Functional metagenomic analysis of carbohydrate
degrading enzymes fromthe human gut microbiota

A thesis presented for the degree of Doctor of Philosophy
at the University of East Anglia
(Institute of Food Research and Rowett InstitutBlotrition and Health)

by
AnnaMariaSz czepa &Es k a

MSc (University of G-dF¥,

October 2011

Pol an

This copy of the thesis has been supplied on condition that anyone who consults it
understood to recognise that its copyright rests with the author and that arsg of
information denved therefrom must be in accordance with current UK Copyright

Law. In addition, any quotation or extract must include full attribution.
(73,1 words)



Abstract

The gut microbiota is a complex and diverse microbial community that is adapted to
a carbohydaterich ecosystem. IBnt cell wall components (cellulodeemicelluloses

and pecting resistant starch and various oligosaccharitesch the colon by
escaping digestion in the upper gastrointestinal tfeatmentation othese dietary
carbohydrate®y the gut microbiota has welecognised beneficial effexcon host
health. Themicrobial community in the human gut requires specific enzymes to
efficiently degradethese carbohydrates. In this project, a culindependent
approach based on functionaftesening of genomic and metagenomic libraries using
Escherichia coliand Lactococcus lacti®s heterologous expression hpstas used

to isolate novel genes encoding glycoside hydrolase (GH) enzymes. The study
identified several active GH enzymeasvolved in the breakdown of dietary
polysaccharidesuch as starch, cellulose, xylan amglucan recovered from the

E. coli metagenomic libraryThe bioinformatic analysis of thasert frompositive
clones showedhe presence of ORFs with the similartty enymes from GH
families 13, 43 and 51 encoded by dominant bacterial genera from the human colon
(Bacteroidessp., Roseburiasp., Ruminococcusp.). A group of clones encoding
potentially novel GH enzymes was also identified, emphasising the importance of
functionatbased studyOne highly active clone was detected during screening of the
L. lactis metagenomic librarand showedibrolytic activity on cellulose lichenan

and xylancontaining plates. The insedontained apartial gene with theGH9
catalytic domainand identity to the protein fromCoprococcus eutactuBRT55/1
Further functional analysis established the fibrolytic actigitgelectedCoprococcus
species Moreover, several active clones were isolated fromRaminococcusp.

80/3 genomic libary which encoded protein with tlemilarity to enzymes from GH
families 2, 3 and 9n this work, the traditional approach of expressio&.igoli was
complemented by using an alternative okt lactis. While this did not improve the
screening effi@ncy in terms of number of recovered clones, differences in gene
expression and protein export betwdencoli and L. lactis were noted during this
study which highlights the benefits of using different heterologous hosts in functional

metagenomic approaek.
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Verses on | Know Not What
My latest tribute here | send,
With this let your collection end.
Thus | consign you down to fame,
A character to praisand blame,
And, if the whole may pass for true,
Contented rest; you have your due
Give future times the satisfaction
To leave one handle for detraction.
Jonathan Swift (1765)
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Chapter 1

Introduction



Background

The human gut microbiota is a complex and diverse community which plays an
important role in maintaining human health. The main function of the gut bacterial
community is the degradation of dietary carbolayes that escaped digestion in the
upper gastrointestinal tract (Gl tract). The efficient carbohydrate utilisation relies on
the production of a variety of enzymes known as glycoside hydrolases that catalyse
the cleavage of glycosidic bonds between twadb@aydrate moietiegHenrissat
1991) During bacterial fermentation a number of metabolites are formed which have
a beneficial or detrimental effect on human healtHomeostasis depends on a
number of factors, padilarly diet, which was shown to influence microbial
composition and their metabolic activities.

Modern microbiology has developed many novel approaches to study
microorganisms from various, often highly inaccessible environments (e.g. Arctic
soil, deep oeans, thermal springs). Nowadaysh ancreasing number of
microbiology laboratory is equipped not only with Petri dishes in order to culture
microorganisms but is also populated with higbhnology machines which
sequence millions of nucleotides of cu#d and uncultured microbes. A significant
proportion of microorganisms occupying various ecosystems remain uncultured and
therefore the vast majority of information on these microbial communities is derived
through metagenomic analysis. Metagenomics (enwental genomics) provides

an insight into the genetic potential of various microbial communities and may
identify novel biomolecules which can find application in industry, medicine and
science(Zoetendalet al, 2008) To date, metagenomics has been used to study
microbial worlds of the aquatic environmen{Venter et al., 2004, Kerkhof and
Goodman 2009)soil (Berlemontet al., 2011, Liuet al., 2011) ancient bones and
skeletons(Noonanet al., 2005, Noonaret al., 2006) animal rumen(Hesset al.,
2011) humanfaeceqQin et al.,2010, Arumuganet al.,2011)andmany more.

The contribution of the human gut microbiota to fermentation of dietary
polysaccharides can be examined uming functional metagenomic approaches
which can provide new information on the bacterial enzymatic activitiedved
Therefore, this thesis is devoted itvestigatingthe enzymes required for dietary
carbohydrate breakdown irthe human gut microbiet by using functional

metagenomics.



1.1 Anatomy and physiology of the human gastrointestinal tract

The lumangastrointestinatractis a system of organs responsible dlagestion of
consumed food and liquidg=igure 1.1) It starts with the oral cavityhere the
consumed food is chewed and moistened by secreted saliva/here mechanical
digestion occursThe enzymaticbreakdown ofdietary componentss initiated by
enzyme (amylase and lipase) secretedhe salivaby salivary glandsThe broken

pieces of food are swallowed and pushed by the tongtieetoesophaguanddown

to the stomach through peristaltic contraction of musclése somach isa muscular
ibago winasticaeddodigretained anturther digested before sendiiigo

the smdlintestine.Proteindegrading enzymes and hydrochloric acid are prodirced

the stomachProteins are digested by pepsin whilctivatecat thelow pH created

by HCI. Moreover HCI inhibits and kills microorganisms ingested with the food.
The somach s connected witthe small intestinevia the diodenumwhich is linked

to the pancreas and the liver via the biliary tract. The pancreas produces precursors of
digestive enzymes such as trypsinogen, chymotrypsinogen, pancreatic lipase, and
amylase, collectely known as pancreatic juice. Bile is produced by the liver which
allows emulsification of lipids. The next part of the small intestine is the jejunum
where the majority of digestion and absorption occlise last part, which is
connected to the largetestine, is called the ileum. The small intestine lisng tube

with an average lengthof five meters in adultand itis lined with villi which
enhance absorption of digested food. The last segment of Gl tract is the large
intestine which is divided to the caecum, colon, rectum, and anal canal. dlenc
consists of four sectionshe ascending colorihe transverse colon, the descending
colon, and the sigmoid coloffhe colon is the main site of microbial colonisation

and microbial activity includingligestion of dietary components. The colon is also
the place where further absorption occurs. Undigested and unabsorbed food residue

is removed from the body by defecati@eBruyneet al.,2008)

An importantprotective component of the Gl tract is the mucus layer which covers
the epithelial cells of the stomach, small intestine and colon. The mucus is a stratified
barrier composed of awalle f i ned outer 6l oosed | ayer
firmly attacheal to the epithelium of the stomach and large intestine. In contrast, the

mucus in the small intestine is rather irregular and the stratification is not well
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defined(Johanssoet al.,2011) The outer layer contas a large number of bacteria,

but the inner layer is resistant to bacterial penetration and protects epithelial cells
from direct contact with bacteri@ohanssoret al., 2008) Mice lacking the main
mucus compoent (glycoprotein- mucin (MUC2) secreted by specialised epithelial
cells known as goblet cells) suffer spontaneous inflammation, emphasising the
importance of the mucosal barrier in the host/ bacterial homeogiasianssoret

al., 2011, Hooper and Gordon 2001)

Salivary
gland——

Esophagus

Liver ——————— Stomach
Duodenum #——— Pancreas

\ Colon
lleocecal ] J | {
[ { .
valve———_ @& ———=———— Jejunum

Cecum

lleum J

Rectum

Figure 1.1 Overview of the human Gl tract.
Adapted fromWalter and Ley (200)

1.2 Bacterial colonisation of the Gl tract and its diversity

The human Gltract is sterile at birthbut microbial colonisation occurs immediately

after birth. Initially, the microbiota is highly heterogeneous and influenced by
variousfactors such as mode of delivery, infant feeding, and infant hospitalisation
(Reid et al., 2011) Babies delivered vaginally acquire a microbiota similar to their

mot her 6s vaginal mi crobi al community. Th
section resembled the general skin microbial population ofr tineothers
(DominguezBello et al., 2010) Mi crobi al colonisation of
affected by the infant feeding reginfiReid et al.,2011)and differs betweebreast

fed and formulged babiegNakamuraet al.,2009) After weaning a more diverse



and complex populatiobecomes establishedith the bacterianorecharacteristiof

adult individuals(Kelly et al., 2007, Sporet al., 2011) The bacterial distribution
alongthehuman Gl tract increases from the upper to the lower presstomach is
lightly populated by microbedue toits highly acidic environmentThe jejunum is
occupied byapproximatelyl0> CFU.mI*. Bacterial overgrowth is restricted here by
rapid luminal flow, the presence of bactericidal bile salts and a highly potent immune
defence system. The bacterial population thrives in the large intestthean reach

up to 16* CFU.mI™. This proliferation is facilitated by a higher pH, a larger volume
and a longer retention time due to slow peristaltic movem@hfeter and Ley
2010)

Studieson thegut microbiotareportedsubstantiabacterial diversityvith as many as

a 1,000 different speciegHooper and Macpherson 2010)he enumeration ah
characterisation of culturedrganismsis nowadays complemented witholacular
profiling methods based ommicrobial 16S rRNA including highthroughput
sequencing, quantitative PCR, fluorescenoe situ hybridization (FISH) and
microarrays. These techniqubave providednformation on the compositioand
diversity of the predominant gubacteria(Qin et al., 2010, Tapet al.,2009) Other
molecular technigues such as deeguencing metagenomic analyses identified the
phylogenetic and functional core of the human gut microhiQia et al., 2010,
Arumugamet al., 2011) Each individual carries at least 160 different bacterial
specieqQin et al.,2010) The predominant bacteria frothe human gutbelong to
the phylum Bacteroidées and to the low % G+C Firmicutes (Tap et al., 2009,
Duncanret al.,2007, Walkelet al.,2011)

Previously, the gut microbiota was consideedifficult to culture and it was
repored that 93% of the humagut bacterial 16S rRNA sequences correspond to
unculured bacteria(Backhedet al., 2005) The most recent study by Walket al
(2011) howevershowed that the most abundaitylotypes (>2%) are cultureat
nearly 100% which clearly suggests that the majority of gut bacteria can be grown
under laboratory condition. A similar conclusion was drawn by Goodetad.
(2011) The abundance of readily cultured bacterial phylotypes was estimated,
followed by 16S rRNA analysis of complete faecal samples from healthy volunteers

and was compared to the data derived from cudtwa@mnples. The results showed
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that the culturability was correlated with the taxonomic levat the familylevel
89% phylotypes were readily cultured but at the spdews the proportion of

cultured bacteria decreased to 56%.

1.2.1 Bacteroidetes

The Bacteroidetesphylum has been partitioned into threelasses Bacteroida,
Cytophagia and Flavobacteria which together are called the CiBoup The
Bacteroidia class is associated with the human gut microbiota and comprises several
families. The membersf Bacteroidaceaare most frequently represented as part of
the human gut microbiome. They aferamnegative, pleomorphi¢ anaerobic
bacteria that make up around 25% of the human colonic microbiota. They are well
known for their metabolism of carbohydeagubstrateéXu et al.,2003, Roberet al.,
2007, Chassardt al.,2008, Mirandeet al.,2010)andformation ofshort chain fatty
acids(SCFA)including sucmate, acetate, lactate, formate and propionate as the end
producs of fermentation.Some Bacteroidesspecieshave aso been reported to
convert bile to metabolites, which have been considered asrcmogens or
mutagengNarushimaet al., 2006) Hence someBacteroidetesnay be associated
with a higher risk of colon cancerin particular B. vulgatus and B. stercoris
(Narushimaet al., 2006, Moore and Moore 1995, Guarner and Malagelada 2003,
Sobhaniet al.,2011) A recent study orthe bacterial diversity of colorectal cancer
patients reported significantly higher leveltb& BacteroidesPrevotellagroup than

in controk (Sobhaniet al., 2011) The best studiedmember of this phylum is

B. thetaiot@mmicron whose genome was sequenced by Xu andwakers (2003)

B. thetaiot@mmicron is a prominent human gut isolate which is able to degrade
dietary glycan. Tl adaptation of B bacterium toan environment rich in
carbohydratess enabled by possessing multiple gene clusters that include-a cell
associated muHprotein SUS system(starchutilisation system)(Xu et al., 2003)

This allows the bacteriumto efficiently bind and degrade th&ubstratgMartenset

al.,, 2009) Genome sequencing and comparative analg§iother Bacteroides
species has provided a better understanding of their metabolic pofutiat al.,
2007, Karlsson 2011)0ther common species isolated from human faecal samples
areB. dorei, B. uniformis, B. distasoniandB. vulgatus(Xu et al.,2007) The other

families of the Bacteroidia class, retrieved from human faecal samples, are



PorphyromonadaceadPrevotellaceaeand Rikenellaceae however they ardow
prevalencebacterial taxa in the human gut microbi¢RerisBondiaet al., 2011)

The Prevotellaceaand Porphyromonadacease generally associated with the oral
cavity and the rume(Karlsson 2011, Flint and Bayer 2008) recent study showed
that the genu®revotellawas exclusively present in African children consuming a
fibre-rich diet compared to the counterparts on a Westen(De Filippo et al.,
2010) Sequencéased data analysis indicated the importancerefotellaspecies

in dietary fibre degradation by encoding a fundamentally novel xylose utilisation
gene cluste(Doddet al.,2011) It has also been reported that the gut microbiota can
be enriched inPrevotellas peci es in a group of I ndi vi
enterotype 2Qin et al., 2010) Representatives of tHamily Rikenellaceaevere
identified in several studies; in particulalistipesspecies are readily detectable in

human faecal samplé¢$apet al.,2009)
1.2.2 Firmicutes

Firmicutesare the most abundant group ttie human gut micrbiota They are
Gramypositive, low %G+C bacteria and make up arouf@o of the colonic
microbiota(Tap et al., 2009, Walkeret al.,2011, PerilBondiaet al.,2011) Based
on 16S rRNA analysisClostridig Bacilli, Erysipelotrichiand Negativicutesclasses
are present in human faecal samgfesrisBondiaet al.,2011) The Clostridia class
is the most abundant andntains the order th&€lostridialeswith the families
Ruminococcaceae Clostridiaceag Lachnospiraceaeand Eubacteriaceae(Peris
Bondiaet al.,2011) The orderClostridialeshas been divided inteeveralclostridal
clusters on the basis of 16S rRNA sequen¢®@ailins et al.,1994) The members of

clostridial clusters IV and XI¥are the dominargroupsin the human Giract

Clostridium duster IV is referred to as thelostridium leptum group or
Ruminococcaceaefamily with species such as Clostidium leptum, C
sporosphaeroides, Faecalibacterium prausnitzii, Ruminococcus broiRii,
champanellensisR. flavefaciensand R. albus F. prausnitziiis a predominant
speciesn this group which is able to metabolize starch and iratidform butyrate
and Dlactate (Duncan et al., 2007) and has been proposed to have ani

inflammatory properties based on studias a colitis mouse moel (Sokol et al.,



2008) Ruminococci in cluster IV metabolize complex carbohydrates including
starch R. bromi) and celluloseR. champanellensigAbell et al.,2008, Chassarelt
al., 2011) In the present study novel human gut isolaluminococcusp. 80/3
(Walker et al., 2008) was investigatedvhich hasan ability to hydrolyze sucrose,
cellobiose, lactose, manse, arabinose, rhamnose and trehal8s®uncanand M
Pudenz, unpublished datdhe strain possessb-glucosidase activity which acts on
glycosidic bonds present in breakdown productplaht cell wallcompoundssuch
asc e | | u-gluraneand xfygldgcans(Dabeket al.,2008) It also showed cellulase
and weak xylanase activity. No activity was detected on starplctin . Duncan
and M. Pudenz, unpublished dataRuminococci are closelyassociated with
partiaulate material from faecal sampl@Valker et al., 2008) Within cluster 1V,
highly-specialized cellulolytic ruminal species such Risflavefacienshave been
widely studied due to their production ofcamplex and @phisticated apparatus
calledthe cellulosome(Bayeret al., 2008, Flintet al.,2008) Related bacteria have
been detected in the large intestine of humans which are believedrnwobesd in
the degradation of recalcitrant plant cell wall cellulofdint and Bayer 2008,
Chassaret al.,2011, Robert and Bernali®onadille 2003)

Clostridium duster XlIVa is refered to as theCl. coccoides group or
Lachnospiraceatamily and consists of highly active short chain fatty acids (SCFA)
producerqLouis and Flint 2009and carbohydrate fermentgfScottet al.,2011) A
recent study showed that this cluster is most abundant in the active fraction compared
to the whole microbial community from human faecal samples. Among the
Lachnospiraceae family tf@oprococcusnembers were prevalent active baetén

the faecal sample@erisBondiaet al., 2011) The Coprococcusgenus comprises
Grampositive anaerobic cocci that actively ferment carbohydrates and produce
butyric and acetic acids together with formic gropionic acids(Holdeman and
Moore 1974, Prydet al.,2002) The population o€oprococcusn healthy and IBS
(irritable bowel syndrome) subjects was shown to be diffdkamtsinenet al.,2007)

and stressnduced changeswere observed within its group in the mouse model
(Bailey et al.,2011) The other welktudied bacteria in clostridial cluster XIVa are
members oRoseburid Eubacterium rectalgroup which have the ability to degrade
starch by using cekssociated amylase enzymé@Ramsayet al.,, 2006) The

Roseburiaspecies are motile, due to the presence of feagehich could possibly
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enhance substracquisitionand recognition by the host immune systéBoott et

al., 2011) These bacteria also contribute to the production of butyrate and lactate
(Duncanet al.,2007, Duncaret al.,2004)and were reported as highly active linoleic
acid metabolisergMclIntosh et al., 2009) The bacterial members of other low
%G+C dostridial clusters (clusters Xl, XII, XV and XVI) are recovered from human
faecal samplebutare less abunda(®erisBondiaet al.,2011)

The Bacilus class of the phylum Firmicutes is mainly representedumanfaecal
samples by the ordéractobacillales They areGrampositive facultative anaerobic

or microaerophilic bacterighat convert lactose and other sugars to lactic acid.
Comparative genomics of theactobacillus species showed a wide range of
adapations to the human gut ecosystéutenturaet al., 2009, Freseet al., 2011)
Lactobacilli have been used widely as probiotics and a number of studies describe
their beneficial effect against ange of Gl tract conditions and infectiofdentura

et al.,2009) Antagonistic activity against common pathogens Ekeoli or Listeria

monocytogenesasalsobeen demonstratgfaughanet al.,2002, Servin 2004)

1.2.3 Actinobacteria

Actinobacteria are high %G+C Grapositive bacteria that form arouneb2 of the
colonic microbiota(Tap et al., 2009, PeriBondia et al., 2011) and are mainly
represented by the orddifidobacterialesand CoriobacterialegDuncan et al.,
2007) Bifidobacteriaferment sugar to lactic acid and acetic sl were shon to
actively metabolise plarderived dietary fibres or complex carbohydrate structures
(Schellet al., 2002, Van Den Broek and Voragen 200B)ey dominate the early Gl
tract micobiota in breasted infants(Vaishampayaret al.,2010) Theyareusedas
probiotics, and showed a beneficial effect towards restoration of microbial
homeostasis in a number of stud{&eid et al.,2011) The Collinsella genus from

the order Coriobacteriales is found in more than 90% of human inte@{iagsyama
and Benno 2000)They utilisea wide range of carbohydrates to producgdaA
reduction of aCollinsella aerofaciendike phylotype was observed in the faecal
samples of IBS patients compared to their healthy counterfidebnen et al.,
2010) The number of Actinobacteria the humangut varies over timend was

found to decline in elderly compared to younger subjéitsessoret al.,2011)



1.2.4 Proteobacteria

The Proteobacteria phylum is weakly represented in the normal human gut
microbiome (less than 2% {)rap et al., 2009, PeriBondia et al., 2011) It was
shown that t hproteabbctemadnaludim@ cobandShigellasp. was
significantly higher in Europeanhildren than in their counterparts from Burkina
Faso and was influenced by a diPe Filippoet al.,2010) The latter bacteria are
potentially pathogenic and have been associated with aetiology of{RBfic-
Stojanovic et al., 2011) Sulphatereducing bacteria (SRB) belong to phylum
Proteobacteria and includ@esulfovibriospecies which appear to be the dominant
SRB in the human gut microbiota. SRB usg &$ anelectrondonorto generate
hydrogen sulphide (#$). The production of §$ is potentially a major toxin to the

gut epithelial cells and can be associated with chronic gastrointestinal disorders
(Scanlaret al.,2009)

1.2.5 Verrucomicrobia

This recently described phylum of bacteria makes up arod2b bf the colonic
microbiota(Duncanet al.,2007) A member of this phylum ithe novel gut isolate
Akkermansia muciphila, which specializes in mucirdegradation and converts it to

acetate and propionatPerrienet al.,2004)

1.2.6 Archaea

The archaeal methanogens are representedhénhuman gut microbiota by
MethanobrevibactesmithiiandMethanosphaera stadtmanadd. smithiiuses H and
CO, or formate to produce methane whilgt stadtmanaeconverts methanol to
methangZoetendakt al.,2008, Oxleyet al.,2010) The adult population is divided
into methane excretors (W%, CH") and noamethane excretors (GH based on
detectionof methane in the breath (Chassaial. 2008).
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1.3 Factors affecting the Gl tract bacterial populatio

The microbial population can be influenced by changes in diet and life events (stress,
ageing, disease)The composition of the gut microbiota changes from infancy
through the adulthood and in the elderly. The gradual changes in gut microbiota
occur duing early life with a decrease in number of aerobes and facultative
anaerobes and increase ajligate anaerobic populations. After weanjrnipe gut

mi crobiota starts resembling the adult 0:s
bacteria from phyla Firmides and BacteroidetgSpor et al., 2011) The higher
abundance oBifidobacteriumand Clostridia species was reported fadolescent
volunteers compare to adulfdganset al., 2011) The significant changes in gut
microbiota of elderly people are affected by changing dietary habits and lifestyle;
reduced intestinal motility, illness and medication treatn(Bistgi et al.,2010) The

ratio of Fimicutes vs. Bacteroidetes was found to be atypical in elderly individuals,
with a higher proportion of Bacteroidetes than in ad{@aessoret al.,2011) This

was in agreement with previous observati@dsriat et al., 2009) A significantly

higher proportion of enterobacteria was also found in elderly individuals compared to
their younger counterpartgMueller et al., 2006) The increase of intestinal
permeability in elderly people is correlated with reduction of bacteria from clostridial
cluster IV and XIVa and subsequently the decrease in SCFA prod(Biami et al.,

2010)

Diet is one of the most important environmental factors that has an impact on the
microbial population in the Gl tract. The dietary carbohydrates that escape digestion
in the upper Gl tract reach the colon and affect bacterial growth and their metabolic
function. A study by Duncaret al (2007)established that variations in carbohydrate
intake influenced the microbial composition and SCFA production. A reduced
carbohydrate intake led to a decrease in the number ofabeproducing bacteria

from theRoseburidE. rectalegroup. The same effect was observed by Watkel

(2011) Reduced carbohydrate consumption may also influence bacterial homeostasis
by increasing the pH ahe colon. A higher colonic pH was reported to stimulate
growth of Bacteroidesin vitro and decrease the population of butyateducers
(Walkeret al.,2005) Furthermore, a significant increase of cluster Ivhinococci

was correlated with the proportion of resistant starch in thg\Melkeret al.,2011)
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The enrichment of Bifidobacterium adolescentis Eubacterium rectale and
Ruminococcus bromwas reported on resistiastarch diet by Martineet al (2010)

The substrate supplementation also changed the Firmicutes: Bacteroidetes ratio with
an increase of the latter phyluidartinezetal., 2010) Thepossibleeffect of diet on

the proportion oBacteroidetesvas shown for Burkina Faso and European children.

A higher ratio of Bacteroidetes was observed in African children who consumed a
fibre-rich diet(De Filippoet al.,2010) Previously the proportion of Bacteroidetes in

the faecal sample was shown to vary between lean and obese individuals, and was
reported to be significantly lower in obese subjedise Bacteroidetes fraction
increased wherthe obese humans were on a weight loss diatnbaughet al.,

2009) It was proposed that the ratio of Bacteroidetes in the faecal sample might
serve as an obesity biomarker in the future. However, other suidie®t report a
positive correlation between BMI and the occurrence of Bacteroid@ieset al.,

2010, Duncaret al.,2008)

Non-digestible food ingredients known as prebiotics such as inuldth faucto
oligosacchrides (FOS) are known to stimulate the growth of specific groups of gut
bacteria. Diet supplementation with prebiotics was shown to have a bifidogenic
effect on the microbiota of infants, adult participants and elderly indiviqlivdyer

and Stass#®Volthuis 2009) Other study reported that an inulin supplementation also
stimulatedF. prausnitziispecies which are among the main buty@t&lucers in the

Gl tract (RamirezFariaset al., 2009) The modulation of energy metabolism and
satiety was correlated with prebiotic supplementation and provided evidence that

food intake and glucose homeostasis cqualsisiblybe controlledCaniet al.,2009)

The gut microbiotavaries between individualshence host genetiare believed to
influence the microbial successig8poret al.,2011) Similar bacterial community
structures were derved between related individuals (twin siblings and their
mother), but differences between monozygotic and dizygotic twins were not
significant, therefore the heritability of the gut microbiota is still to be demonstrated
(Turnbaughet al., 2009, Turnbaugh and Gordon 200@hanges within the gut
community were observed for each individual but they were only -s&ont and
temporal, indicating that each person has a stable aneblefeled microbial core

(Turnbaugh et al., 2009) Analysis of persofo-person variation of the gut
12



microbiota allowed clustering of individuals into three groups named enterotypes
(Arumugamet al., 2011) Sequencing data from human faecal samples showed
variation in the level of predominant gut species between enterotypes. The presence
of specific groups of bacteria was correlated to the functional differences that reflect

variouscombinations of microbial activities between enterotypes.
1.4 Microbial activities in the Gl tract

The functional potential of microbial activities in the human GI tract has been
studied widely using various techniques including cuthased studies dnculture
independent approaches such as metagendQioset al., 2010, Arumuganet al.,
2011, Gillet al.,2006, Kurokawaet al.,2007)and metatransg@tomics(Booijink et
al., 2010, Gosalbest al.,2011) The outcome of these studies has revealed that the
main metabolic role of the gut bacteria are carbohydrate metabolismazasgdrt,

amino acid and lipid metabolism, xenobiotic biodegradation and metabolism.

Non-digestible dietary carbohydratéstarches, cellulose, hemicelluloses, peciind
oligosaccharideghat escape digestion in the upper Gl tract are efficiently dedrad

by gut bacteria. The ability to ferment these recalcitrant compounds is necessary for
bacteria to thrive in the gut. An array of enzymes are produced which cleave the
glycosidic bonds of complex carbohydra@dint et al., 2008) The metagenomic
study of the human gut microbiota showed a significant presence of genes involved
in dietary carbohydrate utilisatio(Qin et al., 2010, Arumugamet al., 2011,
Kurokawa et al., 2007) Hostderived glycoconjugates present in mucin are also
substrates for microbes. In particularly, fucose was shown to serve as a source of
energy forBacteroides(Coyne et al., 2005) and Bifidobacterum (Crociani et al.,
1994)species.

The endproducts of carbohydratésrmentationareshortchain fatty acidgSCFAS),

mainly acetate, propionate and butyrabecurring roughly in a motaatio of 3:1:1
(Wong and Jenkins 2007Yhese SCFAs supply energy to the host and play an
importantrole in host health maintenan¢&cheppach 1994)Acetate is used as a
substrate for the synthesis of cholesterol and fatty acids; it increases colonic blood
flow and oxygen uptake and affects ileal motility. Propionate is anlipagenic

agent with a cholestertdwering effect (Hossini et al., 2011) Propionate was
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proposed as a satiettyducing agent and its effect was studied using animal models
and human studies. It affected production of sa#itpulating hormones GL-R and

PYY, and decreased the level of ghrelin (producethbystomach), which stimulates
appetite and therefore controls food inté&aniet al.,2009, Delzennet al.,2005)
Butyrate isa major source of energy fogut epithelal growth and poliferation
(Louis and Flint 2009)It plays a protective role against colitis and colorectal cancer
by inhibiting the growth of colon cancer cells, inducinffedentiation and apoptosis
(Scharlawet al.,2009) It has also been demonstrated that butyrate pratesisit by
possessing aninflammatory propertiedt inhibits the activation of the tranggtion

factor NFaB and reducesghe formation of proinflammatory cytokine@nan et al.,

2000, Segairet al., 2000) A few studies have revealed pathways and specific
enzymes for SCFA formatio (Louis and Flint 2009, Miller and Wolin 1996,
Chatrrieret al.,2006)

Analysis of digestive material showed that in addition to carbohydrate, some soluble
proteins and pejates reach the colon and are readily degraded by microbial enzymes
(Macfarlaneet al., 1986) The degradation of proteins leads to the production of
compounds such as ammonia, amines, indoles and phenols whidtie gpotentially
carcinogenig(Smith and Macfarlane 1997The gut microbiota also contributes to
the synthesis of essential amino acids and vita@ms et al.,2010) Enzymes thia
convert bile acids such as bile salt hydrolases were abundant and well conserved
within the human gut microbiota. They play an important role in lipid metabolism
which can influence the risk of metabolic disorders such as diabetes and obesity
(Joneset al.,2008) The conversion of dieterived lipids to trimethylamine f&dxide
(TMAO) by intestinal bacteria has been associated with atheroscl@aiget al.,

2011) The metabolisnof phytochemicals by human gut bacteria has been of interest
in view of their potential role in health and disease prever{liaparra and Sanz
2010) Gut bacteria are involved in hydrolysis of phenolic glycosidester linkages

by the pr edowsdases) hamoosidages and este(@sk<st al.,2006)

't was r e-gluzasitasedactivith ia highlyp prevalent amongst gut microbiota
(Dabeket al., 2008) Mi c r-gluburomidase factivity has a potentially beneficial
effect on the bioavailability of dietargerived compounds such as phytochemicals.
However, p r-gluturonitiaseowas atsd corfmected with the geéioaraf

toxic and carcinogenic metabolites in the large intestiieBain and Macfarlane

1998) A hi gh f qglecgron@asesyin tleefhumfan gut microbiota was
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reported by Glowet al. (2011)and is associated with the abundance of glucuronide

compounds that reach the colon.

The gut microbiota plays an important protective role against pathogenesis by
competing for dietary nutrients and colonization niches. They steuthe
development of guéissociated lymphoid tissue (GALT) which was shown to be
underdeveloped in gerafree mice (raised under sterile conditighlpoper 2004)A

low density of lymphoid cells in the gut mucosa was observed in gnotobiotic mice.
Speciaised follicle structures were small and the immunoglobulin concentration was
lower than in control animal@elly et al.,2005) Restoration of the gut microbiota
provided the signal to GALT development, includingitiegial cell maturation,
angiogenesis and lymphocyte development. The immunological tolerance between
host and commensal bacteria is a very important aspect for the functional stability of
the Gl tract ecosystem. Intestinal homeostasis is maintained/ésakbarriers, such

as an adaptive IgA system, intestinal mucus, tight junctions anemamtbial
peptides. The disruption of these barriers can lead to aberrant immune responses
which underlie the manifestations of inflammation, and can progress tmichr
disease such as inflammatory bowel disease (IBD) or even colorectal (tdocper

and Macpherson 2010, O'Hara and Shanahan 2006)

1.5 Dietary polysaccharides

A healthy wellbalanced hman diet should provide all the maerand
micronutrients required to maintain the health of the person. Carbohydrates are key
components in the diet, comprising sugars, oligosaccharides, starchy carbohydrates
and nonrstarch polysaccharides. The carbohyesagprovide an important source of
energy, control blood glucose and insulin production, lipid metabolism and by
reaching the colon they influence microbial fermentation and health of the Gl tract
(Cummings and Stéqen 2007) According to the British Nutrition Foundatipthe

daily intake of carbohydrates for a man should be 300 g and a woman 230 g. Most of
the consumed carbohydrates will be digested by enzymes produced in the upper Gl
tract. The remaining recalcnt carbohydrates, known as dietary fibre, will escape
digestion and reach the colon to serve as a substrate for microbial fermentation. The

discussion ortheterm dietary fibre is stilbngoing;however a recent definition was
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proposed andinsic @lane ce watl polysdccharides or nstarch

pol ysaccharidesd (NSP). Ot her definition
(RS), oligosaccharides and nstarch polysaccharides (NSP). NSPs are cell wall
components of plants cellulose, hemielluloses, pectins and lignin. Chemically

related to cell wall NSP are plants gums and mucilg@esnmings and Stephen

2007) Dietary fibre can be found in foods such asreak, wholegrain products,

beans, lentilsfruits andvegetables
1.5.1 Starch

Starch is a carbohydrate that consists of a mixture of amylosebfaonhed chains

of glucose residues linked bYy-1,4-glycosidic bonds) and amylopectin (high
molecular weight, highly branched polymer, containind,4 andh-1,6 linkages)
(Figure 13). It is produced by green plants as an energy store. It is a major
carbohydrate of the human diet, present in cereals (rice, wheat, and-rtygiee?),

tuber, roots and high amylose starches (potatoes, batypeaB)and legumes (type

C). The types of starch are defined based on the crystalline structure which confers
on them distinct Xay diffraction patterrfHoover 2010) Starch is degraded by small
intestinal amylases whichtagn"-1,4-glycoside linkages, but it can escape digestion

in the upper Gl tract. A starch that arrives in the colon as a fermentable carbohydrate
source for intestinal bacteria is known as resistant starch. There are several types of
resistant starch based dimeir chemical and physical properties. Starch which is
protected by cell wall polymers and is therefore physically inaccessible for
enzymatic degradation, is classified as type | (RS I). This starch is mostly present in
whole grains, cereals, seeds andulmes. Food processing such as milling can
reduce or eliminate resistance. Type Il resistant starch is present in granules similar
to type B starches observed in potatoes, whose crystalline structure protects them
from enzymatic degradation. Retrogradeatch (achieved after food processing e.g.
cooking and cooling) is RS type lll. Type IV resistant starch comes from a
modification of the amylose: amylopectin ratio which can be accomplished during
plant breeding. The other technique to achieve modifiedchstas chemical
substitution such as esterification or etherification. The diokigg introduces a
limited number of linkages between chains of amylose and amylopectin and makes

starch more resistant to digesti@ummings and Stephen 2007)
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1.5.2 Nonstarch polysaccharides (NSP)

Non-starch polysaccharides are a group of large dietary carbohydrates consisting of
monosaccharide (e.g. glucose, xylose) residues joined to each other by glycosidic
linkages and arpredominantly found in the plant cell wgummings and Stephen
2007) It is a diverse and complex group of dietary carbohydrates which comprise
cellulose, hemicelluloses and pectins.

Cellulose is a polysacchasdcomposed of units of glucose connectedi b4
glycosidic linkages (Figure 4). It is the most abundant organic compound in the
world, building the cell wall of all plants. It is a recalcitrant, mainly crystalline

carbohydrate that is not soluble intelg Cummings and Stephen 2007)

Hemicelluloses are hom@nd hetergpolymers which include a mixture of hexose

and pentose sugars, often in highly branched chains, comprising xylan, xyloglucan,
i -glucans, arabing/lans and glucomannans (Figure5)l. Xylan is a cell wall
hemicellulose present in cereals (millet grain, sorghum), legumes and vegetables.
Xylans have a backbonef i -1,4-linked xylose residues witha varying degree of
polymerisation byshort sidechairs of residues such as-D-glucosyluronic acid
(GIcA), 4O-methykUD-gl ucosy !l ur oni c-L-aabinode, dcdileasitl c A) |,
ferulic acid or coumaic acid (Doddet al.,2011)(Figure 15). i -glucans are present
mainly in grains, fruits and vegetables and are composed of glucopyranoside residues
linked by b-1,4g1 ycosi di c -1,8glyoodidic bendsKyloflucan is the
hemicellulosic polysaccharideund mainly is fruits and vegetables. It is the main
hemicellulssic polysaccharidén the primary wallof higher plantsyp to 20% of the

dry weight of the primarygell wall). Thebackboneof xyloglucan is composed of
glucose residues with-1,4 bonds most of which are substituted with-1,6 linked

xylose sidechains Xyloglucans are classified as XXXG type and XX@&@e. The

first type is composed of a typical glucopyranoside backbone with side chains of
xylose connected to the three consecutive glucose residues of the mairiahain
1,6-branching.The xylose resides are oftersubstitutedwith galactoseand fucose
residus. The second type of xyloglucamas two consecutive branched backbone
residues and tavunbranched backbone residi@siza et al.,2011) Arabinoxylans

are henrcelluloses typically found in cereal grains. The main backbone consists of
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1,4linked xylose residues substituted with arabinose residueslh® and/ orU-1,3
glycosidic bondgDodd et al., 2011, Van den Abbeelet al.,2011) Glucomannans
are mainly linear polymes of glucose and mannose residues which can be
substitutel at the G6  b-P-galdctopyranose unitsr acetyl groupgVarnaiet al.,
2011)

Pectins are common to all plant cell walls and their major sourtte ihuman diet is

a variety of fruits (apples, plums, oranges). They are highly heterogeneous and
complex polymers composed bf1,4-galacturonic acid residues in the backbone
chain (Figure B). Pectins are divided into different groups: homogalacturonan
(HG), xylogalacturonan  (XGA), rhamnogalacturonan | (RG and
rhamnogalacturonah (RG-Il). Homogalacturonars a linear chain of -1,4-linked
galactronic acid(GalA) residues in which some of the carboxyl groy@$) are
substituted with methyl group#cetyl esterification can occur at O2 or O3 of the
galacturonic acid residue. Xylogalacturonan is a polymer of GalA units substituted
with i -xylose at C3. XGA is found in pectins of cell wall from various sources such

as apples, watermelon, soybeans amaisp Rhamnogalacturonan | (RIGcomprises

of backbone of galacturonic acid residues which are interrupted-h2 linked
rhamnose residues, to which long arabinan and galactan chains can be attached at the
C4 position. Further substitution can occurhe side chains with terminal residues

of fucopyranoside W@L-Fucp or glucosyluronic acid B:D-GlcpA).
Rhamnogalacturonaih (RG-Il) has a backbone of homogalacturonan and consists of
h-1,4linked galacturonic residues which are highly substituted with feliént
disaccharide and oligosaccharide chains (arabinose, rhamnose, fucose and other
modified sugars) joined to C2 or C3 of the main ch{&Wong 2008, Sevenet al.,

2009)

1.6 Carbohydrate activenzymes fronthe human gut microbiota

1.6.1 Glycoside hydrolases (GH)

The enzymes that hydrolyse the glycosidic bonds between two sugars or between a
carbohydrate and nerarbohydrate moiety are named glycoside hydrolases (GH)

(EC 3.2.1.x). GH enzymes arwidespread (present in archaea, bacteria and
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eukaryotes) and have significant importance in industrial, medical and biochemical
applications (Lynd et al., 2002) The hydrolysis step occurs via general acid
catalysiswhich requires a proton donor and a nucleophile or fdsarissat 1991)

The reaction can be based on retaining or inverting mechanisms of the anomeric
carbon (Figure 2). The retaining mechanism of GH enzymea isvo-step reaction

in which two amino acid residues are involved. Firstly, the nucleophilic residue acts
on the anomeric centre to form a glycosyl enzymermediate The second residue

i the acid catalyst participates in cleavage of the glycosidicntdoIn the second

step (known as the deglycosylation step), the glycosyl bond is hydrolyzed by water,
with the other residue now acting as a base catalyst, deprotonating the water
molecule as it attacks and cleaves the bond. During the hydrolysis theremnome
carbon configuration is retained. In contrast, inverting GH enzymes change the
configuration of the anomeric carbon via a single nucleophilic displacement
(Henrissat 1991)The classification of GH enzymes isskd on the type of reaction

the enzyme catalyses and on substrate specificity according to IUB Enzyme
Nomenclature. An alternative classification is based on the enzyme sequence, which
reflects structural features of the protein. Members of GH families khasimilar
threedimensional structure, common mechanism of hydrolytic reaction and the
catalytic residues identified for all the enzymes within GH family. The classification
of GH enzymes into families was initiated by Bernard Henrissat, and led to the
creation of 35 familiegHenrissat 1991)The weltmaintained database named CAZy
(Carbohydrate Active Enzymbhttp://www.cazy.org/reports close to 300 families of
catalytic and ancillary modules with over 100,0@0rredundant entrie€Cantarelet

al., 2009)
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Figure 1.2 Catalytic mechanism for glycoside hydrolases.

The anomeric centre of reaction is shown with the red arrow. Ad&ptedRyeand

Withers (2000).
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1.6.2 Microbial hydrolysis of starch

The microbial degradation of starch (Figur8,ITable 1.1) relies on the production

of several enzymes, including amylases (cleéank4 bonds), pullulanases (cleave
1,6linkages) and amylopullulanases (cleabel,4 and/or"-1,6 bonds). The
degradation of starch yields glucose, maltose, maltotriose and other oligosaccharides
(MacGregoret al, 2001) The starckdegrading enzymes have been classified to
several glycoside hydrolase families including family 13, 14, 15, 57 and 119. The
majority of enzymes from amylolytic bacteria fall into glycoside hydrolase family 13
(CAZy database) with morg¢han 8,000 entries. Thé-amylases catalyse the
hydrolysis ofh -glucans with the retaining mechanism of reaction. Within the GH13
family numerous substrate specificities (enzymes acting on maltose, isomaltose,
sucrose and trehalose) have emerged but-coelberved sequence stieds are
recognised in alGH13 family members. There are four conserved regions and three
catalytic residues corresponding to Asp206, Glu230 and Asp297 ofahajase A

from Aspergillus oryzad the first amylase examined by-rdy crystallography
(Oslancova and Janecek 2002he first aspartate acts as a catalytic nucleophile, the
glutamate is a general acid/base residue and the second aspartate stabilizes the
transition state during the retaining mechanism of #mymatic reaction
(MacGregor et al.,, 2001) Bacterial amylase enzymes show a rmddtmain
architecture with a conserved catalytic domain and -aorNC-terminal carbohydrate
binding module (CBM). The main rolef the CBM is to bind starch, deliver the
substrate to the catalytic domain and disrupt the surface of the starch granules
(Machovic and Janecek 2006)

The known amylolytic bacteria from the human gut belong the genera
Bifidobacterium  Bacteroides Roseburia and Butyrivibrio. The genus
Bifidobacteriumwas shown to be a dominant amylatgrading group with several
novel strains isolated by Ryast al (2006) Bifdobacteriawere recovered from
starch B. adolescentjsduring a study conducted by Leit@t al (2007) which
showed that primary colonization of insoluble substrates is restricted to certain
groups of gut bact@a. A strong response oBifidobacterium species in one
individual fed a diet high in resistant starch was also observed by Wetlkar

(2011) Thein vitro study of Roseburia intestinaliand Butyrivibrio fibrisolvens
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from cluster XIVa showed the efficient degradation of starch compounds. Both
bacteria produced cedfissociated amylase enzymes that enable utilizatiom
variety of starchegRamsayet al.,2006) This microbial group was also stimulated

by a resistant starch (RS) diet in several human volunf@&kkeret al.,2011) This

study also showed that the proportionsRof bromii from cluster IV ruminococci
group increased dramatically in the majority of voluntdedson the RS diet. This

was in agreement with a previous observation, which also repRrtecbmitrelated
bacteria in faecal samples from humans whose diet was suppéeimeith RS
(Abell et al.,2008) Both studies propose a crucial role of this group of bacteria in
resistant starch utilisation.

The Gramnegative phylum Bacteroidetes is represented by several highly
specialisedstarch degraders likB. thetaiot@micron B. ovatusandB. distasonisin
addition toin vitro studies orBacteroidesstarch metabolism initiated by Salyests

al. (1977) sequencing data emphasised their imporpasition in polysaccharide
degradation in the distal Gl tra@fu et al.,2007) The starch utilisation system (sus)

of B. thetaiot@micron VPI-5482 is a wekllstudied example of microbial adaptation

to carbohydrate metali®m. Sus is a muklprotein cellassociated complesncoded

by eight adjacent genes, forming the cluster SuSRABCDEFG. The outer membrane
proteins encoded by SusC and SusD are involved in substrate binding and uptake.
The roles of Suse and Sushre not fully understood, but they are predicted
lipoproteins, exposed to the external environment, possibly involved in glucan
binding and rendering it less accessible to other gut bacteria. SusG is a outer
membrane neopullulanase with-1,4-glycosidic activities aginst amylose,
amylopectin and pullulan. Internal cleavage by SusG produces molecules which are
subsequently transported to the periplasmic compartment by SusC. In the periplasm
oligosaccharides are degraded further by glycoside hydrolases SusA and BeisB. T
transcriptional regulation of the Sus cluster is accomplished by the SusR protein and

occurs in the presence of stafdhartenset al.,2009, Flintet al.,2008)
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Figure 1.3 Schematic overview of structure and enzymes involved in hydrolysis of
amylose and amylopectin

Ring: glucose
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1.63 Hydrolysis of non-starch polysaccharides

The breakdown of cellulose fibres requires the action of several GH enzymes (Figure
14, Table 1.1): endoglucanase (endel,4-D-glucan hydrolase EC 3.2.1.4),
exoglucanase (exo -1,4D-glucan cellobiohydrolase, EC 3.2.1.91) and
glucosidase (EC 3.2.1.21). Endoglucanases cut at random internal sites in the
cellulose chain, yielding oligosaccharides of various lengths. Egagases act at

the reducing or ncereducing end of a cellulose chain, liberating cellobiose or
glucose(Xu et al., 2003, Xuet al., 2007, Lyndet al., 2002) The hydrolysis of
cellobios to glucose residues is catalysed bylucosidaseg$Lynd et al.,2002) The
cellulases can have a processive or-pmtessive mode of action. The former
enzymes remain bound to the cellulose substrate and continue cleaving down the
polysaccharide. Thatter enzymes are detached from the substrate after one round
of hydrolysis(Pereiraet al.,2009)

Microbial cellulases are classified into varioG#$1 families (Table 11). The most
abundant families are GH5 andH@. Breakdown of thé-1,4 glycosidic linkage is
processed through the retaining (GH5) or inverting (GH9) mechanism of the
anomeric carbon. Two conserved catalytic residues are found for the active site of
cellulases. Two glutamate residues are characteristic for cellulasessi5 family
(Posteet al.,2004) The GH9 enzymes display the presence of a conserved glutamate
and aspartate residu@ereiraet al.,2009)

Cellulasesexhibit a complex multi-modular architecture (Gaudin et al., 2000,
Kurokawa et al., 2002, Devillardet al., 2004) The most common arrangement
consists of a catalytic domain j@d by a short linker to a carbohydrate binding
module (CBM) which can be at thetdrminus or Germinus of the protei{Guillen

et al.,2010) They are present in cellulases of different families and were shown to
erhance the hydrolytic activity of the enzyme by prolonged contact with the complex
substrate. The removal of CBMs decreases the binding capacity of the enzymes,
resulting in a partial or complete loss of catalytic activities. The disruption of the cell
wall polysaccharides mediated by CBMs was also obsdited/eet al.,2010) The

CBMs present in cellulases have a wide range of binding specificities and are often
combined with the catalytic domains of xylanases, marsenand pectinases
(Herve et al., 2010) Some of the cellulases contain several CBMs and other

accessory modules such as fibronectin type Ill domains (Fn3)-ldtelglomains.

24



The bacterial fibronectin type 1ll domaiase found in extracellular glycohydrolases
displaying different enzymatic activities such asal®thydrolasgShenet al.,1995,
Kataeveet al.,2002) pullulanas€Matuschelket al.,1994)or endoglucanasg&hiriac

et al., 2010) The main function of Fn3 domain in GH enzymes is to facilitate
interaction between the catalytic domain and the substrate by sepamitiigse
chains and exposing the substrate for the cleaygtaevaet al., 2002) Ig-like
domains were shown to be essential for the activity of the enzjiest al.,2010.
Deletion of an Igike domain led to complete inactivation of CbhA a
cellobiohydrolase fronClostridiumthermocellumKataevaet al.,2004) In addition

to carbohydrate binding modules, cellulases possessedocinodules at the -C
terminus of the protein. The dockerins are-atalytic modules which interact with
cohesin modules on the scaffoldin part of the cellulosome and are essential for its
assemblyFontes and Gill# 2010)(see section 1.6.6).

Cellulose

Ii -glucosidasel I Cellobiohydrolasel Endoglucanase

Figure 14 Structure of cellulose chain and the main enzymes involved in its
hydrolysis.

Ring- glucose

Similarly to cellulose breakdown, hemicellulose degradation requires the action of
seveal enzymes with different activities (Figurés1Table 1.1). The main backbone

of xylan is hydrolysed internally by endoxylanases (4-xylan xylanohydrolase EC
3.2.1.8) which cleaves-1,4-xylosidic bonds. The xylmligosaccharides produced

by endoxylaases are cleaved lyxylosidase (EC 3.2.1.37) which removes xylose
from the norreducing ends of the xylan chain. The further degradation of xylan is
mediated by enzymes which remove side chain substitutes such as acetyl

glucuronytgroups and arabise. The cleavage of acetyl groups is catalysed by
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acetylxylan esterase (EC 3.2.1.72jglucuronidases act dn-1,2-links between the
main chain of xylan and removésD-(4-O-methyl)glucuronosylresidues. The
arabinofuranosyl groups are removed from theinnzhain by action ofh-1,3
arabinofuranosidas¢Dodd et al., 2011) The specific enzymes are required to
hydrolyse xyloglucan, glucomannan and arabinoxylan (Table 1.1). The enzymes
involved in hemicellulose degradai are classified as belonging to many different
GH families with various modes of action (retaining and invertifizpdd et al.,
2011, Gilbertet al.,, 2008) The xylanases display a modulatructure with
carbohydrate binding modules append to catalytic dom@&aebsarajet al., 2010)
The accessory enzymes involved in the removal of single sugars fromedharing
ends (glucosidases, xylosidases ets)ally do not require the assistance of CBMs
(Harveyet al.,2000)

Pectinolytic activity depends on the production of a variety of enzymes. The chain is
hydrolysed by polygalacturonase via random hydrolgsfs-1,4D-galactosiduronic
linkages in homogalacturonan and other galacturonans (EC 3.2.1.15). The
breakdown of rhamnogalacturonan requires the action of rhamnogalacturonase (RG
hydrolase), which is an endxwting hydrolase cleaving-1,2 bonds between
galacturonic acid and rhamnose residues. The-hR@olase exhibits a single
displacement mechanism resulting in the inversion of the anomeric configuration.
The cleaage of N-1,4linkages between rhamnose and galaxtic acid in
rhamnogalacturonamequiresthe action of R@yase byi -elimination. The non
reducing rhamnose residues are removetl-dyamnosidase (EC 3.2.1.40). The side
chains of arabinan are cleaved 'yarabinofuranosidase (EC 3.2.1.55) and ehdo
1,5arabinosidase (EC 3.2.1.99). Erdd,4 galactanases and-galactosidases
efficiently hydrolyse thé -1,4-glucosidic bonds in the highly branched side chains of
pectin. Pectin esterase releases the methyl residue linked to the galacturonic acid
while pectin acetylesterase releases the acesytiue linked to the galacturonic acid
(Wong 2008)
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Figure 1.5 Chemical structure and enzymatic hydrolysis of different hemicelluloses.
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Glucomannan

I -mannosidase| Endomannosidasel

Arabinoxylan

Endoxylanasq

i-1,4 i-1,4

h-1,3 «——|n -arabinofuranosidasei

h-1,2

\ | h-arabinofuranosidasei

Homogalacturonan

COOH COCH

COOH COOH COCH

| Polygalacturonasei

Figure 1.5 Chemical structure and Bymatic hydrolysis of different hemicelluloses.

Grey ringi glucose, blue ring xylose, green ring arabinose, red ring glucuronic
acid, brown ringi galacturonic acid, Fe ferulic acid, Aci acetyl group, Me
methyl group
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1.64 Microbial degradation of non-starch polysaccharides

The bacterial degradation of cellulose and hemicellulose has received a lot of
attention because of its importance in biomass conversion and biofuel production
(Fontes and Gilbert 2010, Morrisaat al., 2009) Cellulolytic and hemicellulolytic
bacteria comprise several diverse groups occupying different environments;
fermentative Granpositive anaerobes such a€lostridium Ruminococcus
Butyrivibrio and aerobic Grampositive bacteria such a<£ellulomonas and
Thermobiida (Lynd et al.,2002) Recent advances in the metagenomics and genome
sequencing of human gut bacteria have provided more information on their GH
enzymes repéoire involved in norstarch polysaccharides breakdown.

Cellulose degradation in the human gut appears to be restricted to a number of
isolates belonging to the geneRuminococcugRobert and BernalieDonadille
2003) and Bacteroides(Robertet al., 2007) Robertet al (2003) reported several
novel isolates from clostridial cluster IV involved in cellulose utilisation in the
human gut.This group was shown to be mainly associated with fibre particles
(Walker et al., 2008) and closely related t®. flavefaciens’ one of the main
degraders of cellulose in the Giatt of herbivoresR. flavefaciengproduces an
extracellular, mulicomponent and mulenzyme complex known as the
cellulosome, whose synergistic activity enables the bacterium to efficiently degrade
cellulose fibres (Figure &). The main norcatalyticpart of the cellulosome is called
scaffoldin, which consists of several cohesin modules. Cohesin modules interact with
dockerin domains, which are part of catalytic ceboimal enzymes. The structure is
bound to the bacterial cell surface by a cohesinaining scaffoldin. The structural
components of th&. flavefaciengellulosome are encoded by tbeagene cluster.

The anchoring scaffoldin ScaE contains a single cohesin domain and is attached to
the bacterial surface by a sortasediated reaction. EhScaE cohesin binds to the
C-terminal dockerin of the primary scaffoldin ScaB, which consists of nine cohesins
which either bind to the dockerins from a catalytic subunit or bind to a scaffoldin
ScaA. ScaA contains two cohesins which recognise dockefricstalytic enzymes.
Additionally, R. flavefaciengontains a single cohesin and a single dockeesring
scaffoldin called ScaC, which interacts with the ScaA protein. The cellulose binding
occurs via two carbohydrate binding modules present in theiprGteA, which is

attached to the cell surface by ScakE. This highly complex system is essential for host
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survival, since 70% of herbivore energy intake is derived from bacterial fermentation
(Flint et al.,2008, Fontes and Gilbert 2010)o date there are no reports on such an
efficient way to utilize cellulose in the human gut. However, as mentioned above,
novel cellulolytic strains related . flavefaciensave been isolated from human
subjecs (Robert and BernalieDonadille 2003) Ruminococcus champahahsiswas
reported to utilise a variety of celluloses and xylan and possesses an array of
carbohydrate active enzymg@Shassarcet al., 2011) Future studies should provide
more information on the metabolism of this bacterium and its role in polysaccharides
degradation in the human gut.

The other known highly potent fibrolytic human gut isolates belong to the
Bacterades genus including B. cellulosilyticus. (Robert et al., 2007)

B. xylanisolvengMirande et al., 2010) B. intestinalis B. ovatusand B. fragilis
(Doddet al.,2011) Bioinformatic analysis of a gene cluster from the human isolate
B. ovatusATCC 8483 (Whitehead 1995showed similarity to a xylan utilisation
system from the ruminal bacteriuRrevotella bryantiiB;4 (Gasparicet al., 1995,

Flint et al.,1997) The xylan utilisation system (Xus) consists of genes homologous
to the SUS gene cluster Bf thetaiotaomicronThe cluster XisA, XusB, XusC and
XusD showed similarities to the SusC and SusD outer membrane proteins. The
endoxylanase encoded by gena10Cpossibly represents a functional homologue

of the SusG protein catalysing cleavage of xylan polymers to shorter
oligosacchades. Upstream okynlOCis the xusk gene encoding a hypothetical
protein of unknown function. A study conducted by Deddl. (2011)showed high
conservation of this cluster withithe species oBacteroidespresen in the human

gut. Enzymes, involved in the cleavage of sugars such as glucose, galactose or
arabinose from the nemeducing end of the polysaccharide chain, are well
represented withithe human gut microbiota. A wide range of bacterial species from
human gut was shown to possesglucosidase, -glucuronidaséDabeket al.,2008,

Gloux et al.,2011) i -galactosidaséGoulaset al.,2007) " -glucosidas€Glosteret

al., 2008) and U-arabinofuranosidasactivity (Margolles and de los Rey&avilan

2003)
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Figure 16 Schematic overview of the cellulosome system Riimnococcus
flavefaciensnvolved in plant celwall degradation.
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Enzyme Name Action GH family Substrate
32121 i -glucosidase Hydrolysis of terminal, nenedycmg -glucosyresidues with release g 1r, 3r, 9i, 30r116r Cellulose, lichenan, cerégalglucans
i -glucose xyloglucanglucomannan
. . 5r, 6i, 7r, 8i, 9i, 12r , 4445i, 48] Cellulose lichenanand cereal
3214 Endoglucanase 1,41 -glucosididinkages 51r. 61nd 74i 124i i -D-glucans
3.2.191 Cellobiohydrolase L4 -glucos_ldldlnkages n ceIIqus_e arutllotetraose rel_easmg 5r, 6i, 9i, 48i Cellulose
cellobiosefrom the nonreducing ends of the chains
3.2.1.73 i -1,3-1,4glucanase Hydrolysis of 1,4 'QIUCOS'dIdlani)%izlsm -glucangontaining 1,3and 5r, 7r, 8i, 12r, 16r, 17r Lichenan, cereal-glucan
32174 Glucan -glucosidase Hydrolysis of 1inkages irl,4 ——glupansto remove successive 1r, 3r / & NBdiutan i
glucose units
3.2.1.39 Endo 1,3 -glucosidase Hydrolysiof 1,34 -glucosididinkages 16r, 17r, 55i, 64i, 81i /S NBD-dlucan lichenan
3.2.1.8 Endoxylanase 1,41 -xylosididinkages irxylans 5r, 8i, 10r11r, 43i Xylanarabinoxylan
) . Removabf successive Byloseresidues from the nomeducing 3r, 30r, 39r, 43i, 52r, 54r, 1167 .
3.2.1.37 i -xylosidase ; Xylan, arabinoxylan,
terminus 120nd
0 F 3 . Ah )
3.2.1.55 h-N-arabinofuranosidase Hydrolysis of terminal nomﬁa?a?)izr%gid)g\lsa oAy 2 ¥ dzNI y 24 3r, 43i, 51r, 54r, 62nd Arabinansxylan pectin
321131 h_glucuronidase I @RNRf da—mamaml))?;?;::;onosylmks in the main chain o 67i, 115i Xylan
3.2.1.151 Endoglucanase 1,41 -glucosididinkage 5r,12r, 16y 441, 74i Xyloglucan
. Removal ofinsubstituted D-xyloseresidues attached to the glucose
3.2.1: h-xylosidase - o 31r Xyloglucan
located at the norreducing terminusn xyloglucan

3.2.1.78 Endomannosidase Random hydrolysis df,41 -mannosididinkages 5r, 26r, 113r Mannan glucomannangalactomannar
3.2.1.25 i -mannosidase Hydrolysis of terminal, neneducing -mannose 1r, 2r, 5r Glucomannangalactomannan
3.2.1.22 h-galactosidase Hydrolysis of terminal nereducing” -galactoseesidues 4r,27r, 36y 571, 97i/r, 110i Galactomannan
3.2.1.23 i -galactosidase Hydrolysis of terminal neneducing -galactose 1r, 2r, 35r, 42r Pectin

3.2.1.15 Polygalacturonase Random hydrolysis df,4-h -galactosiduronitinkages 28i Homogalaturonaprhamnogalcturonarl
3.2.1.40 h-rhamnosidase Hydrolysis of terminal noiNJS R dzOLArhAmnoderesidues 28i, 78i, 106nd Rhamnnogalacturonan
3.2.1.99 | Endol,5"-L-arabinosidase Hydrolysis of 1.8 -arabinofuranosididinkages 43i Rhamnogalacturonan
3.2.1.89 Endol,4i -galactanase Hydrolysis of 14 -galactosididinkages irarabinogalactans 53r Rhamnogalacturonan

1,40 -glucosididinkages in polysaccharides containing three or mq
h.

3.21.1 amylase 1,45 -linked Dglucose units 13r, 57r, 119r Starch, glycogen
3.2.1.41 Pullulanase 1,6-" -glucosididinkages 13r, 57r Pullulan

3.2.1.20 h_glucosidase Hydrolysis of terminal, nereducing 1,4inked h -glucoseresidues with 4r, 13r, 31r, 63, 97ir, 122nd Starch, glycogen

release of Bglucose

3.2.1.135 Neopullulanase Hydrolysis of pullulan to panose-{6D-glucosylmaltose) 13r Amylopectin

Table 11 Glycoside hydrolasereymes involved in dietary polysaccharides degradation.

I = inverting mechanism of hydrolysis, r = retaining mechanism of hydrolysisiatadletermined
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1.7 Metagenomics

The combination of culturdependent and molecular studiésis been very
successfutleterminng the microbial diversity and metabolic activities that occurs in
the largely inaccessible human Gl trétin et al., 2010, Arumuganet al., 2011,
Tapet al.,2009) The® studies provide useful information which is needed to fully
understand the interaction and impact of this highly complex ecosystem on the
human health. The remaining challenge is to relate the sequence data to function and
identify potential targets fodisease therapy. Several large metagenomic surveys
have been conducted on DNA recovered from the human gut microbiota in recent
years. Metagenomics is a cultinelependent approach to study the genetic pool
present in an environmental sample. It is a i¥Bi#p approach which requires
sampling, sample processing, DNA extraction and data analysis based on the
sequence or function (Figure7).. Sampling and DNA extraction are first crucial
steps in the metagenomic application as they affect the downstreaedpres. The

DNA extraction method depends on the insert size required and the analysis
(sequence vs. function). If the aim of the study is filgbughput sequencing, PCR
amplification or smalinsert size clone library then DNA can be extracted using
commercial kits. For high molecular weight (HMW) DNA, a specific protocol should
be used and optimised. There are many protocols available to extract HMW DNA
from different environmental samples (soil bacteria, marine bacteria and gut bacteria)
which yield godquality insert DNA (Liles et al., 2009, Ouyanget al., 2010,
Reigstacet al.,2011, Rosewarnet al.,2011, Ruiz and Rubio 20Q9)

1.7.1. Sequencé@riven analysis

Sequencdased screening of a metagenomic library depends on the identification of
homologies between randomly sequenced clones and already characterized genes
(Simon and Daniel 2011)Yhis analysis can disclose genes of interest and catalogue
the genetic potential, but will not detect fundamentally novel gene functions. A
successful sequentamsed approach depends on sequencing effort and good
microbial coverage of the sample. The elepment of nexgeneration high
throughput sequencingVommacket al., 2008, MacLearet al., 2009) produces a

great number of scattered pieces of sequences that can be assembled into longer

contigs which can be then analysed. The analysis of these data has also improved
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with a variety of bioinformatics tools for gene analysis e.g. MetaGene and MEGAN
(Husonet al., 2011) However, in a highly diverse commity such as the human
microbiome there is little or no chance of reconstructing complete bacterial genomes
even with a deegequencing coverage (Qah al.,2010). The second approach for a
sequencdased analysisnvolves designing DNA probes or primevghich are
derived from regions of already known geoe protein familiegHandelsman 2004)

The analysis of sequences fromrelated microbes is difficult, if no related

organisms have been sequenpesliously.
1.7.2 Functiondriven analysis

The functionbased approach to metagenomics relies on constructing a library and
expressing genes in a heterologous host. The advantage of this meatimaldity

to access previously unknown genes and their phenotygits, tivhichcould find
application in medicine, agriculture or indus{fyauppet al.,2011) Depending on

the insert size, metagenomic libraries have been constructed using different cloning
vectors such as plasnsiqup to 15 kb), fosmids and cosmids (both up to 40 kb) and
bacterial artificial chromosomes (> 40 kb). Small insert libraries are usually
produced using plasmids as a cloning ve¢®mon and Daniel 2011B5mall insetr

size libraries are employed to identify single genes (mostly enzymes) or small
operons. They are usually constructedEscherichia colias a heterologous host,
therefore the transformation efficiency is high (31)g DNA). Large insert size
libraries ae produced to recover biosynthetic pathways and large clusters of genes
involved in the synthesis of complex enzymes and antimicrobial compounds
(Kakirde et al., 2010) Cosmids and fosmids are used commonlyprioduce large
insert libraries; their copy number is low (typicallingle copy to ensure a high
stability of therecombinant geneand therefore theyhave been used in multiple
studieg(Rheeet al.,2005, Hardeman and Sjoling 2007, Fen@l.,2007)

Functional analysis is dependent on the expressiomecdmbinant genen a
heterologous hostt requires successful transcription and translation of the gene or
genes ofnterest Therefore, the fullength gene or a gene cluster needs to be cloned.
There are many obstacles that can limit succeggfule expression. Codon bias,
regulatory elements including promoterposttranslational modification and

processingcould bebarriers to a functional metagenomic stu@€onventionally E.
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coli is used as a background host for expression stuHiesever the in silico
results presented by Gabetral. (2004)showed thabnly 40% of geneslerived from
diverse microbial origins are readily expressedEincoli, with strong variations
between different groups of microorganismBhe most readily independently
expressed genes (73%) E coli were predicted to derive from Firmicutes. In
contras, only 7% of Actinobacteria genes were predicted to be independently
expressed irE. coli. In order toincreasethe chance of expressing thaetabolic
potential hidden incomplex ecosystems like the human gutrobiota, multiple
expressiorsystemscan beused.The studesconducted by Martineet al (2004)and
Craig et al. (2010) demonstrated that broad host screening is likely to increase the
number and diusity of positive clones from functional metagenomic studidse
alternative hosts which have been used for the functional screening included
Agrobacterium tumefaciens Burkholderia graminis Caulobacter vibrioides
Pseudomonas putidéCraig et al., 2010) Streptomyces lividangMeilleur et al.,
2009) Thermus thermophilugAngelov et al., 2009) Xanthomonas campestrand

Psewlomonas fluorescer{dakvik et al.,2009)

Functionbased screening needsliable and highthroughputassay methax for
detection ofthe activity of interest This couldfor examplebe based on a phenotype

that is eadily visible Pating colonies on asubstratecontaining medium and
observing visible changes in colony colour or production of clear zones around the
colony is oneof the potential screening method®r the functioribased approach
(Tauppet al.,2011) It is an easy method that can be adapted for-thighughput
screening for a large number of clones by applying colony picking robots, microplate
readers and liquid handlers. Automation of the functional screening$s increases

the number of screened clones, reduces the required labour and improves
reproducibility. Detection of an enzyme activity based on screening on substrate
containing plates was successfully used to recover a wide range of biocatalysts such
as lipases(Berlemontet al., 2011, Glogaueet al., 2011) amylaseqYun et al.,

2004a, Sharmat al.,2010)and cellulase¢Duanet al., 2009, Liuet al.,2011, Kim

et al.,2011) Another functiorbased approach is the heterologous complementation
of host strains or mutants. In this case, growth of clones is observedf diney
encode the gene of interest and produce the active compound. This method is simple

and fast and enables the screening of large libréBigzallmeyet al.,2011)
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The functional screening of metagenomic libraries which relies on substrate induced
gene expressiofi SIGEX was used by Uchiyama and WatangB608) This
technique requires construction of an expression vector that canpiesnotorless
green fluorescence protein genegfp (p18GFP). Thetarget gene, encoding the
desired trait, is cloned from metagenomic DNA ugsin ofthe gfp geneand is
induced by the substrateesulting in theproduction of GFP protein allang
selection of positive and negative cloneg utilizing fluorescenciactivated cell

sorting

1.8 Assessment of microbial functionality from the huma@l tract using

metagenomics

The metagenomic approach has been used to detect novel GH erf\antes et

al., 2004, Noonaret al.,2005, Tysoret al.,2004) A great deal of attention has been
paid to soil metagenomicfDaniel 2005, Baveye 2009%ince thelikelihood of
identifying uncultured and previously unknown microbes is high, and the
environment is aich source of newbiocatalysts. Soil samples taken from different
parts of the world became a starting point for many studies which led to the
identification of novel amylase§run et al., 2004) cellulases(Liu et al., 2011)

glucosidaseglianget al.,2009)and other highly potent enzym@s et al.,2009)

The gut microbiota is an obvious place taarsh for novel GH enzymes. The
microbiota of grazing animals such as the bovine rumen comm(iésset al.,
2011, Cheret al.,2010)and the rabbit Gl tragFengetal., 2007)were screened for
enzymatic activities. Hess and colleagug€®11) reported a higithroughput
sequencing metagenomic project of the gut microbiota from the cow rumen. They
predicted around 27,000 candidatenes with significant similarities to GH
enzymes. The active clones expressecEincoli showed the ability to degrade
lichenan, cellulose, xylan and potential biofuel fsgacks T switchgrass and
miscanthus. The wide range of GH enzymes was recoveredtfie metagenomic of
bovine rumen by Ferrest al. (2005) Positive clones of the smafisert expression
library showed the activity to utilise different substrates of plant cell wall origin. The
latter apprach was used by Palacket al., (2007) and led to discovery of multi

functional GH enzymes from ruminant microbiota. The native herbivore of Australia,
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the Tammar wallaby, was the subject of another studyumed by Popeet al
(2010) They reported more than 800 putative GH and associated modules including
41 dockerin modules. The sequetased approach was also applied to the wood
feeding termite metagenome by Warkecand colleague$2007) It led to the
identification of more than 700 glycoside hydrolase catalytic domains corresponding
to 45 different families, including not surprisingly a great diversity of cellulases and

hemicellulases.

The human gut microbiota has also been studied extensively in recent years by
applying metagenomic approaches. These studies have focused mainly on better
understanding the relationship of this highly complex ecosystem and human health.
The common effort ofhe scientific community is to relate the sequenegived data

to function and clearly identify the potentially harmful and beneficial states of the
microbial community in the human GI tract. Several studies have applied deep
sequencig analysis of the human microbiome and presented results on the diversity
and function of the gut community. The sequebased metagenome studies
reported abundance of genes involved in glycan metabolism of the human gut
bacteria. It estimated the preseraf number of different GH families, which should
allow sufficient fermentation of fibore material and which are not encoded by the
human genome. Numerous key genes involved in SCFA productithe end
product of carbohydrate metabolism of gut bactersee also reportedGill et al.,

2006) A similar conclusion was drawn by Kurokave al. (2007) who also
identified a great number of carbohydrate metabolism genes adthiebut also the
infant microbiome, suggesting that the gut microbiota is programmed to utilise plant
derived carbohydrates to some extent before weaning. As part of the international
collaboration called MetaHIT (Metagenomics of the Human Intestinalct)r
scientists produced a catalogue of gepessent in the human intestif@in et al.,

2010) that should improve the understanding of the underlying mechanisms of
host/microbe interaction3his informationcould detemine the differences between
individuals, healthy versus sick (IBS, IBD ett)the level of shared bacterial species
and their functionalityAnother scheme called Human Microbiome Project (HMP)
aims to establish a referencatalogueof the microbiomerbm different sites of the
human body including skin, oral cavity, Gl tract and urogenital tract. Both

programmes will sequence around 1,000 genomes of bacterial species isolated from
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human volunteer¢gDusko Ehrich and MetaHIT consortium 2010Jhe first report
onthe human gut microbial gene catalogue was presented in(@lfa@t al.,2010)

The MetaHIT consortium analysed DNA extracted from 124 volunteers by applying
nextgegner ati on sequencing methods and pred,i
which is present in the gut samples of most or all individuals. The enzymes involved
in biodegradation of dietargerived carbohydrates (pectin, cellulose, mannose, and
fructose), the sythesis of vitamins, amino acids and SCFAs and the ability of the gut
microbiota to degrade numerous xenobiotics are part of the minimal gut metagenome
(Qin et al., 2010) The other study directed by MetaHIT consortiumvsée that
people around the world can be classified based on their gut microbiota into three
enterotypes(Arumugamet al., 2011) The studies cited above producadgreat
number ofsequencing data with millions of plieted genes encoded by the gut
microbiota. However, they also reported that most of these data could not be
assigned to a specific functionality group since they encoded uncharacterised
orthologous groups and completely novel gene fam({@s et al.,2010) Therefore

the combination of sequencand function based analysis should be combined to
successfully predict the metabolic potential of human gut microbiota. A study
conducted by Tasset al (2010)is an example o& combinationof sequence and
function based approach to determine the abundance of GH enzymes in the human
gut. The scientists showed prevalence of proteins involved in carbohydrate transport
and metabolism and tleequenced genes were assigned to 35 known CAZy families

with activities such as glucanases, xylanases, amylases, pectinases and galactanases.

1.9Lactococcus lactisas a heterologous host

Several alternative heterologous hosts have been used for nwetagelibrary
screening. This project investigated the use of the Gasitive bacterium
Lactococcus lactigas an alternative heterologous host for a functional screening of a
metagenomic libraryL. lactis is widely recognized as an attractive alterrativ
heterologous host tie E. coli expression systeifKuniji et al.,2003, Le Loiret al.,
2005) The positive correlation between codon usage of individual gene and
surrogate host has beegported(Kurland 1991) It was hypothesized that the genes
derived from low %G+C gut Firmicutesould be expressed ia host such as.

lactiswhich has a similar codon usage.
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Lactococcus lactiss a Grampositive low %G+C coccus belonging to the phylum
Firmicutes.The ability ofL. lactisto ferment lactose to lactic acid, hydrolyse casein
and ferment citri@acid makes it important for the food industry. Iused as starter
culture in dairy product manufactag including cheese, yogurt and fermented milk
processinglt performs bioconversios in fermented meats and vegetablBse kactic

acid bacteria(LAB) include several genera with similanetabolic capabilities
Within the group there are industrially inant genera, includindg’ediococcus,
Streptococcus, Leuconosfotbactococcusand Lactobacillus species(Pfeiler and
Klaenhammer 2007).actococcus lactis1G1363 was chosen in the present study to
extend the expssion host range for the functional screening of metagenomic
libraries.L. lactisMG1363 is a plasmidree strainl\Wegmanret al.,2007)obtained
through the sequential protoplasting and regeneratidn lafctis NCDO712, which

led to the creation of strains that retain none of the plasmids (MG1363) or only
pLP712 (MG1299)(Gasson 1983)The genome sequence of this strand a
significant number ofwell established molecular tedhpes are available. Strain
MG1363 does not produce any extracellular proteagkih is highly beneficial if

the heterologous product is secreted. Therefdre lactis MG1363 has been
employed as a cell factory for the production of macromolecules (hmites),
enzymes and metabolit€Morello et al., 2008) It hasalso been used as an oral
vaccine delivery system for different antigens and cytok{iMzrello et al., 2008)

L. lactis MG1363 is a model microorganism used worldwide and alongside other
lactic acid bacterias a generally regarded asafe GRAS) organism.

1.9.1 Bacterial gene expression in the metagenomic library

The expression of thecombinant gen themetagenomic library has to be assured

in order to detect clones producitige protein of interest. There are two approaches
that enable expression of a cloned gene. Firstlyekpession and translation of
cloned gene utilises a promoter and ribosomatibg site (RBS) specific to the
cloning vector. This approach is commonly used if large quantities of desired product
are needed. Often the strong promoter system may have a toxic effect to the bacterial
host or can lead to a slower growth; thereforeowar inducible promoter systems are
available to overcome this problem (Baneyx 1999). Secondly, the cloned gene can be

under the control of its own promoter, meaning that both the promoter and RBS are
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provided by the insert. The expression of the genesreln theeompatibility with the
transcription/translation machinery of the background host bactéhiz method
assures better stabilityf the recombinant genemnd could minimise apotentially

toxic effect on a surrogate host. However, if the expressignals are not recognised

by the background bacterium the gene encoding potentially interesting trait can be
lost.

Transcription of a bacterial gene starts with the binding of a sigma factor to the
promoter which is a specific sequence in DNA. The nhamsekeeping sigma factor

in E. coli is * "® which isresponsible for recognition of promoters of genes essential
for bacterial survivalBrowning and Busby 2004)n the Grarrpositive bacterium
Bacillus subtilis * ** (Voskuil and Chambliss 1998nd inL. lactis* *° (Arayaet al.,
1993)are the main sigma factors homologousEtecoli * . In E. coli, * " binds to

two conserved DNA regions, TATAATPribnow box)and TTGACA, locatd at
positions-10 and-35 upstream of the transcription initiation start point of the gene,
respectively(Browning and Busby 2004, Gruber and Gross 2008).. lactis both
regions are wellkconserved(Jeonget al., 2006) In addition, L. lactis promoters
contain a TG motif, located one base pair upstream ofltheegion. In other Gram
positive bacteria the TG motif is also well conserédskuil and Chambliss 1998)

The spacing between thd0 and-35 region is an important factdor gene
expressionE. coli promoters have usually 17 £ 1 nucleotides between both regions.
For L. lactis the spacing is usuallyohger than observed iB. coli. The start of
transcription is located 7 £ 1 nucleotides downstream oft@eegion(Jensen and
Hammer 1998)

Most bacteria contain additional sigma factors which recognise altexnativnoter
sequences, and are involved in expression of genes in response to particular changes
in the surrounding environment e.g. an increase in temperature or a lack of nutrients.
E. coli and B. subtiliscontain seven and 18 alternative sigma factaspectively
(Dale and Park 2010).. lactis does not have any stremsdated alternative sigma
factors(Bolotin et al.,2001) Once the mRNA is synthesised, the next stegene
expression is to translate it into a functional protein. The process of translation
(protein synthesis) starts at a specific sequence of the mRNA tadedhosomal
binding site (RBS or ShinBPalgarno) which is usually located up to 7 bases
upsteam to translational start cod@hine and Dalgarno 1974)he RBS sequence
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IS compl e me nterdroy badteoal 16H% eRNA3 dhe Shibalgarno
sequences ih. lactis resemble those d&. coli based on their avege free energy

value kG). However, the greater complementarily of RBS to the 16S rRNA
sequence has been reported for Gpasitive bacterigvVan De Guchteet al.,1992)

The separation between RBS and the tediaal start codon determines the strength

of gene expression (Baneyx 1999).

Another factor that can suppress the translational efficiency aettmenbinant gene

Is codon usage. If the expressed gene contains rare codons, which are infrequently
used bythe heterologous host, then problems during translation can occur. The
codon usagef E. coliandL. lactisdiffers due to the different %G+C contei. coli
infrequently uses ATA for isoleucine, CTA for leucine and AGG and patrticularly
AGA for arginine(Appendix 3)(Chen and Inouye 1994)he rare codons in. lactis

are CTG and CTA for leucine and AGG and CGG for arginine. Overdkctis

shows a preference for codons with A or T at the wobble position whicleteeiie

low %G+C content. Codon optimisation is a recognised procedure to increase
expression of heterologous genes. It requires either replacement of rare codons and
usage of the optimum start and stop codon or supplementation of a bacterial host
with tRNA genes encoding tRNAs that recognise these rare cqBagisang 2003)

The phylogenetic distance and codon usage between the gene donor and the host
organismmay have a significant impacinosuccessful gene expréss. This agrees

with the hypothesis that similar %G+C content of surrogate host aretombinant

gene will lead to asimilar codon usagend therefore higher gene expression
(Kurland 1991, Kdand and Gallant 1996)herefore expression of genes derived

from low %G+C gut Firmicutesshould bemore likely to beachieve in L. lactis

since th& codon usage is similar
1.9.2 Protein secretion and targeting

Synthesized baetial proteins can remain in the cytoplasm or be exported outside the
cell (secreted). A secreted protein can be tethered to the cell surface or released into
the extracellular environment. Bacteria have evolved several transport systems which
allow succesful secretion of proteins to the extracellular space. The two main
secretory pathways are the Spendent (Sec) and twarginine translocation (Tat)
systems(Mergulhdo et al., 2005) Proteins for secretionr@ tagged with an N

42



terminal signal peptide (SP) (FigureBllwhich allows the bacterium to distinguish
them from cytoplasmic proteins. The signal peptide for thepaguovay contains a
positively charged Merminus (N region), followed by a hydrophobigien (H) and

a short cleavage region (C) with the consensus sequerXeA Aor the signal
peptidase type | (which removes the tag from the pro(@@rgulhdoet al., 2005,
Nataleet al., 2008) ThelL. lactis MG1363 genome encodes one signal peptidase
type | (SipL), in contrast to five enzymes encodedBbysubtilis(Wegmannet al.,
2007) A second type of signal peptide is characteristic for lipopretand consists

of shorter N and H regions followed by a consensus cleavage site called lipobox,
which is recognised by signal peptidase type Il encodeldd (Wegmannet al.,
2007, Hutcingset al.,2009) The proteins secreted via T@atstem are tagged with
signal peptide which contains the twin arginine motif (SRRXFLK) at the junction
between N and Hregions. The Tat signal peptides are longer and less hydrophobic
than the signal geide of Seeproteins(Nataleet al.,2008)
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Figure 1.8 Schematic overview of the signal peptidebacterialproteins.

The Nterminal (N), hydrophobic (H) and cleavage (C) regians identified, the
length in amino acids is presented in brackets. Cleavage sites are indicated by
arrows. (a)i Secdependent signal peptide cleaved by type | signal peptidase at the
AXA cleavage site. (b)i lipoprotein signal peptide cleaved by type dignal
peptidase at LAGC motif known as lipobox. (c) signal peptide of cell wall
anchored proteinwith C-terminal sortase motif LPXTGX cleaved by sortase,
followed by hydrophobic region and positively charged tail. i{d)yatdependent
signal peptide wih twin-arginine motif (SRR#FKL), cleaved by signal peptidase
type I. (e)i Tatdependant signal peptide of lipoprotein, cleaved by signal peptidase
type 1l. Adapted from Harwood and Cranenbu(g008)
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Secdepemlent (Figure 1) newly synthesised proteins in the cytoplasm must remain
in an unfolded state (secretiepmpetent state) otherwise they will not be exported
through the translocase (the mudtiotein complex in the bacterial membrane which
directs trangdcation). An intracellular chaperone system prevents folding of the
protein by creating a proterhaperone complex and directs the protein towards the
translocase. IiE. coli, the SecB chaperone binds to the polypeptide, preventing its
folding and transfes it to the membrane protein SecA which is a part of the
translocase. The second chaperone system presdht @oli and Grarpositive
bacteria is the SPRsignal recognition particle) pathway which is composed of the
Ffh protein andxsmall cytoplasmid®RNA molecule which binds to the signal peptide

of secretory proteins as they emerge from the ribosome. Theb&8&l ribosome
nascent chain complex (RNC) is positioned next to the memin@unad receptor
FtsY, followed by the transfer of protein complextbhe translocas@Harwood and
Cranenburgh 2008)The translocase is a membrane pore through which the nascent
protein is exported. The translocase proteins SecY, SecE and SecG form a
heterotrimeric core and interawsith the SecA protein which drives the translocation
by hydrolysis of ATPin E. coli and B. subtilis Homologs of the Sec translocase
components are encoded by thdactisMG1363 genome. A second heterotrimeric
translocase complex identified B. coli as SecDFYajC (modulates the catalytic
cycle of SecA) and iB. subtilisas SecDFYrbF (contributes to efficient secretion) is

not encoded in the. lactisgenomegvan Welyet al.,2001) The chaperorbound
pre-protein arrives at SecA and is transported through the complex SecYEG. ATP is
hydrolysed by SecA and the ppeotein is released from the chaperone complex. The
signal peptide is cleaved off by signal peptidase | and the mature protein is pushed
through themembrane tohe periplasm E. coli) or extracellular environment (Gram
positive bacteriajNataleet al.,2008) The lipoproteins are firstly lipighodified and
subsequently the signal peptide is cleaved off byaigeptidase II.

The Tatdependant pathway (Figure9)l.has been recognised iB. coli and

B. subtilis however homologous genes are not encoded in the genomdaatis
MG1363(Wegmannret al.,2007, Bolotinet al.,2001) The Tatpathway in contrast

to the Seesystem is capable of secretion of folded proteins across the inner
membrane to the periplasnik.(coli) or extracellular spaceB( subtilis). The Tat

translocase is a mulfiroteincomplex and consists of TatA, TatB, TatC, TatD and
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TatE proteins. Recentlyt was shown that a putative lipoprotein DmsA from
Shewenella oneidensisas translocated by Taependant system. Ithe Gram
positive bacteriunB. subtilisvery fewof proteinsare exported via Tand there are
no reports on Tatlependent lipoproteins from other low %G+C Firmicutes
(Hutchingset al.,2009)

In Grampositive bacteriathe protein can be anchored to the cytoplasmic mane)

cell wall matrix or be part of surface layer (Sayer) if present(Harwood and
Cranenburgh 2008)Lipoproteinsare synthesized as plipoproteinsand have to be
modified by the diacylglyceryiransferase (§t) before the lipoproteisignal peptide

is cleaved ofby signal peptidasé (IspA). The diacylglyceryl group, attachedttoe
cysteine residue of the mature lipoproteinserts into the lipid bilayer of the
cytoplasmic membranepreventing release ofhe protein into the environment
(Nataleet al.,2008, Hutching®t al.,2009) In Gramnegative bacteria, lipoproteins
areeither retained inthe cytoplasmic membrane after lipid modificat or they are
transported to the outer membrane by the Lol (lipoprotein localisation) pathway
(Hutchingset al.,2009) A special group of proteins remain covalently anchored to
the cell wall via the @erminusof the protein. These proteins, apart from the N
terminal signal peptide, carry a-t€rminal cell wall anchoring motif LPXTG,
followed by a hydrophobic region and positively charged tail (Figure 1.9). A specific
transpeptidase, the sortase A (SrtA), retsgs the cell wall sorting signal and cuts it
between threonine and glycine residues. The mature protein is then covalently
attached to the cell wall by the carboxyl group of the threonine refithtaleet al.,
2008).

A limiting factor in heterologous protein secretion is degradation by housekeeping
proteasesk. coli produces several proteases located in the cytoplasm and in the cell
envelopgBaneyx and Mujacic 2004B. aubtilis encodes three main serine proteases

WoprA, HtrA and HtrB, which degrade misfolded and frative secretory proteins.

It was reported that @prA-null mutant ofB. subtilisenhances the production of the
heterologous protein(Stephenson and Harwood 1998) However t his |
control 6 system remai ns astudigsusisgB.esubiilin het e
as a host. In contrast.. lactis MG1363 was reported to encode only one

housekeeping protease Htwhich is involved in proteolysis of aberrant proteins,
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maturation of native proteins and processing ofgeptides. Unlike thé. subtilis

wprA- mutant, which improved the production of heterologous proteins, the
inactivation ofL. lactishtrA had the opgpsite effec{Sriraman and Jayaraman 2008)

. It was instead reported that the HtrA protease is essential for efficient secretion of
recombinant proteins ih. lactis It was proposed that bacterial cell aggregation
which was observed in Htrlepleted cells could potentially reduce the secretion

efficiency(Sriraman and Jayaraman 2008)

Chaperone, N ’/""—‘ 5
P (o N

Folding factors%>
(cz

Cytoplasm

PeriplasmGramnegative
Cell wall Grarrpositive

Figure 1.9 Schematic overview of bacterial protein trangkian systera

E. coli. Al - the protein emerges from the ribosome and binds to trigger factor (TF),
step A2i protein is recognised by SecB, stepiAtargeting of the complex to SecA.

E. coli, B.subtilis, L. lactisstep B1- the protein emerges frometribosome and is
recognised by the SRP complex, stepiBiateraction with FtsY and release to the
translocation site. The translocase is a membrane protein complex consisting of
SecA, SecYEGH. coli, B.subtilis, L. lacti3 and SecDFrajC (E. coli) or SecDF

YrbF (B. subtilig. The signal peptide is cleaved by the Sip protein. In the periplasm
(E. coli) or outside the cell wall the protein is folded (Grpositive bacteria). The
Tat-dependent system transports folded proteias doli and B. subtilig. The
lipoproteins are secreted by either Sec Tatdependent system. Adapted from
Mergulh&oet al.,2005
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In E. coli the presence of the outer membrane prevents direct secretion into the
culture medium. Mosobf the heterologous proteins remain in the periplasm where
they are folded by several folding modulatgB&aneyx and Mujacic 2004)The
signal peptides (SP) originating from Granositive bacteria such @&uminococcus
albus or Bacillus subtilis were reported to be recognised by the translocation
machinery ofE. coli. Two signal peptides from two ruminococcal cellulases were
used to track the translation pathway by fusion to the GFP protein. It was observed
that SP froncellulase Cel48A was a substrate for the-Sattiway, in contrast to SP
from Cel9B which served as substrate for-pathway. Both proteins were secreted
to the periplasmic space dE. coli (Esbelin et al., 2009) The secretion of
heterologous proteins i&. coli is often mediated by replacing the native signal
peptide with the SBf E. coliOmpA protein. This system has been used to produce a
number of heterologous proteins from Grpositive bacteria such as-amylag

from B. subtilisor endomannosidase frobh licheniformis The secreted protein was
detectedo the periplasm and culture mediummf coli used as a heterologous host
(Yamabhaiet al.,2008, Songsiriritthiguét al.,2010) In Gramnegative bacteria, the
proteins can be exported through the outer membrangobgpecific periplasmic
leakage, or via the main terminal branch of the-&sgmwendant pathway. The
extracellular secretio of endoglucanase frol. subtiliswas reported irkE. coli by

Lo et al. (1988) In Grampositive bacteria such ds lactis and B. subtilis the
folding of the native protein must occur rapidly when they reach therreat
environment and it is meditated by several folding fact@arwood and
Cranenburgh 2008)

1.10 Aims of this work

The overall aim of this project was to better understand the metabolic potential of the

human gut microbiota in dietary polysaccharides breakdown.

1. At the technical level, a culturedependent approach was chosemthasmethod

of study.Lactococcus lactiddG1363would be use as an alternative expression host
for the functional screening ofie¢ created libraries in parallel Escherichia colito
investigate carbohydrate degrading enzymes from human gut microbiota. The first

objective was to develop a shuttle vector based on plasmid pLP712 from
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Lactococcus lactidNCDO712 and test its cloningpidities by constructing a genomic
library from the novel human gut isolaRuminococcussp. 80/3 using.. lactis
MG1363 andE. coli as heterologous hosts. Subsequently, a metagenomic library
from the human gut microbiotaould be created, in both hostshé functional
screening of the librariegould be performed to detect novel microbial activities.
The two hostswould be compared for their suitability to generate metagenomic
libraries. It was hypothesized that the expression of genes derived from oW %G+
gut Firmicutesvould be enhanced ih. lactisleading to recovergf a higher number

of positive clones.The metagenomic libraries generated heveuld not be
expression libraries with cloned genes expressed fiainae promotes.

2. At the biological ével, the second objective was to analyse novel glycoside
hydrolase encoding genes derived from the human gut bacteria thaidestiéed
during objective one, and to determine their substrate specificity, structure and origin
using bioinformatics and fctional approads This informationwould provide
better understanding on the carbohydiddgrading capacity of the human gut
microbiota. This project also aimed identify potentially novel genes and their
products involved in carbohydrate metabolisnthe human Gl tracthat are relevant

to microbiota dynamics

This study was developed through the collaboration between the Institute of Food
Research (Norwich, UK) and the Rowett Institute of Nutrition and Health

(University of Aberdeen, Aberdeen, YK
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Chapter 2
Materials and Methods
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2.1 Buffers and solutions
All the components were dissolved in distilled water and sterilised by autoclaving at

121°C for 20 minutes and stored at room temperature, unless stated otherwise.

2.1.1 Solutions for lacterial growth media

10% Glucose
Distilled water to 100 ml

Glucose 109

1 M MgCl,/ 1 M MgSO; (sterilised by filtration through 0.22 um membrane)

Distilled water to 100 ml
MgCl, 9.52¢g
MgSQO, 12.04 ¢

Mineral solution 1

Distilled water to 1 litre
KoHPOy 39

Mineral solution 2

Distilled water to 1 litre
KH.PO, 39
(NH4)2SO 69
NacCl 69
MgSO, 0.69
CaCb 0649
Vitamin | solution (stored at-20°C)

Distilled water to 100 mi
Biotin 1mg
Cobalamin 1 mg

} -aminobenzoic acid 3 mg
Folic acid 5mg
Pyridoxamine 15 mg

Vitamin Il solution ( sterilised by filtration through 0.22 um membrane, stored

at -20°C)

Distilled water to 100 ml
Thiamine 5 mg
Riboflavin 5mg
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Haemin solution

Distilled water to 100 ml
KOH 0.28 ¢
95% BEhanol 25 ml
Haemin 100mg
Does not require sterilisation

VFA mix

Acetic acid 17 mi
Propionic acid 6 ml
n-valeric acid 1ml
Isovaleric acid 1ml
Isobutyric acid 1ml

Does not require sterilisation

Antibiotic Stock solution Final concentration Solvent
E. coli L. lactis

Erythromycin 30 mgml™ 150 pgml™ 5 pgml™t Ethanol

Chloramphenicol | 10 mgmil™ - 5 pgmi™ Ethanol

Ampicillin 2 100 mgml™ 100pg.ml™ - H,0

Table 21 Antibiotic solutions used in this study

4. sterilised by fitration through 0.22 um membrane. Antibiotic solutions were stored
at-20°C.

2.1.2 Buffers for DNA manipulation techniques

0.5 M Tris-HCI, pH 8.0
Distilled water to 100 ml

Tris base 121¢g
Adjust the pH to 8.0 with concentrated HCI

0.5 M EDTA, pH 8.0
Distilled water to 100 ml

EDTA 14.6 g
Adjust the pH to 8.0 with 5 M NaOH

STE buffer (Sambrook and Russell 2001)

Distilled water to 1 litre
NacCl 584¢g
0.5 M TrisHCI pH 8.0 20 ml
0.5 M EDTA pH 8.0 2 ml
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TE pH 8.0 (Sambrook and Russell 2001)

Distilled water
0.5 M TrisHCI pH 8.0
0.5 MEDTA pH 8.0

THMS buffer
Distilled water

0.5 M Tris HCIpH 8.0
1 M MgCl,
Sucrose

Buffer TL
Distilled water

0.5 M Tris HCI pH 8.0

to 100 ml
2 ml
0.2 ml

to 100 ml
10 mi
0.2 ml
6.79

to 15 ml
0.75 ml

Lysozyme from chicken egg (Sigma, Uk 150 mg

Does notequiresterilisation freshly prepared before use.

Buffer A
Distilled water

0.5 M Tris HCIpH 8.0
0.5 M EDTAPpH 8.0

Buffer B
Distilled water

SDS
0.5 M Tris HCI pH 8.0
0.5 M EDTA pH 8.0

2.5 M Potassium acetate pH 5.2
Distilled water

Potassium acetate
Adjust the pH to 5.2 with acetic acid

10x TBE
Distilled water

Tris Base

Boric acid

0.5 M EDTA pH 8.0

Does notrequiresterilisation

to 100 ml
10 ml
50 ml

to 100 ml
209

10 ml

4 ml

to 100 ml
24.54 g

to 1 litre
108 g
55¢

40 ml
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6x loading buffer (Sambrook and Russell 2001)

Distilled water
Bromophenol blue

Xylene cyanol FF

Ficoll

Does notequiresterilisation

to 100 ml
0.25¢
0.25¢
159

2.1.3 Solutions for transformation techniques

Electroporation buffer 1 (EP1)

Distilled water
Sucrose
Glycerol

Electroporation buffer 2 (EP2)
Distilled water

Sucrose
Glycerol
0.5 M EDTA pH 8.0

1 M MgCl,
Distilled water

1 M CacCl,
Distilled water

CaCEZHzo

to 100 ml
17.11 ¢
10 ml

to 100 ml

17.11 g

10 mi

10 ml (after autoclaving)

to 100 ml
20.33 g

to 100 ml
14.7 g

2.1.4 Solutions for genomics techniques

1 M MgSO,

Distilled water
MgSQ,.7H,O

20x freezing mix
Distilled water

KoHPO,
KH,POy
Na Citrate
(NH4)2SO
1 M MgSQ,

to 100 ml
24.65¢g

to 100 ml

12.54 g

3.59¢

1.00g

1.80¢g

0.8 ml (after autoclaving)
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2.1.5 Solutions for enzyme assays

Congo red staining saltion

Distilled water
Congo Red
NaOH

Destaining solution
Distilled water

NaCl
NaOH

Ruthenium red
Distilled water

Ruthenium red

to 1 litre

1g
0.2¢g

to 1 litre
58.33 g
0.2¢g

to 100 ml
0.05¢

100 mM sodium phosphate buffer, pH 6.5

100 mM NaHPQ, solution
Distilled water

NaoHPO,

100 mM NaHPQO;, solution
Distilled water

NaH,POy

to 0.5 litre
7.098 g

to 0.5 litre
7.800 ¢

Mix two solutions to obtain pH 6.5t&e at 4C.

Lowry reagents

Solution 1

Distilled water

Na,COs

Solution 2

Distilled water

Sodium potassium tartrate
CuS04.5H,0

Adjust pH to 7.0 with 1M NaOH

Mix 50 ml of solution 1 and 2 ml of solutiond&foreuse

Lever reagents

to 500 ml
0.25¢

to 100 ml

19
05¢g

Bismuth reagerit store at 4°C up to 1 week

Distilled water
Bismuthnitrate

Sodium potassium tartrate
NaOH

to 10 ml
4849

28249
12¢g



PAHBAH reagent freshly prepared before use

0.5 M NaOH
p-hydroxy benzoic acid hydrazide
Bismuth reagent

SDSPAGE gel

Separating gel (8%)

Distilled water

1.5 M TrisHCI pH 8.8

10% SDS

Acrylamide/Bis 375:1 (30% solution)
10% ammonium persulfdte

TEMED

Stacking gel (4%)

Distilled water

0.5 M Tris-HCI pH 6.8

10% SDS

Acrylamide/Bis37.5:1 (30% solution)
10% ammonium persulfate

TEMED

Electrophoresis buffer (5x conc
Distilled water

Tris base

Glycine

SDS

Coomassie sin
Distilled water
Coomassie blue R250
Methanol

Acetic acid

Destaining solution
Distilled water
Methanol

Acetic acid

Solution 1
Distilled water
Tris base

DTT

to 100 ml
0.761 ¢
1ml

10 m (2 gels 0.75 mm)

9.352 ml
5mi

0.2 ml
5.333 ml
0.1 mi
0.015 ml

10 ml (2 gels 0.75 mm)

6.1 ml
2.5ml
0.1 ml
1.3 ml
0.060ml
0.020 ml

to 1 litre
159
729
59

to 100 ml
0.1g
8 mi
7 mi

to 100 ml
8 ml
7 ml

to 500 ml
0.6055 g
0.1542
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Isopropanol 100 mi
Adjust pH to 7.5 with HCI

Solution 2

Distilled water to 500 ml
Tris base 3.0275¢g
DTT 0.1542 g
0.5 M EDTA 1mil

Adjust pH to 6.8 with HCI

For zymogram gel replace 2 ml of water with 2% CMC
% Freshly prepared before use.
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2.2 Bacterial strainsand plasmidsused in this work

Strain Characteristics Reference

Lactococcus lactisubsp. cremoris

MG1363 Plasmidfree strain, Lac (Gasson 1983)
MG1629  Derivative of NCDO712, Lag Prf Mike Gassonpersonal
communication
FI110792 MG1363 containing pFI2672 This study
FI110793 MG1363 containing pFI2673 This study
FI110794 MG1363 containing pFl2674 This study
FI110795 MG1363 containing pFI2675 This study
FI110796 MG1363 containing pFI2676 This study
FI10858 MG1363 containing pFI2709 This study
F110859 MG1363 containing pFI2710 This study
- MG1363 containing pTRKL2 This study

Escherichia coli

pir 116 FmcA put-hsRMSmcB C) @& @d1 5 Epicentre
dacX74recAl endAl araD 1 3 Qaragig) 7697
galU galK ~®esL nupG pir-116(DHFR)

pir F mcrA  oof-hsRMSmeB C) @& @pdM1 5 Epicentre
dacX74recAl endAl araD 1 3 Qaragig) 7697
galu galK ~®esL nupG pir (DHFR)

XL1 Blue  endAl supE44 tHi hsdR17 recAl gyrA96 relA Stratagene
lac [F" proAB lacZ oM Trs10 (Tet)

F110862 pir 116 containing pFI2676 This study

F110863 pir 116 containing pFI2710 This study

- XL1 Blue containing pTRKL2 This study
Ruminococcusp. 80/3 (EU266551) (Dabeket al.,2008)
Coprococcus eutactuBRT55/1 (AY350746) (Louiset al.,2004)
Coprococcusp. L250 (AJ27049) (Duncanet al.,2002)
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Plasmid

pLP712
pPFI2672

PFI2673

pFI2674
PFI2675

PFI2676

pFI2709
pFI2710
pG’ host9
pUK200

pMTL23p
p MODRB

PTRKL2
PGEM®-T
pIVEX 2.3d

pIVEX 2.4 d

Characteritics Reference

55-kb, Lac, Prf (Gasson 1983)
10-kb Barll fragment of pLP712 ligated t This study

Xhd/Ecil eny? gene of pGhost9

8.8-kb Mspl fragment of pFI2672 ligated to PCR This study

amplified cnm gene of pUK200

pFI2673cut withPshAl/ Drdl and recircularised  This study

8.5-kb BarHI fragment of pFI2674 ligatedto  This study
BanHI/Bglll MCS of pMTL23p

8.5-kb Pcil fragment of pFI2675 ligated to PCR  This study
amplified R6Koa8ri fro

8.8 kb pFI2674 cut witlBstUl and ligated to  This study

Smad linker

8.8 kbPcil fragment of pFI2709 ligated to  This study
PCRamplifiedR6 Koori fr-8m p

EryR, thermosensitive replitive plasmid in  (Maguinet al.,1996)
L. lactis, 3.7 kb

CmR, Prisa, pSH71 repliconwith terminator of (Wegmanret al.,1999
brnQ, 3.2 kb

AmpF, cloning vector, 2.8 kb (Chambert al.,1988)
Amp®, R 6 Koo located within the ME Epicentre

segeunces, 2.8 kb

Eny’, lacZ, 6.4 kb (O'Sullivan and

Klaenhammer 1993)
AmpF, lacZ, T7 RNA polymerase promoter, Promega
kb
C-teminal 6xHisTag, Amg, RBS, T7Prom Roche
and T7Term, MCS,
Cleavable Nterminal 6xHisTag, Amp,, Roche
RBS, T7Prom and T7Term, MCS, Xa
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2.3 Bacterial growth media and growth conditi@n

2.3.1 Aerobic growth media

Luria -Bertani (LB) medium (Sambrook and Russell 2001)

Distilled water
Bacto tryptone
Bacto yeast extract
NacCl

For LB agaradd
Agar

Brain Heart Infusion (BHI) medium
Distilled water

BHI dehydraéd broth
For BHI agaradd
Agar

SOC medium
Distilled water

Bacto tryptone

Bacto yeast extract

NacCl

1M MgClIy/1IM MgSQ, solution
10 %Glucose

M17 medium
Distilled water

M17 dehydrated broth
For GM17add

10 % Glucose

For M17 agaradd
Agar

Modified M17 medium (mMGM17)
Distilled water

M17 dehydrated broth
Glycine

Sucrose

10 %Glucose

to 1 litre
10g
59
109

159

to 1 litre
379

159

to 100 ml

29

0.5¢9

0.05¢

1 ml (after autoclavingyefore usg
2 ml (after autoclavingheforeusg

to 0.95litre
37.25¢

50 ml (after autoclaving)

159

to 95ml

3.725¢g

259

17.1g¢

5 ml (after autoclaving)
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The media components were dissolved in distilled water and sterilised by autoclaving

at 121°C for 20 minutes. The dehydrated media were obtained from Oxoid (UK).

Media were supplementedttv appropriate antibiotics as required, according to table

2.1.

2.3.2 Anaerobic growth meda

M2GSC medium

Distilled water
Bacto casitone
Yeast extract
NaHCO

Glucose

Starch

Cellobiose
Clarified rumen fliid
Mineral solution 1
Mineral solution 2
0.1 % Resazurin
Cysteine (after boiling)

YCFA (C)
Distilled water

Bacto casitone
Yeast extract
NaHCO
Cellobiose
Mineral solution 1
Mineral solution 2
Vitamin | solution
Vitamin Il solution
Haemin solution
VFA mix

0.1 % Resazurin
Cysteine (after boiling)

to 100 ml
1g
0.25¢
04¢
0.2¢
0.2g¢
0.2g
30 ml
15 ml
15 ml
0.1 ml
0.1g

to 100 ml
19
0.25¢
049
0.2¢g

15 ml

15 ml
100 pl
100 pl (after autoclaving)
1ml
0.31 ml
0.1 ml
0.1g

For M2GSC and YCFA(C)media, the various components wetissolved in

distilled water and then boiled for 2 minutes. Cysteine was added, and the medium

was reboiled and allowed to cool down undes-fiee CQ (100%) atmosphere using

metal gassing hooks. The medium was dispensed into Belco tubes flushed with CO
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in order to maintain anaerobic conditions. The tubes were tightly closed with a
rubber stopper and a plastic cap. All media were autoclaved at 121°C for 20 minutes.

2.3.3 Growth conditions

Escherichia colistrains were grown at 37°C in LB or BHI mediunittwshaking at

220 rpm, unless stated otherwit@actococcus lactistrains were grown at 30°C in
M17 medium supplemented with 0.5% (w/v) glucose, under static conditions.
Anaerobic strains were grown at 37°C in YCFA(C) or M2GSC mediunder static

condiions.

2.3.4Storage of bacterial strains

All strains were stored iR20°C and-80°C freezers. One volume of the bacterial
overnight culture was added to one volume of 40% (v/v) sterile glycerol. For
anaerobic bacteria, glycerol was prepared undefré@ CO, (100%) atmosphere.

Bacterial cultures growing on agar plates were stored at 4°C up to one month.

2.4 DNA manipulation techniques

2.4.1 Plasmid DNA purificationi small scalepreparation

Plasmid DNA from overnighE&. coli and L. lactis cultures was idated using a

Ql Aprep Spin Mini Kit (Qiagen, UK) accor
with the following modification forl. lactis The cell pellet was feuspended in

250 pl of P1 buffer supplemented with lysozyme at the concentration 10/Tag.m

For efficient cell lysis, tubes were incubated at 37°C for 30 minutes.

2.4.2 Plasmid DNA purification i maxi scale preparation

Plasmid DNA from 500 ml of overnighE&. coli culture was harvested by
centrifugation at 5000 x g for 15 minutes at 4°CairSorvall STE28 rotor. The

bacterial pellet was washed twice with 100 ml of¢oéd STE buffer, followed by
harvesting and alkaline lysis according to Sambraoll Russel(2001) Plasmid

DNA was purified by eqgilibrium centrifugation in a CsC} ethidium bromide
gradient in Beckman Quick Seal tubes (13.5 ml) &8@® x g for 60 hours (rotor Ti

90.1) at 20°C. The plasmid DNA band was collected by puncturing the Quick Seal
tubes and collecting the fractionwitlkal G x 10 UTW hypoder mi c
to a 10 ml syringe (Terumo, Japan). Ethidium bromide was removed from DNA by
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extraction with an equal volume ofhbutanol saturated with water until the pink
colour disappeared from both the aqueous and organie pD& was precipitated

with isopropanol according to section 2.4.13.

2.4.3 Plasmid stability test

Segregational stability ofreatedconstructs inL. lactis MG1363 was tested in the
following way. Overnight cultures of each relevant plasoadyingL. lactis were

grown in GM17 broth with the appropriate antibiotic. These cultures sidygced

to six serial teffold dilutionsand 20 ¢ | of each dilution v
plates with and without antibiotic. The plates were incubated at 30°C overnight.
Then 0.5 ml of the undilutedvernight culturesvasused to inoculatd.5 mlof the

GM17 broth without antibioticSix further serial terfold dilutions were madelhe

cells were grown for 280 minutewhich is equal toapproximately8 generations
(based on previously assessed growth curve) at.3DR€ penultimate sample that
grew (as judged by eye)as then used to make tkerial dilutions for spotting and
sub-culturing fresh GM17 broth for the nestibculture Subculturing was carried

out consecutivelyor up to approximatelyl0O0 generations. The percentage of cells
that hadretainedthe plasmid was calculated by dividintpe average number of
colonies grown on selective agar plates of GM17 by the average number of colonies

grown on norselective agar plates.

2.4.4lsolation of genomic DNA

Isolation of genomic DNA fronRuminococcusp. 80/3 for library construction was
peformed as followsAn overnight culturg500 ml)was harvested by ceiiugation

at 5000 x gfor 15 minutes at 4°C in a Sorvall STB rotor. The bacterial pellet was
washed twice with 100 ml STE buffer and centrifdigs before. The bacterial cells
were resuspended in 57 ml of THMS buffevjth RNase (final concentration 100
ug.ml™) and 13.5 ml ofTL buffer added. The bottle wascubatedat 37°Cfor 0.5
hour.When the lysis was completé.5 ml of buffer A and 4.2 ml of buffer Beave
addedand supplemated with proteinase K (30.big"). The mix was incubated at
55°C for 0.5 hour. Genomic DNA was purified twice by equilibrium centrifugation
in a CsCl - ethidium bromide gradient in Beckman Quick Seal tubes
(39 ml) at151,000x g for 40 hours (rotor Ti 7Q) at 20°C. The genomic DNA band

was collected by puncturing the Quick Seal tubes and collecting the fractioa with
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216G x 10UTW hypodermic needle attached
Ethidium bromide was removed from DNBgy extraction withan equalvolume of
isopropanol saturated with TEAn equal volume of TE was added followéy
phenol:chloroform:isoamyl alcohol (25:24:1) and chloroform: isoamyl alcohol (24:1)

extraction. The DNA was precipitated wetthanol according to method 2.4.13.

2.4.5Metagenomic DNA isolation

A faecalsample was collected from a healthy volunteer by using the commode
specimen collection syste(Risher Scientific, USAand was processed immediately.

The sample was placed in double plastic bags and all the air was rebefoeel
sealing with sellotape. The sample was placed between the paddlesoofacher

(Lab Blender 80, Seward Medical, UK) and it was blended three times for 1 minute.
The thoroughly mixed sample was divided into 400 mg aliquots. The aliquots were
snapfrozen in liquid nitrogen and stored -&0°C until freeze drying i freeze dry
system (Labconco, USA). DNA from lyophilised samples was extracted using the
FastDNA® Spin kit for soil (MP Biomedicals, UK) using thmechanical cell
disruption with provided glass beadsand manuf act ur er 0s proto
modifications as follows. The samples were processed in the FastPrep® instrument
for 15 sec at speed 6.5, unless stated otherwise. The DNA was eluted with 120 pl of

DNase/Pyrogen Free water.

2.4.6 Mechanical shearing of genomic DNA using HydroShear DNA device
(GeneMachines®)

Genomic DNA from a pure culture dRuminococcussp. 80/3 was extracted
according tosection 2.4.4High molecular weight DNA was mechanically sheared
with the HydroShear DNA device @ae Machine, USA) in order to producd 6 kb

size inserts. The syringe and tubes were flushed with OE2QW(3 cycles), 0.2 M
NaOH (3 cyclespnd TE pH 8.0 (3 cycles) before and after use. Genomic DNA (10
pg) in 100 pl volume was sheared at speed 8 @bcytles. The sheared DNA was
analysed by agarose gel electrophorésee section 2.4.7).

2.4.7 Agarose gel electrophoresis
DNA samples were analysed using a horizontal electrophoresis app&iatiafl

Laboratories|JK). Agarose solution (1% (w/v)) vegprepared in 1x TBE buffer. The
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slurry was heated in a microwave oven until the agarose dissolved. Samples were
mixed with 0.2 volumes of 6x loading buffer and were loaded on the gel alongside 5
pul of a 10 kb marker (Hyperladder I, Bioline, UK) e&Hindlll DNA marker
(Promega, UK). Gels were run in 1x TBE buffer at 120 V fo1880minutes. The

DNA was stained by immersing the agarose gel in an ethidium bromide solution (0.5
ng.mr) or in 3x concentrated Gel Red (Biotium, USA) stain isOHwith 0.1 M

NacCl. In each case, the gel was agitated gently at room temperature for ~ 30 minutes.

2.4.8DNA recovery from agarose gels

DNA was recovered from agarose gels using electroelution into dialysis tubing in 1x
TBE buffer. Dialysis tubing (Medicell Interbai o n al , Uk, si zie 2, 1
127 14 kDa) was prepared by boiling in a solution of 2% sodium bicarbonate/ 1 mM
EDTA for 10 minutes, washing in distilled,8 and reboiling in a solution of 1 mM

EDTA for 10 minutes. The tubing was allowed to cool damad was stored at 4°C

in a 2% ethanol solution. The tubing was rinsed with 1x TBE prior to use.

In order to define the band of interest, the part of the stained gel with the ladder was
exposed to UV light on a UV transilluminator. The DNA band was cum fitee gel
according to the marker size using a sterile, sharp blade and the piece of gel was
transferred into dialysis tubing. The tubing was filled with 1x TBE, securely closed
with clips and placed in the electrophoresis tank. The electroelution was 1@0 V

for 40 minutes and at the reverse current for 30 sec. The buffer with eluted DNA was
collected and the gel slice was examined under UV light to check the efficiency of

the electroelution.

2.49 Restriction endonuclease digestion of plasmid DNA

Restriction enzymes were purchased from New England Biolabs (UK) or Promega
(UK). The reaction was prepared in a volume of 10 pl for a routine digestion or 50 pl
for digesting a cloning vector for genomic and metagenomic library construction.

The amount of mzyme required per 1 pg of DNA was calculated according to the

equation:

size of @ "NA (kb) Sl of
X x 10 = enzyme U.i§DNA

size of prasmid (kb) numoper 0OF
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The cloning vector for genomic and metagenomic library coastn was digested

with Smd enzyme. The reaction was incubated at 25°C for 3 hours.Shin
enzyme was inactivated by heating at 65°C for 20 minutes and the plasmid DNA was
used for dephosphorylation with Antarctic phosphatase accordingetied2.4.10.

For routine digestion the reaction was incubated for 1 hour at the recommended
optimal temperature. Complete digestion was verified by running an aliquot of
digested vector next to undigested vector by agarose gel electrophseessetion
2.4.7). If required the restriction digested DNA sample was cleaned to remove

enzyme/ buffer residues as describethethod2.4.13.

24.10De phos phor yphasphorglated ends obvéctor DNA

After restriction digeson, plasmid DNA was dephosphorylated bging Antarctic
phosphatase (New England Biolaki). Digested cloning vectors were incubated
with 1 U of enzyme per 1 upg DNAt 37C for 30 minutes, followed by heat
inactivation at 65°C for 5 minutes and DNA clean(opethod 2.4.13)

2.4.11End repairing of fragmented DNA

The inserts DNA for genomic and metagenomic library construction were end
repaired byEndl t E D N ARepEimKit (EPICENTRE BiotechnologiesUSA)
according to the manufacturerdés instruct
temperéure for 45 minutes, followed by heat inactivation at 70°C for 10 minutes.

DNA was purified prior to further manipulation accordingriethod 2.4.13

2.4.12Ligation of DNA into cloning vector

T4 DNA ligase (Promega, UK, M1794) was used tioe developmat of cloning

plasmids and for genomic library constructidheL i gaFast E Rapi d DNA
System (Promega, UK) was used for metagenomic library construcsiom

digested plasmid and insert were ligated in a molar ratio ofTh&lgation mix was
incubatedovernightat room temperatur@hen T4 DNA ligase was appd or for 2

hours at room temperature followed byemight incubation at 4°C when the

LigaFast system was usedThe lgation mix was purified prior to
electrotransformation by ethanol precipitationethod 2.4.18or by MF membrane

filter disc dialysis 0.025 um VSWP, MilliporeUSA). The ligation mix was applied
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on a filter disc and placed gently on the surface of sterile veatddeft for 30

minutes for efficient purification.

2.4.13DNA clean up
Several clean up methods were applied during this :work

1. Wizard SV Gel and PCR Cleddp system (Promega, UK) was used
according to the mafdlawing eldctoeldionbaad 1 n st
enzyme manipulation (dephosphorylation, end repairing).

2. Ethanol precipitation was applied following genomic DNA eximc
(section 2.4.4) and ligation (section 2.4.12). Cold ethanol (100% x
samplevolume and2.5 M potassium acetate pH @21 x samplevolume
was added to the DNA and incubated on ice for 0.5 hBINA was
recovered by centrifugation at 16000 xay 10 minutes at 4°C, followed by
washng with 70% ethanal The DNA pellet waddried and resuspended in
sterile water.

3. Isopropanol precipitation was applied following plasmid purification (method
2.4.2) and electroelution (method 2.4.8, when volumes Béated buffer
were bigger than 5 ml). Isopropanol (0.6 x sample volume) was mixed with
the DNA sample and stored at room temperature for 20 minutes. DNA was
recovered by centrifugation at, 060 x g for 10 minutes at 20°C, followed by
washing with 70% etimol and centrifugation as previously. The DNA pellet
was dissolved in sterile water.

4. Sure Clean (Bioline, UK) system was
instruction for the end repaired genomic insert DNA.

If required, the cleaned up DNA was concated with a DNA 3@0l1 vacuum
concentrato(1,200 x g, 37°C).

2.5 DNA amplification

2.5.1 Polymerase Chain Reaction (PCR)

All PCR reactions were carried out using a PCR thermo cy(Bo-Rad
LaboratorieslJK, iCycler). The PCR reactions were performesing Phusion High

Fidelity DNA Polymerase (Finnzymes, New England Biolabs UK) or BioTaq DNA
Pol ymerase (Promega, UK) . Primers P194/
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plasmid construction (Table 2.3). For routine colony screening of a genomic library
of Ruminococcusp. 80/3, primers C5_F and C5wRre used. For colony screening

of human gut metagenomic library primers M13_F and M13_R were used (Table
2.3). The amplification of 16S rRNA genes from metagenomic DNA extracted from
a human faecal sample dsa mixture of forward primers 7F, 27F Chlo, 27F Bor,
27F Bif, 27F Ato (4:1:1:1:1) and reverse primer 1510R. Primers used for the
amplification of genes encoding glycoside hydrolase enzymes @oprococcus
strains are shown in Appendix 3. Primers usedirovitro overexpression study
with pIVEX plasmid (Table 2.3) were used to amplify genes from the genomic
library of Ruminococcusp. 80/3, followed by cloning into pIVEX plasmid (Roche)

according to manufactures instructions.

Sterile H,O up to 50 ul  Final concentration

5x buffer 10 1x

2 mM dNTP 5 pl 0.2 mM

10 uM Primer forward | 2.5 pl 0.5 uM

10 uM primer reverse | 2.5 pl 0.5uM

template X ul 5-10 ng or 1 pl of bacterial suspension
polymerase Y ul BioTaqi 0.025 Upl™, Phusiori 0.02U.pl™
Step Temp Time Cycles

Initial denaturation 95- 98°C 2- 5 min x1

Denaturation 95- 98°C 10- 30 sec

Annealing® XeC 10- 30 sec x25-30

Extension 72°C 30- 60 sec/ 1kb

Final extension 72°C 5 min x1

Table 22 Thecomponents and conditions of typical PCR reaction
21 annealing temperature for primers used in this work is provided in Table 2.3.
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Label SequenZ&®) (560 [°C] Reference Target DNA
Gene amplification primers

P194 F GCACCCATTAGTTCAACAAACG 50 This study pUK200
P195 R IACTAACGGGGCAGGTTAGTGAC This study pUK200
R6aoor i |CAAGCTTTAAAAGCCTTATATATT This study p MODEB
R6aoor i |GTTGGCTAGTGCGTAGTCGTTGGC >4 This study p MODB
7F AGAGTTTGATYMTGGCTCAG (Satokariet al.,2001) 16S rRNA
27F Chlo AGAATTTGATCTTGGTAG (Franket al.,2008) 16S rRNA
27F Bor AGAGTTTGATCCTGGCTTAG 50 (Franket al.,2008) 16S rRNA
27F Bif AGGGTTCGATTCTGGCTCAG (Franket al.,2008) 16S rRNA
27F Ato IAGAGTTCGATCCTGGCTCAG (Franket al.,2008) 16S rRNA
1510R IACGGYTACCTTGTTACGACTT (Satokariet al.,2001) 16S rRNA

1 GL_F CGCACGCATGBCAAAAAGGAAATAAATGAAATAAAGAA, This study pFI2170_1GL
1 GL_R CGCACGCCGGG TTATTGTAGTTTCAAGTCCGTTG This study pFI2170_1GL
1 GL_RS CGCACGCCGGGIATTTTATTGTAGTTTCAAGTCCGTTG This study pFI2170_1GL
4 GL_F CGCACBCATGACATAGACAATG TTTGAAGGAAC S5 This study pFI2170_4GL
4 GL_R CGCAGAGTACTTTTTCTGCAAGCATTTCGTTGAG This study pFI2170_4GL
4 GL_RS CGCAGAGTACTTATTTTTCTGCAAGCATTTCGTTGAG This study pFI2170_4GL
Screening for insert in genomic library

C5 F GTACCGTTACTTATGAGCAAG 52 This study pFI12710

C5 R CTCTTTTCTCTTCCAATTGTC This study pFI2710
Screening for insert in metagenomic library

M13 F GTTTTCCCAGTCACGAC Sigma, UK pTRKL2

M13 R CAGGAAACAGCTATGAC Sigma, UK pTRKL2

Table 2.3 Primers used fogeneamplification in this study

Restriction sites for pIVEX cloning are underlined. [°C] = annealing temperdtwe& or T, M =Aor C



2.6 Preparation andransformationof competent cells

2.6.1 Preparation of electrocompetent ceflof Lactococcus lactis

L. lactis MG1363 electrocompetent cells were prepared according to the modified
protocol by Gerber and Solioz(2007) Cells were grown in GM17 medium
supplemented with 2.5% (wy/ glycine and 0.5 M sucrose (MGM17). An aliquot (100
pl culture from a glycerol stock) was inoculated into 5 ml of mGM17, and grown
overnight at 30°C. Then 1 ml of this culture was inoculated into 10 ml of mGM17
and grown overnight under the same condgioAn aliquot (10 ml) from the
overnight culture was then inoculated into 100 ml of mGM17, until theo©D
reached 0.0.3. Cells were harvested by centrifugation0Q® x g/ 4°C/10 min,
Sorvall, rotor S&34) in 50 ml cold sterile Falcon tubes. Subseqisteps were
performed on ice with iceold buffers. Cells were washed firstly with 50 ml EP1
buffer, followed by washing with 25 ml EP2 and 50 ml EP1 buffer. Cells were gently
re-suspended in 1 ml EP1 buffer and 40 ul was aliquoted into 0.2 ml Eppenaesf tu
which were snajfirozen in liquid nitrogen and stored-80°C.

2.6.2 Transformation of L. lactis by high voltage electroporation

Transformation was performed using a BioRad Gene Pulser apparatus, set to 2.0 kV,

25 OF and 200 q. dvzen cel$ wag thawed oo ice. Bwifiedd|  f 1
ligation mix (10 ng of vector) was added to the cell suspension, mixed gently and
transferred into prehilled 2 mm electroporation cuvettes (Cell Projects, UK). The

pulse was applied and immediately 960 ul of modifggrechilled GM17 medium
(supplemented with 20 mM Mgghland 2 mM CaCG) was added. Cuvettes were

placed on ice for 5 minutes, and then the cell suspension was transferred into a 1.5

ml Eppendorf tube which was incubated at 30°C for 2 hours, followeddabynglon

selective GM17 agar plates.

2.6.3 Preparation of electrocompetent ceflof Escherichia coli

E. coli electrocompetent cells were prepared accordinambrookand Russell
(2001) An overnight starter dwre was subcultured (1/100) into 200 ml of LB
medium (in a 2 litre flask) and grown at 37°C with vigorous shaking at 220 rpm until
an ODypoof 0.40.5 was reached. Cells were harvested by centrifugation in 50 ml

cold, sterile Falcon tubes,(00 x g /4C/10min, Sorvall, rotor S84). Subsequent
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steps were performed on ice with4celd buffers. Cells were washed twice with 50

ml sterile water and once with 50 ml sterile 10% glycerol. They were gently re
suspended in 0.5 ml 10% glycerol, aliquoted tor@lZEppendorf tubes, snap frozen

in liquid nitrogen and stored aB0°C. For genomic and metagenomic library
construction commercially available electrocompetent cells were purchased as stated
in section 2.2.

2.64 Transformation of E. coli by high voltage electroporation

Transformation was performeding a BioRad Gene Pulser apparatus, set to 1.7 kV,

25 OF and 200 q. An aliquot of 40 OI f
ligation mix (10 ng of vector) was added to the cell suspension, mixed gently and
transferred into prehilled 1 mm electropation cuvettes (Cell Projects, UK). The

pulse was applied and immediately 960 pl of-paamed (37°C) SOC medium was

added. The cells suspension was transferred into 15 ml Falcon tubes and was
incubated at 37°C for 1 hour at 220 rpm, followed by platingelactive BHI agar

plates.

2.7 High throughput genomics techniques

2.7.1 Storage of the genomic library oRuminococcus sp80/3

Plates with transformants were flooded with sterile BHI medium; all colonies were
removed and pooled together in 15 ml Faltaime. The plasmid DNA from pooled
clones of the gnomic library ofRuminococcusp. 80/3was extracted using Qiagen
Midi Kit (UK). The genomic library DNA was stored &0°C.

2.7.2 Storage of the metagenomic library ife. coliand L. lactis

The colonis from transformation int&. coli were archived in triplicate in 384ell
format platesNlunc, UK)by using an automated colony picking rofBtoRobotics
Isogen Life Science, the Netherlands) or manual pickngoli clones were grown
overnight at 37€ at 200 rpm in BHI medium supplemented with 1x freezing mix,
4.35% glycerol and erythromycin (150 pg:thl ODsoo was measured at that point
for future reference. One set of plates was useé faoli clone pooling.Overnight
grown cultures (20 pl) froneach well were pooled into 50 ml Falcon tulbesg a
multichannel pipette. DNA from all clones was extracted using the Midi Prep Pure

Yield kit according to the manufactureos
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library DNA was transformed inta. lactis MG1363 by electroporation following
the method 2.6.2. The transformants were selected on GM17 plates with
erythromycin after overnight incubation at 30°C and were archived in duplicated
384 well format plates by using manual pickinlg. lactis MG1363 cbnes were
picked into GM17 medium supplemented with 1x freezing mix, 4.37% glycerol and
erythromycin (5 ug.mt) and were grown at 30°C overnight. @pPwas measured

before storing the plates -@0°C.

2.7.3 Functional screening of metagenomic libraes

The metagenomic library stored in 384 well plates was arrayed on agar plates with a
substrate (table 2.4) using OmniTray plates (Nunc, UK) and the Microgridll
replicator from BioRobotics (Isogen Life Science, the Netherlands). The plates were
incubated oveight at 37°C or at 30°C fdE. colior L. lactis library, respectively.
These were used the following day for plate enzyme assay accordmgtbhod

2.8.1.

2.7.4 DNA Sequencing

Al l DNA sequencing was <carried out Uusi ng
Sequencing Ready Reaction Kit (Perkin Elmer, UK). M13 forward and reverse
primers were used for initial sequence ruies the clones selected from the
functional screening of the megnomic inserts. Internal primers were subsequently
designed and produced by Sigma, UK. Sequencing reactions were set up according

to manufacturerds recommendati ons and we|
the Rowett Institute of Nutrition and Healt

2.7.5 Bioinformatics analysis of clones

All sequence data were assembled using the Segman programme, Lasergene version
6 (DNASTAR 19892004). The open reading frames were detected by using the
ORF search tool provided by NCBht{p://www.ncbi.nlm.nihgov/gorf/gorf.htm).
Homology searches were run against the GenBank database using the BLASTX and
BLASTP algorithms. The InterPro hitp://www.ebi.ac.uk/Tools/pfal/iprscgn/
SMART (http://smart.embheidelberg.de/smart/set_mode)¢gi Prosite
(http://expasyorg/tools/scanprosite/ and  PFAM  [ttp://pfam.sanger.ac.yk/

databases were utilised for protein analysis (conserved domains and internal repeats
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prediction). SignalP hitp://www.cbs.dtu.dk/services/SignalRtias used to predict

the presence and locatioh signal peptide cleavage sites in amino acid sequences
from different clones. Multiple amino acid sequences alignments were prepared with
ClustalwW in BioEdit. The alignment was edited in GeneDoc
(http://www.psc.edu/biomed/genedand the numbers of amieids correspond to

the whole proteinThe most common residue in each column (the residue with the
highest count) is assigned to the first shading I€bkick) and the second most
common residue in each column is assigned to the next shadingdesgl The
hypothetical promoter regions were predicted based on visual inspection of the

sequence.

2.7.6Phylogeneticanalysis of sequences derived from 16S rRNA clone library

Genes of 16S rRNA from the metagenomic DNA extracted from a human faecal
sample vere amplified according tanethod 2.5.1, purified according to the
manufactureds instruction using Wi zard P
ligated to pGEM®T vector according tamethod 2.4.12 (Promega, UK). The
sequencing was done accordingmethod2.7.4.The 16S rRNA PCR product from
library clones was amplified with M13 primers and sequenced using internal primer
797R (Nadkarniet al., 2002) modified GGACTACHVGGGTATCTAATCQ. The
presence of chimeras wastegtby Mallard version 1.0@Ashelfordet al.,2006)and
manually inspecting BLAST results. Sequences were aligned using ClustalW
(Chennaet al.,2003) a distance mattriwas generated with Dnadist (Phylip package,
distributed by J Felsenstein, University of Washington, Seattle) and Operational
taxonomic units (OTUs) at 98% sequence identity were obtained with (Zutloss

and Handelsman 200®)n the irhouse RINH/BIOSS Beowulf cluster. Single OTUs
were subject to manual inspection and correction. The phylogenetic tree was
constructed with Mega 5.03, using neighbmmining method and distance method

Kimura.

2.8Enzymerelated assays

2.8.1 Qualitative plate assay
Enzyme activity was examined on agar plates supplemented with subtildée (
2.4). For chromogenic substrates, positive clones turned blue. Plates containing non

chromogenic substrate plates were flooded witimisig solution. After removing the

73



detection solution by aspiration, clear halos should be observed around positive

clones or colonies.

Substrate (Supplier) final Concentration Detection method
Starch from potato (Sigma, S2004)1% Grambés imwdine
(Sigma, UK)

Carboxymethykellulose (Sigma, C4888)0.5% Congo Red 20 min
Destaining solutiofi 15 min
Xylan from oat spelts (Sigma, X062i70.5% Destaining solutiofi 20 min
Congo Red 20 min
Destaining solutiofi 15 min

Lichenan (Sigma, L6131 0.05% Congo Red 20 min
Destaining solutiofi 15 min
Polygalacturonic acid (Sigma, P08530.5% Ruthenium red solution 30 min

5-broma4-chloro-3-indolyl-b-D-galactopyranade | Chromogenic
X-Gal (Sigma B4252) 80 ugmi™
5-Bromo-4-chloro-3-indoyl-B-d glucopyranoside | Chromogenic
X-Glu (Fisher Scientific BPE406D00)- 50 pgml™
4-Methylumbelliferyl U-L-arabinofuranoside Fluorescent
(Sigma M9519Y 50 pg.mi*

Table 24 Substrates and detection methods used in this study during functional
screening of genomic and metagenomic libraries

2.8.2Preparation of enzyme forassay with pnitrophenyl substrates

E. coli cultureswere grown according to method 2.3.@wvernight cultures (10 ml)
were harvested by centrifugation at 5000 x g/ 4°C/ 10 min (SorvalB4$SThe

pellet was washed twice with 3 ml of pehilled 100 mM sodium phosphate buffer

(pH 6.5) and resuspended in 1 ml of bigfr. The resuspended cells were transferred
into a Sarstedt tube containing 250 pl of 106 um glass beads in sterile water. The
sample was beadbeaten twice for 30 sec with 30 sec incubation on ice using a Mini
Bead Beater (Stratech, UK). The supernataas collected after centrifugation at
16,000 x g/ 4°C/ 10 min; it was stored on ice and was used on the day of extraction

to perform enzyme assay according to section 2.8.3
2.8.3 Enzyme activity assaywith p-nitrophenyl substrates

Prewarmedto 37°C cdHree extractwas mixed in equal volume with0 mM p

nitropheryl substrate (table 2.5). The absorbanceg{Awas measured every 2 min
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for 30 minutes at 37°C with shaking for 2 sec and settling for 5 sec using a Tecan
Safire plate reader (Tecan Tradir§witzerland).

Substrate- SIGMA MW 10 mM [mg.ml™]
p-nitropheny}i -D-glucopyranosidé N7006 301.3 3.013
p-nitrophenyt -D-glucuronidei N1627 315.2 3.152
p-nitrophenyl -D-xylopyranosidg N2132 271.2 2.712
p-nitrophenyih -D-galactopyranoside NO877 301.3 3.013
p-nitropheny}i -D-galactopyranosidé N1252 301.3 3.013
p-nitrophenyth -D-glucopyranosidé N1377 301.3 3.013
p-nitrophenyih -D-arabinofuranosidé N3641 271.2 2.712

Table 25 Para nitrophenyl derivatives used in enzyme activity assays.

2.8.4 Preparation of enzyme fractions foL.ever assay

E. coliandL. lactis cultureswere grown according to method 2.3Feshly grown
overnightculture was harvested by centrifugation at 4000 x g at 4°C for 10 minutes
(Sorvall, SS34). The supernatant was kept on ice and concentrated by usiicgri
Ultra-15 centrifugal filter devices (10,000 NMWMillipore, USA)to 0.04 ofinitial
culture volume The concentrated supernatant was aliquoted and sto/@@Pat The
pellet was washed twice with ia®ld 50 mM sodium phosphate buffer (pH 6.5) and
spun as before. The pellet wasstespended in 50 mM sodium phosphate buffer
(0.04 of initial culture volume, pH 6.5). The cells were broken by sonication using
Soniprep 150 (MSBJK) with three strokes of 30 sec and 2 minute intervals on ice.
The sonicateavas then centrifuged for 10 min at 16,000 x g at 4°C and the cell free

extract was aliquoted and stored&Q°C.

2.85 Determination of enzyme activity with Lever assay

The supernatant and cell free extraets thawed on ice followed yd-fold dilution

in 50 mM sodium phosphate buffer, pH 6.5. The diluted enzyme fragtas
incubated with 1% (w/v) of the appropriate polysaccharide substrate (in 50 mM
sodium phosphate buffer, pH 6.5) at 37°C for different time intervals. The reaction
was stopped by adty p-hydrobenzoic acid (PAHBAH) reagent followed by heating

at 70°C for 10 min. The release of reducing sugars was determined in a microtitre
plate Tecan Safifeplate reader at 415 nm. Dilutions of a stock solution of 1 m.ml

of glucose or xylose welgssayed to obtain a standard curve.
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2.86 Gel electrophoresis of proteins

Sodium dodecyl sulphajaolyacrylamide gel electrophoresis (SPBGE) was
according to method in Sambroakd Russel(2001) Polyacrylamie stacking gel

(4%) and 8% polyacrylamide separating gel wased. Gels were cast and run in
Mini-PROTEAN’3 system (BioRad, UK). Protein samples were denatured by
heating at 60°C for 20 minutes in 5x SDS loading buffer, before loading onto the gel.
The gl was run in standard electrophoresis buffer at constant 80 V until the samples
entered the stacking gel followed by separation at 200 V. The gel was stained
afterwards for 2 hours in Coomassie solution at room temperature. The bands
became clear by destang in methanol (8% v/v)/acetic acid (7% v/v) solution.

2.8.7 Zymogram analysis

SDSPAGE gel was prepared and run according to the method 2.8.5 with
modifications. Carboxymethylellulose (CMC, at 0.2% w/v) was incorporated to the
separating gel. Afteglectrophoresis, the gel was washed twice in 200 ml of solution
1 for 50 minutes at room temperature. The gel was renatured in 200 ml of solution 2
overnight at 4°C with gentle shaking, followed by washing in 200 ml of 50 mM
sodium phosphate buffer (pH8p.for 1 hour at 4°C. The gel was transferred onto a
glass plate, covered and sealed with cling film and incubated at 37°C overnight.
Bands were visualised by staining with Coomassie solution at 60°C for 2 hours and
destaining with methanol/acetic acidwobn overnight at room temperature. The gel
was then neutralized by extensive washing with 0.1M-Hf3 (pH 8.0) for 8 hours.

CMC hydrolysis was detected accordingrethod 2.8.1

2.88In vitro protein overexpression

Overexpression of the gene 1 GInda4 GL from clone pFI2710 1GL and
pFI2710_4GL, respectively, was performed in vitro using Rapid Translation System

kit RTS100 (50ul). The E. coli lysate, reaction mix, mix of amino acids and
methionine provided with RTS100 kit were reconstituted andicgasolutions were
prepared according to the manufacturer 0:s
with cloned DNA was extracted according to section 2.4.1u0.5f plasmid was

added to the reaction solution in a total volume ofill@nixed by gentle skking and

incubated at 30°C for 6 hours. The reaction was stored at 4°C. The overexpressed

protein was analysed by SEFSAGE gel electrophoresis according to section2.8.
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Chapter 3

Functional analysis of a genomic library from the
human gut bacterium Ruminococcussp. 80/3
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3.1 Introduction

Functionbased analysis of a metagenomic library relies on heterologous gene
expression; however there are many obstacles that can limit successful gene
expression.Conventionally Escherichia coli is used as a backgmd host for
expression studiesHowever, significant differences in expression pattern were
reported between different taxonomic groups of bac{@&boret al.,2004) Several
studies demonstrated that a broadt Isoseening is likely to increase the number and
diversity of positive clones frora functional metagenomitbrary (Martinezet al.,

2004, Craiget al.,2010) A previous study shoveethat there should be some degree

of evolutionary conservation between donor and a surrogate host in order to
successfully express heterologous ge(tdslt et al., 2007) The similar %G+C
content ofrecombinant genand heterologous host was shown to facilitate gene
expressionWarrenet al., 2008) Having this in mindLactococcus lactis1G1363

was proposedn this study to extend thalternative expression host rangkr
studying glycoside hydrolase activity in the human gut microbiota by applying
metagenomicapproach. The development of a novel shuttle cloning vector is
reported, followed by the construction and functional screening of a genomic library

from the human gut isate Ruminococcusp. 80/3.

3.2 Development of a cloning vector based on the pLP712 replicon

Lactococcal plasmids have been studied widely due to their importance in the dairy
industry and milk fermentation. Many industrially important traits are pldsmi
encoded including lactose and protein breakdown, citrate permease activity, phage
resistance and bacteriocin product{ills et al.,2006)

An extensive effort has been made in the development of shuttle veatad bn
lactococcal replicons that can be applied in a broad host screening. There are a
number of shuttle vectors such as pNZ123, pMIG, pSA3, pTRKH2 and pTRKL2
created for different bacterial genera of lactic acid bacteria (LAB) that can also be
usedin a E. coli backgroundO'Sullivan and Klaenhammer 1993, Dao and Ferretti
1985, De Vos 1987, Welkt al.,1993)

The initial aim of this project was tweate a plasmid based on a lactococcal replicon

that would accommodate large inserts of genomic/ metagenomic DNA. Plasmid
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pLP712 was chosen as the backbone to construct a novel cloning vector (Figure 3.1).
Plasmid pLP712 is a 55 kb plasmid isolated frdra tairy starter straib. lactis
NCDO712. This plasmid has been shown to encodesgimelactose and protein
utilisationand is the only plasmid of this strain required for growth in milklantic

acid production. The remaining four plasmidsLofactis NCDO712 appeared to be
cryptic (pSH71, pSH72, pSH73, pSH74). Previous study showed that pLP712 can
accommodate large (up &9 kb) genetic elements known as sex factor through the
re-location from the bacterial chromosome into the plas(@dssonet al., 1992)

That makes pLP712 a suitable vector for cloning large size inserts. Plasmid pLP712
replicates via theta mode replication. The segregational stability of-rticata
replicating plasmids was shown to Ilseiperior to plasmids of the RGigpe
replication (Kiewiet et al., 1993) Plasmid pLP712 also encodes a patrtition system
which is a common feature of large lactococcal plasmids like pGdh442, pS8Ki08
pCl2000(Tanouset al.,2007) The proteins encoded by tparA andparB genes are
essential for the genetic stability of the plasmid during cell divig®chumacher
2007) Moreovwer, it has been extensively characterized by restriction endonuclease
mapping and it has beesequenced recently (Wegmaeh al, unpublished data).
These characteristics of pLP712 make it useful for genetic manipulation and cloning

application.

3.2.1 Canstruction of vectors carrying the pLP712 origin of replication

The 55 kb lowcopy-number plasmid pLP712 was isolated frauactococcudactis
MG1629 and used to construct a series of vectors (Figure 3.1). Firstly the pLP712
plasmid DNA was cut wittBanll to produce a 10 kb fragment, which carries the
replication region. The fragment was bhenided and ligated to the k0
erythromycin resistance gene from plasmidlp@t9(Maguinet al., 1996) resulting

in pFI2672.Subsequently, pFI2672 was cut witspl, resulting in two fragments of

8.8 kb and 2.3 kb respectively. The 8.8 kb fragment bhast ended andigated to

the chloramphenicol resistance gene amplified by PCR from plasmid pUK200
(Wegmannet al., 1999) The resulting construct pFI2673 was further modified by
deleting the nonessential 1.2 KkshAl/ Drdl region resulting in the smaller
derivative pFI2674 (8.5 kb). Next BanHI/ Bglll fragment carrying the multiple
cloningsite of pMTL23p was cloned into pFI2674 linearized vBignHI (construct
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pFI2675). Finally, the Escherichia coli r ep |l i con R6aoori amp
commercially available plasmig M O D8 (Epicentre, UK)was cloned intdPcil

linearized blunt endedpFI2675, giving pFI2676.The replication of this well
characterisedR 6 a oreplicon is mediated by the direct interactwn t h i ni t i at
protein produced by the plasmid itself. It also requires additional protein produces by

the host bacterial cel[®ellis and Filutowicz, 1991)The plasmids based &6 @ 2 o r |
were usedn previous studiefor the rescue of transposons there they can support

the replication of large insert constructs and thus this replicon was chosen for
construction pFI267.6

Structural rearrangements were discovered within the multiple cloning site (MCS) of
plasmid pFI2676 (see section 3.2.3) renderingrisuitable as a cloning vector.
Therefore plasmid pFI2674 was cut wiBstJl and aSma linker was inserted

resulting in pFI2709. The latter plasmid was digested ®dih blunt ended with T4
polymerase and theE. colir epl i con R68a20Tr i was inserte
was named pFI2710 and this shuttle vector was used for the construction of a
Ruminococcussp. 80/3 genomic libraryAll the constructs were propagated in

L. lactis MG1363 according to method 2.6.paat from pFI2676 and pFI27 Mhich

were selected i. coli EC100Dpir" after electrotransformation according to section

2.6.4.
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Figure 3.1 Construction of the pFI seried vectors.

The restriction enzyme sites used for genetic modification are marked in red. The
arrows represent genes. The following genes are presented in this figure:
mmm) Lactose metabolismlgcR 1 transcriptional regulatoracA lacB i
galactose6-phosphate isomeraskacC i tagose6-phosphate kinaséacD i tagose
1,6-phosphate aldolasécF, lacE 1 PTS translocation systeracG i phospheb-
galactosidase, lacX 1 protein of unknown function, DH 1 lactate
dehydrogenease)
TranspositiontOp genes)

mmm) Proteolysis- peptide and amino acidtilisation (prtP i cell wall bound
serine proteinas@rtM - maturasepepF- oligopeptidase)
Plasmid replicationrép, repC)
Segregational ability (parA, parBi partitioning genes)

Ketoacid dehydrogenase
Copper oxidase
Hypothetical proteins
Antibiotic resistance genes
E. coliorigin of replication

Hi
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3.2.2 Stabiity of new plasmid derivatives based on pLP712

The maintenance of the plasmids harboring the pLP712 replicon was assessed in the
absence of selective antibiotics using the method described in 2.4.3. The results of all
tested constructs are summarizedrigure 3.2 in which the percentage of plasmid
containing cells is plotted against time. The results show that all derivatives were
stably maintained during the entire testing period (approximately 100 generations
growth timeapproximately 60 hours).

Although the segregational stability of the tested construdislactisMG1363 was

very high, the structure of the created plasmids proved to be unstable during cloning.
The first noticeable structural instability was observed during construction of a
geromic library of Ruminococcussp. 80/3 which tested the cloning abilities of
plasmid pFI2676 and aew protocol was devised for future metagenomic library
construction. Three independent libraries were prepared using plasmid pFI2676 and
the numbers of clas inL. lactis MG1363 were 329, 1139 and 236 respectively.
Amongst all these clones, 35 were screened by restriction enzyme digest and none
showed the presence of an insert. Tdlsoled to the observation that the selected
clones were lacking @anHI site. The multiple cloning site (MCS) region of
pFI2676 was sequenced and showed structural rearrangement (Figure 3.3) which
affected successful cloningrhe instability was mediated by two short repeat
sequences which participatehomologus recombination causingBanHI deletion.

The product of pairing led to the formation of derivatives with a repeat sequence of
19 nucleotides.

A new derivative was constructed based on plasmid pFI2674, featuBntdasite

andE. coli EC100Dpir” replicon. Sequencing ofirmed the absence of repeats and

the segregational stability of the resulting plasmid pFI2710 proved to be high in
lactis MG1363 (Figure 3.2). Plasmid pFI2710 was used as a cloning vector for
genomic library construction; clones were screened (byictsh digestion and

PCR) and stably maintained . coli EC100D pir* and L. lactis MG1363 (see
section 3.3.1).
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Figure 3.2 Presence of plasmichrrying colonies of pLP712 derivativeslinlactis
MG1363.

Cultures of plasmd carryingL. lactis were diluted in antibiotic free medium and
subcultured for approximately 100 generations. Every 8 generations samples were
plated onto selective and nselective agar plates. The ratio of the average number
of colonies from selectiveversus nonselective plates was multiplied x100.
Erythromycin-resistant coloniespurple, chloranphenicotresistant coloniesred
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A

Parental plasmid pFI2676

Smd BanHl
GAGGATTATCGATGCATGATGCC GGGAGCT(>>)GACGTCATISGATC CCCCC ATTAGTT

Recombination product

Smd
GAGGATTATCGATGCATGATGT GGGAGCT(>>)GACGTCATASGATTATCGATGCATCGATCT ATTAGTT

B
Plasmid | GTCGACGTCATAGATC CCS(CACCATTAGTT
Plasmid Il GAGGATCATCGATGCATGATC(TACCGGGAGCT

Figure 3.3 Schematic overviewf homologous recombination between plasmids
pFI2676.

Panel A1 sequences of parental (original) plasmid pFI2676 and recombination
product. Short repeat sequences which mediate homologous recombination are
presented in red and gre&8mad and BanH]| sitesare shown in boxes, they are both
present in the parental plasmid but only 8red site is present in the recombinant
plasmid. The underlined sequence is present only once in parental plasmid and twice
in the recombinant. PaneliBexchange of the geneticaterial between two parental
plasmids pFI2676.
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3.3 Construction oRuminococcussp. 80/3 genomic library

Following construction of pFl plasmidshe next aim of thisresearchwas the
creation of a large inseRuminococcussp. 80/3 genomic library usj L. lactis
MG1363 as the primary host and the newly created lactococcal plasmids pFI12710.
Several techniques were employed in order to prepare good quality, high molecular
weight (~ 20 kb) insert DNA. Initially, fragments of genomic DNA were prepared as
follows: sheaing of genomic DNA was performed by passing through a 200 pl small
bore pipette tip followed by electrophoresis analysis. If the DNA migrated with 23
kb & DNA nmrapaikng was peefarnded, the enzyme was heat inactivated
and the DNA was purifiedSeveral independent libraries were prepared using
plasmid pFIZ10 andL. lactisMG1363as a cloning hosiThe results demonstrated
that direct transformation df. lactis MG1363 with ligation mix yielded no positive
clones. FolL. lactis MG1363, higly repraducible transformation efficiencies were
observed during plasmid construction {YI0FU. pg' DNA). In contrast,only low
number ofL. lactis MG1363 transformants was achieved during genomic library
construction (average efficiency of 40FU. pg' DNA). A previous study showed

that the insert size can decrease the transformation efficiency and is strongly
dependent on the host (Sheng et al., 1995). Therefore, it was decided to decrease the
insert size to 8.0 kb and us& second approach for the insert megtion which

relies onmechanical fractionain of genomic DNA using a HydroShear machine.
Two independent libraries were prepared applying Sure Clean or phenol extraction
for DNA insert purificationafter shearing and en@pairing stepsThe purification
procedure affected the transformation rate which was three fold lower for phenol
purified insert DNA. The libraries consisted of 435 and 135 colonies respectively.
PCR confirmed the presence an insert in 8 out of 24 screened clones wath
average insrt size of 2 kb.The results showedbw efficiency of the cloning
procedure that restricted the preparatiorRaminococcusp. 80/3 genomic library
directly in L. lactis MG1363. A report by Papagianret al. (2007) reportedhigh
efficiency electrotransformation df. lactis cells treated with lithium acetate and
dithiothreitol Several attempts to reproduce their work failed to increase the
transformation rate ot. lactis MG1363. The decien was made to usk. coli
EC100Dpir* as a primary host for the library construction. The shearing procedure

was optimized and produced insast 5-10 kb which vereendrepaired and purified
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with Sure CleanTransformation intdE. coli EC100Dpir* produwced 11,700 colonies
with a transformation rate of @CFU. pg' DNA. The insert size of 12 randomly
selected clones was estimated at 5 kb following restriction digestion analysis (Figure
3.4)which indicates cloning of 58.5 Mb genomic DNA

The results sheed that the observed transformation efficiency.imactis MG1363
(10 CFU.ug* DNA) was 1006fold lower than irE. coli EC100Dpir* (10° CFU. ug

! DNA) using thesameligation mixture The number of recombinants in lactis
MG1363 was not sufficient tproducea representative genomic library. The higher
transformation efficiency of commercially available electrocompetént coli
EC100Dpir” cells enabled the production of a genomic library flRmminococcus
sp. 80/3.The genome oRuminococcusp. 80/3was covered 2fimes based on 2.9

Mb size from draft genome information.

3.3.1Transfer of E. colilibrary into L. lactis

In order to compare the insert distributionRdiminococcusp. 80/3 genomic DNA

in both hosts, th&. coli EC100D pir* cloneswere pooled (method 2.7.1plasmid

DNA was extraced and retransforned into E. coli EC100D pir* and L. lactis
MG1363 electrocompetent cells. The results showed that the transformation
efficiency was still lower irL. lactis (2.4x10 CFU. pg* DNA) compareda E. coli
EC100D pir* (2.5x1¢ CFU.ug* DNA). However it was 1006fold more efficient

than usingthe ligation mix. Next, 24 randomly selected transformants féntoli
EC100Dpir* andL. lactis MG1363 were analyzed by restriction enzyme digest for
the pesence of insert DNA and® of the selected clones carried a DNA insert with
an average size of 5.0 kb1.8 kb to 12 kbjor E. coliEC100Dpir* and 4.5 kif~3.5

kb to 7 kb)for L. lactis MG1363 clones (Figure 3.51he presence of different
fragments of Ruminococcussp. 80/3 genomic DNA was confirmed bsnd
sequencing insert DNA of random clones isolated from both hosts. The sequencing
data were compared to draft genome information (Wegraaah unpublished data)

and presented an equal distributionrahdominserts from selected and sequenced
cloneswithin the bacterial genome (Figure 3.5fachE. coli EC100D pir* clone
restriction pattern was unique, indicating tlatariety of different genomic DNA

had been cloned.. lactisMG1363 clones showeasie degree of insert redundancy
due tothe amplification step inE. coli EC100D pir* followed by the library

conversion.
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insert DNA ofRuminococcusp. 80/3.

Clones were analyzed by restriction digestion v8dmHIl. The arrow represents
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Figure 3.5 Restriction digestion profilefdE. coli EC100Dpir* andL. lactisMG1363 clones selected for insert end sequencing.

L- ladder [kb],<Hindlll ladder [kb], plasmid pFI2710 is shown with the arrow (8.8 kb). The random insert distribution suggests a
variety of different fragments of genaeyDNA from Ruminococcusp. 80/3 that have been clonadoth hosts
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3.4 Functional screening of the genomic library &uminococcussp. 80/3

An earlier study showed thaRuminococcussp. 80/3 belongs tohe cluster IV

ruminococcigroup which idirmly associated witfiber particles in the humaiadcal

samples(Walker et al., 2008) The genomic library oRuminococcusp. 80/3 was

used for functiorbased analysis in order to identify genes involved in didtaey

breakdown. Briefly, the plasmid frortine genomic library was electrotransformed

into E. coli EC100D pir* or L. lactis MG1363 anda plateassay was done on

substratecontaining plates according to section 2.8.Genes encoding

i -galactosidasej -glucosidase and cellulase were targeted in this work. These

enzymes enable degradation of pldatived components such as cellulose,

I -glucan, xyloglucan, glucomannan, galactomannan and pectin§abkel.2).

In E. coli EC100Dpir*, 4500 clones were s@en e d -ghlactosidése activity and

16 colonies were selected for further analy3iable 3.1) Enzymati c acti v

glucosidase was observed in 34 clones amongst 6200 screened clones. The numbers

of clones screened for carboxymetbgllulase (CMCam) activity was 1200 colonies

amongst which four showed detectable enzyme activity. All the clones from the

primary screening were streaked on substrate containing plates in order to confirm

the detected enzyme activity. The positivesceeened clones wermused for DNA

extraction, followed by restriction enzyme analysis, the profiles of which are shown

in Figure 3.6. The final number of positive clones excluding false positives picked

during primary scr e egalactogdasw acsvityl®Pd8% tpeo nes w

2 Mb of cloned DNA, four clones with CMCase activity (0.33% per 1.5 Mb of

cloned DNA and 12 cgluoosidase actwityt (0.19% per 2.6 Mb of

cloned DNA. Clones showinga distinctive restriction profile were selected for

sequencig and further a n a-gakdosidase pRI2Z7TM 8GA; | on e s

4 GA, _5GA, 11 GA and -gldc@s@dase pFf2710 aGLCc | ones

_3GL, _4GL, _7GL, and _12GL and two clone with CMCase activity

pFI2710_1CMC and pFI2710_2CMC).

Functionbased screening of the genomic libraryRdiminococcusp. 80/3 was also

performed inL. lactsMG1 3 6 3. Transf or ma n4aactosigasee s cr

and CMCase act i viglugpsidases was engossibtegdueft@ high b

background activity. No posite clones were detected during the screening in

L. lacisMG1363 (374 col opraletssidasec ane 824 eaonies o r b
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screened for CMCase). Therefore positive sequenced constructs Broooli
EC100Dpir* were retransformed intd.. lactis and engme activity was determined

on substratecontaining plates The results showed that. lactis containing

pFl1 2710 _4GA, pFI 2710_11GA ogalactpskldas@ @anl 0 _ 1 C N
CMCase activity, respectly, when screened on selective plates. The
transformation with pFI26710_3GA, pFI2710_5GA and pFI2710_12GA plasmids

showed no transformants (three independent experiments).

Enzyme Activity b- glucosidase b - galactosidase CMCase
Clone assayed 6200 4500 1200
Number of positive clones (34)12 (16)12 (4)4
Frequency of positive clones 0.19% 0.26% 0.33%
Clones sequenced 5 5 2

Table 31 The number of clones assayed functional screeniriguofiinococcusp.
80/3 genomic library ifE. coli EC100Dpir".

Number of positive clones selected during initial (number in brackets) and secondary
screening is presented. The frequency of positive clones is shown as the percentage
of total screened clones for specific enzyme activity. The seleofiariones for
sequencing was based as being different according to the restriction digestion profile
(Figure 3.6)
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Figure 36 Agarose gel electrophoresisBanH| digestedpositive clones recovered
during funcional screening odRuminococcusp. 80/3 genomic library

b-gal act os i da-glecosidgse(papdl B) And ,CMGase (panel C). Clones

with (*) were selected for emsequencing and further analysis, based on their

restriction profile showing a different insert size. Plasmid pFI2710 is marked with an
arrow (8.&b). LT Hy p e r | alditid marker, o

92






































































































































































































































































































































































































