ND 0.868 Same
WC1-WC12 1.000 0.995 0.994 0.993 0.927 0.855 Same
WC2-WC3 0.997 0.997 0.997 0.987 0.931 0.836 Same
WC2-WC4 0.997 0.997 0.996 0.995 0.930 0.861 Same
WC2-WC5 0.998 0.997 0.998 0.995 0.933 0.861 Same
WC2-WC6 0.98 0.999 0.998 0.991 0.931 0.849 Same
WC2-WC7 0.997 ND ND 0.986 ND 0.830 Same
WC2-WC8 0.98 0.999 0.997 0.984 0.933 0.824 Same
WC2-WC9 0.997 1.000 0.999 0.989 0.937 0.843 Same
WC2-WC10 0.997 0.997 0.998 0.991 0.933 0.849 Same
WC2-WC11 ND 0.999 0.997 0.986 ND 0.830 Same
WC2-WC12 1.000 0.997 0.996 0.986 0.931 0.830 Same
WC3-WC4 1.000 1.000 0.998 0.991 0.936 0.849 Same
WC3-WC5 0.998 1.000 0.999 0.989 0.938 0.843 Same
WC3-WC6 092 0.999 0.999 0.993 0.934 0.855 Same
WC3-WC7 1.000 ND ND 0.996 ND 0.868 Same
WC3-WC8 0.998 0.999 0.998 0.975 0.936 0.793 Same
WC3-WC9 1.000 0.997 0.996 0.980 0.931 0.811 Same
WC3-WC10 1.000 1.000 0.996 0.982 0.933 0.818 Same
WC3-WC11 ND 0.999 0.998 0.976 ND 0.799 Same
WC3-WC12 0.997 0.997 0.994 0.976 0.927 0.799 Same
WC4-WC5 0.998 1.000 0.997 0.993 0.933 0.855 Same
WC4-WC6 0.98 0.999 0.997 0.993 0.929 0.855 Same
WC4-WC7 1.000 ND ND 0.991 ND 0.849 Same

WC4-WC8 098 0.999 0.999 0.982 0.937 0818 Same
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Table A.2.2 cont.

Species
Three One prediction
gene gene (both

Pair Skech Skpoa  Shndr Slepneour  model  model  models)
WC4-WC9 1.000 0.997 996 0.987 0.933 0.836 Same
WC4-WC10 1.000 1.000 0.997 0.989 0.934 0.843 Same
WC4-WC11 ND 0.999 0.998 0.984 ND 0.824 Same
WC4-WC12 0.997 0.997 0.995 0.984 0.928 0.824 Same
WC5WC6 1.000 0.999 1.000 0.996 0.939 0.868 Same
WC5-WC7 0.99%9 ND ND 0.987 ND 0.836 Same
WC5WCS8 0.998 0.999 0.998 0.986 0.934 0.830 Same
WC5WC9 1.000 0.997 0.997 0.991 0.933 0.849 Same
WC5WC10 0.998 1.000 0.997 0.993 0.933 0.855 Same
WC5WC11 ND 0.999 0.999 0.987 ND 0.836 Same
WC5WC12 0.998 0.997 0.995 0.987 0.929 0.836 Same
WC6-WC7 0.92 ND ND 0.991 ND 0.849 Same
WC6-WC8 0.994 1.000 0.998 0.982 0.932 0.818 Same
WC6-WC9 092 0.999 0.997 0.987 0.929 0.836 Same
WC6-WC10 0.92 0.999 0.997 0.989 0.929 0.843 Same
WC6WC11 ND 1.000 0.999 0.984 ND 0.824 Same
WC6-WC12 092 0.999 0.995 0.984 0.926 0.824 Same
WC7-WC8 0.998 ND ND 0.976 ND 0.799 Same
WC7-WC9 1.000 ND ND 0.978 ND 0.805 Same
WC7-W10 1.000 ND ND 0.980 ND 0.811 Same
WC7-W11 ND ND ND 0.975 ND 0.793 Same
WC7-W12 0.997 ND ND 0.978 ND 0.805 Same
WC8WC9 0.98 0.999 0.998 0.995 0.934 0.861 Same
WC8WC10 0.98 0.999 0.998 0.993 0.934 0.855 Same

WC8WC11 ND 1.000 0.998 0.998 ND 0.874 Same



Table A.2.2 cont.

Species
Three One prediction
gene gene (both
Pair Shech  Skpoa  Shndr Slepneour  model  model  models)
WCBWC12 09%8 0999 00994 0995 00928 0861 Same
WC9-WC10 1.000 0.997 0998 0998 0936 0874 Same
WC9WC11 ND  0.999 0998 0996 ND  0.868 Same
WCOWC12 099 0997 0995 0993 0928 0855 Same
WC10WC11 ND  0.999 0998 0995 ND 0861 Same
WC10WC12 099 0997 0995 0995 0928 0861 Same
WC11-WC12 ND 0999 0994 0993 ND 0855 Same
T. thermohydrosulfuricuBSM 567- T. .
Pl el e 0966 00969 0879 0877 0691 0456 Different
T. thermohydrosulfuricuBSM 567-T. . 955 9g9 0879 0.877 0691 0456 Different
brockii subsp finnii Ako-1
T. thermohydrosulfuricuBSM 567- T. .
e B 0966 0969 0878 0877 0689 0456 Different
T. thermohydrosulfuricuBSM 567-T. . 5900 0942 0871 0.868 0627 0425 Different
italicus Ab9
T. thermohydrosulfuricubSM 567-T. 905 941 0870 0.868 0635 0425 Different
mathraniisubspmathraniiA3
T. thermohydrosulfuricuBSM 567-T. § g5s 0 9g9 0879 0.877 0691 0.456  Different
pseudethanolicu39E
T. thermohydrosulfuriclBSM 567-Cal. 295 784 (0754 0815 0241 0244 Different
subterraneusubsp tergcongensisviB4
T. thermohydrosulfuricuBSM 567- Th. .
rermosaceharo UM 871 0651 0729 0648 0777  -0.008 0113 Different
T. thermohydrosulfuricl®SM 567-T.  \n 999 (0984 0982 ND 0818 Same
wiegeliiRt8.B1
T. thermohydrosulfuricuSM 567- 0965 0.969 0879 0877 0690 0456 Different

Thermoanaerobactesp. X513
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Table A.2.2 cont.

Species
Three One prediction
gene gene (both
Pair Skech Skpoa  Shndr Slepneour  model  model  models)

T. thermohydrosulfuricu®SM 567- 0965 0969 0.879 0.877 0690 0.456 Different
Thermoanaerobactesp. X514

T. thermohydrosulfuricuBSM 567-
Thermoanaerobactesp. X561

T. brockiisubspbrockiiHTD4 - T. brockii
subsp finnii Ako-1

T. brockiisubspbrockiiHTD4 - T.
ethanolicusCCSD1

T. brockiisubsp brockiiHTD4 - T. italicus
Ab9

T. brockiisubsp brockiiHTD4 - T.
mathraniiA3

T. brockiisubsp brockiiHTD4 - T.
pseudethanolicu39E

T. brockiisubspbrockiiHTD4 - T.
wiegeliiRt8.B1

T. brockiisubspbrockiiHTD4 -
Thermoanaerobactesp. X513

T. brockiisubsp brockiiHTD4 -
Thermoanaerobactesp. X514

T. brockiisubsp brockiiHTD4 -
Thermoanaerobactesp. X561

T. brockiisubsp brockiiHTD4 - Cal.
subterraneusubsp tergcongensisviB4
T. brockiisubspbrockiiHTD4 - Th.
thermosaccharolyticurdSM 571

T. brockiisubsp finnii Ako-1 - T.
ethanolicusCCSD1

0.965 0.969 0.879 0.877 0.690 0.456 Different

1.000 1.000 0.993 1.000 0.928 0.880 Same

1.000 1.000 0.999 1.000 0939 0.880 Same

0.912 0.949 0.896 0.944 0.682 0.687 Different

0.911 0.954 0.899 0.944 0.691 0.687 Different

1.000 1.000 0.996 1.000 0932 0.880 Same

ND 0971 0.890 0.891 ND 0.505 Different

0.998 1.000 0.999 1.000 0937 0.880 Same

0.998 1.000 0.994 1.000 0929 0.880 Same

0.998 1.000 0.999 1.000 0937 0.880 Same

0.711 0.790 0.749 0.830 0.234 0.294  Different

0.646 0.728 0.653 0.774 -0.003 0.101 Different

1.000 1.000 0.999 1.000 0.938 0.880 Same



Table A.2.2 cont.

Species
Three One prediction
gene gene (both
Pair Skech Skpoa  Shndr Slepneour  model  model  models)
ngro"k”s“bsm'“”" Ako-1-T.italicus g3 0952 0.891 0944  0.689 0.687 Different
T. brockiisubsp finnii Ako-1 - T. 0935 0.954 0.890 0.944  0.686 0.687 Different
mathraniisubspmathraniiA3
T. brockiisubspfinnii Ako-1 - T. 1.000 1.000 1.000 1.000 0.940 0.880 Same
pseudethanolicu39E
;'tggfk”S”bSpf'“”" Ako-1-T.wiegeli  \n 9971 0884 0891 ND 0.505 Different
T. brockiisubsp finnii Ako-1 - 0.997 1.000 0998 1.000 0935 0.880 Same
Thermoanaerobactesp. X513
T. brockiisubsp finnii Ako-1 - 0.997 1.000 0998 1.000 0935 0.880 Same
Thermoanaerobactesp. X514
T. brockiisubspfinnii Ako-1 - 0.997 1.000 0998 1.000 0935 0.880 Same
Thermoanaerobactesp. X561
T. brockiisubspfinnii Ako-1 - Cal. 0.713 0788 0.737 0.830 0212 0.295 Different
subterraneusubspterngcongensisviB4
T. brockiisubsp finnii Ako-1 - Th. .
ihermosaccharolylicUdSM 571 0654 0732 0581 0.774  -0.125 0.103 Different
T. ethanolicusCCSD1- T. italicusAb9 0.912 0.949 0.895 0.944 0.681 0.687 Different
T. ethanolicuCSD1- T. mathranii 0011 00954 0.898 0.944 0689 0.687 Different
subspmathraniiA3
T. ethanolicuCCSD1-T. 1.000 1.000 0.995 1.000 0.931 0880 Same
pseudethanolicu39E
T. ethanolicuCCSD1- T. wiegeliiRt8.B1 ND 0.971 0.883 0.891 ND 0.505 Different
T. ethanolicusCCSD1-
ThermoBnasrobactesD. X513 0.998 1.000 0998 1.000 0935 0.880 Same
T. ethanolicuCCSD1- 0998 1.000 0994 1.000 00928 0.880 Same

Thermoanaerobactesp. X514
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Table A.2.2 cont.

Species
Three One prediction
gene gene (both
Pair Shech  Skpoa  Shndr Slepneour  model  model  models)

T. ethanolicu<CSD1-
Thermoanaerobactesp. X561 0.998 1.000 0.998 1.000 0.935 0.880 Same

T. ethanolicusCCSD1- Cal. subterraneus
subsp tergcongensisMB4

T. ethanolicusCCSD1- Th.
thermosaccharolyticurdSM 571

T. italicusAb9 - T. mathraniisubsp. 0979 0.995 0995 1.000 0917 0.880 Same
mathraniiA3

T. italicusAb9 - T. ethanolicusCSD1 0.912 0.949 0.899 0.944 0.689 0.687 Different

T. italicusAb9 - T. wiegeliiRt8.B1 ND 0.943 0.879 0.882 ND 0.474  Different
YoaallcusADY - Thermoanacrobactesp. o915 0949 0.899 0.944 0689 0.687 Different
T. italicusAb9 - Thermoanaerobactesp.
X514

T. italicusAb9 - Thermoanaerobactesp.
X561

T. italicusAb9i Cal. subterraneusubsp
tengcongensiviB4

T. italicusAb9 - Th.
thermosaccharolyticurdSM 571

T. mathraniisubspmathraniiA3 - T.
pseudethanolicu89E

T. mathraniisubspmathraniiA3 - T.
wiegeliiRt8.B1

T. mathraniisubspmathraniiA3 -
Thermoanaerobactesp. X513

T. mathraniisubspmathraniiA3 -
Thermoanaerobactesp. X514

0.711 0.790 0.749 0.830 0.233 0.294 Different

0.646 0.728 0.654 0.774 -0.002 0.101 Different

0.912 0.949 0.899 0.944 0.689 0.687 Different

0.912 0.949 0.899 0.944 0.689 0.687 Different

0.691 0.780 0.753 0.819 0.226  0.257 Different

0.644 0.730 0.658 0.761 0.006 0.057 Different

0.911 0.954 0.895 0.944 0.683 0.687 Different

ND 0.944 0.878 0.884 ND 0.481  Different

0.912 0.954 0.899 0.944 0.691 0.687 Different

0.912 0.954 0.895 0.944 0.683 0.687 Different



Table A.2.2 cont.

Species
Three One prediction
gene gene (both
Pair Skech Skpoa  Shndr Slepneour  model  model  models)
T. mathraniisubspmathraniiA3 - 0912 0954 0.899 0944 0691 0.687 Different
Thermoanaerobactesp. X561
T. mathraniisubspmathraniiA3 - Cal. - co3 281 748 0819 0218 0257 Different
subterraneusubsp tergcongensisviB4
T. mathraniisubspmathraniiA3 - Th. .
ermosaccharalicUMaM 571 0.644 0.737 0652 0.761  -0.000 0.057 Different
;'tgzelu‘jethano"cmE'T' wiegeli ND 0971 0884 0891 ND 0.505 Different
T. pseudethanolicU39E -
Thermoanasrobactan, X513 0.998 1.000 0999 1.000 0937 0.880 Same
T. pseudethanolicU39E -
Thermoanaerobacip, X514 0.998 1.000 0999 1.000 0937 0.880 Same
T. pseudethanolicus9E - 0.998 1.000 0999 1.000 0937 0.880 Same
Thermoanaerobactesp. X561
T. pseudethanolicB9E- Cal. 0.711 0790 0.753 0.830 0240 0.294 Different
subterraneusubsptengcongensiyB4
T. pseudethanolicU39E- Th. .
Terese R G 0.646 0.728 0656 0.774  0.002 0.101 Different
lbw)'(%gl‘;'”m&m'Thermoa”aembader ND 0971 0884 0891  ND 0.505 Different
Ibw)'(%gl‘jl'”Rt&Bl'Thermoa”aembaaer ND 0971 0884 0891  ND 0.505 Different
lbw)'(%%el'”Rt&Bl'Thermoa”aemba“er ND 0971 0884 0891  ND 0.505 Different
T. wiegeliiR8.B1- Cal. subterraneus 785 0750 0832 ND 0302 Different
subsptengcongensidB4
T. wiegeliiRt8.B1- Th. ND 0731 0584 0786  ND 0.144  Different

thermosaccharolyticu®SM 571
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Species
Three One prediction
gene gene (both
Pair Skech Skpoa  Shndr Slepneour  model  model  models)

Thermoanaerobactesp. X513- 1.000 1.000 0996 1.000 0932 0.880 Same
Thermoanaerobactesp. X514

Thermoanaerobactesp. X513-
Thermoanaerobactesp. X561
Thermoanaerobactesp. X513- Cal.
subterraneusubsp tengcongensisiB4
Thermoanaerobactesp. X513- Th.
thermosaccharolyticurdSM 571
Thermoanaerobactesp. X561- Cal.
subterraneusubsp tengcongensisiB4
Thermoanaerobactesp. X561- Th.
thermosaccharolyticurdSM 571

Cal. subterraneusubsp tengcongensis
MB4 - Th. thermosaccharolyticumSM 0.635 0.716 0.651 0.763 -0.018 0.064 Different
571

1.000 1.000 1.000 1.000 0.940 0.880 Same

0.711 0.790 0.748 0.830 0.232 0.294 Different

0.646 0.728 0.652 0.774 -0.006 0.101 Different

0.711 0.790 0.748 0.830 0.232 0.294 Different

0.646 0.728 0.657 0.774 0.003 0.101 Different

@AbbreviationsT. = Thermoanaerobacteh. = ThermoanaerobacteriunCal. = Caldanaerobacter
*Threegene model involvingecN, rpoA andthdF.

‘One genepn60UT model

IND = Not determined due to a lack of available sequence for comparison

“Unable to determine a high qualifyoA or thdF sequence foisolateWC?7.

fUnable to detemine a high quality sequenceeoNfor WC11

®Modified from original publication (Chapter 2, footnote). Updated datd fenathraniisubspmathraniiA3 andT.

wiegeliiRt8.B1 included in here due to the availability of new sequence data.
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Table A.2.3.Prediction of genome relatees$ based on sequence identity scores fol
the Thermoanaerobactdsolates using Zeigler's ofgenerecN model.

One
gene
model
Pair Slreen  (recN)  Species prediction

Isolates as a group (I0iWC1-WC6)° 092 0.775 Same species
Isolates as a group (highWC1-WC?2) 1.000 0.950 Same species

T. thermohydrosulfuricuBSM 567
isolates (lowi WC6)

T. thermohydrosulfuricuBSM 567
isolates (high- WC6)

T. brockiisubsp brockiiHTD4-isolates
(low -- WC3)

T. brockiisubspbrockii HTD4-isolates
(high-- WC1)

T. pseudethanolicUd39E-isolates (low--
WC3)

T. pseudethanolicu39E-isolates (high-
WC1)

0.989 0925 Same species
0.97 0.H43 Same species
0.966 0.874 Same species
0.969 0.880 Same species
0.966 0.874 Same species

0.969 0.880 Same species

A cutoff of 70% genome sequence identity was used to determine species identit
consistent with Zeigler2003.

bl owd and fAhigho ref er sdqeence identitieswhsarvedr
the groups of sequences compared, based on the sequence identitiesaM fhiee
isolate(s) that exhibited these ranges are indicated.
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Table A.2.4. Application of the thregene model of Zeigler (2003) to the strain
comparisons of Richter and RoseMbra (2009).

Three
gene Species

Pair Slecn  Slhpoa Sknae model prediction
Phylum: Firmicutes
Bacillus cereusATCC 10987- Same
Bacillus cereuATCC 14579 SEE Ohstle) (e Oh((0 species
Streptococcuagalactla_e2603 VIR- 0999 0998 1.000 0.939 Sam_e
Streptococcus agalactia&09 species
Streptococcus agalacti#603 V/R- Same
Streptococcus agalactidéEM316 hel) (O isn, Disras species
Streptococcus agalactia®09 - Same
Streptococcus agalactid¢EM 316 1.000 0.999 0.994 0.929 species
Phylum: Bacteroidees/Chlordi
Bacteroides fragilisNCTC 9343 Same
Bacteroides fragilisyCH46 0.994 0.997 0.994 0.925 species
Bacteroides fragilisNCTC 9343 Different
Bacteroides thetaiotomicroviP1-5482 Grek) Ul Bore Doz species
Bacteroides thetaiotomicroviP1-5482 Different
- Bacteroides fragilisrCH46 0.739 0.916 0.753 0.320 species
Phylum: Alphproteobacteria
Brucella canisATCC 23365 Same
Brucella melitensi&ATCC 23457 0.998 0.994 0.997 0.930 )

: species
biovar 2
Brucella canisATCC 23365 Same
Brucella ovisATCC 25840 Dkl Ukl Dot DR species
Brucella ca_nlsATCC 23365 1000 0999 0.998 0937 Sam(_a
Brucella suisl330 species
Brucella melitensi&aTCC 23457 Same
biovar 2- Brucella ovisATCC 25840 Bl Uieks Ber DRkl species
Brucella melitensi&aTCC 23457 Same
biovar 2- Brucella suis1330 0.998 0.995 0.998 0.934 species
Br_ucella oViSATCC 25840 Brucella 0998 0996 0.995 0929 Samg
suis1330 species
Phylum: Betaproteobacteria
N!trosomonas europeATCC 19718 0775 0.806 0.804 0.373 D|fferent
Nitrosomonas eutroph@91 species
Phylum: Gammaproteobacteria
Escherichia colCFT073- Same
Escherichia colE2348/69 UEED SO0 el Dl species
Escherichia colCFT073- Same
Escherichia colK12 MG1655 0.970 1.000 0.950 0.836 species
Escherichia colCFT073- 0972 1.000 0.947 0.832 Same

Escherichia colO157:H7 EDL933

species
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Three

gene Species
Pair Slecn  Slhpoa Sknae model prediction
Escherichia colCFTO73- 0.970 1.000 0.958 0.849 -ame
Escherichia colD42 species
Esche(lchla COlCFTO073- Shigella 0969 0998 0.953 0839 Samg
flexneri2a 2457T species
Escherlchla colCFTO73- Shigella ND® ND® ND® ND® ND2
sonneb3G
Pseudomonas aeruginoBAO1- 0785 0.877 0.786 0.383 D|fferent
Pseudomonas fluoresceRE5 species
Pseudomonas aeruginoBPA01 - 0761 0.879 0.762 0.329 leferent
Pseudomonas fluoresceREO1 species
Pseudomonas aeruginoBAO1- Different
PseudomonafiuorescensSBW25 Greh QT Loes OLe0E species
Pseudomonas aeruginoBAO1- Different
Pseudomonas syringae. Syringae  0.760 0.865 0.768 0.333 :

species

B728a
Pseudomonas aer_ugmo@a(\Ol- 0750 0.872 0.753 0.304 leferent
Pseudomonas syringge. Tomato species
Pseuromonas fluoresceR$O1 - 0831 0982 0.822 0527 leferent
Pseudomonas fluoresceRE5 species
Pseuromonas fluoresceR$O1 - Different
Pseudomonas fluoresceBBW25 i species
Shewanella amazonenS882B- Different
Shewanella oneidendidR-1 0.702-0.873 0.755 0.282 species
Shewanella amazonenS882B- Different
Shewanella putrefacierdN-32 Ulore O (Ghed - e species
Shewanella amazonenS882B- Different
Shewanella woodATCC 51908 0.672 0.848 0.731 0.212 species
Shewanella baltic®S155- Same
Shewanella baltic®S185 Glell Wekls) (et Bk species
Shewanella baltic®S155- Same
Shewanella baltic®S195 0.970 0.999 0.922 0.786 species
Shewanella baltic®S155- Same
Shewanella baltic®S223 BIre Uhekl) Uoee Ui species
Shewanella baltic®S155- Different
Shewanella putrefacierN-32 0.911 0.968 0.814 0.546 species
Shewanella baltic®S155 Different
Shewanella oneidens\dR-1T Gk UeEl ety Baks species
Phylum: Thermotogae
Thermotoga maritim&SB8 - b
Thermotoga neapolitan@SM 4359 AE Shtets Ehre N NP
Thermotoga maritim&1SB8 - ND® 0943 0948 ND ND

Thermotoga petrophil&KU-1
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Table A.2.4 cont.

Three

gene Species
Pair Slecn  Slhpoa Sknar model prediction

Thermotoga neapolitan@SM 4359-
Thermotoga petrophil&KU-1
Phylum: DeinococcusThermus
Deinococcus deseniCD115- Different

Deinococcus radioduranl1 Slekly ez e Ohick species

NDP 0.783 0.755 ND ND

D, not determined since genome sequencs f@aonneb3G not available in
GenBankat time of analysis

®PND, nat determined asio recNorthologue identified iThermotogaspp.
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WC3
WC7
WC4
WC9
WC10
WC8
WCs
87 FWC6
Thermoanaerobacter thermohydrosulfuricus DSM 567
WCI
wC2
48wz

Thermoanaerobacter sp. X513

62

31

801 {7hermoanaerobacter sp. X514

Thermoanaerobacter sp. X561
99 NThermoanaerobacter brockii subsp. finnii Ako-1

2
77

Thermoanaerobacter pseudethanolicus 39E

TB|Thermoanaerobacter ethanolicus CCSDI1
Thermoanaerobacter brockii subsp. brockii HTD4

[Thermaanaerobacter italicus Ab9
97 “Thermoanaerobacter mathranii subsp. mathranii A3

Caldanaerobacter subterraneus subsp. tengcongensis MB4
Thermoanaerobacterium thermosaccharolyticum DSM 571

H
0.02

Fig. A.2.1. Neighbourjoining tree ofrecNsequences fromhhermoanaerobactespp.

Tree was constructed as described in Chapter 3.3.3. Scale bar represents the number of

changes per nucleotide.
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65 [WC2
33 {WC9
WCI12
WCI11
WC8
WC6
WCl
63 |Thermoanaerobacter thermohydrosulfuricus DSM 567
WC5
90 [WC3
WC4
WC10

Thermoanaerobacter wiegelii Rt8.B1

33

Thermoanaerobacter sp. X513

Thermoanaerobacter sp. X561

93
Thermoanaerobacter sp. X514

Thermoanaerobacter pseudethanolicus 39E
Thermoanaerobacter brockii subsp. finnii Ako-1

Thermoanaerobacter brockii subsp. brockii HTD4

Thermoanaerobacter ethanolicus CCSD1

[Thermoanaerobacter italicus Ab9
91

Thermoanaerobacter mathranii subsp. mathranii A3

Caldanaerobacter subterraneus subsp. tengcongensis MB4

Thermoanaerobacterium thermosaccharolyticum DSM 571

H
0.01

Fig. A.2.2. Neighbout¥joining tree ofrpoA sequences frommhemoanaerobactespp.

Tree was constructed as described in Chapter 3.3.3. Scale bar represents the number of

changes per nucleotide.
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2

9

WC10

~WCl12

48 [WC5

311WC6

29 ywWcCll1

53 [Thermoanaerobacter thermohydrosulfuricus DSM 567
9LIWCs

{WC 1
WC4

WC3

99 Thermoanaerobacter wiegelii Rt8.B1

98 [Ther‘moanaerobacter mathranii subsp. mathranii A3

Thermoanaerobacter italicus Ab9

s9[WC
wC
53

— — Thermoanaerobacter brockii subsp. brockii HTD4

N
wn

37 Thermoanaerobacter pseudethanolicus 39E

99

39 7 hermoanaerobacter ethanolicus CCSD1

Thermoanaerobacter brockii subsp. finnii Ako-1

42 \Thermoanaerobacter sp. X561

(38}

69 Thermoanaerobacter sp. X513

Thermoanaerobacter sp. X514

Caldanaerobacter subterraneus subsp. tengcongensis MB4

Thermoanaerobacterium thermosaccharolyticum DSM 571

| |
0.01

Fig. A.2.3. Neighbourjoining tree ofthdF sequences frorfihermoanaerobactespp.

Tree was construatieas described in Chapter 3.3.3. Scale bar represents the number of

changes per nucleotide.
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A.3 Supplemental material for Chapter 4: Genomic evaluation of
Thermoanaerobactespp. for the construction of designer caultures to improve

lignocellulosic biduel production.

A.3.1 Supplemental results

Table A.3.1. Selected genome metadata for sequeiiteiimoanaerobactespp.

Genome
Size % # of
Clade Genome Statu§ (Mb) G+C CDS Locus Tag Prefix
1 T. brockiisubspfinnii - 234 3450 2,336 Thebr_
Ako-1
T. ethanolicuCSD1 D 220 3424 2,367 TeCCSD1DRAFT
gégse“dethano“cus F 236 3451 2,291 Teth39
Thermoanaerobacter 245 3452 2462 Thet
sp. X513 —
Thermoanaerobacter 245 3452 2,397 Teth514
sp. X514
Thermoanaerobacter 238 3432 2,423 Teth561DRAFT
sp. X561
2 T. italicusAb9 F 245 3415 2,407 Thit_
¥, mathraniisubsp. = - 2.30 3432 2,286 Tmath_
mathranii A3
3 T. siderophilusSR4 P 254 3423 2,557 ThesiDRAFT1_
T,
thermohydrosulfuricus PD 2.57 34.35 2,552 TthwC1_
WC1
T. wiegeliiRt8.B1 F 2,78 3434 2,800 Thewi_

aSequencing statwa time of analyseis designated as either finished (F), draft (D) or
permanent draft (P)
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Table A.3.2. All CAZyme designated gene sequences widggquenced
Thermoanaerobactestrains as are available within the CAZy database or identified

throughde novaanalysis.

The size of the table prohibits its inclusion in this thesis in printable format. An

electronic version of Table A.3.2 can be downkxth Excel format (.xIs) at:

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0059362#s4

Note: the electronic and published versi

Table A.3.3. Identified genes associated with thdization of the major carbohydrates

produced through lignocellulose hydrolysis in sequeddemoanaerobactestrains.

The size of the table prohibits its inclusion in this thesis in printable format. An

electronic version of Table A.3.3 can be dévaded in Excel format (.xIs) at:

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0059362#s4

Note: the electronic and published vers
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Table A.3.4. Genes asxiated with pyruvate cabolismin sequenced

Thermoanaerobactestrains.

The size of the table prohibits its inclusion in this thesis in printable format. An

electronic version of Table A.3.4 can be downloaded in Excel format (.xIs) at

http://lwww.plosone.org/article/info%8210i%2F10.1371%2Fjournal.pone.0059362#s4

Note: the electronic and published vers

Table A.3.5. Genes associated with transmembrane ion gradient generating and
consuming reactions involved with cellular energeaticsequenced@hermoanaerobacter

genomes.

The size of the table prohibits its inclusion in this thesis in printable format. An

electronic version of Table A.3.5 can be downloaded in Excel format (.xIs) at

http://www.plosone.org/article/info%3Adoi2b10.1371%2Fjournal.pone.0059362#s4

Note: the electronic and published versi
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Table A.3.6 Key amino acid residues responsible for imparting predicted substrate specificity dapdddence in
annotated’hermoanaerobactey-type pyrophosphatases.

Amino acid msitions
Cation eport K*

specificity dependence

Clade Genome (locusap) 180 242 246 478 481 Predictedspecificity?

1 T. brockiisubspfinnii Ako-1 (Thebr_1608) S E G A G Na' export; K dependent
T. brockiisubspfinnii Ako-1(Thebr_1629) S E G A G Na' export; K dependent
T. ethanolicusCCSD1 N )
(TeCCSDIDRAFT_1224) S E G A G Na' export; K dependent
T. pseudethanolicuB9E (Teth39 1572) S E G A G Na' export; K dependent
T. pseudethanolicuB9E (Teth39 1590) S E G A G Na' export; K dependent
Thermoanaerobactesp. X513 (Thet 0681) S E G A G Na' export; K dependent
Thermoanaerobactesp. X514 N )
(Teth514_2253) S E G A G Na' export; K dependent
Thermoanaerobactesp. X561 . )
(Teth561DRAFT_0879) S E G A G Na' export; K dependent

2 T. italicusAb9 (Thit_0710) S E G A G Na' export; K dependent
T. mathraniisubsp mathraniiA3 . )
(Tmath_0761) S E G A G Na' export; K dependent

3 T. siderophilusSR4(ThesiDRAFT1_0299) S E A K T H*export; K independent
T. thermohydrosulfuricug/C1 S E A K T H*export: K independent

(TthwC1_1224)
T. wiegeliiRt8.B1 (Thewi_00010550) S E A K T H*export; K independent

aSpecificityinferred based upon the determination of key amatid residues as described (Luetal, 2011)
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Table A.3.7. Identification of key residues characteristic of ATP or PPi
dependent-§hosphofructokinase geneslihermoanaerobacter

Amino acid
position$
Clade Strain (gne) 104 124
PPi dependent
1 T. brockiisubspfinnii Ako-1 (Thebr_0507)

T. ethanolicuCCSD1 (TeCCSD1DRAFT_0939)
T. pseudethanolicU39E (Teth39 0494)
Thermoanaerobactesp. X513 (Thet_1945)
Thermoanaerobactesp. X514 (Teth514 0971)
Thermoanaerobactesp. X561 (Teth561DRAFT_1398)

3 T. siderophilusSR4 (ThesiDRAFT1_0659)
T. thermohydrosulfuricug/C1 (TthwC1_2408)
T. wiegeliiRt8.B1 (Thewi_00000380)

ATP dependent

1 T. brockiisubspfinnii Ako-1 (Thebr_0701)
T. ethanolicusCCSD1 (TeCCSD1DRAFT_1787)
T. pseudethanolicU39E (Teth39_0683)
Thermoanaerobactesp. X513 (Thet_1716)
Thermoanaerobactesp. X514 (Teth514 1194)
Thermoanaerobactesp. X561 (Teth561DRAFT_0551)

. italicusAb9 (Thit_1630)

. mathraniisubspmathraniiA3 (Tmath_1620)

. siderophilusSR4 (ThesiDRAFT1_0426)

. thermohydrosulfuricug/C1 (TthwC1_1707)

. wiegeliiRt8.B1 (Thewi_00026650)

. siderophilusSR4 (ThesiDRAFT1_0274)

. thermohydrosulfuricug/C1 (TthwC1_0878)

T. wiegeliiRt8.B1 (Thewi_00010820)

UnknownP
2 T. italicusAb9 (Thit_0261) G L

OO0 0000000 0oU
AARNANAARARAXRANAN

444444+
ZrTT0000000000O

ONONINONONONANONA NN NONANO;

#Positions given in reference o coli phopshofructokinase numbering
Specific combination not identified by Baptesteal (20(B); dependence can
therefore nobe inferred
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T siderophilus SR4 =

T. wiegelii Rt8.B1 Clade 3

T. thermohydrosulfuricus WC1 ~— __

—— T italicus Ab9 =

Clade 2
—— T mathranii subsp. mathranii A3~ __|
T ethanolicus CCSD1
— Thermoanaerobacter sp. X561
Thermoanaerobacter sp. X514
Clade 1

L Thermoanaerobacter sp. X513

- T. pseudethanolicus 39E

L T. brockii subsp. finnii Ako-1

H

0.01
Fig. A.3.1. Phylogram of annotated KO functional profiles for sequenced

Thermoanaerobactestrains. Cluster analysis performed as described in Fig. 4.2.
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T. wiegelii Rt8.B1

T. siderophilus SR4 Clade 3

T thermohydrosulfuricus WC1 —

— T italicus Ab9 T
Clade 2
T. mathranii subsp. mathranii A3 __|
T ethanolicus CCSD1
Thermoanaerobacter sp. X561
Thermoanaerobacter sp. X514
Clade 1

Thermoanaerobacter sp. X513

{T pseudethanolicus 39E

T. brockii subsp. finnii Ako-1

H
0.01

Fig. A.3.2. Phylogram of annotated TIGRFAM functional profiles for sequenced

Thermoanaerobactestrains. Cluster analysis performed dsscribed in Fig. 4.2.
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E.co (ATP) 2 ]

L.de_ (ATP) : ] DTDATIC i'mu*r;_i AT
Ca.sac_(ATP) R R R (FG * GIPGTIDND :(eTD TIGFMTABR TVe AT
C.ac_(A’I‘P) ) KLG & G 'PGTIDNDLI®({TD TIGFleTV: AT
T.ps_ (ATP) R E N P TIGFITAS TVII:AT
T.ps_(PPi) Fl ] i E IGIPETIDNDL :
C.sac_(PPi) R R IIGIP\“TIDNDL

A. la_(PPi) § G P\“TIDNDL"

M.ca (PPi) OAVH .

Fig. A.3.3 Partial sequence alignment of selected PFK genes in different ba8egaences are similar to those chosen by
Bielenet al (2010) The PFK sequences annotatedr .ipseudethanolicB9E werechosen as representative examples of PPi
and ATRdependent PFK genes within the gefitiermoanaerobacterColour scheme identifies identical residuesypr

similar residues (green) or dissimilar residues (white). Abbreviations are as followsE&cher{chia colj, L.de

(Lactobacillus delbrueck)j C.sa Ca. saccharolyticus C.ac Clostridium acetobutyliculnT.ps(T. pseudethanolicu@OE),

A.la (Archoleplasma laidlaw)i M.ca Methylococcus capsulatusMarked positions (*) indicate conservesbidues important

in determining PPi or ATHependenceAmino acid signatures for allhermoanaerobactestrains are available in Table

A.3.7.



A.4 Supplementalmaterial for Chapter 5: Metabolic and labelree quantitative proteomics analysis of

Thermoanaerobacter thermohydrosulfuricd&/C1 on single and mixed substrates

A.4.1 Supplemental results

Table A.4.1. Potentialcre sequences identified within tAe thermohydrosulfuricu$vVC1 genome.

Start Stop
Genomic scaffoltl site site Sequence Corresponding genes Positior?
NZ KB731277.1 35388 35403 ATGGAAACGAACTCAA TthwC1_0041 IS
NZ_KB731278.1 5297 5312 TTGAAACCGATGGCAC  TthwC1_0306 10
NZ KB731278.1 39064 39079 TTGTAAGCGCTTACAG TthwC1_0339TthwC1 0340 IN
NZ_KB731279.1 50905 50920 ATGGAATCGTAATCAA TthwC1_0568TthWC1_0569 IN
NZ KB731279.1 167813 167828 ATGAAACCGATTGCAT TthwC1_0680TthwC1 0681 IN
NZ KB731279.1 167815 167830 ATGCAATCGGTTTCAT TthwC1 0686TthwC1 0681 IN
NZ KB731281.1 15244 15259 TTGAAAACGAATGCAA TthwC1_0892 IS
NZ KB731282.1 79259 79274 ATGAAAACGGAAACAC TthwC1 1061 IS
NZ KB731283.1 3220 3235 TTGCAAACGGTGTCTC TthwC1l_1101 IS
NZ KB731284.1 39411 39426 ATGCAATCGAATGCAT TthwC1 1236TthwC1 1237 IN
NZ _KB731284.1 39497 39512 ATGCAACCGAATGCAT TthwC1_1236TthWwC1 1237 IN
NZ KB731285.1 96678 96693 ATGTAATCGGTAACTA TthwC1 1375TthwC1 1376 IN
NZ _KB731285.1 96866 96881 ATGTAATCGGTAACTA TthwC1_1375TthWC1 1376 IN
NZ KB731285.1 97075 97090 ATGTAATCGGTAACTA TthwWC1 1376End of scaffold IN
NZ KB731285.1 56410 56425 TTGCAAACGTTGTCTT TthwC1_1337 IS
NZ KB731287.1 61902 61917 TTGGAACCGGATACTT TthwC1 1531 10
NZ KB731288.1 61666 61681 TTGCAAGCGCATACAA TthwC1_1609 1O
NZ KB731289.1 63313 63328 ATGGAAACGTAAACTA TthwC1 1684 IS
NZ KB731290.1 21049 21064 TTGGAATCGTAGTCAC TthwC1_1710 1O
NZ KB731294.1 28092 28108 GAGAAAAAGTTTTCTTG® TthwWC1 1946TthwC1 1947 IN
NZ _KB731298.1 1686 1701 ATGAAAACGATAACTC TthwC1l_2104 (o]

257



Table A.4.1 cont.

Start Stop
Genomic scaffoltl site Site Sequence Corresponding genes Positior?
NZ_KB731303.1 24223 24238 TTGAAAACGTAATCAT TthwC1_2309 IS
NZ_KB731304.1 3655 3670 ATGAAAGCGTATTCTC TthwC1 2320 IS
NZ KB731309.1 6547 6562 ATGAAACCGCTGCCAT  TthwC1_2468 [®)

4GenBank accession number.

PRelative togene sequence. Abbreviations: IS = internal to coding sequence, same strand as annotated gene
internal to coding sequence, opposite strand to annotated gene; IN = intergenic region between annotated ge
‘Sequence homologous @ difficile consensus sequence (Antueesl, 2012)
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Table A.4.2 Calculated mass balances Torthermohydrosulfuricug/C1 on 5 g/L
xylose, 5 g/L cellobiose or 5 g/L xylose plus 5 g/L cellobiose.

% Carbon ecovery O/R?
Target
optical Xylose + Xylose +
density Xylose Cellobiose cellobiose | Xylose Cellobiose cellobiose
Post NC® NC NC NC NC NC
inoculatior?
0.10 78.76  110.31 81.08 0.78 0.84 0.77
0.20 84.97 83.73 80.38 0.82 0.83 0.81
0.40 82.76  95.55 88.34 0.87 0.82 0.82
0.70 92.93 87.49 89.44 0.84 0.82 0.88
0.80 91.67 85.11 91.81 0.85 0.83 0.82
0.85 88.46  89.60 85.45 0.86 0.82 0.86

%0/R = oxidized engbroducts formed/ reduced epdoducts formed
bPostinoculationrefers to cultures sacrificed immediately after inoculation from a
xylosegrown parent culture.

°NC = Not calculable. Values used for calculation represent net production or n
consumption and are corrected for carryover from inoculation.
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Table A.4.3 Summary of the identified peptides and proteins resulting from proteomic analysis of
thermohydrosulfuricu8VC1 on 5 g/L xylose, 5 g/L cellobiose or 5 g/L xylose plus 5 g/L cellobiose.

Protein expectation value

Non-redundant Identified Total MS/MS

Substrate  Culture log(e) <-10 log(e) <-3 log(e) <-1 peptides peptides spectra
Xylose A 808 967 1047 5792 18744 33505
B 815 978 1057 5901 19704 35224
Cellobiose A 851 996 1074 6130 19747 33349
B 831 1010 1088 6280 21246 35692
Xylose plus 832 1007 1071 6136 19635 33672
cellobiose
B 829 1001 1068 6080 19625 33867
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Table A.4.4. Expression data and calculated expression ratioB. for

thermohydrosulfuricu8VC1 on single or mixedubstrates.

The size of the table prohibits its inclusion in this thesis in printable format. An

electronic version of Table A.4id available with the electronic version of this

thesis from the University of Manitobabo:

http://mspace.lib.umanitoba.ca/
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10 I 20 30 10 11 0
RO IRRLYL UBEMEKREF . IPJAETGIHARPATLLVQAASKFENSDINLEY "GKSVNLKSIMGYV
Lbre(LVIS 1552) MEKREF VTAETGIHARPATLLVQAASKFNS VL Y KSVNLKSIMGYV
B.sub(BSU13900) I\IH VTA GIHARPAT LVQTASK DVNLEY GK VNLEKSIMGY
T.the(TthWC1_1711) pJL I TG HARPAF\LIPVQTASKF = S W KIAVNEYK S I MG

60 0 80

L.cas(LCABL_19790)
Lbre(LVIS_1552) MSLGVGQRJAEITI GDDEADA NA FET KKEGL: |8
B.sub(BSU13900) GAEITISAFGADERDA  NALMETMKSEGLGER
T.the(TthWC1_1711) LI EREERUS BIEN VUK LEN e i E ARSIKESAVRIL T ECK - FlebyE

Fig. A.4.1.Alignment of the HPr protein sequence framthermohydrosulfuricug/C1
against select reference sequendesference sequences were chosen fsoganisms

with Seuns residues known to be phosphorylated during CE€&et al, 1994; Galinieet

al., 1999; Vianaet al,, 2000. Positions 15 and 46 (in referenceBtosubtilig are marked

as (1) or (Il) respectivelyl.ocus tags are identified in brackets after the organism name.
Shading colour scheme identifies identical residues (grey), similar residues (green) or
dissimilar residues (white)Abbreviations: L.casl{actobacillus casesusbp caseiBL23;
L.bre (Lactdbacillus brevisATCC367); B.subB. subtilissubspsubtilis168); T.the T.

thermohydrosulfuricugvVC1).
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10 I 20 30 40 11 50

0.ihe(0OB2465)
B.hal(BH3566)
B.sub(BSU34740)
T.the(TthWC1_2012)
Ca.sub(TTE0115)

60 T0 30
0.ihe(0OB2465) TKEHEQ YDGEA
B.hal(BH3566) G 5 E - -
B.sub(BSU34740) STETE EV -
T.the(TthWC1_2012) F NLENVL TV - - - -
Ca.sub(TTE0115) F NLENVL ] F AA.N - -

Fig. A.4.2.Alignment of the CrH protein sequence frdmthermohydrosulfuricug/C1
against select referensequencesReference sequences were chosen from CrH and
putative CrH sequences identified by (Warner & Lolkema, 2003). Positions 15 and 46
(in reference td@. subtili are marked as (1) or (Il) respectively. The locus tags are
identified in brackets &fr the organism name. Shading colour scheme identifies
identical residues (grey), similar residues (green) or dissimilar residues (white).
Abbreviations: O.ihe@ceanobacillus iheyensi$TE831); B.hal Bacillus haloduran<-
125); B.sub B. subtilissub. subtilis168); T.the T. thermohydrosulfuricug/C1);

Ca.sub Caldanaerobacter subterranessbsptengcongensisiB4).
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Fig. A.4.3.Comparison of the measured §bvalues against the target @pvalues.
Cultures were grown aescribed Chapter5.3.3) on 5 g/L xylose (light g¥@, 5 g/L
cellobiose (white) or 5 g/L xylogglus 5 g/L cellobiose (dark gy Postinoculation
refers to cultures sacrificed immediately after inoculation from xylose grown parent

cultures.
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Fig. A.4.4. Biomass synthesis and changes in pH throughout growfth of
thermohydrosulfuricu8VC1 onsingle substrate or mixed substrate conditions tested.
Growth on5 g/L xylose (light grg), 5 g/L cellobiose (white) or 5 g/L xylogaus 5 g/L
cellobiose (dark grey). Biomass production is represented by squares, while pH
measurements are represented by circles. Target optical densities are as described
(5.3.3.2). The posnhoculation value is designated 0.00. Error bars repréisent
standard deviation between replicatésrow indicates the physiological point in time

used for proteomic analyses.
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Fig. A.4.5. Linear regression analysis of the 4oy IC values for all observed proteins
between biological replicated/alues given for replicates grown on 5 g/L xylose (A), 5
g/L cellobiose (B) or 5 g/L xylose plus 5 g/L cellobiose (C). nTIC values observed for
Culture A are plotted on theaxis, whle the corresponding nTIC values observed for

Culture B are plotted on theaxis.



































































































