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Abstract

The increasing prevalence of antibiotic-resistance bacteria is threatening to end the antibiotic era
established following Alexander Fleming's discovery of penicillin in 1928. Over-prescription
and misuse of broad-spectrum antibiotics has hastened the development and spread of antibiotic
resistance. This, combined with a lack of research and development (R&D) of new antibiotics
by major pharmaceutical companies, may lead to a widespread recurrence of 'incurable'
bacterial diseases. However while commercial R&D of antibiotics has waned, much research
has been carried out to characterise bacteriocins, ribosomally-synthesised antimicrobial
polypeptides thought to be produced by virtually all prokaryotes. Although hundreds of
bacteriocins have been identified and characterised, only a handful of their cognate receptors on
susceptible cells have been identified. Glycocin F is a bacteriostatic diglycosylated 43-amino
acid bacteriocin produced by the Gram-positive bacterium Lactobacillus plantarum KW30 that
inhibits the growth of a broad range of bacteria. The mechanism of action of glycocin F is
unknown, however evidence suggested that glycocin F binds to cells via a N-acetylglucosamine
(GIcNAc) specific  phosphoenolpyruvate:carbohydrate-phosphotransferase  system (PTS)
transporter, as had been shown for lactococcin A, lactococcin B and microcin E492 that target a
mannose specific PTS transporter. These other bacteriocins are, however, bactericidal

suggesting that glycocin F uses a different mechanism of action to stop cell growth.

To test the hypothesis that one of the putative GIcNAc-specific PTS transporters identified in
glycocin F-sensitive L. plantarum strains is the primary membrane receptor for glycocin F, a
GIcNAc-specific PTS transporter gene knockout mutant was generated and analysed for
glycocin F sensitivity. The GIcNAc-specific PTS transporter, pts18CBA, was successfully
knocked out in L. plantarum NC8 which conferred the resulting L. plantarum NC8 Apts18CBA
a degree of resistance to glycocin F confirming the GIcNAc-specific PTS transporter is a
receptor of glycocin F. Additionally the genomes of wild-type (glycocin F sensitive) L.
plantarum ATCC 8014, L. plantarum subsp. plantarum ATCC 14917, and multiple glycocin F-
resistant mutants of these two strains were sequenced, assembled and comparatively analysed to
identify changes consistent with increased resistance to glycocin F. Mutations, mapped to
pts18CBA in all sequenced mutants, appeared to be deleterious to both the structure and
function of PTS18CBA. A correlation of glycocin F resistance to the degree of mutation in the
transmembrane domain of the pts18CBA gene was established confirming that glycocin F
targets the EIIC transmembrane domain of PTS18CBA.
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1. Introduction




1. Introduction

For thousands of millennia limited resources in closed habitats have driven the evolution of
mechanisms that can enhance the survival of an organism. One mechanism that has evolved
independently in all three taxonomic domains is the production and secretion of molecules that
either kill or inhibit the growth of other organisms competing for the same resources (Cotter et
al., 2005, Takayuki and Van Der Hoorn, 2008, Frederick Harris et al., 2009). Prokaryote
species secrete ribosomally-synthesised antimicrobial polypeptides called bacteriocins.
Bacteriocin producers are usually immune to the growth inhibiting effects of their own
bacteriocins due to the production of bacteriocin-specific immunity proteins. The bacteriocin
and immunity protein are usually part of a gene cluster which can be either chromosomal or
located on a plasmid (Diep et al., 2007, Kjos et al., 2010b, Stepper et al., 2011, van Belkum et
al., 2011). Much research has been undertaken to characterise them as they show great potential

for inhibiting bacteria involved in pathogenesis and food spoilage (Cotter et al., 2013).

1.1 Classification of bacteriocins

The structural, functional and phylogenetic diversity of the bacteriocins has been both a
powerful driving force and a significant challenge for the development of a non-controversial
classification scheme (Maisnier-patin et al., 1996, Kalmokoff and Teather, 1997, Zamfir et al.,
1999, Bizani and Brandelli, 2002, Zouhir et al., 2010). The extensive history of the bacteriocin
classification schemes is beyond the scope of this introduction but, Cotter et al. (2005), J
Nissen-Meyer et al. (2009), and Zouhir et al. (2010) all provide good reviews on the topic. An
early classification scheme for LAB bacteriocins that was accepted by bacteriocin researchers
was presented by Klaenhammer (1993). This divided bacteriocins into four major classes based
on post-translational maodifications, structural and chemical properties: (class 1) post-
translational modified (PTM) lantibiotics, (class 1) unmodified bacteriocins with a molecular
weight (MW) of 10 kilodaltons (kDa) or less, (class Il1) large heat-labile bacteriocins with a
MW of 30 kDa or larger and (class 1V) complex post-translationally modified bacteriocins
containing lipid or carbohydrate moieties. More recently Cotter et al. (2013) proposed a
classification scheme (Table 1.1) which has only two classes: class | containing modified
bacteriocins and class Il containing unmodified or cyclic bacteriocins. Each class is divided into
subclasses based on 'distinctive features'. While this two-class classification scheme is
problematic in that some bacteriocins fall into more than one subclass, and high molecular
weight bacteriocins are excluded, it has the advantage of simplicity/clarity and will be used here

for the classification of bacteriocins.



Table 1.1 The two class scheme presented by Cotter et al. (2013)
Group Distinctive feature Examples

Class | (modified)

MccC7-C51-type Is covalently attached to a carboxy- MccC7-C51
bacteriocins terminal aspartic acid

Lasso peptides Have a lasso structure MccJ25

Linear azole- or Possess heterocycles but not other MccB17

azoline-containing
peptides
Lantibiotics

Linaridins
Proteusins

Sactibiotics

Patellamide-like
cyanobactins

Anacyclamide-like
cyanobactins

Thiopeptides

Bottromycins

Glycocins

MccC7-C51-type
bacteriocins

Lasso peptides

modifications

Possess lanthionine bridges

Have a linear structure and contain
dehydrated amino acids

Contain multiple hydroxylations,
epimerizations and methylations

Contain sulphur—a-carbon linkages
Possess heterocycles and undergo
macrocyclization

Cyclic peptides consisting of proteinogenic
amino acids with prenyl attachments
Contain a central pyridine,
dihydropyridine or piperidine ring as well
as heterocycles

Contain macrocyclic amidine, a
decarboxylated carboxy-terminal thiazole
and carbon-methylated amino acids

Contain S-linked glycopeptides

Is covalently attached to a carboxy-
terminal aspartic acid

Have a lasso structure

Nisin, planosporicin,
mersacidin, actagardine,
mutacin 1140
Cypemycin
Polytheonamide A

Subtilosin A, thuricin CD
Patellamide A

Anacyclamide A10

Thiostrepton, nocathiacin I,
GE2270 A, philipimycin

Bottromycin A2

Sublancin 168, glycocin F,
Thurandacin

MccC7-C51

MccJ25

Class Il (unmodified or cyclic)

Ila peptides (pediocin
PA-1-like bacteriocins)

I1b peptides

llc peptides
I1d peptides

Ile peptides

Possess a conserved YGNGV motif (in
which N represents any amino acid)

Two unmodified peptides are required for
activity

Cyclic peptides

Unmodified, linear, non-pediocin-like,
single-peptide bacteriocins

Contain a serine-rich carboxy-terminal
region with a non-ribosomal siderophore-
type modification

Pediocin PA-1, enterocin
CRL35, carnobacteriocin BM1

ABP118, lactacin F

Enterocin AS-48, garvicin ML
MccV, MccS, epidermicin
NI101, lactococcin A,
lactococcin B

MccE492, MccM

Mcc, microcin. Table reprinted, containing minor changes, with permission from Cotter et al. (2013).

Bacteriocins in bold are those discussed in greater detail in later sections.




1.2 Bacteriocins mechanism of action

Bacteriocins generally affect susceptible cells in two ways: they can either kill the cell
(bactericidal), or stop cell growth (bacteriostasis). Their antimicrobial spectrum of activity is
generally phylogenetically specific and narrow, although occasionally the inhibitory action of a
bacteriocin can affect a broad range of bacteria suggesting that cellular recognition mechanisms
differ between bacteriocins (Muriana and Klaenhammer, 1991a, Muriana and Klaenhammer,
1991b, Stevens et al., 1991, Jack et al., 1995, Bizani and Brandelli, 2002). Hundreds of
bacteriocins have been identified and characterised, yet the cognate receptors for susceptible
cells have only been identified for a handful of cases. For some bacteriocins, such as the two-
component class llb peptide plantaricins, a specific receptor molecule is not necessarily
involved in their mechanism of action (MOA). For example some of the plantaricins target the
bacterial cell membrane and function by dissipating the membrane potential (Lopes et al., 2013,
Sharma and Srivastava, 2014). So far, receptors that have been identified are either specific
proteins, explaining the defined phylogenetic inhibitory spectrum exhibited by some
bacteriocins (Diep et al., 2007, Kouwen et al., 2009, Kjos et al., 2011a, Gabrielsen et al., 2012),
or a ubiquitous non-proteinaceous molecule as is the case for the lantibiotic nisin (Hasper et al.,
2004, Wiedemann et al., 2004). Specific proteins identified as bacteriocin receptors have either
been transmembrane proteins, which is generally the case for the bacteriocins produced by
Gram-positive bacteria (Diep et al., 2007, Kouwen et al., 2009, Gabrielsen et al., 2012), or an
intracellular enzyme, which is generally the case for bacteriocins produced by Gram-negative
bacteria (Delgado et al., 2001, Zamble et al., 2001, Yuzenkova et al., 2002, Metlitskaya et al.,
2006). As always, there are exceptions to these generalisations as shown by the Gram-negative
bacteriocin microcin E492 which targets a mannose-specific PTS transporter (Biéler et al.,
2006, Biéler et al., 2010), and is discussed in section 1.2.5.

The targeting of carbohydrate transmembrane transporters is becoming an increasingly common
MOA for the Gram-positive bacteriocins. The permease subunit of the mannose-specific PTS
transporter has been identified as the receptor for the Gram-positive bacteriocins lactococcin A
and lactococcin B (Diep et al., 2007), and is discussed at greater length in section 1.2.4. Another
carbohydrate transporter, the maltose ATP-binding cassette (ABC) transporter, was reported by
Gabrielsen et al. (2012) to be a receptor for the Gram-positive circular bacteriocin garvicin ML,
and is discussed at greater length in section 1.2.3. Lactococcin A and lactococcin B kill target
cells by forming pores in the cell membrane which leads to dissipation of the proton motive
force (PMF) (van Belkum et al., 1991, Venema et al., 1993). The mechanism by which garvicin

ML Kills cells has yet to be shown. Another Gram-positive bacteriocin that has been shown



a Gram-Positive

Bacteriocin: ‘ Nisin ~ Lactococcin A Garvicin ML Sublancin 168

e I. | Cell Wall
Inhibition Of
. - "
Peptidoglycan § | }
Synthesis ?.l'l.i
-

~i90

]

Cell Membrane

5"9”‘”:“"_ Lipid Il Mannose-EIIC Maltose MscL
eceptor: ABC
r\/'\ Cytoplasm

Downstref';tm Pore Formation Pore Formation Unknown Unknown

Effects: Permeabilisation Permeabilisation Suggested Cell Entry?

Cell Lysis and Death Cell Lysis and Death
b Gram-Negative c Gram-Positive

Bacteriocin: Bacteriocin: Glycocin F

Microcin E492

‘FepA[ QOuter Membrane
| | Cell Wall
BSPBPSPE SLB8L8 8
ENEN 1EEN Cell Wall
-8 e SISl 88
Pribpietd
' Inner Membrane Cell Membrane
Cognate caercees weenesese Cognate
Receptor: Mannose-ElIC Receptor: GloNAc-PTS
Downstream ) Downstream
Effects: Pore Formation Effects: Unknown Downstream Effects Cytoplasm
Permeabilisation Cytoplasm Signalling Cascade ?

Cell Lysis and Death

Figure 1.1  Mechanisms of action of selected bacteriocins
A schematic diagram showing selected bacteriocins, their cognate receptors and possible

downstream consequences of the binding. Blue double ended arrows indicate membrane
depolarisation. See text for details on mode of actions on (a) the Gram-positive bacteriocins
nisin (section 1.2.1), lactococcin A (section 1.2.4), garvicin ML (section 1.2.3) and sublancin
168 (section 1.2.2). MscL is the large-conductance mechanosensitive channel. b) The Gram-
negative bacteriocin microcin E492 (section 1.2.5). FepA is an outer-membrane catecholate
siderophore receptor through which microcin E492 is translocated in a TonB dependent fashion
(TonB not shown). ¢) The suggested mechanism of the Gram-positive bacteriocin glycocin F
(section 1.4).




to bind to a transmembrane protein is sublancin 168, and is discussed at greater length in section
1.2.2. Like garvicin ML, however, the mechanism that sublancin 168 uses to kill target cells is
unknown (Kouwen et al., 2009). Sublancin 168 is one of three identified glycocins, peptides
containing a cysteine linked sugar molecule (S-linked glycan) (Table 1.1), the others being
glycocin F and thurandacin (Stepper et al., 2011, Wang et al., 2013). However glycocin F is
different to sublancin 168, as it has two covalently linked sugars, one S-linked and the other a
more conventionally O-linked, that are both essential for function (Stepper et al., 2011). In
contrast, the sugar linked to sublancin 168 is not essential for antimicrobial activity (Wang and
van der Donk, 2011). As it was shown that free GICNAc could reverse the action of glycocin F,
and as PTS transporters are known to be involved in the action of microcin E492, lactococcin A
and lactococcin B, it was predicted that a sugar transporter may be involved in the MOA of

glycocin F (Stepper et al., 2011).

1.2.1 Class I lantibiotics

Hundreds of putative lantibiotics have been identified but only a few have been characterised in
detail. The 34 amino acid lantibiotic nisin was the first and so far the most widespread
commercially used bacteriocin (Mattick and Hirsch, 1944, Chen and Hoover, 2003). Its
antimicrobial activity was first shown by Rogers (1928) and it has become the most intensively
studied bacteriocin to date with a detailed MOA being proposed by Wiedemann et al. (2004)
who showed that the antimicrobial action of nisin is the result of two distinct mechanisms
(Figure 1.1a). The first mechanism involves nisin binding to the cell wall peptidoglycan
precursor lipid Il (binding constant of 200 nM), which prevents the disaccharide moiety of lipid
Il from being incorporated into the peptidoglycan layer, thus halting cell wall synthesis (Brétz et
al., 1998). In the second mechanism, nisin-lipid 1l complexes induce cell death through pore
formation in the membrane of the target cell. The resulting pores dissipate the proton motive
force (PMF) and allow an efflux of cellular metabolites such as glutamate and other amino
acids. This essentially halts the cellular biosynthetic pathways by removing biosynthetic
substrate molecules and ATP (Elke Ruhr and Sahl, 1985, Sahl et al., 1987, Brotz et al., 1998,
Wiedemann et al., 2001). This second mechanism is dependent on lipid II, as in its absence
nisin concentration required for pore formation increased from 15 nM to 1.5 pM (Christ et al.,
2007).

1.2.2 Class I glycocins

A distinctive feature of the glycocins is a cysteine-linked (S-linked) glycan (saccharide), which

are rare in nature. Currently only three bacteriocins containing S-linked glycans have been



reported: glycocin F (Stepper et al., 2011), sublancin 168 (Oman et al., 2011) and thurandacin
(Wang et al., 2013). Of these, only the cognate receptor for sublancin 168 has been identified.
Sublancin 168 was originally characterised by Paik et al. (1998) as a lantibiotic. It was later
correctly identified by Oman et al. (2011) to be a glycocin and its 3D structure was recently
solved by Garcia De Gonzalo et al. (2014) using NMR techniques (Figure 1.2). Its structure is
similar to that of glycocin F (Figure 1.6), and many other toxins, and the structure is known as a
Cs a/a fold (Moller et al., 2005). These structures are characterised by a helix-loop-helix
architecture stabilised by two nested disulfide bonds. The B-S-linked glucose is located in the
loop region between two a-helices, and Wang and van der Donk (2011) have shown that the S-
linked glucose of sublancin 168 is not required for antimicrobial activity. The antimicrobial
activity of sublancin 168 was shown however to be attenuated by 5 % (w/v) NaCl which led to
the identification of the large-conductance mechanosensitive channel (MscL) as the receptor for
sublancin 168 (Figure 1.1a) by Kouwen et al. (2009) by constructing a knockout of the mscL

gene.

Figure 1.2  Structure of sublancin 168
a) The 3D structure of sublancin 168 and (b) the superposition of the 15 conformers with the

lowest energy. The N- and C- terminus are labelled and the glucose moiety is coloured orange.
The two helices are labelled 'Helix A' and 'Helix B' (cyan) with the nested disulfide bonds
(yellow) located either side of the helices. A more detailed description of the structure is
provided in text (section 1.2.2). Figure adapted with permission from Garcia De Gonzalo et al.
(2014). Copyright (2014) American Chemical Society.

1.2.3 Class llc peptides

Garvicin ML is a class llc peptide, isolated from Lactococcus garvieae DCCA43, that has broad-

spectrum antimicrobial activity against Gram-positive bacteria (Sanchez et al., 2007, Borrero et
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al., 2011). Gabrielsen et al. (2012) isolated naturally-occurring garvicin ML-resistant L. lactis
subsp. lactis 111403 strains and identified, via multilocus sequence typing (MLST) and
Polymerase Chain Reaction (PCR) analysis, that the resistance was due to the deletion of a 13.5
kbp region of the genome containing the maltose ABC-encoding genes malE, malF and malG.
This region of DNA was flanked by transposable elements suggesting transposon-mediated
DNA recombination was responsible for the deletion (de Visser et al., 2004). Upon
complementation of the maltose ABC-encoding genes the sensitivity of the garvicin ML-
resistant strains was restored (Gabrielsen et al., 2012) confirming the maltose ABC transporter
as the receptor for garvicin ML (Figure 1.1a). The mechanism by which garvicin ML Kkills cell

remains to be resolved.

1.2.4 Class I1d peptides

Lactococcin A and lactococcin B are class Ild thiol-activated bacteriocins produced by
Lactococcus lactis subsp. cremoris LMG 2130 (Holo et al., 1991) and L lactis subsp. cremoris
9B4 respectively (Venema et al., 1993). They kill cells by permeabilising target membranes,
which results in dissipation of the PMF, in a voltage-independent manner, allowing the efflux of
small solutes such as alanine through the membrane. However both lactococcin A and
lactococcin B do not dissipate the PMF of liposomes indicating that a membrane protein must
be required for activity (van Belkum et al., 1991, Venema et al., 1993). Diep et al. (2007)
identified this membrane protein receptor by characterising the complexes that lactococcin A
immunity proteins make with membrane proteins. To do this they used in vivo pull down
experiments and peptide mass fingerprinting to identify co-immunoprecipitated proteins. The
mannose-PTS subunits EIIAB, EIIC and EIID were shown to immunoprecipitate with the
lactococcin A immunity protein in a lactococcin A-dependent manner, which strongly suggested
that the mannose-PTS transporter was a receptor for lactococcin A. The results indicated that
the lactococcin A immunity protein formed a complex with the EIIC/D subunits of the
mannose-PTS transporter but could not determine if the immunity protein interacted directly
with the bacteriocin. Venema et al. (1993) had previously proposed three possible models for
the mechanisms of immunity in lactococcin B: firstly the immunity proteins sterically or
electrostatically hinder binding of the bacteriocin to its receptor; secondly the immunity protein
physically interacts with the bacteriocin to inhibit bacteriocin-receptor interaction; thirdly the

pores formed by the bacteriocin are closed by the immunity protein.

Diep et al. (2007) confirmed that the mannose-PTS transporter was the receptor for lactococcin
A and lactococcin B in a series of experiments. A positive correlation between lactococcin A

sensitivity to the abundance of mannose-PTS EIIC and EIID subunits in the cell was



established. Targeted deletion of the ptn operon, which contains the mannose-PTS EIIAB, EIIC
and EIID genes, from the genome of the lactococcin A- and lactococcin B-susceptible strain
Lactococcus lactis 111403 was correlated with lactococcin A and lactococcin B resistance.
Complementation of the mannose-PTS genes into the L. lactis 111403 Aptn mutant resulted in
re-sensitisation to both lactococcin A and lactococcin B. Diep et al. (2007) proposed that in the
absence of extracellular lactococcin A the immunity protein interacts only transiently with the
EIIC/D mannose-PTS subunits and that this interaction becomes more permanent when a
bacteriocin binds the transmembrane EIIC permease domain. It was suggested that when a
bacteriocin binds to the transmembrane EIIC domain, a conformational change is induced in the
EIIC/D subunits resulting in the formation of a pore (Figure 1.1a). When they are in this pore
conformation, the EIIC/D subunits have a high affinity for the immunity protein, which
effectively blocks the pore, preventing cell death. Thus, the immunity protein is likely to bind to
only one of the conformational states of EIIC/D, discussed at greater length in section 1.3.2, that

the permease of the PTS transporter adapts (Figure 1.5b).

1.2.5 Class lle peptides

Microcin E492 (MccE492) is a class lle peptide produced by the Gram-negative Klebsiella
pneumoniae RYC492 (de Lorenzo, 1984) that, dependent on the carbon and nitrogen
concentration in the growth media, becomes post-translationally modified with a C-terminal
siderophore-type modification (Thomas et al., 2004). MccE492 primarily targets and Kkills
species belonging to the Enterobacteriaceae family (de Lorenzo, 1984, de Lorenzo et al., 1984,
Destoumieux-Garzon et al., 2003, Thomas et al., 2004). The molecular properties of MccE492
have been characterised is great detail. The molecular 'machinery' for the attachment of the
siderophore-type modification consists of four enzymes MceC, MceD, Mcel and MceJ (Nolan
et al., 2007). The modification enhances the targeting of MccE492 to outer-membrane (Figure
1.1b) catecholate siderophore receptors (Patzer et al., 2003, Thomas et al., 2004, Strahsburger et
al., 2005) where it is then translocated into the periplasm in a TonB dependent manner (Pugsley
et al., 1986, Destoumieux-Garzon et al., 2003). Studies by Biéler et al. (2006) and Biéler et al.
(2010) suggest that once inside the periplasmic space, MccE492 interacts with the inner
transmembrane mannose-PTS subunit ManYZ, creating a pore that results in depolarization,
permeabilisation and cell lysis (de Lorenzo and Pugsley, 1985, Lagos et al., 1993,
Destoumieux-Garzon et al., 2003). In the same study by Biéler et al. (2010), it was shown that
co-expression of MceA, peptide backbone of microcin E492, and the microcin E492 immunity
protein, MceB, in a microcin E492-susceptible cell, interferes with mannose metabolism. These

results suggested that MceB does not act to dislodge the bacteriocin from ManYZ, but rather



protects against the toxicity of the bacteriocin-receptor complex, like the lactococcin A

immunity protein (section 1.2.4).

1.3 Carbohydrate transporters

According to the Transporter Classification DataBase (TCDB) (Busch and Saier, 2002),
transporters that translocate carbohydrates across the membranes fall into three broad classes.
These are: (class 1) the channel-type facilitators, (class 2) the secondary carrier-type facilitators,
(class 3) the primary active transporters and (class 4) the group translocators. Comparative
genome studies by Lorca et al. (2007) and Cases et al. (2007) provided evidence that the
majority ~ of  sugar  transporters in  Firmicutes genomes are class 4
phosphoenolpyruvate:carbohydrate-phosphotransferase systems (PTS). The PTS superfamily is
divided into seven PTS families: (1) glucose-glucoside (Glc) family, (2) fructose-mannitol (Fru)
family, (3) Lactose-N,N'-diacetylchitobiose-p-glucoside (Lac) family, (4) glucitol (Gut) family,
(5) galactitol (Gat) family, (6) mannose-fructose-sorbose (Man) family and (7) L-ascorbate (L-
Asc) family (Busch and Saier, 2002, Saier et al., 2005, Nguyen et al., 2006, Saier et al., 2006,
Saier et al., 2009, Saier et al., 2014).

1.3.1 Phosphoenolpyruvate:carbohydrate-phosphotransferase system

The first PTS transporter characterised, was purified from E. coli K235 by Kundig et al. (1964)
and described as a system to implement the transfer of a phosphate group from
phosphoenolpyruvate (PEP) to a hexose. At that time, the biological significance of their
discovery was unclear but it would set in motion a new field of scientific research dedicated to
bacterial PTSs (to date some 2,000 peer-reviewed scientific publications). Excellent literature
reviews covering a greater breadth of material in more detail than can be covered here are
recommended (Postma et al., 1993, Saler and Reizer, 1994, Deutscher et al., 2014, Pfliiger-Grau
and de Lorenzo, 2014).

PTSs were initially discovered and characterised as receptors, kinases and subsequently
translocators of sugars (Kundig et al., 1964, Simoni et al., 1967, Simoni and Roseman, 1973,
Simoni et al., 1976). The literature now supports PTSs having additional functions involving
regulation of carbon metabolism (Cases et al., 1999, Schumacher et al., 2004, Aranda-Olmedo
et al., 2005), regulation of nitrogen metabolism (Jin et al., 1994, Powell et al., 1995, Segura and
Espin, 1998, King and O'Brian, 2001) and maintaining potassium homeostasis (Luttmann et al.,
2009, Untiet et al., 2013). PTSs also play a role in bacterial host interactions. Evidence suggests

PTSs are involved in the virulence of some pathogenic bacteria (Tan et al., 1999, Higa and

10



Edelstein, 2001) and some Pseudomonas-rhizome colonisation interactions (Mavrodi et al.,
2006, Huang et al., 2009). In addition PTSs seem to have been exploited by both bacteriophage
and competing bacteria. It is well documented that the mannose-PTS is utilised by the
bacteriophage A for translocation of DNA across the inner membrane (Elliott and Arber, 1978,
Williams et al., 1986, Erni et al., 1987, Esquinas-Rychen and Erni, 2001) and bactericidal
bacteriocins target the mannose-PTS (section 1.2) (Biéler et al., 2006, Kjos et al., 2009, Biéler
et al., 2010, Kjos et al., 2011b). Based on the different functions of PTSs they have been
divided into two groups; the nitrogen-related PTSs that do not participate in sugar transport but
are instead involved in the regulation of carbon and nitrogen metabolic processes and the
canonical PTSs that function as sugar transporters and can be involved in the regulation of

carbon and nitrogen metabolism.

1.3.2 Canonical PTSs

Canonical PTSs are generally composed of five protein domains: histidine-phosphorylation
protein (HPr), Enzyme | (El), Enzyme IIA (EIIA), Enzyme IIB (EIIB) and Enzyme IIC (EIIC)
(Kundig et al., 1964, Mitchell et al., 1991) (Figure 1.3). An additional Enzyme IID (EIID)
domain is found only in the mannose-PTS. The HPr and EI subunits of the PTS transporter are
soluble cytoplasmic proteins that are not carbohydrate-specific and can be shared between the
multiple PTS transporters that a bacterial cell will have. In contrast, the EIl domains of the PTS
are carbohydrate-specific and usually do not associate with the subunits from other PTS
transporters. The EIl domains can be fused so that a single polypeptide contains two or all three
domains in a variety of arrangements (e.g. ABC, BCA, CBA, AB, AC, etc), or the domains can
be expressed separately as the EIIC, EIIB and EIIA subunits (Reizer and Saier, 1997, Nguyen et
al., 2006). EIIC is a transmembrane spanning permease, EIIB is a hydrophilic membrane-
associated protein and EIIA is soluble cytoplasmic protein. All these proteins participate in a
phosphorylation cascade (Figure 1.3) that is initiated when El is autophosphorylated by PEP. EI
transfers it to histidine 15 (His-15) of HPr which transfers it to EIIA which in turn transfers it to
EIIB which phosphorylates the carbohydrate that is concurrently translocated across the
membrane by EIIC (Kundig et al., 1964, Simoni and Roseman, 1973, Simoni et al., 1976). Each
step in this phosphorylation cascade is reversible, except for the sugar phosphorylation (Weigel
et al., 1982, Meadow and Roseman, 1996, Pelton et al., 1996, Rohwer et al., 2000).

Three-dimensional (3D) structures of all of the PTS domains, except EIID, have been solved
from a variety a bacterial species (Cai et al., 2003, Lei et al., 2009, Cao et al., 2011, Navdaeva

et al., 2011, Schumacher et al., 2011). For the EIIC permeases only one 3D structure has been
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Figure 1.3 PTS Phosphorylation cascade and links to CCR, CCA and Inducer
Exclusion

The phosphorylation cascade is initiated with Enzyme | (EI) accepting a phosphate from
phosphoenolpyruvate (PEP), El passes it on to histidine 15 (His-15) of histidine-
phosphorylation protein (HPr) which passes it on to Enzyme IIA (EIIA) which passes it to
Enzyme 11B (EIIB) which phosphorylates the sugar as it's translocated by Enzyme 1IC (EIIC)
across the membrane. Though it is not indicated in the diagram, the reaction from PEP to the
phosphorylation of EIIB is reversible. Red spheres with 'P' indicate a phosphate group
originating from either adenosine triphosphate (ATP) or PEP. HPr has a central role in the
carbon catabolite repression (CCR), carbon catabolite activation (CCA) and inducer exclusion.
In CCR/CCA the glycolytic intermediate, fructose-1,6-bisphosphate, allosterically activates
HPrK kinase/phosphotase (HPrK/P). HPrK/P acts on serine 46 (Ser-46) of HPr, the
phosphorylation of which promotes binding to carbon catabolite protein A (CcpA). This
interaction recruits the complex to catabolite response elements (CRES) located in promoter
and/or open reading frames of genes/operons. Depending on the location of the CRE this
recruitment can then activate or repress transcription. The His-15 phosphorylated HPr can
allosterically or covalently regulate non-PTS proteins. Shown are two examples of covalent
modification  of the glycerol kinase (GlpK) and the antiterminator LacT. GlpK is
phosphorylated resulting in enhanced enzymatic activity and LacT is phosphorylated on a PTS
regulatory domain (PRD) which recruits it to the lactose operon (Lac Operon) resulting in the
prevention of transcriptional termination and increased transcription of the Lac Operon genes.
The model is based on that proposed by Deutscher et al. (2014).
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Figure 1.4  Structure of the N,N'-diacetylchitobiose-specific PTS from B. cereus.
The structure of the dimer of the EIIC domain of the N,N'-diacetylchitobiose-specific PTS from

B. cereus was solved at a resolution of 3.3 A with X-ray diffraction techniques by Cao et al.
(2011). Transmembrane helices (TMH) and re-entrant loops (HP1a, HP1b, HP2, AH1 and AH2)
are named as according to McCoy et al. (2014). Helices labelled with the suffix '(2)', are from
the backside of the second subunit of the dimer that are not visible from the front view.

reported, that of a N,N'-diacetylchitobiose-specific PTS from Bacillus cereus (ChbC) (Cao et
al., 2011) (PDB# 3QNQ). The availability of this structure played an important role in the
development of carbohydrate translocation mechanisms proposed by both Cao et al. (2011) and
McCoy et al. (2014) (Figure 1.5). The structure (Figure 1.4) shows the N- and C-terminus are
located in the cytoplasm of the cell with the interconnecting sequence containing 10
transmembrane helices (TMH) which together create two domains, an oligomerisation domain
(TMH 1-5) and transport domain (TMH 6-10). The structure shows that the EIIC dimerises in
the membrane, consistent with the conclusions of Lolkema and Robillard (1990) and Chen and
Amster-Choder (1998). The structure of the EIIC dimer shows a possible ligand-binding site
located on the intracellular side of an electronegative cleft buried by the loop region between
TMH 4 and TMH 5 (Figure 1.4). The structure of the EIIC dimer does not reveal a clear passage
for the sugar, suggesting conformational changes would have to occur to allow translocation of
the sugar through the membrane. Cao et al. (2011) proposed that the EIIC dimer structure they
solved is in an occluded state and that the EIIC dimer exists in two different states: (1) the
outward-open state where the sugar binding interface is facing outward towards the periplasm
and (2) the inward-open state where the sugar binding interface is facing the cytoplasm (Figure
1.5).
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Figure 1.5 Rigid-body rotation and intracellular gate movement in ChbC
The 3D structure of N,N'-diacetylchitobiose-specific PTS from Bacillus cereus (ChbC) is

predicted to be in an (b) occluded state between an (a) outward-open state and (c) inward-open
state. It must be noted that (b) is the reported 3D structure and that (a) and (c) are predicted
models based on the reports of Cao et al. (2011) and McCoy et al. (2014). The model of
translocation, as proposed by Cao et al. (2011) and McCoy et al. (2014), involves carbohydrate
binding at the ligand binding site (yellow molecule in all three structures is N,N'-
diacetylchitobiose in the proposed ligand binding site, highlighted by opaque magenta circle in
a) which induces a rigid body rotation, shown by the black arrows in (a), of the transport
domains (orange) relative to the oligomerisation domains (green and cyan). After rotation of the
transport domains, the ligand binding site now faces the cytoplasm, however its dissociation is
blocked by an intracellular gate (highlighted by opaque red oval in b and c). This gate is
predicted to open, as indicated by the black arrow in (b), allowing the dissociation of sugar as
shown in (c).
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The conformational changes that bridge these two states are thought to occur in the loop regions
between TMH 4 and TMH 5 and the loop region between TMH7 and TMH 8a (Figure 1.4 and
Figure 1.5) (Cao et al., 2011, McCoy et al., 2014). It is possible that in the outward-open state
(Figure 1.5a) the ligand binds to the electronegative cleft in the transport domain, which induces
changes in conformation of the loop region between TMH 7 and TMH 8a. This change in
conformation acts like a hinge, allowing the transport domains of the dimer to rotate relative to
the oligomerisation domains so that the ligand binding site can flip to face the cytoplasm. It then
achieves an occluded state (Figure 1.5b) in which the ligand binding site is facing the
cytoplasm, but the ligand is prevented from dissociating from the protein by an intracellular gate
formed by the loop region between TMH 4 and TMH 5. A conformational change at the N-
terminal of TMH 5 is thought to occur (Figure 1.5¢), that results in the opening of the
intracellular gate and the exposure of the ligand to the cytoplasm. During this translocation the
sugar is concurrently phosphorylated by EINIB, which most likely aids the release of the sugar
from the electronegative dense cleft and prevents re-association and subsequent efflux of the

sugar out of the cell.
1.3.3 Regulatory functions of the canonical PTSs

The un-phosphorylated and the phosphorylated forms of HPr (HPr-His-15-P), EI (EI-P) and
EIIA (EIIA-P) have been found to be essential components of the regulatory mechanisms
termed ‘'inducer exclusion’, ‘carbon catabolite repression' (CCR) and ‘carbon catabolite
activation' (CCA) (Figure 1.3). These regulatory mechanisms affect a plethora of non-PTS
proteins that include transcription factors, transcriptional antiterminators and catalytic enzymes.
This action is mediated by three different processes: (1) phosphorylation of a regulatory domain
fused to the non-PTS protein, (2) direct phosphorylation of the protein itself or (3) by binding to
the protein (Charrier et al., 1997, Greenberg et al., 2002). Currently the literature suggests that
the inducer exclusion and CCR mechanisms evolved in response to the need to increase the
efficacy the carbon utilisation by ensuing that rapidly metabolised PTS-imported carbon sources
are utilised before more complex non-PTS carbon sources (Gorke and Stulke, 2008). The two
mechanisms are interconnected and act to convey signals about the current environmental and
intracellular carbon situation to an array of metabolic pathways that are usually, though not

necessarily, involved in carbon metabolism.

In models of prokaryote regulatory systems, the inducer exclusion mechanism has been shown
to effect a variety of catalytic enzymes. These include glycerol kinase (GIpK) (Figure 1.3),
lactose permease (LacY), melibiose permease (MelB) and the ATPase domain of the maltose-
ABC transporter (MalK) (Osumi and Saier, 1982, Saier et al., 1983, Deutscher, 1985, Deutscher

and Sauerwald, 1986, Charrier et al., 1997). However in Firmicutes the only catalytic enzyme
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that is regulated by inducer exclusion and has a direct link to a PTS is GIpK (Deutscher, 1985,
Deutscher and Sauerwald, 1986, Charrier et al., 1997, Yeh et al., 2009) (Figure 1.3). The
inducer exclusion on GlpK is initiated by the PTS sugars which when being actively
translocated, due to high extracellular concentrations, decrease the cytoplasmic pool of HPr-P
and EI-P. These two phosphorylated proteins phosphorylate His232 of GplK increasing its
enzymatic activity (Deutscher, 1985, Deutscher and Sauerwald, 1986, Charrier et al., 1997, Yeh
et al., 2009). A decrease in the HPr-P:HPr and EI-P:El ratios results in a decreased
phosphorylation rate of GlpK and thus decreased enzymatic activity. This allows metabolic
resources to be efficiently utilised for catabolism of the rapidly metabolisable PTS sugars
instead of glycerol. Inducer exclusion on GlpK in Proteobacteria is identical, relating to the
initiating signal being PTS sugars with the result being GIpK inactivation. However in
Proteobacteria, phosphorylation of GlpK does not occur. Instead the unphosphorylated form of
EIIA binds to GlpK with a 1:1 stoichiometry causing complete catalytic inactivation (Postma et
al., 1984, Hurley et al., 1993, van der Vlag et al., 1994). The convergent evolution of the PTS
sugar-initiated inducer exclusion regulation on GlpK in the two bacterial phyla indicates the

importance of efficient carbon utilisation.

Though GIpK is the only known non-PTS catalytic enzyme in Firmicutes that is regulated by
inducer exclusion through a PTS, some transcription factors and transcriptional antiterminators
are also regulated by inducer exclusion, usually through the 1st and 2nd processes above.
Transcription factors and antiterminators under the regulatory influence of these PTS
components include BglG (beta-glucoside utilisation), LicT (beta-glucoside utilisation), LacT
(lactose utilisation) (Figure 1.3), Mlc (carbon metabolism), ManR (mannose/glucose
utilisation), MtIR (mannitol utilisation), SacY (sucrose utilisation) and YesS (pectin/
rhamnogalacturonan utilization) (Gosalbes et al., 1999, Henstra et al., 2000, Tortosa et al.,
2001, Poncet et al., 2009, Joyet et al., 2013, Rothe et al., 2013, Wenzel and Altenbuchner,
2013, Heravi and Altenbuchner, 2014). Transcription factors and antiterminators under the
regulatory influence of PTS components are usually fused to at least one of four domains: (a)
PTS regulatory domain (PRD), (b) El-like domain, (c) EllA-like domain and (d) ElIB-like
domain (Greenberg et al., 2002). These domains contain conserved histidine or cysteine
residues that are subjected to phosphorylation by the PTS subunits leading to either activation or
inactivation of the protein and consequently either an increase or decrease in the expression of
the regulated genes (Henstra et al., 2000, Xue and Miller, 2007, Joyet et al., 2010, Rothe et al.,
2012).

A specific example of inducer exclusion regulation is provided by the transcriptional

antiterminator LacT (Figure 1.3). The Lactobacillus casei LacT is phosphoregulated by the
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lactose-PTS subsequently regulating the transcription of the lactose operon (Alpert and Siebers,
1997, Gosalbes et al., 1997, Gosalbes et al., 1999). LacT contains two conserved PRD domains,
PRD | and PRD II, of which the PRD | domain has been implicated in the lactose induced
exclusion (Gosalbes et al., 2002). The current theory is that increased lactose transport through
the lactose-PTS results in decreased phosphorylation of the EIl subunits, which in turn
decreases the phosphorylation of the LacT PRD | domain to promote antitermination activity,
resulting in increased transcription of the lac operon. Genes under the control of transcription
factors and antiterminators that are regulated by these phosphorylation reactions are usually
directly involved in carbon metabolism however there are cases being discovered where they
are involved in other processes such as bacterial pathogenesis (Poolman et al., 1989, Hung and
Miller, 2009, Hondorp et al., 2013, Venditti et al., 2013).

A central component of the CCR is phosphorylated HPr, however in this context the phosphate
group does not originate from El and PEP, nor is it located on Hisl5. Instead HPr is
phosphorylated on serine 46 (Ser46) by HPr-kinase/phosphotase (HprK/P), using ATP as the
phosphate donor (Deutscher and Saier, 1983, Reizer et al., 1998), which is allosterically
activated by fructose-1,6-bisphosphate, a glycolytic intermediate (Dossonnet et al., 2000).
Phosphorylation of Ser46 promotes HPr-protein interactions, the most prominent being to
carbon catabolite protein A (CcpA); this interaction of HPr and CcpA promotes the binding of
CcpA to a palindromic sequence termed the ‘catabolite responsive element' (CRE) located in the
promoters and open reading frames of genes regulated by this protein (Deutscher et al., 1995,
Fujita et al., 1995, Kim et al., 1995, Schumacher et al., 2004). This binding results in the
transcriptional activation (CCA) or transcriptional repression (CCR) of the regulated genes. It
has been suggested that the transcriptional effect of HPr-CcpA-CRE binding is dependent on the
location of the CRE relative to other elements in the promoter region such as the transcription
start site, -10 and -35 boxes (Marciniak et al., 2012). Genes regulated by CcpA were generally
thought to be involved in carbon metabolism however it is being discovered that CcpA regulates
diverse biological processes that are not always related to carbon metabolism, including
arginine biosynthesis, biofilm formation and bacterial pathogenesis (Deutscher et al., 2005,
Sadykov et al., 2011, Nuxoll et al., 2012, Zheng et al., 2012, Leyn et al., 2013).

It is this HPr component of the PTS that interlinks CCA, CCR and inducer exclusion. It does
this in response to the levels of PTS sugars and their metabolites to regulate the carbon
metabolism at small scale, by regulating individual enzyme such as GIpK, at a larger scale, by
changing transcription of a small subset of genes, and at a global scale though CcpA to ensure

efficient utilisation of available carbon sources. Literature reviews solely dedicated to the
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understanding of the regulatory functions of canonical PTS have been published by Deutscher et
al. (2014), Joyet et al. (2013), Deutscher et al. (2006) and Stulke and Hillen (2000).

1.3.4 The PTSs of Lactobacillus plantarum

Lactobacillus plantarum is a lactic acid bacteria (LAB) belonging to the Firmicutes (Felis and
Dellaglio, 2007). They are found in a wide range of habitats such as dairy products, meat
products, vegetable products and the human intestinal tract (Ahrne et al., 1998, Gardner et al.,
2001, Ercolini et al., 2003, Aquilanti et al., 2007). Exposure to a range of carbohydrates in these
different habitats drove them to evolve a wide array of metabolic pathways for the utilisation of
various sugars (Siezen and van Hylckama Vlieg, 2011, O'Donnell et al., 2013). Carbohydrate
uptake is the initial step in these pathways and within the L. plantarum genome a large number
of complete PTSs have been identified that display a diverse specificity for their substrates

(Kleerebezem et al., 2003, Siezen and van Hylckama Vlieg, 2011).

GIcNAc utilisation in L. gasseri ATCC 33323 was shown to be PTS dependent. In the study by
Francl et al. (2010) the El knockout strain of L. gasseri ATCC 33323 could not utilise N-
acetylglucosamine along with the 14 other sugars: "D-galactose, D-fructose, D-mannose,"
"amygdalin, arbutin, esculin ferric citrate, salicin, D-cellobiose, D-lactose, D-saccharose , D-
trehalose, amidon , gentiobiose and D-tagatose" as carbon sources leaving only glucose and
malstose metabolically utilisable. This provides evidence that in some Lactobacillus species,

PTSs are solely responsible for GICNAc import.

Within the genome of L. plantarum WCFSI (GenBank accession number NC_004567.2), two
genes, pts18CBA (GenBank accession number Ip_2531) and pts22CBA (GenBank accession
number Ip_2969), are predicted to be GIcNAc-specific PTS EIICBA subunits belonging to the
PTS Glc family (TCDB: 4.A.1). Homologs of both pts18CBA, nagE (GenBank accession
number HMPREF0531 11400), and pts22CBA, nagE (GenBank accession number
HMPREF0531 12045), are present in the genome of another glycocin F-susceptible strain L.
plantarum subsp. plantarum ATCC 14917 (GenBank accession number GCF_000143745.1).
The naming convention of these two nagE genes, pts18CBA and pts22CBA, from L. plantarum

WCFS1 will be used from here on in.
1.4 Glycocin F

Glycocin F is a diglycosylated 43-amino acid bacteriocin produced by the Gram-positive
bacterium Lactobacillus plantarum KW30 isolated from fermenting corn (Kelly et al., 1996,
Stepper et al., 2011). It has a bacteriostatic effect on a broad range of bacteria which include
some Enterococcus species, Streptococcus species, Bacillus species and Lactobacillus species

with L. plantarum strains suspected to be its natural target (Kelly et al., 1996, Stepper et al.,
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2011, Kerr, 2013). The structure of glycocin F was solved by Venugopal et al. (2011) using
NMR techniques. It was shown to contain two nested disulfide bonds flanking two a-helices
connected by a short loop (Figure 1.6), resulting in a hair-pin like conformation with the
GIcNAc moieties located at the poles of the 3D structure. The loop region is constrained by the
two a-helices while the C-terminal 'tail’, from glycine 30 onwards is very flexible. The
glycosylation pattern of glycocin F is unique, like sublancin 168 and thurandacin (see section
1.2.2), as one of its two GIcNAc moieties is linked through the Sy atom of cysteine 43 with the
other O-linked to serine 18 (Ser18) (Venugopal et al., 2011). The sugar moieties have been
shown by Stepper et al. (2011) to be necessary for bacteriostatic activity. Enzymatic removal of
the GIcNAc linked to Serl8 rendered the bacteriocin completely inactive, while the
chymotryptic removal of the His42:Cys43-GIcNAc increased the 1Cs (concentration causing 50
% growth inhibition) from 2 nM to 130 nM leaving residual bacteriostatic activity. This showed
that while both sugars are necessary for bacteriostatic activity, the GICNAc linked to Serl8 is
absolutely vital. The different properties of the S-glycosidic bond, compared to canonical O-
and N-linked modifications, may play an important role in the MOA of glycocin F which has

yet to be elucidated.

A vital step in determining the MOA of glycocin F is the identification of its cognate receptor.

Kerr (2013) showed that the inhibitory growth effect of glycocin F on Enterococcus faecalis

18 43
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Figure 1.6 Structure of glycocin F

(a) Primary amino acid sequence and (b) secondary structure of glycocin F. Two nested
disulfides (Cys5-Cys28, Cys12-Cys21) flank the two a-helices (cyan), and serine 18 (green) and
cysteine 43 (yellow) side chains are both glycosylated with GIcNAc (pink). The N- and C-
terminus are indicated. c) A superposition of 12 glycocin F conformers, that have the lowest
energy, as determined by NMR. The N- and C-terminus are indicated and the 'tail’ region can be
seen to be very flexible. Helices (blue) are between the two nested disulfide bonds (yellow) with
the two GIcNAc moieties (green) attached to serine 18 and cysteine 43. Adapted from
Venugopal et al. (2011).
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V583 could be reversed by treating the bacterial culture with GIcNAc, this protective effect of
free GIcNAc had previously been shown for L. plantarum ATCC 8014 (Stepper et al., 2011).
Interestingly, sensitisation to glycocin F could also be accomplished by treating E. faecalis
V583 cells with GIcNAc prior to treatment with the bacteriocin. Kerr (2013) suggested that this
sensitisation could be a result of an up-regulation of the glycocin F receptor. The results by
Stepper et al. (2011) and Kerr (2013) strongly suggested that a GICNAc-specific transporter was
targeted by glycocin F and that the sugar moieties of glycocin F are likely to be vital in its
interaction with the transporter. As PTS transporters had been shown to be involved in the
action of microcin E492 (1.2.5), lactococcin A and lactococcin B (1.2.4), it is not unreasonable
that a GIcNAc-specific PTS transporter could be the receptor for glycocin F (Personal
communication,Patchett and Norris, 2012). Evidence for this was provided by the identification
of a mutation in the ribosome binding site (RBS) of a GIcNAc-specific PTS transporter,
annotated as pts18CBA, from the genome sequencing of randomly generated glycocin F-
resistant L. plantarum ATCC 8014 mutants (Personal communication, Patchett and Norris,
2012). The effect of this RBS mutation on the expression of pts18CBA was not carried out,
though it was suggested that the mutation could result in a decreased translation of PTS18CBA.
This was supported following glycocin F inhibitor assays of E. coli AnagE (E. coli Keio
Knockout Collection; National Institute of Genetics, Japan) showed decreased sensitivity to
glycocin F (Personal communication, Patchett and Norris, 2012). This identification of the
pts18CBA gene product as a possible receptor coincides with both the enzymatic sugar removal
studies by Stepper et al. (2011) and experiments by Kerr (2013). However the E. coli AnagE
results were complicated, as pre-treatment with polymyxin was required to make the outer
membrane permeable to glycocin F. Thus increased resistance to glycocin F in a pts18CBA
deletion in the genome of a species naturally sensitive to glycocin F, e.g. Lactobacillus
plantarum, would provide definitive evidence that glycocin F targets the GIcNAc-specific PTS

transporter.

An efficient method to investigate if a specific gene product is a bacteriocin receptor is by
targeted gene knockout as utilised by Diep et al. (2007). A Cre-Lox double crossover
integration system was developed by Lambert et al. (2007) specifically for Lactobacillus
species and has been shown to effectively knock out multiple genes in a single genetic
background in L. plantarum. Using genetic knockout systems such as this coupled with
complementation of knocked out genes using Lactobacillus protein expression vectors such as
those developed by Sgrvig et al. (2005), could provide evidence GICNAc-PTS transporters are

receptors for Glycocin F.
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1.5 Aims of the study

The first aim of this project is to identity target cell proteins required for glycocin F-induced
growth inhibition, namely its receptor, by using two approaches. The first approach involves
comparative analysis of the genomes of glycocin F resistant L. plantarum ATCC 8014 and L.
plantarum subsp. plantarum ATCC 14917 mutants. Mutations seen in glycocin F-resistant
mutants should help to identify proteins that are required for sensitivity to glycocin F. This
approach has the following objectives:

To obtain and isolate glycocin F-resistant L. plantarum subsp. plantarum ATCC 14917 and
L. plantarum ATCC 8014 mutants (3.1).

To characterise the degree of resistance for the mutants and wild-type strains to glycocin F
(3.2).
To sequence the genomes of the mutants and wild-type strains (3.3).

To assemble, annotate, and comparatively analyse the assembled genomes and identify
genetic elements responsible for glycocin F resistance (3.3).

The second approach used to achieve the first aim is to test the hypothesis that the GICNAc-PTS
transporter, encoded by pts18CBA, is a receptor for glycocin F and that knocking out this gene
will confer glycocin F resistance. A second GIcNAc PTS transporter in the Lactobacillus
genome, pts22CBA, was not targeted due to time constraints. This approach had the following

objectives:
1. To construct pts18CBA knockout plasmids (3.5 and 3.6).

2. To transform chemically competent L. plantarum strains with the knockout plasmids, isolate
cell lines that are suspected to have undergone a homologous recombination event with the

knockout plasmid and confirm the recombination event (3.7).

3. To characterise the degree of resistance for the pts18CBA knockout L. plantarum mutant to

glycocin F (3.8).

The second aim of this project was to further characterise the relationship between glycocin F
and pts18CBA, if it was confirmed to be a receptor for glycocin F in the first aim. This aim had

the following objectives:
1. To construct a PTS18CBA production plasmid (3.9.3).

2. To produce recombinant PTS18CBA and confirm its identify by mass spectrometry (3.9.4).

w

. To purify recombinant PTS18CBA to homogeny (3.9.4).

4. To perform biochemical assays to characterise interactions(s) between glycocin F and
purified recombinant PTS18CBA (5).
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2. Materials and Methods

2.1 General materials and methods

2.1.1 Water source

Sterile deionised water, obtained from a Barnstead™ Nanopure™ system (Thermo Scientific;
Wilmington, DE, USA), was used to make up buffers and in experiments involving genetic

manipulation. Tap water was used for bacterial growth media.
2.1.2 Bacterial growth media

2.1.2.1 Luria-Bertani medium

25 g of Luria broth base (Invitrogen™; Wilmington, DE, USA) was made up to 1 L with tap
water and sterilised by autoclaving (121°C for 20 minutes).

2.1.2.2  Luria-Bertani medium agar plates

25 g of Luria broth base and 15 g of Agar Bacteriological (Agar No. 1) (Oxoid Ltd,;
Basingstoke, England) was made up to 1 L with tap water and sterilised by autoclaving. The
molten Luria agar was equilibrated to 50°C in a water bath and then poured into sterile Petri

dishes.

2.1.2.3 de Man, Rogosa & Sharpe broth

55 g of Lactobacilli de Man, Rogosa & Sharpe (MRS) broth (Acumedia® Neogen Corporation;

Lansing, Michigan, USA) was made up to 1 L with tap water and sterilised by autoclaving.

2.1.2.4 de Man, Rogosa & Sharpe agar plates

55 g of Lactobacilli MRS broth and 15 g of Agar Bacteriological was made up to 1 L with tap
water and sterilised by autoclaving. The molten MRS agar was equilibrated to 50°C in a water

bath and then poured into sterile Petri dishes.

2.1.3 MRS agar plates embedded with bacterial cells

1.375 g of Lactobacilli MRS broth and 0.225 g of Agar Bacteriological was made up to 24 mL
with tap water in 50 mL tubes. These were sterilised by autoclaving and then equilibrated to

40°C in a water bath. 1 mL of a L. plantarum overnight culture was added to the 24 mL molten
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MRS agar to obtain an ODggon Of 0.01; the tubes were quickly capped and the cells evenly
distributed through the solution by inverting several times. The molten MRS agar was then
poured into a sterile Petri dish.

2.1.4 Sterilisation of media and buffers

Sterilisation was accomplished by either pressure cooking for 18 minutes, autoclaving at 121°C
for 18 minutes, or by passing solutions through a sterile 0.2 um membrane filter.

2.1.5 Antibiotics

Antibiotics were added to media from stock solutions (Table 2.1) at concentrations that were
dependent on the nature of the experiment. Unless otherwise indicated, the final concentrations
of antibiotics used are listed in Table 2.2.

Table 2.1 Stock antibiotic concentrations
Antibiotic Concentration (mg mL™)  Solvent
Ampicillin 100 H,O
Chloramphenicol 34 96 % (v/v) Ethanol
Erythromycin 20 96 % (v/v) Ethanol
Table 2.2 Typical final antibiotic concentrations used in media
Antibiotic Antibiotic Concentration (ug mL™)
Bacterial Species
L. plantarum E. coli
Ampicillin 100 100
Chloramphenicol 15 15
Erythromycin 10-30 150

2.1.6 Storage and revival of bacteria

Bacterial stocks were made from overnight cell cultures that were made by adding sterile

glycerol solutions to a final concentration of 10 % (v/v) storing at -80°C.
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2.1.7 Growth conditions

2.1.7.1 L. plantarum overnight culture

A 10 mL MRS broth was inoculated with a scraping of bacterial cells from either a frozen L.
plantarum glycerol stock or an MRS agar plate and incubated at 30°C with gentle shaking
overnight or until stationary phase was reached.

2.1.7.2 E. coli overnight culture

A 10 mL LB culture was inoculated with a scraping of bacterial cells from either a frozen E.
coli glycerol stock or an LB agar plate and incubated at 37°C with shaking overnight or until

stationary phase was reached.

2.1.8 Optical density measurement of cell cultures

The optical density of bacterial cultures at 600 nm (ODggonm) Was routinely determined using a
Bio-Rad Smartspec™ plus spectrophotometer (Bio-Rad Laboratories; USA) or a Cary 300 UV-
Visible spectrophotometer (Agilent Technologies Inc; Santa Clara, CA, USA), after dilution in

sterile growth media to an absorbance of less than 0.1-0.4 if required.

2.1.9 Plasmid purification

Plasmid-containing cells from E. coli overnight cultures (section 2.1.7) were harvested by
centrifugation at 4,000 x g for 10 minutes at 4°C. Plasmids were purified using a Roche® High
Pure Plasmid Purification Kit (Roche®; Basel, Switzerland) according to the manufacturer's
instructions. For reasons described in section 3.7.3, the wash buffer was replaced with a solution
of EMSURE® 80 % ethanol.

2.1.10 Drop dialysis

The osmolarity of plasmid solutions was reduced by drop dialysis. A piece of 0.025 um ‘V’
series membrane (Millipore®; Billerica, USA) was floated shiny side up on 40 mL of Milli-Q
water. The plasmid solution (0.05-0.1 mL) was carefully pipetted on to the top of the membrane
and incubated for 3 hours at room temperature. After this time the plasmid solution was

recovered and quantified using the NanoDrop® (section 2.1.14).
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2.1.11 General PCR

PCRs for the purposes of colony screening and reactions not requiring high fidelity
amplification were carried out using Roche® Taqg DNA Polymerase in 12.5-50 pL reactions.
Two master mix solutions separating the Taq polymerase and DNA components were made up
(Table 2.3) and then combined in a 1:1 ratio prior to being placed in the thermocycler, which is
an adaptation of the manufacturer's instructions. PCR reactions were run in 0.2 mL PCR Tubes
(Axygen™; Pittsburgh, PA, USA) using a TGradient 96-Gradient Thermocycler (Biometra;
Goettingen, Germany) with the temperature profile shown in Table 2.4. Primer annealing was
done at = 3°C of the melting temperature (Tm) of the longest primer as calculated using the
nearest-neighbour two-state model utilised by OligoAnalyzer v3.1 (https://sg.idtdna.com
fanalyzer/Applications/OligoAnalyzer). The elongation temperature was either 72°C or 68°C for
PCR products respectively shorter or longer than 1-kbp. DNA template concentration varied
depending whether it was purified genomic DNA (gDNA) (2 ng pL™), purified PCR product
(0.2 ng pL™) or purified plasmid (0.2 ng uL™). Colony screening PCR of whole cells involved
taking a scraping of cells with a sterile loop and suspending them in 5 pL of Milli-Q H,0,
which was then substituted into the PCR reaction mixture. Extension times were calculated at

60 seconds per kbp of PCR product.

Table 2.3 General PCR component concentrations
Master Mix 1

Component Concentration
dNTPs 0.4 mM
Forward Primer 0.64 uM
Reverse Primer 0.64 uM
DNA template 2x of that specified above
Total Volume* 25 pL

Master Mix 2

Component Concentration
PCR reaction buffer 2 X

Taq Polymerase 0.05U pL™
Total Volume* 25 pL

* Total volume of each master mix was made up to 25 pL with Milli-Q water

27



Table 2.4 PCR temperature gradient profile

Step Temperature (°C) Time Cycles
Initial Denaturation 94 2 minutes 1
Denaturation 94 30 seconds

Annealing Tm+3 30 seconds 27
Elongation* 68 or 72 60 seconds per kbp

Final Elongation* 68 or 72 7 minutes 1
Storage 10 Indefinite

* 68°C for PCR products >1 kbp, 72°C for PCR products <1 kbp

2.1.12 High fidelity PCR

PCRs for the purposes of cloning or subsequent sequencing were performed using iProof™
High-Fidelity DNA Polymerase (Bio-Rad Laboratories; USA) in 12.5-50 pL reactions. A single
master mix solution was made up as listed in Table 2.5. Reactions were done in 0.2 mL PCR
Tubes in a TGradient 96-Gradient Thermocycler using the temperature profile shown in Table
2.6 adapted from the manufacturer's instructions. The annealing temperature was set at the
highest Tm of the primers if they were shorter than 20 nucleotides or 3°C higher than the Tm of
the longest primer if either of the primers were longer than 20 nucleotides. DNA template
concentration varied depending on whether it was purified gDNA (5 ng pL™), purified PCR
product (0.2 ng pL™) or purified plasmid (0.2 ng pL™). Extension times were calculated at 30
seconds per kbp of PCR product.

Table 2.5 High fidelity PCR component concentrations

Component Final Concentration
5x iProof HF buffer 1x

dNTPs 0.2 mM

Forward Primer 0.32 uM

Reverse Primer 0.32 uM

DNA Template Specified above
iProof DNA Polymerase 0.02U pL™
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Table 2.6 High fidelity PCR temperature gradient profile

Step Temperature (°C) Time (seconds) Cycles
Initial Denaturation 98 30 1
Denaturation 98 10

Annealing Specified above 30 31
Elongation 72 30 seconds per kbp

Final Elongation 72 420 1
Storage 10 Indefinite

2.1.13 Agarose gel electrophoresis

2.1.13.1 Agarose gel preparation

HyAgarose™ (HydraGene Co, Ltd) agarose powder was dissolved in Tris-Base (10.8 g L™
Boric acid (5.5 g L™) ethylenediaminetetraacetic acid (EDTA) (2 mM, pH 8.0) buffer (TBE) at
0.6 % (w/v)-2.5 % (w/v), dependent on the length of the DNA as indicated in Table 2.7. This
solution was heated in a microwave until the agarose had dissolved, allowed to cool slightly and
then poured into a Bio-Rad gel tray in a gel caster (Bio-Rad Laboratories; USA) and left to set.

Table 2.7 Agarose % for DNA gel electrophoresis

DNA Agarose % (w/v)
gDNA 0.6-1
5-kbp-10-kbp 0.7

1-kbp-5-kbp 15
0.05-kbp-1-kbp 2.5

2.1.13.2 DNA sample preparation

For analysis by electrophoresis, DNA samples were mixed with loading buffer (5 volumes of
sample and 1 volume of 6x loading buffer). The 6x loading buffer consisted of 0.4 g mL™

sucrose and an unspecified concentration of orange G dye in Milli-Q H,O.

2.1.13.3 Electrophoresis

Agarose gels were equilibrated in TBE buffer at 4°C for at least 30 minutes in either a Mini-
Sub® Cell GT Tank (Bio-Rad Laboratories; USA) or a Wide Mini-Sub® Cell GT Tank (Bio-Rad
Laboratories; USA). DNA samples to be analyzed were pipetted into wells alongside 100 ng of
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Invitrogen™ 1 kb Plus DNA Ladder containing bromophenol blue (0.05 % w/v) and an
unspecified concentration of orange G. Loaded gels were electrophoresed at 1 V cm™-10 V cm™
for 30 minutes-14 hours. Electrophoresis experiments that ran longer than 3 hours also had
anode to cathode buffer recirculation.

2.1.13.4 Ethidium bromide staining

Agarose gels were soaked in water containing 2 ug mL™ ethidium bromide (USB; Ohio, USA)
for 30 minutes. Following this the gel was washed in clean water to remove unbound ethidium

bromide.

2.1.13.5 Visualisation

Ethidium bromide-stained agarose gels were exposed to UV light in a Molecular Imager Gel
Doc™ XR+ System (Bio-Rad Laboratories; USA) and the fluorescence imaged and recorded
using Image Lab™ software (Bio-Rad Laboratories; USA).

2.1.13.6 DNA purification

Purification of DNA from agarose gels was done using the QIAquick® Gel Extraction Kit
(Qiagen; Venlo, Limburg, Netherlands) following a protocol adapted from the manufacturer's
instructions. DNA bands of interest were cut from the agarose gel with a sterile scalpel blade
then placed in a clean 1.5 mL centrifuge tube. The agarose gel slices were weighed, suspended
in QIAquick® Gel Extraction Kit Buffer QG at a 3 to 1 (v/w) ratio, and incubated at 50°C with
vortexing every 2-3 minutes, for 10 minutes or until the gel had completely dissolved. To this, 1
volume of isopropanol (Scharlau; Sentmenat, Spain) was added and mixed by inversion. The
solution was then passed through a QIAquick® Gel Extraction Kit column by centrifugation in a
microcentrifuge at room temperature for 1 minute at 16,000 x g. The flow through was
discarded and the column again centrifuged to remove residual extraction buffer. 80 % (v/v)
EMSURE® ethanol (750 pL) was added to the column, which was then incubated at room
temperature for 5 minutes before being centrifuged at room temperature at 16,000 x g in a
microcentrifuge for 1 minute. This wash step was repeated 3 times followed by a 1 minute
centrifugation at 16,000 x g to remove residual ethanol. 30-50 pL of Tris-HCI (20 mM, pH 8.0)
was added straight onto the column membrane and incubated at room temperature for 1 minute.
The column was again centrifuged at 16,000 x g in a microcentrifuge and the solution of eluted
DNA stored at -80°C.
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2.1.13.7 Quantitative analysis

DNA solutions were quantified by an agarose gel electrophoresis comparison of the sample with
known amounts of Invitrogen™ 1 kb Plus DNA Ladder, 5 samples from 50 ng to 1 pg. Gels
were visualized as before (section 2.1.13.5) and the mass of the ladder that had a fluorescence
intensity most similar to that of the DNA sample was used to estimate sample DNA

concentration.

2.1.14 Spectrophotometric quantification of DNA

The concentration of DNA in aqueous solution was estimated using a NanoDrop® ND-1000
Spectrophotometer v3.7 (Thermo Scientific; Wilmington, DE, USA) according to the

manufacturer's instructions.

2.1.15 Restriction endonuclease digestion

Restriction endonuclease digestion was accomplished using either New England Biolabs® (New
England Biolabs®; MA, USA), Roche™ (Roche™; Mannheim, Germany), Fermentas™
(Fermentas™; Wilmington, DE, USA) or Invitrogen™ (Invitrogen™; Wilmington, DE, USA)
restriction endonucleases. The appropriate restriction endonuclease was used with the
appropriate manufacturer-supplied buffer for the appropriate time at the recommended
temperatures and concentrations to achieve cleavage of plasmid or PCR product. Products of
restriction digestion reactions were either analysed by agarose gel electrophoresis and when
necessary purified as described above (section 2.1.13.6) or purified using a GenelJET Gel
Extraction and DNA Cleanup Micro Kit (Thermo Fisher Scientific; Wilmington, DE, USA)

according to the manufacturer's instructions.

2.1.16 DNA ligation reactions

Ligation of purified restriction endonuclease digested plasmid and either purified PCR products
and purified restriction endonuclease-digested PCR products was catalysed by Quick-Stick
Ligase (Bioline™:; London) or Roche®T4 DNA Ligase (Roche®; Basel, Switzerland) according

to the manufacturer's instructions.

2.1.17 Sequencing of plasmid and PCR products

Plasmid DNA and PCR products were sequenced at the Palmerston North Massey Genome
Service (MGS) using a 3730 DNA Analyzer (Applied Biosystems® Inc; Germany). Primer

concentration, template DNA concentrations and total reaction volume were specified by MGS.
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2.2 Bacterial manipulation techniques

2.2.1 Generation of chemically-competent E. coli

All chemically-competent E. coli were generated following a protocol established in the
laboratory. An E. coli overnight culture was used to inoculate a 50 mL LB broth to an ODgyonm
of 0.05. This was incubated with shaking at 37°C to an ODggonn Of 0.80. The culture was
incubated on ice for 15 minutes, then centrifuged at 2,700 x g for 15 minutes at 4°C. The
supernatant was discarded and the cell pellet suspended in 16 mL of RF1 buffer (pre-chilled to
4°C) and incubated on ice for 15 minutes (Table 2.8). After centrifugation at 2,700 x g for 15
minutes at 4°C, the supernatant was discarded and the cell pellet suspended in 1.5 mL of RF2
buffer (pre-chilled to 4°C) (Table 2.8) and incubated on ice for 15 minutes. Aliquots of 75 pL

were then snap frozen in liquid nitrogen and stored at -80°C until required.

Table 2.8 RF1 and RF2 buffers for E. coli chemical competence
RF1

Chemical component Concentration
RbCl, 100 mM
MnCl,.H,O 50 mM
Potassium Acetate 30 mM
CaCl,.2H,0 10 mM
Glycerol 15 % (v/v)
Acetic acid (glacial) was used to adjust pH to 5.8

RF2

Chemical component Concentration
MOPS, pH 6.8 10 mM

RbCl, 10 mM
CaCl,.2H,0 75 mM
Glycerol 15 % (v/v)

2.2.2 Transformation of chemically-competent E. coli

An aliquot of competent cells was thawed on ice for 15 minutes and 50 pL transferred to a
sterile 1.5 mL centrifuge tube. Immediately after transfer, 20 ng-100 ng of plasmid was added
and then incubated for 30 minutes on ice. The mixture was then heat shocked by incubation at
42°C for 40 seconds followed immediately by a 5 minute incubation on ice. To the heat-

shocked cells 650 pL of room temperature LB was added and the cells incubated at 37°C with
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shaking for 1 hour. After incubation 50 pL-100 pL of the heat-shocked cells were spread on to
LB agar plates containing appropriate antibiotics and incubated at 37°C overnight.

2.2.3 Preparation of electrocompetent L. plantarum

To allow a comparison of the methods used for generation of chemically competent L.
plantarum and the methods used for the electroporation of these cells, these methodologies are
separated into the two sections 2.2.3 and 2.2.4. Each subsection in section 2.2.3 has a
corresponding subsection in 2.2.4. This section describes eight methods, and variations, used to
prepare electrocompetent L. plantarum.

2.2.3.1 Preparation of electrocompetent cells, adapted from Palomino
et al. (2010)

100 mL of MRS medium supplemented with 0.9 M NaCl was inoculated (1 % (v/v)) from a L.
plantarum subsp. plantarum ATCC 14917 overnight MRS culture. This was incubated at 37°C
with gentle shaking to an ODggnm Of 2.0, incubated on ice for 10 minutes, then centrifuged at
2,590 x g for 15 minutes at 4°C. The cell pellet was washed three times with 50 mL of sterile
Milli-Q water (4°C) then resuspended in 1 mL of sterile Milli-Q water and 50 pL aliquots were
snap frozen in liquid nitrogen and stored at -80°C until required. Details of the electroporation

are provided in section 2.2.4.1.

2.2.3.2 Preparation of electrocompetent cells, adapted from Lambert
et al. (2007)

100 mL of MRS medium supplemented with 1 % (w/v) glycine was inoculated (1 % (v/v)) from
a L. plantarum subsp. plantarum ATCC 14917 overnight MRS culture. This was incubated at
30°C with gentle shaking to an ODggonm Of 1.2, incubated on ice for 10 minutes, then centrifuged
at 4,000 x g for 10 minutes at 4°C. The resulting cell pellet was resuspended in 100 mL of 30 %
(v/v) polyethylene glycol 1500 (PEG-1500) (4°C) then incubated for 10 minutes on ice and
centrifuged as before. The cell pellet was resuspended in 1 mL of 30 % (v/v) PEG-1500 (4°C)
and then divided into 40 pL aliquots that, if not used immediately, were snap frozen in liquid
nitrogen and stored at -80°C until required. Details of the electroporation step are given in
section 2.2.4.2.
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2.2.3.3 Preparation of electrocompetent cells, adapted from Alegre et
al. (2004) and Berthier et al. (1996)

100 mL of MRS medium supplemented with 10 g L™ glucose was inoculated (1 % (v/v)) from a
L. plantarum subsp. plantarum ATCC 14917 overnight MRS culture. This was incubated at
30°C with gentle shaking to an ODgoonm OF 1.6, incubated on ice for 10 minutes, then centrifuged
at 4,000 x g for 10 minutes at 4°C. The resulting cell pellet was washed twice with 10 mL of 10
mM MgCl, (4°C) and once with 10 mL of 0.5 M sucrose in 10 % (v/v) glycerol (4°C). The final
cell pellet was resuspended in 3 mL of the sucrose-glycerol solution and divided into 100 pL
aliquots that, if not used immediately, were snap frozen in liquid nitrogen and stored at -80°C.

Details of the electroporation step are provided in section 2.2.4.3.

2.2.3.4 Preparation of electrocompetent cells, adapted from Jin et al.
(2012)

An overnight culture of L. plantarum subsp. plantarum ATCC 14917 was used to inoculate
three 10 mL MRS broths to an ODggonm Of 0.05. These were incubated with gentle shaking at
30°C to an ODggonm Of 0.2 and then incubated on ice for 10 minutes. Ampicillin was added to a
final concentration of either 0.01 pg mL™, 0.05 pg mL™ or 0.1 ug mL™. The cultures were then
incubated at 30°C with gentle shaking to an ODgggnm 0f 1.5, incubated on ice for 10 minutes then
centrifuged at 4,000 x g for 10 minutes at 4°C. Cell pellets were suspended and washed twice in
2.5 mL of Milli-Q water (4°C). The final cell pellet was resuspended in 1 mL of suspension
buffer (0.5 M sucrose, 0.5 mM K,HPO,, 0.5 mM KH,PO,4, 1 mM MgCl,, pH 7.3) (4°C)and split
into two 500 pL aliquots. One was set aside as a control while the other was mixed with
lysozyme (Sigma; Auckland, New Zealand, Grade 1 from chicken egg white, EC: 3.2.1.17, Lot:
39F8213; L-6876) (500 pL of a 1200 U mL™ solution in suspension buffer) and incubated for
20 minutes at 37°C. Both the lysozyme-treated cells and control aliquots were centrifuged and
the cell pellets washed with 1.5 mL of suspension buffer before being suspended in 150 pL of
suspension buffer (4°C) (the cell pellet from the 0.1 pg mL™ ampicillin and lysozyme treatment
was suspended in 100 pL of suspension buffer (4°C)). The cells were stored at 4°C for a
maximum of 2 hours prior to electroporation. Details of the electroporation step are provided in
section 2.2.4.4.
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2.2.3.5 Preparation of electrocompetent cells, adapted from Aukrust
and Blom (1992)

Overnight cultures of L. plantarum subsp. plantarum ATCC 14917 and L. plantarum WCFS1
were used to inoculate 35 mL MRS broths to an ODggonm Of 0.1. These were incubated at 30°C
with gentle shaking to an ODggonm Of 0.5, incubated on ice for 10 minutes, then centrifuged at
4,000 x g for 15 minutes at 4°C. The cell pellet was washed with 35 mL of 1 mM MgCl, (4°C)
then with 35 mL of 30 % (w/v) PEG 1500 (4°C). The final cell pellet was resuspended in 30 %
(w/v) PEG 1500 (4°C) in a volume up to 1/100 of the initial culture volume and divided into
100 pL aliquots, then snap frozen in liquid nitrogen and stored at -80°C. Details of the

electroporation step are provided in section 2.2.4.5.

2.2.3.6  Preparation of electrocompetent cells, adapted from Aukrust
and Blom (1992) and Lambert et al. (2007)

Overnight cultures of L. plantarum subsp. plantarum ATCC 14917 and L. plantarum WCFS1
were used to inoculate 100 mL MRS broths supplemented with 1.2 % (w/v) glycine to an
ODgoonm OFf 0.1. These were incubated at 30°C with gentle shaking to an ODggnm Of 0.4,
incubated on ice for 10 minutes, then centrifuged at 4,000 x g for 15 minutes at 4°C. The cell
pellet was washed with 20 mL of 10 mM MgClI, (4°C) followed by a wash with 4 mL of 30 %
(w/v) PEG 1500 (4°C). The cell pellet was resuspended in 1 mL of 30 % (w/v) PEG 1500 (4°C),
then divided into 50 pL or 100 pL aliquots that were used immediately or snap frozen in liquid
nitrogen and stored at -80°C. Electroporation details are provided in 2.2.4.6. This method was
then adapted multiple times with variations to particular variables which are detailed in sections
2.2.3.6.2-2.2.3.6.d, if a variable is not mentioned then it remained unchanged compared to this
protocol. Each variation has its own electroporation conditions, detailed in sections 2.2.4.6.a-
2.2.4.6.d.

2.2.3.6.a.1st variation

The 1.2 % (w/v) glycine concentration in the MRS media was changed to 1.25 % (w/v) and 2.5
% (w/v). The concentration of MgCl, in the wash buffer was changed to 1 mM and 100 mM as

shown in Table 2.13. Electroporation details are provided in section 2.2.4.6.a.

2.2.3.6.b.2nd variation

Electroporation parameters varied as detailed in Table 2.14 (section 2.2.4.6.b).
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2.2.3.6.c.3rd variation

L. plantarum WCFS1 was not used. The initial ODgonm inoculum was reduced to 0.05 and the
ODgoonm at harvest was reduced to 0.1. Details of the electroporation are provided in Table 2.15
(section 2.2.4.6.c).

2.2.3.6.d.4th variation

L. plantarum ATCC 8014 was used instead of L. plantarum WCFSL. Initial inoculum ODgyonm
for both L. plantarum ATCC 8014 and L. plantarum subsp. plantarum ATCC 14917 was 0.05.
Details of the electroporation are provided in Table 2.16 (section 2.2.4.6.d).

2.2.3.7 Preparation of electrocompetent cells, adapted from

Papagianni et al. (2007)

Overnight cultures of L. plantarum subsp. plantarum ATCC 14917 and L. plantarum ATCC
8014 were used to inoculate 55 mL MRS broths supplemented with 1 % (w/v) glycine to an
ODgoonm Of 0.05. These were incubated at 30°C with gentle shaking to an ODggnm Of 0.1,
incubated on ice for 10 minutes and then centrifuged at 10,000 x g for 6 minutes at 4°C. The
cell pellet was resuspended in 30 mL of resuspension buffer (100 mM LiAc, 10 mM
dithiothreitol (DTT), 0.6 M sucrose, 10 mM Tris-HCI, pH 7.8) (4°C) and incubated at room
temperature for 30 minutes. After centrifugation as above, cells were washed twice with 3 mL
of 30 % (w/v) PEG 1500 (4°C), once with 3 mL of 50 mM EDTA (pH 7.8) (4°C), then twice
with 3 mL of 30 % (w/v) PEG 1500 (4°C). The cell pellet was re-suspended in 500 uL of 30 %
(w/v) PEG 1500 then divided into 100 pL aliquots that were immediately used for

electroporation. Electroporation details are given in section 2.2.4.7.

2.2.3.8 Preparation of electrocompetent cells, adapted from Jin et al.
(2012), Aukrust and Blom (1992) and Lambert et al. (2007)

MRS cultures of L. plantarum subsp. plantarum ATCC 14917, L. plantarum ATCC 8014 and L.
plantarum NC8, grown with gentle shaking at 30°C to an ODggonm Of 1-3, were used to inoculate
50 mL MRS broths containing 0.05 ug mL* ampicillin to an ODggonm Of 0.01. These were
incubated at 30°C with gentle shaking to an ODggonm Of 0.2, incubated on ice for 10 minutes,
then centrifuged at 5,000 x g for 15 minutes at 4°C. The cell pellet was resuspended in 20 mL of
10 mM MgCl, (4°C), centrifuged as above, then washed with 4 mL of 30 % (w/v) PEG 1500
(4°C). The cell pellet was resuspended in 200 pL of 30 % (w/v) PEG 1500 (4°C), divided into

100 pL aliquots and kept cold (4°C) to be used immediately for electroporation. Electroporation

36



details are given in section 2.2.4.8. This method was then adapted once with variations to
particular variables which are given in section 2.2.3.8.a, if a variable is not mentioned to have
changed then it remained unchanged when compared to this protocol. The variation also had its
own electroporation conditions given in section 2.2.4.8.a.

2.2.3.8.a.1st variation

MRS cultures were grown to an ODggonm Of 3-6 and used to inoculate 100 mL MRS broths to an
ODggonm Of 0.05. For L. plantarum ATCC 8014 only, ampicillin was increased to 0.1 pug mL™.
Cultures were centrifuged at 6,000 x g for 15 minutes at 4°C, resuspended in 40 mL of 100 mM
MgClI, (4°C), then washed with 8 mL of 30 % (w/v) PEG 1500 (4°C), the cell pellet weighed
and resuspended in 30 % (w/v) PEG 1500 (4°C) at 5 mL per gram of wet cell pellet. This was
divided into 50 pL-100 pL aliquots and kept cold (4°C) to be used immediately for
electroporation. Electroporation details are given in section 2.2.4.8.a.

2.2.4 Transformation of electrocompetent L. plantarum

This section (2.2.4) describes eight methods, and variations, used to prepare electrocompetent L.
plantarum. Each subsection here has an equivalent subsection in 2.2.3.

2.2.4.1 Transformation protocol adapted from Palomino et al. (2010)

A Bio-Rad 0.2 cm electroporation cuvette (Bio-Rad Laboratories; USA) was chilled on ice. To
the front inner surface of individual cuvettes plasmid solutions were added as detailed in Table
2.9. Immediately prior to electroporation, 50 pL of thawed chemically competent cells (section
2.2.3.1) were added to the cuvette so the liquid flowed over the surface on which the plasmid
had been placed. The cuvette was then put inside the Bio-Rad shocking chamber, attached to a
Bio-Rad Pulse controller and a Bio-Rad Gene Pulser, and electroporated with a single pulse at
2.5 kV, 200 Q and 25 pF. 950 pL of room temperature MRS broth was immediately added to
the cuvette followed by 10 minutes incubation on ice. The solution was transferred to a clean
1.5 mL centrifuge tube, incubated at 30°C for 3 hours, then diluted 5-fold with sterile MRS
broth and 50-100 pL spread on MRS agar plates containing 10 pg mL™ chloramphenicol. The
plates were incubated at 30°C for 48 -72 hours in a sealed candle jar with O, levels depleted

using wax candles.
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Table 2.9 Details of electroporation experiment 2.2.4.1

Experiment  Cuvette L. plantarum  Cell Plasmid Volume of Plasmid
strain volume plasmid mass (J.)
(uL) solution (pL)
1 1 14917 50 pNZ5319 F1 1 0.05
_F2 14917
1 14917 50 pTRk669 4.4 1
2 14917 50 pTRK669 2.2
2 3 14917 50 -
4 14917 50 pNz5319 F1 5.9 0.5
_F2 14917

2.2.4.2 Transformation protocol adapted from Lambert et al. (2007)

Bio-Rad 0.2 cm electroporation cuvettes were chilled on ice. To one cuvette a 2 pL volume of
50 ng UL plasmid solution was applied to the front inner surface of the cuvette. A cuvette with
no plasmid was used as a negative control and in later experiments plasmids pTRK669 and
pRV613, all of which can replicate in L. plantarum, were used as positive controls. Immediately
prior to electroporation a fresh 40 L cell aliguot (section 2.2.3.2) was flowed over the front
inner surface of the cuvette. The cuvette was then placed inside the Bio-Rad shocking chamber
and electroporated with a single pulse at 1.5 kV, 200 Q and 25 pF. The electroporated cells
were transferred to a clean 1.5 mL centrifuge tube, incubated on ice for 10 minutes, diluted 10
fold with room temperature MRS broth then incubated at 30°C for 2 hours. 100 uL of these cell
cultures were then spread on to MRS agar plates, containing 10 pg mL™ chloramphenicol
(raised to 15 ug mL™ in latter experiments). The plates were incubated at 30°C for 72 hours in a

sealed candle jar with O, levels depleted using wax candles.

2.2.4.3 Transformation protocol adapted from Alegre et al. (2004) and
Berthier et al. (1996)

Bio-Rad 0.2 cm electroporation cuvettes were chilled on ice. To the front inner surface of
individual cuvettes a plasmid solution was added as described in Table 2.10. A cuvette with no
plasmid was used as a negative control and plasmid pTRK669 was used as a positive control.
Immediately prior to electroporation a fresh 100 pL cell aliquot (section 2.2.3.3) was flowed
over the front inner surface of the cuvette. The cuvette was then placed inside the Bio-Rad
shocking chamber and electroporated with a single pulse at 1.3 kV, 200 Q and 25 pF. The

electroporated cells were transferred to a fresh 1.5 mL centrifuge tube, incubated on ice for 10
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minutes, diluted 10-fold with room temperature MRS broth, and then incubated at 30°C for 2
hours. 100 pL of these cell cultures were spread on to MRS agar plates, containing 10 ug mL™
chloramphenicol. The plates were incubated at 30°C for 48 hours in a sealed candle jar with O,
levels depleted using wax candles.

Table 2.10 Details of electroporation experiment 2.2.4.3

Cuvette L. plantarum Cell volume Plasmid Volume of  Plasmid
strain (uL) plasmid mass (J.)

solution
(ML)

1 14917 100 pTRK669 4.4 1

2 14917 100 pTRK669 2.2 0.5

3 14917 100 - 0 0

4 14917 100 pNZ5319 F1 F2 14917 5.9 0.5

2.2.4.4 Transformation protocol adapted from Jin et al. (2012)

Bio-Rad 0.2 cm electroporation cuvettes were chilled on ice. 1 pug (4.4 pL) of pTRK669
plasmid was pipetted onto the front inner surface of the cuvettes. Immediately prior to
electroporation 70 pL of the cell solutions (section 2.2.3.4) were washed over the front inner
surface of individual cuvettes. A smaller volume (50 pL) of the resuspended cell pellet from the
0.1 pg mL™ ampicillin and lysozyme treatment was added to a cuvette. The cuvettes were
incubated on ice for 5 minutes and then placed inside a Bio-Rad shocking chamber and
electroporated with a single pulse at 2 kV, 400 Q and 25 pF. After electroporation the cuvettes
were incubated at 4°C for 5 minutes. A 900 puL volume of MRS containing 2 % (w/v) sucrose
was added to the cuvettes. The solutions were transferred to clean 1.5 mL centrifuge tubes and
incubated for 2 hours at 30°C. 100 uL of these cell solutions were spread on to MRS agarose
plates containing 10 pg mL™ chloramphenicol and incubated at 30°C for 30 hours.

2.2.45 Transformation protocol adapted from Aukrust and Blom
(1992)

Bio-Rad 0.2 cm electroporation cuvettes were chilled on ice. To the front inner surface of
individual cuvettes a plasmid solution was added as detailed in Table 2.11. Immediately prior to
electroporation 50 pL-100 uL of thawed chemically competent cells (section 2.2.3.5) was
flowed over the inner surface containing the plasmid. The cuvette was then placed inside the

Bio-Rad shocking chamber and electroporated with a single pulse at 1.5 kV, 400 Q and 25 pF.
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The electroporated cells were then diluted 10 fold with room temperature MRS containing 0.4
M sucrose and 1 mM MgCl,. The solution was then transferred to a clean 1.5 mL centrifuge
tube and incubated at 30°C for 2 hours. The solutions were spread on to MRS agar plates,
containing 7 pug mL™-10 pug mL™* chloramphenicol, in 50 pL-100 pL volumes and incubated at
30°C for 72 hours.

Table 2.11 Details of electroporation experiment 2.2.4.5

Cuvette L. plantarum  Cell Plasmid Volume of  Plasmid
strain volume plasmid mass (.g)
(uL) solution
(ML)

1 WCFS1 100 pTRK669 15 14

2 14917 100 pTRK669 15 1.4

3 WCFS1 100 pNZ5319 F1 F2 14917 15 1.3

4 14917 100 pNZ5319 F1 F2 14917 15 1.3

5 14917 100 pNZ5319 F1 F2 14917 15 1.3

6 14917 100 pNZ5319 F1 F2 14917 15 1.3

7 WCFS1 50 pTRK669 5 0.47

8 WCFS1 50 pTRK669 5 0.47

9 WCFS1 50 pNZ5319 F1 _F2 14917 5 0.5

10 WCFS1 50 pNZ5319 F1 F2 14917 5 0.5

11 14917 50 pTRK669 5 0.47

12 14917 50 pTRK669 5 0.47

13 14917 50 pNZ5319 F1 F2 14917 5 0.5

14 14917 50 pNZ5319 F1 F2 14917 5 0.5

2.2.4.6 Transformation protocol adapted from Aukrust and Blom
(1992) and Lambert et al. (2007)

Bio-Rad 0.2 cm electroporation cuvettes were chilled on ice. To the front inner surface of
individual cuvettes a plasmid solution was added as detailed in Table 2.12. Immediately prior to
electroporation 50-100 pL of freshly prepared chemically competent cells (section 2.2.3.6) was
pipetted over the inner surface on which the plasmid solution had been placed. The
electroporation cuvette was then placed inside the Bio-Rad shocking chamber and
electroporated with a single pulse at 1.5 kV, 400 Q and 25 pF. The electroporated cells were
then diluted 10-fold with room temperature MRS broth. Each cell solution was transferred to a
clean 1.5 mL centrifuge tube and incubated at 30°C for 2 hours. The solutions were diluted 2-
fold with MRS broth, 100 pL spread on to MRS agar plates containing 7 pg mL™

chloramphenicol and then incubated at 30°C for 48 hours. This method was then used for the
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electroporation of the variations of section 2.2.3.6 and unless a variable it stated to have

changed in the following sections (2.2.4.6.a-2.2.4.6.d), it remains as described here.

Table 2.12 Details of electroporation experiment 2.2.4.6

Cuvette L. plantarum Volume of Plasmid Volume of  Plasmid
Strain cells (UL) plasmid mass (lug)

solution
(HL)

1 WCFS1 50 pTRK669 5 0.47

2 WCFS1 100 pNZ5319 F1 F2 14917 10 1

3 14917 100 pNZ5319 F1 F2 14917 10 1

4 14917 100 pNZ5319 F1 F2 14917 10 1

5 14917 100 pNZ5319 F1 _F2 14917 10 1

6 14917 100 pNZ5319 F1 F2 14917 10 1

2.2.4.6.a.1st variation

MRS agar plates were incubated for an extended time of 72 hours at 30°C. Electroporation
details are given in Table 2.13.

Table 2.13 Details of electroporation experiment 2.2.4.6.a

Cuvette* Glycine % [MgCl,] L. plantarum strain ~ Plasmid
(wWiv) (mM)

1 2.5 10 WCSF1 pTRK669

2 2.5 10 14917 pTRK669

3 1.25 1 WCSF1 pTRK669

4 1.25 10 WCSF1 pTRK669

5 1.25 100 WCSF1 pTRK669

6 1.25 1 14917 pTRK669

7 1.25 10 14917 pTRK669

8 1.25 100 14917 pTRK669

9 2.5 10 WCSF1 pNZ5319 F1 F2 14917
10 2.5 10 14917 pNZ5319 F1 F2 14917
11 1.25 1 WCSF1 pNZ5319 F1 F2 14917
12 1.25 10 WCSF1 pNZ5319 F1 F2 14917
13 1.25 100 WCSF1 pNZ5319 F1 F2 14917
14 1.25 1 14917 pNZ5319 F1 F2 14917
15 1.25 10 14917 pNZ5319 F1 F2 14917
16 1.25 100 14917 pNZ5319 F1 _F2 14917

* Cuvettes 1 to 8 contained 50 pL of cells and 5 pL (0.47 pg) of plasmid DNA. Cuvettes 9 to
16 contained 100 pL of cells and 10 pL (1 pg) of plasmid DNA.
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2.2.4.6.b.2nd variation

Aliquots of frozen chemical-competent cells were thawed on ice. During electroporation the
voltages of 0.5 kV, 1 kV, 1.5 kV and 2 kV were trialled. The MRS recovery media, which was
added to the electroporated cells, was supplemented with 0.4 M sucrose, 0.1 M MgCl,, 0.5 %
(w/v) B-D-fructose and 0.5 % (w/v) GIcNAc. The recovery incubation was extended to 3 hours
at 30°C. Electroporation details are given in Table 2.14.

Table 2.14 Details of electroporation experiment 2.2.4.6.b

Cuvette L. plantarum  Volume of Plasmid Volume Plasmid
strain cells (uL) of mass (J.0)

plasmid
solution
(ML)

1 WCFS1 50 pNZ5319 F1 F2 14917 10 1

2 14917 50 pNZ5319 F1 _F2 14917 10 1

3 WCFS1 50 pNZ5319 F1 _F2 14917 10 1

4 14917 50 pNZ5319 F1 F2 14917 10 1

5 WCFS1 50 pNZ5319 F1 F2 14917 10 1

6 14917 50 pNZ5319 F1 _F2 14917 10 1

2.2.4.6.c.3rd variation

MRS recovery media contained 0.45 M sucrose and 0.1 M MgCl,. Electroporation details are
given in Table 2.15.

Table 2.15 Details of electroporation experiment 2.2.4.6.c

Cuvette L. plantarum Volume of Plasmid Volume of Plasmid
strain cells (uL) plasmid mass (J1Q)

solution
(HL)

1 14917 50 pNZ5319 F1 _F2 14917 10 1

2 14917 50 pNZ5319 F1_F2 14917 10 1

3 14917 50 pNZ5319 F1_F2 14917 10 1

4 14917 50 pNZ5319 F1 _F2 14917 10 1

5 14917 50 pNZ5319 F1 _F2 14917 10 1
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2.2.4.6.d.4th variation

Electroporation conditions were changed to 1.5 kV, 200 Q, and 25 pF. The recovery incubation
was extended to 3 hours at 30°C. MRS agarose plates contained either 10 pg mL™
chloramphenicol or 20 pg mL™ erythromycin. Details of the electroporation are provided in
Table 2.16.

Table 2.16 Details of electroporation experiment 2.2.4.6.d

Cuvette L. plantarum Volume of Plasmid Volume Plasmid
strain cells (uL) of mass (l.g)

plasmid
solution
(ML)

1 14917 100 pNZ5319 F1 F2 14917 Emr- 10 0.77

2 14917 100 pNZ5319 F1 F2 14917 Emr- 10 0.77

3 8014 100 pNZ5319 F1_F2 8014 10 1.26

4 8014 100 pNZ5319 F1_F2 8014 10 1.26

5 14917 50 pTRK669 5 1.77

6 8014 50 pTRK669 5 1.77

7 14917 50 pRV613 5 0.50

8 8014 50 pRV613 5 0.50

2.2.4.7 Transformation protocol adapted from Papagianni et al. (2007)

Bio-Rad 0.2 cm electroporation cuvettes were chilled on ice. To the front inner surface of
individual cuvettes a plasmid solution was added as detailed in Table 2.17. Immediately prior to
electroporation 100 pL of freshly prepared chemically competent cells (section 2.2.3.7) was
flowed over the inner surface on which the plasmid was placed. Cuvettes were then placed
inside a Bio-Rad shocking chamber and electroporated with a single pulse at 2.0 kV, 200 © and
25 pYF. The cell solutions were then diluted 3.7-fold with room temperature MRS broth
containing 0.5 M sucrose. These cell solutions were then transferred to a clean 1.5 mL
centrifuge tube and incubated at 30°C for 2 hours. The solutions were diluted 2-fold with MRS
broth and 100 pL spread on to MRS agar plates, containing 10 pg mL™ chloramphenicol or 20
ng mL™ erythromycin, and incubated at 30°C for 72 hours.
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Table 2.17 Details of electroporation experiment 2.2.4.7

Cuvette L. plantarum Volume Plasmid Volume  Plasmid
strain of cells of mass (J.)
(uL) plasmid
solution
(ML)
1 14917 100 pPRV613 10 1
2 8014 100 pRV613 10 1
3 8014 100 pNZ5319 F1_F2 8014 10 1.26
4 8014 100 pNZ5319 F1_F2 8014 10 1.26
5 14917 100 pNZ5319 F1_F2 14917 10 1
6 14917 100 pNZ5319 F1 _F2 14917 Emr- 10 0.77
7 14917 100 pNZ5319 F1 _F2 14917 Emr- 10 0.77

2.2.4.8 Transformation protocol adapted Jin et al. (2012), Aukrust and
Blom (1992) and Lambert et al. (2007)

Bio-Rad 0.2 cm electroporation cuvettes were chilled on ice. To the front inner surface of
individual cuvettes a plasmid solution was added as detailed in Table 2.18. Immediately prior to
electroporation 100 pL of freshly prepared chemically competent cells (section 2.2.3.8) was
flowed over the inner surface on which the plasmid was placed. Cuvette were then placed inside
the Bio-Rad shocking chamber and electroporated with a single pulse at 2 kV, 400 Q and 25 pF.
The cells solutions were then diluted 10-fold with room temperature MRS broth containing 0.4
M sucrose, 0.1 M MgCl, and 0.5 % (w/v) GIcNAc. The cell solutions were then transferred to
clean 1.5 mL centrifuge tubes and incubated at 30°C for 2 hours. 100 uL of the cell solutions
were spread on to MRS agar plates supplemented with 0.5 % (w/v) GIcNAc, containing 5 pg
mL™ chloramphenicol or 5 pg mL™ ampicillin, and incubated at 30°C for 168 hours. The plates
were checked every 24 hours and any isolated colonies were spread onto MRS agar containing

the appropriate antibiotic.
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Table 2.18

Details of electroporation experiment 2.2.4.8

Cuvette L. plantarum  Volume of Plasmid Volume Plasmid
strain cells (uL) of mass (.g)

plasmid
solution
(ML)

1 NC8 100 pNzZ5319 F1_F2 8014 10 1.26

2 NC8 100 pNZ5319 F1 _F2 14917 Emr- 10 0.77

3 14917 100 pNZ5319 F1 _F2 14917 Emr- 10 0.77

4 14917 100 pNZ5319 F1_F2 14917 10 1

5 8014 100 pNZ5319 F1_F2 8014 10 1.26

6 8014 100 pNZ5319_F1_F2 8014 10 1.26

2.2.4.8.a.1st variation

The recovery incubation period was extended to 3 hours at 30°C. Electroporation details are

given in Table 2.109.

Table 2.19 Details of electroporation experiment 2.2.4.8.a
Cuvette L. plantarum  Volume Plasmid Volume  Plasmid
strain of cells of mass (g)
(uL) plasmid
solution
(ML)
1 NC8 50 pTRK669 5 0.53
2 NC8 50 pRV613 5 0.37
3 NC8 100 pNZ5319 F1_F2 8014 10 2
4 NC8 100 pNZ5319 F1_F2 14917 10 1
5 14917 50 pTRK669 5 0.53
6 14917 50 pRV613 5 0.36
7 14917 100 pNZ5319 F1_F2_14917 10 1
8 14917 100 pNZ5319 F1 _F2 14917 Emr- 10 0.77
9 8014 50 pTRK669 5 0.53
10 8014 50 pRV613 5 0.37
11 8014 100 pNZ5319 F1_F2 8014 10 2
12 8014 100 pNZ5319 F1_F2 8014 10 2
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2.2.5 Cellular density and viable cell counts

MRS cultures of L. plantarum subsp. plantarum ATCC 14917, L. plantarum ATCC 8014 and L.
plantarum NC8 were cooled on ice and diluted in ice cold sterile MRS to ODgyonm 0f 0.0345,
0.0919 and 0.1052, respectively. Following the placement of glass coverslips on both the upper
and lower chambers of a sterile Boeco Neubauer (Boeco; Hamburg, Germany), diluted cell
cultures were pipetted under a coverslip, that had been placed on top of the Neubauer counting
chambers, until both the upper and lower chambers were sufficiently filled according to the
manufacturer's instructions. The Neubauer was placed in an optical microscope and the cells
counted at 100x magnification. The number of cells in 7 of the 0.0025 mm? squares were
counted in each chamber. Mean and standard errors of the cells mL™ values were calculated for

each strain and the results provided in Appendix 1.

Cell viability was determined by counting colonies formed from log phase cells diluted to an
ODgoonm OF 7.5x10°® in sterile ice-cold MRS broth. 25 pL of this cell solution was embedded into
25 mL of molten MRS agar, as described in (section 2.1.3), and then poured into a sterile Petri
dishes which were incubated at 30°C for 48 hours. Colony numbers were counted and the
colony forming unit per mL of bacterial cells calculated (CFU mL™) and the results provided in

Appendix 1.

2.2.6 Isolation of L. plantarum mutants with resistance to glycocin F

L. plantarum subsp. plantarum ATCC 14917 or L. plantarum ATCC 8014 cell-embedded MRS
agar plates (section 2.1.3) containing 100 nM glycocin F were made. These plates were made
based on bacteriocin resistance frequencies ranging from 10 to 107 so that addition of
approximately 2.0 x 10" susceptible cells would yield 2-200 glycocin F-resistant mutants
colonies (Gravesen et al., 2002, Loessner et al., 2003, Blake et al., 2011, Kjos et al., 2011b, Liu
et al., 2011). From log phase cultures of L. plantarum ATCC 8014 and L. plantarum subsp.
plantarum ATCC 14917, aliquots containing 1.61 x 10 and 2.0 x 10" CFU respectively were
diluted into 20 mL of molten (40°C) MRS agar containing 100 nM glycocin F and incubated for
48 hours at 30°C. Surface colonies were streaked on to MRS agar plates that contained 100 nM
glycocin F. These were re-streaked once more onto MRS agar plates that contained 100 nM
glycocin F and incubated overnight at 30°C. Final isolated colonies were used to inoculate 10
mL of MRS broth containing 100 nM glycocin F which were incubated at 30°C overnight. From
these cultures 1 mL was made up to 10 % (v/v) glycerol from sterile 50 % (v/v) glycerol

solution, snap frozen in liquid nitrogen and stored at -80°C for future use. Vital details
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pertaining to the identification of these mutants and the wildtype strains are provided in Table
3.2.

2.2.7 Antimicrobial assays

2.2.7.1  Glycocin F minimum inhibition concentration (MIC)

determination

The Minimum Inhibition Concentration (MIC) is defined as the lowest concentration of
glycocin F at which either complete or near complete growth inhibition is observed. Room
temperature MRS broth was inoculated with L. plantarum to ODggonn 0f 0.05 from overnight
MRS cultures. The cells were evenly distributed through the MRS broth and then 0.999 mL
aliquots were added to 12 ethanol-sterilised 2 mL cuvettes (LP Italiana; Milano, Italy). The
cuvettes were then placed in 6x6 multicell peltier, in a Cary 300 UV-Visible spectrophotometer,
that had been equilibrated to 30°C and blanked using sterile MRS. 1 pL of a glycocin F solution
in Milli-Q H,O was added to 11 of these cuvettes (final glycocin F concentrations: 1 nM, 2.5
nM, 5 nM, 7.5 nM, 10 nM, 25 nM, 50 nM, 75 nM, 100 nM, 0.5 uM and 1 pM). 1 pL of Milli-Q
H,O was added to the last cuvette as a positive control for growth. To evenly distribute the
glycocin F, the cell cultures were gently stirred using a sterile pipette tip. The ODggonm Was
recorded every 30 seconds for 600 minutes; sample time set to 0.2 seconds with an averaging

time of 0.2 seconds, using Cary Win UV Kinetics Application v4.10(461) software.

2.2.7.2  Liquid culture glycocin F sensitivity assay

The sensitivity of naturally-selected glycocin F-resistant L. plantarum mutants (section 2.2.6) to
glycocin F was assessed. MRS broth cultures were inoculated with the five mutants and the
wild-type of one of the L. plantarum strains and grown overnight at 30°C with gentle shaking,
incubated on ice for 1 hour, then their ODggonm recorded (section 2.1.8). Two aliquots from each
one of the six cultures were diluted, up to 1 mL of sterile MRS broth, in two ethanol-sterilised
cuvettes to an ODggonm OF 0.05. One set of these cuvettes was treated with glycocin F, either 1
LM or the MIC as detailed in Table 3.3, while set of cuvettes were not treated with glycocin F.
Immediately after glycocin F was added to the cuvettes they were placed in a Varian 6X6
multicell peltier in a Cary 300 UV-Visible spectrophotometer that had been equilibrated to 30°C
and blanked using sterile MRS broth. The ODggonm Was recorded every 30 seconds for 600
minutes. Sample time was set to 0.2 seconds with an averaging time of 0.2 seconds, using Cary
Win UV Kinetics Application v4.10(461) software.
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The sensitivity of L. plantarum NC8 Apts18CBA to glycocin F was assayed as described above
with the exceptions that the high and low glycocin F concentration assays were performed
together in a single experiment with identical untreated wild-type controls.

2.2.7.3  Agar plate glycocin F sensitivity assay

An MRS agar indicator plate assay was used to determine glycocin F sensitivity in L. plantarum
wild-type and mutant strains. Glycocin F (100 uM) was diluted (2-fold dilution series) in Milli-
Q water to the concentrations in the range of 97 nM-100 uM (Figure 2.1). A 2.5 pL aliquot of
each glycocin F dilution was spotted onto L. plantarum-embedded MRS agar plates (section
2.1.3), according to the template shown in Figure 2.1, and the samples allowed to absorb into
the agar. Both wild-type and mutant L. plantarum subsp. plantarum ATCC 14917 and L.
plantarum ATCC 8014 plates were incubated for 24 hours at 30°C while both wild-type and

mutant L. plantarum NC8 plates were incubated for 12 hours at 30°C.

195 nM l 390 nM | 781 nM \1.56 uM\

3.12 uM\G.ZS KM |12.5 uMI 25 uM }

100 uM

~

Figure 2.1 Layout of glycocin F spot plate assay

2.5 L of glycocin F solution at the concentration indicated (2-fold dilution series) in each
section of the plate was spotted onto MRS agar plates containing embedded wild-type and
mutant L. plantarum strains. Colour shading and arrows indicate the direction the dilution series
was applied.

2.2.8 Chemically defined minimal media agarose plates and carbon source

utilisation assay

The chemical composition of all stock solutions are provided in Table 2.20. All stocks were
filter-sterilised and all but the vitamin stock, which was frozen at -80°C prior to use, were
frozen at -20°C.
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Chemically defined media agarose plates containing a sole carbon source were made by mixing
a series of stock solutions. To 31.9 mL of 0.1 g L™ L-tyrosine the following solutions were
added: 2.5 mL of 20x salt stock solution, 2.5 mL of 20 % (w/v) carbon source, 2.5 mL of 20x
amino acid solution, 500 pL of a 100x trace element solution and 100 pL of a 500x vitamin
stock solution. The solution containing all the individual components was equilibrated at 40°C
before adding it to 10 mL of 5 % (w/v) HyAgarose™ agarose solution that had been
equilibrated to 70°C following sterilisation by pressure cooking. The mixture was poured into

two sterile Petri dishes and left at room temperature to solidify.

Chemically-defined media agar plates were partitioned into 8 equal-sized areas and to each area
a loop of bacterial suspension was streaked. Bacterial suspensions were made as follows; 1 mL
of an overnight culture was centrifuged in a microcentrifuge at 10,000 x g at room temperature
for 1 minute. The cell pellet was washed once in 1 mL of sterile room temperature 0.1 g L™ L-
tyrosine solution and the final cell pellet suspended in 200 pL of 0.1 g L™ L-tyrosine solution.
The plates were left uncovered in a sterile laminar flow hood until all bacterial streaks had
dried. The plates were incubated at 30°C for 24 hours then shifted and incubated at 25°C for 48
hours after which they were photographed at the Manawatu Microscopy and Imaging Centre.

The results of these plates are provided in Appendix 2.

Table 2.20 Chemically-Defined Media Stock Solutions

Stock Solution Chemical Concentration
gLt % %
(Viv)  (wiv)
L-Tyrosine L-Tyrosine 0.1
Salt solution (20x) KH,PQO,4 (anhydrous salt) 40
pH, 6.4 K,HPQ, (anhydrous salt) 52
Ammonium citrate tribasic 40
Na acetate (anhydrous salt) 100
Amino acid (20x) L-tryptophan 2
pH, ~4.5 L-alanine 2
L-aspartic acid (free acid) 2
glycine 2
L-isoleucine 2
L-leucine 2
L-methionine 2
L-threonine 2
L-valine 2
L-arginine 1.66
L-cysteine 55
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L-glutamic acid (Na Salt) 4
L-histidine 1.5
L-lysine monohydrate (mono HCL) 1.8
L-phenylalanine 1
L-serine 3
Trace element (100x)  MgSO,.7H,0 20
CaCl,.2H,0 0.2
MnCl,.4H,0 4
FeS0,.7H,0 2
CoCl,.6H,0 0.02
ZnS0,.7H,0 0.01
NaMoQ,.2H,0 0.005
NiCl,.6H,0 0.0025
HCI (glacial)
Vitamin (500x) 4-aminobenzoic acid (p-aminobenzoic acid) 0.05
biotin 0.025
vitamin B12 0.5
nicotinic acid 0.5
pantothenic acid 0.5
pyridoxal phosphate 0.65
pyridoxine.HCI 0.0125
riboflavin 0.5
thiamine 0.05
Carbon source (20%) D (+) fructose 20
N-acetylglucosamine 20
a-lactose 20
Glucose 20

2.3 General DNA manipulation

2.3.1 Genomic DNA isolation

This genomic DNA (gDNA) isolation procedure was used for all L. plantarum strains. An
overnight L. plantarum culture in MRS broth was diluted 100-fold into 35 mL of MRS,
containing 1.2 % (w/v) glycine and incubated at 30°C. When the ODggonm reached 1 the culture
was chilled to 4°C and then centrifuged at 4,000 x g for 10 minutes at 4°C. The cell pellets were

snap frozen in liquid nitrogen and stored at -80°C for later use.

A cell pellet from a 35 mL culture was defrosted on ice, resuspended in 2 mL of a 50 mM
EDTA (pH 7.8) and 10 mM Tris-HCI (pH 8.0) solution (4°C) and then split into two equal

volumes in 1.5 mL micro-centrifuge tubes. Lysozyme (Sigma; Auckland, New Zealand) was
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added (400 pL of 20 mg mL™ lysozyme in a solution containing 0.8 g L ™ NaCl,, 0.02 g L™
KCI, 0.024 g L™ KH,PO, and 0.268 g L™ Na,HPO,) to each tube, then mixed by inversion and
incubated at 37°C for 50 minutes with an inversion every 10 minutes. The mixtures were then
centrifuged at 14,000 x g for 1 minute and the cell pellet resuspended in 800 pL of Promega®
Wizard DNA purification kit Nuclei Lysis solution (Promega®; Madison, WI, USA). Cells were
lysed by three cycles of freeze thawing; this involved submersing the tubes in liquid nitrogen for
1 minute then immediately transferring them to an 80°C waterbath for 2 minutes. The cells were
cooled to 35°C and 5 pL of 5 mg mL™ Promega® Wizard DNA purification kit RNase solution
was added. This was incubated at 38°C for 45 minutes with inversions every 15 minutes, and
then cooled to room temperature. 250 pL of Promega® Wizard DNA purification kit Protein
Precipitation solution was added and the solution mixed by inversion then incubated on ice for 5
minutes. The solution was centrifuged at 14,000 x g for 3 minutes at room temperature and the
supernatant collected and again centrifuged at 14,000 x g for 3 minutes. This step was repeated
five times and each time the pellet was discarded. A 620 puL volume of isopropanol was
carefully laid on top of the resulting supernatant and mixed by inversion. Precipitated gDNA
was pelleted by centrifugation at 14,000 x g for 3 minutes, washed with 800 pL of 70 % (v/v)
ethanol and centrifuged at 14,000 x g for 2 min and the supernatant discarded. The wash step
was repeated once more before the final gDNA pellet was air dried and suspended in either 20
pL of Milli-Q water or 50 pL of 10 mM Tris-HCI (pH 8.0).

2.3.2 Genomic sequencing

Genome sequencing was performed at the Palmerston North MGS in collaboration with New
Zealand Genomics Limited. L. plantarum subsp. plantarum ATCC 14917 and L. plantarum
ATCC 8014 genomic samples were delivered to the MGS as 50 pL and 90 pL, respectively, in
10 mM Tris-HCI (pH 8.0), in accordance to sample preparation guidelines provided by the
MGS. The MGS then performed the following quality control checks prior to library
preparation: the Quant-iT™ dsDNA HS assay (Invitrogen™; Wilmington, DE, USA), Quant-
iT™ RNA assay (Invitrogen™; Wilmington, DE, USA) and the Quant-iT™ Protein assay
(Invitrogen™; Wilmington, DE, USA). Library preparation for sequencing was performed by
the MGS using a TruSeq™ DNA Library preparation kit (Illumina®; San Diego, CA, USA) and
subsequently sequenced using a MiSeq™ System (Illumina®; San Diego, CA, USA) to generate
250-bp paired-end reads. Prior to sequencing the library preparations were quality control
checked using the DNA 1000 Labchip® (Agilent Technologies Inc; Santa Clara, CA, USA)
coupled with the Agilent 2100 Bioanalyser (Agilent Technologies Inc; Santa Clara, CA, USA)
and by performing the DNA, RNA and protein assays detailed above.
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2.4 Genomic DNA assembly

2.4.1 Quality control

The raw sequenced reads were processed through an established quality control pipeline by the
MGS: First the raw sequencing reads were mapped to the Enterobacteria 1 phiX174 sensu lato
genome (GenBank accession number NC_001422) using the Burrows-Wheeler-Aligner
software (BWA) (Li and Durbin, 2009), and any reads that mapped were removed from the
BWA SAM output file. This SAM file was subsequently converted into a fastq file using the
Picard suite ‘SamToFastq.jar’ tool (http://picard.sourceforge.net/index.shtml). The resultant
fastq file was processed with the ‘fastx-clipper’ script (v1.1.2-318), from the ea-utils suite
(https://code.google.com/p/ea-utils/) to remove contaminating TruSeq™ Universal Adapter
(Illumina®; San Diego, CA, USA) sequences. The final 'forward and reverse fastq files' were

subjected to further quality control before downstream de novo assembly.

From both the forward and reverse fastq files, reads were removed if they contained any
ambiguities or were shorter than 150-bp using the 'AmbiguityFiltering' script from NGS QC
Toolkit suite v2.3.2 (Patel and Jain, 2012) (http://59.163.192.90:8080/ngsqctoolkit/). The
filtered forward and reverse fastq' files were used directly for de novo assembly via SPAdes
(section 2.4.3.3). However, for de novo assembly using Velvet (section 2.4.3.2) they were
further processed; the Fast Length Adjustment of SHort reads (FLASh) software v1.2.9 (Mago¢
and Salzberg, 2011) (http://ccb.jhu.edu/software/FLASH/) was used to combine the filtered
forward and reverse fastq files. FLASh generates three output files; a fastq containing the
combined reads and two fastq files containing forward and reverse paired-end reads that could
not be combined. From these three fastq files any reads shorter than 203-bp in length were
removed using the length filtering function from the 'AmbiguityFiltering' script from NGS QC
toolkit. The resulting ‘combined, forward and reverse fastq files' were used for de novo

assembly via Velvet.

2.4.2 Genome size estimation

The size of the genomes was estimated using KmerGenie v1.6476 (Chikhi and Medvedev,
2014) (http://kmergenie.bx.psu.edu/) from the fastq files filtered for reads containing

ambiguities or shorter than 150 nucleotides (section 2.4.1).
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2.4.3 De novo assembly

2.4.3.1 Velvet optimiser

VelvetOptimiser v2.2.5 (Gladman and Seemann, 2008) (http://www.vicbioinformatics.com/)
was used prior to Velvet (section 2.4.3.2) de novo assembly to determine the Velvet parameter
values for: ‘'cov_cutoff' (coverage cut-off), 'hash_length' (kmer size), 'exp_cov' (expected
coverage), 'ins_length' (average length of paired-end insert length) and ins_length_SD (standard
deviation of the paired-end insert length). The optimisation functions in VelvetOptimiser were:
kmer choice based on the N50, coverage cut-off based on the total number of bp in contigs
larger than 1-kbp. Input files were the combined, forward and reverse fastq files generated
during quality control (section 2.4.1) processing for de novo Velvet assembly. The parameter
values output by VelvetOptimiser that resulted in the highest assembly score were then used for

Velvet de novo assembly.

2.4.3.2 Velvet

De novo assembly of the sequenced L. plantarum wild-type strains and their glycocin F-
resistant mutant strains were completed using the de novo assembler software Velvet v1.2.9
(Zerbino and Birney, 2008) (https://www.ebi.ac.uk/~zerbino/velvet/). Velvet consists of the two
programs, velveth and velvetg. The combined, forward and reverse fastq files from the quality
control processing (section 2.4.1) were inputs for velveth. The combined fastq file was input as
a 'short' read category and the forward and reverse fastq files were input as the 'shortPaired' read
category. All other parameters were left at default except for kmer size which for all assemblies
was set at 201. The output files of velveth were then directly processed by velvetg. Default
parameters for velvetg were used except for the following: cov_cutoff, exp_cov, ins_length,
ins_length_SD, read_trkg (read tracking) and amos_file (AMOS file creation) with the latter
two being set to true. Values for cov_cutoff, exp_cov, ins_length and ins_length_SD were
determined using VelvetOptimiser (section 2.4.3.1) and are listed in Table 3.4 (page 76).
Following successful assembly, Hawkeye software v2.0 (Schatz et al., 2013), from the "A
Modular,  Open-Source  whole genome assembler* (AMOS) software  suite
(http://sourceforge.net/apps/mediawiki/amos /index.php?title=AMQOS), was used to generate a
'bank’ folder from the AMOS ".afg' file. The consensus DNA sequence was then ‘recalled’ from
the bank folder using AMOS 'recallConsensus' script. The recalled contigs were then extracted
from the bank file using AMOS ‘bank2fasta’ script.
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2.4.3.3 SPAdes

De novo assembly of the sequenced L. plantarum wild-type strains and their glycocin F mutant
strains was completed using SPAdes software v3.0 (Anton Bankevich Sergey Nurk, 2012, Nurk
et al., 2013) (http://bioinf.spbau.ru/spades). The filtered forward and reverse fastq files
generated during quality control processing (section 2.4.1) were used as input files. The SPAdes
software was run with default settings except for the ‘careful’ parameter which was set 'true’. The
SPAdes software automatically chose kmer sizes of 21, 33, 55, 77, 99 and 127 for all

assemblies.

2434 Edena

De novo assembly of the sequenced L. plantarum wild-type strains and their mutant strains was
completed using the de novo assembler software Exact DE Novo Assembly v3.130110 (Edena)
(Hernandez et al., 2008) (http://www.genomic.ch/edena.php). For all the sequenced genomes,
except for L. plantarum subsp. plantarum ATCC 14917 LP1 4H, an overlap graph was
computed from the FLASh-generated combined fastq file only (section 2.4.1), which was input
into Edena using the singleEnd function. Edena was run with default variables for both the

overlap graph computation and second assembler stage.

An overlap graph for the sequenced genome of L. plantarum subsp. plantarum ATCC 14917
LP1_4H was computed from the files generated by the Sickle software v1.29 pairwise function
(Joshi and Fass, 2011) (https://github.com/najoshi/sickle). Sickle was employed to filter out (i)
reads shorter than 250-bp, (ii) those that contain ambiguities, (iii) those that fell below the phred
quality threshold of 20 determined by the Sickle software (described by the software manual)
and (iv) all singletons, i.e. reads lacking a corresponding paired read. Input files into Sickle
were the forward and reverse fastq files (section 2.4.1) and the generated 'Sickle filtered forward
and reverse fastq files' were used as input for Edena, using the paired function, and run with
default settings for both the overlap graph computation and second assembler stage. This was
performed due to the use of the FLASh-generated combined fastq file from this mutant in Edena

resulted in a very poor assembly.

2.4.4 Contig integration using CISA

Contigs larger than 1000-bp from Velvet, SPADEs and Edena assemblies were integrated for
each isolate using the Contig Integrator for Sequence Assembly software (CISA) v3.04 (Lin and
Liao, 2013) (http://sb.nhri.org.tw/CISA/en/CISA). Minimum length was set to 1000 and Gap to
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11 in the 'Merge.config' file. The genome size input required in the 'CISA.config' file was

estimated using KmerGenie (2.4.2). The R2_Gap variable was left as a default of 0.95.

2.4.5 Annotation of contigs by Prokka

DNA contigs of the wild-type and mutant strains were annotated by Prokka v1.9, the
'Prokaryotic ~ Genome  Annotation  System'  developed by Seemann  (2014)
(http://www.vicbioinformatics.com/). Installed dependencies (required packages for optimal use
of Prokka) were: Bioperl v1.6.901-3 (Stajich et al., 2002) (http://www.bioperl.org/wiki/
Main_Page), ARAGORN v1.2.36 (Laslett and Canback, 2004, Dean and Bjorn, 2008)
(http://mbio-serv2.mbioekol.lu.se/ARAGORN/), RNAmmer v1.2 (Lagesen et al., 2007)
(http://www.cbs.dtu.dk/servicessRNAmmer/), Prodigal v2.6 (Hyatt et al., 2010) (http://prodigal.
ornl.gov/), SignalP v4.1 (Petersen et al., 2011) (http://www.cbs.dtu.dk/services/SignalP/),
Blast+ v2.2.29 (Camacho et al., 2009) (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/
LATEST/), HMMER v3.1b1 (Finn et al., 2011) (http://hmmer.janelia.org/software) and Infernal
v1l.1 (Nawrocki and Eddy, 2013) (http://infernal.janelia.org/). Prokka was run using the
parameters listed in Table 2.21 to comply with NCBI's GenBank submission requirements. The
locustag prefix assigned to annotations was that provided by NCBI BioProject. Eight NCBI
BioProjects were established for both wild-types and all mutants and the details listed in Table
3.2.

Table 2.21 Parameters used for Prokka annotations

Variable Condition

compliant True

center MGS

locustag Locus prefix tag assigned by NCBI GenBank
genus Lactobacillus

species plantarum

strain 'ATCC_8014' or 'subsp_plantarum_ATCC_14917'
gram positive

usegenus True

rfam True

addgenes True

mincontiglen 200
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2.4.6 Assembly validation

Validation of the genome assemblies was performed by mapping the reads from the filtered
forward and reverse fastq files back to the annotated contigs (section 2.4.5) using the 'Map To
Reference' function in Geneious™ (Biomatters Ltd, Auckland, New Zealand) software v7.1.4
with low sensitivity settings.

2.4.7 Comparative analysis of glycocin F-resistant mutant genomes

To identify mutation in the genomes of the mutant strains, for each mutant strain the annotated
contigs were aligned to the annotated contigs of the respective wild-type assembly. Alignments
were performed using the "Map To Reference' function in Geneious™ software v7.1.4 with high

sensitivity settings and an extended maximum gap size of 10,000-bp.

2.5 General protein biochemical methods

2.5.1 Protein production of the recombinant GIcNAc-PTS transporter
PTS18CBA

2.5.1.1 Small scale time course of expression

Expression trials were conducted in LB medium containing 100 ug mL™ ampicillin with E. coli
BL21 (DE3) cells transformed, as described in section 2.2.2, with plasmid pET-
21b(+)_8014 His6_pts18CBA (section 3.9.3). 50 mL-100 mL of LB medium was inoculated to
an ODggonm OF 0.1 from an E. coli BL21 (DE3) overnight culture (section 2.1.7.2) and incubated
at 37°C with shaking (200 rpm) for 1.25 hours (ODggonm Of 0.68). Prior to induction with 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG) a 1 mL sample was taken and labelled as un-
induced cells. Following induction the culture was incubated at 25°C with shaking for 12 hours,
and 1 mL samples were taken at 30, 60, 90, 120, 180, 240 and 720 minutes. For each sample the
ODgoonm Was determined, followed by centrifugation for 1 minute at 16,000 x g in a
microcentrifuge at room temperature. Cell pellets were resuspended in Milli-Q water to a total
volume (pL) equal to 100x the ‘ODggonm X Sample volume (mL)’ to obtain an ODggonm OF 10 in
all samples. The suspended cells were subjected to sonication (Misonix Sonicator® S-4000
Ultrasonic Processor, Misonix Inc, Farmingdale, NY, USA), 30 second bursts at 30 %
amplitude with a 1 mm microtip, until the solutions were clear. Insoluble cellular debris and
unlysed cells were pelleted by microcentrifugation as before. 4 volumes of each cell lysis
supernatant was mixed with 1 volume of 5x SDS loading buffer (Table 2.24) and boiled for 10

minutes; the remaining supernatant was stored at -80°C until required. The boiled samples were
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cooled on ice and centrifuged for 10 minutes at 16,000 x g in a microcentrifuge at room

temperature, and the supernatants analysed by SDS PAGE (section 2.5.2).

2.5.1.2 Small scale protein solubility trial

1 mL of the chilled culture was taken as an induced cell sample and treated as described above
(section 2.5.1.1) for SDS PAGE analysis. Cells were harvested by centrifugation at 5,000 x g
for 15 minutes at 4°C. Cells were washed once with 25 mL of 150 mM NaCl in 20 mM Tris-
HCI (pH 8.0), then resuspended in 12 mL of lysis buffer (Table 2.22). The suspension was
passed four times through a French pressure cell (Aminco Instruments Co; USA) at 4 kPa using
a Wabash hydraulic press (Wabash; USA). Deoxyribonucleate 5'- oligonucleotidohydrolase
(DNase 1) (Sigma; Auckland, New Zealand; #DN-25) was added to the cell lysate and incubated
on ice for 15 minutes. Cellular debris and unlysed cells were pelleted by centrifugation at
15,000 x g for 30 minutes at 4°C. A sample of the cell lysis supernatant, containing soluble
membrane fragments and cytoplasmic proteins, was diluted 2-fold in Milli-Q H,O, then 4
volumes of this was mixed with 1 volume of 5x SDS loading buffer and heated as described in
section 2.5.1.1 for SDS PAGE analysis. The cell lysis pellet, contains insoluble cellular debris,
was resuspended in 12 mL of Milli-Q H,O and a sample diluted 2-fold in Milli-Q H,O was
treated as described above for SDS PAGE analysis. The decanted cell lysis supernatant was
subjected to ultra-centrifugation at 200,000 x g for 2 hours at 4°C. A sample of the supernatant,
contains soluble cytoplasmic proteins, was taken and treated as described above for SDS PAGE
analysis. The remaining supernatant was discarded and 1 mL of 20 mM Tris-HCI (pH 8.0), 100
mM NaCl and 20 % (v/v) glycerol, was laid on top the pellet, containing membrane fragments,
and incubated with gentle agitation at 4°C for 12 hours. A sample of this resuspended
membrane pellet was diluted 25-fold in Milli-Q H,O, then treated as described above for SDS
PAGE analysis.

Table 2.22 Lysis buffer

Component Concentration
Tris-HCI, pH 8.0 20 mM

NaCl 300 mM
cOmplete® EDTA-free protease inhibitor* 1x
Phenylmethylsulfonyl fluoride (PMSF) 1mM

*Roche®; Basel, Switzerland
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2.5.2 Polyacrylamide gel electrophoresis

Discontinuous SDS PAGE separates proteins in a cross-linked acrylamide matrix based on their
molecular weight (Laemmli, 1970). Acrylamide gels were made with stacking and resolving
gels that were 4 % (v/v) and 10 % (v/v) acrylamide respectively as described in Table 2.23.
Prior to addition of N,N,N’,N'-tetramethylethylenediamine (TEMED) (Sigma; Auckland, New
Zealand) the SDS PAGE gel solutions were 'degassed’ for 30 minutes using a water vacuum
pump. After addition of TEMED the SDS PAGE solutions were pipetted into a Bio-Rad
PROTEAN |11 gel casting apparatus, first the resolving gel solution, which was allowed to
polymerase, then the stacking gel solution. Gels were placed in a Bio-Rad PROTEAN I
electrophoresis chamber containing SDS tank buffer (Table 2.25). Wells were loaded with
protein samples and run alongside 6 puL of Benchmark™ Protein Ladder (Invitrogen™;
Wilmington, DE, USA) at 180 V at room temperature for approximately 50 minutes or until the
dye front was within 1 cm of the bottom of the gel. Gels were removed, rinsed with Milli-Q
H,0, suspended in Coomassie stain solution (0.1 % (w/v) Coomassie Brilliant Blue R-250, 40
% (v/v) methanol and 10 % (v/v) acetic acid) and heated in a microwave on high for 1 minute or
until the stain solution started to boil. The gel was left to stain for at least 1 hour with gentle
agitation at room temperature. The stain solution was decanted and the gel rinsed with Milli-Q
H,O. Excess Coomassie stain was removed by destaining the gel in Coomassie destain solution
(40 % (v/v) methanol and 10 % (v/v) acetic acid). The gel was suspended in destain solution
and heated in a microwave for 1 minute on high or until the destain solution started to boil. The
gel was incubated in the destain solution until the background Coomassie stain was sufficiently
decreased after which the gel was rinsed with Milli-Q H,O and then suspended in Milli-Q H,O
overnight to remove residual Coomassie dye. The destained gel was imaged using the 'trans
light source' in a Bio-Rad Molecular Imager Gel Doc™ XR+ System and recorded using Bio-

Rad Image Lab™ software.
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Table 2.23 SDS PAGE discontinuous gel mixtures

Component Volume (mL)
Stacking Gel (5 mL)

Milli-Q H,O 3.2
Acrylamide:Bis 29.1:0.9, 40 % (v/v) 0.5
0.5 M Tris-HCI, pH 8.8 1.25
Ammonium persulfate, 10% (w/v) 0.025
SDS, 10 % (w/v) 0.05
TEMED 0.02
Resolving Gel (10 mL)

Milli-Q H,O 4.93
Acrylamide:Bis 29.1:0.9, 40 % (v/v) 25
1.5 M Tris-HCI, pH 6.8 2.5
Ammonium persulfate, 10% (w/v) 0.06
SDS, 10 % (w/v) 0.1
TEMED 0.013

Table 2.24 5x SDS loading buffer

Component Concentration
Bromophenol Blue 0.25 % (w/v)
DTT 05M
Glycerol 50 % (v/v)
SDS 10 % (w/v)
Tris-HCI 0.25M

pH, 6.8

Table 2.25 SDS tank buffer

Component Concentration (g L™)
Tris 3

Glycine 14.4

SDS 1
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2.5.3 In gel tryptic digestion and mass spectrometry

The band on SDS PAGE gels suspected to be the rPTS18CBA protein was digested with trypsin
and the resulting tryptic peptides analysed using mass spectrometry.

From a 10 % acrylamide SDS PAGE gel that had been thoroughly destained the band suspected
to be rPTS18CBA protein was excised using a sterile scalpel blade and transferred to a
MAXYMum Recovery™ 1.5 mL centrifuge tube (Axygen™; Pittsburgh, PA, USA). The
excised band was cut into small pieces and further destained by washing in 300 pL of 20 %
(v/v) methanol, 0.5 % (v/v) acetic acid, until the excised gel pieces were clear. The gel pieces
were then dehydrated for 1 minute in 300 uL of 80 % (v/v) acetonitrile at room temperature.
The gel pieces were centrifuged for 1 minute at top speed in a microcentrifuge at room
temperature and the acetonitrile solution was carefully decanted; residual acetonitrile was
removed using a centrifugal evaporator. The gel pieces were reduced in 30 L of 10 mM DTT,
50 mM ammonium bicarbonate, for 1 hour at 37°C. The gel pieces were centrifuged as above
and the reducing solution decanted. The gel pieces were suspended in 100 pL of 50 mM
ammonium bicarbonate (pH >7.9) and incubated at room temperature for 5 minutes. The gel
pieces were centrifuged as before and the solution decanted. The gel pieces were dehydrated in
100 pL of 80 % (v/v) acetonitrile for 1 minute. The gel pieces were centrifuged as before and
the acetonitrile solution decanted; residual acetonitrile was removed by drying the gel pieces in
a centrifugal evaporator. The gel pieces were then suspended in 30 pL of 20 mM
iodoacetamide, 50 mM ammonium bicarbonate, and incubated for 20 minutes in the dark at
room temperature. The gel pieces were centrifuged as before and the solution decanted. The gel
pieces were suspended in 100 pL of 50 mM ammonium bicarbonate for 5 minutes, centrifuged
as before and the solution decanted. The gel pieces were dehydrated in 100 puL of 80 % (v/v)
acetonitrile for 1 minute, centrifuged as before and the acetonitrile decanted. This step was
repeated and the residual acetonitrile solution removed by drying the gel pieces in a centrifugal
evaporator. The gel pieces were rehydrated in 30 pL of trypsin digestion solution (20 ng uL™
trypsin in 50 mM ammonium bicarbonate) and incubated on ice for 10 minutes. Excess solution
was removed and 30 pL of 50 mM ammonium bicarbonate solution added. This was incubated
overnight at 37°C.

Following the overnight digestion the sample was centrifuged and sonicated on high for 2
minutes in a waterbath sonicator (Soniclean Pty Ltd; Australia). The sample was centrifuged as
before and the supernatant decanted and stored. The gel pieces were suspended in 60 pL of 5 %
(v/v) formic acid, 50 % (v/v) acetonitrile, and sonicated as before. This was centrifuged as

before and the supernatant decanted and stored. The gel pieces were then suspended in 60 pL
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0.1 % (v/v) formic acid, 80 % (v/v) acetonitrile and sonicated as before. This was then
centrifuged as before and the supernatant decanted and stored. This treatment was repeated to
give a another supernatant fraction that was then stored. The stored fractions were pooled and
reduced in volume to approximately 15 pL using a centrifugal evaporator. This was then
transferred into a mass spectrometry (MS) glass sample vial (Thermo Fisher Scientific;
Wilmington, DE, USA).

2 L of the concentrated sample was subjected to electronspray ionisation (capillary voltage of
1,800 V) and MS/MS fragmentation (collision energy slope of 3.6 V/100 Da and offset of -4 C)
in an Agilent 6520 Q-TOF mass spectrometer (Agilent Technologies, Germany). Total ion
counts were processed by MassHunter Workstation Qualitative Analysis software vB.03.01
(Agilent Technologies, Santa Clara, CA, USA). Files exported from MassHunter were searched
using the Walter and Eliza Hall Institute (Melbourne, Australia) based Mascot Server v2.4.1
(Matrix Science Ltd, London) with the parameters listed below in Table 2.26. Mascot results
were filtered, based on individual ion scores, to identify peptides with identity or extensive

homology (p<0.05); (Personal communication, Loo, 2014).

Table 2.26  Mascot search parameters

NCBI non-redundant protein database with a Firmicutes taxonomic restriction
Semi-tryptic digest with up to 2 miscleavages

Carbamidomethyl of cysteines as fixed modification

Peptide charge of +2

Decoy-enabled

Peptide and MS/MS tolerances of 25 and 75 parts per million
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3. Results and Discussion
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3. Results and Discussion

This chapter is divided into nine main sections. The first three sections describe the isolation
(section 3.1) and comparative characterisation, both genomic (section 3.3) and phenotypic
(section 3.2), of glycocin F- resistant mutants (Table 3.2) of L. plantarum ATCC 8014 and L.
plantarum subsp. plantarum ATCC 14917. The fourth section (section 3.4) is an attempt to
explain the major relevant mutations identified in section 3.3 by the use of in silico methods.
The next four sections (sections 3.5-3.8) describe efforts to perform targeted gene knockout, a
project that spanned 24 months and started 6 months prior the isolation of glycocin F-resistant

mutants. The last section (section 3.9) describes attempts to produce recombinant PTS18CBA.

3.1 Natural selection and isolation of glycocin F-resistant mutants

3.1.1 Introduction

For antimicrobial compounds of biological origin it is possible to select for resistance using
appropriate (culture) conditions. A simple yet powerful approach to identify genetic elements
involved in glycocin F-induced bacteriostasis involves the isolation of L. plantarum strains
resistant to glycocin F, followed by genome sequencing, assembly and comparative analysis to
the genomes of wild-type parent L. plantarum strains that are susceptible to glycocin F. For this
study L. plantarum ATCC 8014 and L. plantarum subsp. plantarum ATCC 14917 strains were
used as they are the most sensitive to glycocin F (Personal communication Patchett and Norris,
2012).

3.1.2 Aim

e To obtain L. plantarum subsp. plantarum ATCC 14917 and L. plantarum ATCC 8014

mutants resistant to glycocin F.

3.1.3 Results and discussion

Apart from L. plantarum strains L. plantarum KW30 and L. plantarum A-1, that produce
glycocin F-like bacteriocins (Hata et al., 2010), naturally glycocin F-resistant L. plantarum
strains may be relatively rare. The only strain identified so far is L. plantarum 965 (Personal
communication, Patchett and Norris, 2012), isolated from cheddar cheese (Daeschel et al.,
1990). Interestingly, this strain is used as an indicator for the two component plantaricins PInEF
and PInJK, presumably having lost its chromosomal copy of the corresponding immunity genes

(Diep et al., 1995). Plates were poured from molten MRS agar containing glycocin F and a
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susceptible L. plantarum strain (section 2.2.6). The cells were embedded in the agar to achieve a
more even dispersion to aid in colony counts and determination of the relative frequency.
Because some glycocin F-resistant colonies developed embedded in agar, different colony
morphologies were observed depending on the vertical position of the colony-forming cell
(Figure 3.1). Cells that settled on the base of the plate grew wide, yet short and had a soft
diffuse appearance, cells growing completely surrounded in MRS agar had an ellipsoid
appearance and surface colonies were raised and circular in appearance. The colonies were
counted and the frequency of resistance calculated (Table 3.1). Five surface colonies (Table 3.2)
were picked and sub-cultured in the presence of 100 nM glycocin F to maintain selection
(section 2.2.6).

L. plantarum ATCC 8014 L. plantarum subsp. plantarum
ATCC 14917

Replicate Plate 1

Replicate Plate 2

Figure 3.1 L. plantarum colonies grown in the presence of 100 nM glycocin F

Two replicate MRS agar plates containing 100 nM glycocin F and embedded cells of the L.
plantarum strain indicated after incubation at 30°C for 48 hours.
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The original aim (section 3.1.2) to obtain glycocin F-resistant mutants was achieved, as the cell
lines isolated from the surface colonies were later shown to be highly or completely resistant to
glycocin F (section 3.2). Based on the degree of glycocin F resistance, three mutants of each
strain were subjected to genome sequencing (section 3.3). Interestingly, L. plantarum subsp.
plantarum 14917, the more sensitive of the two wild-type strains (Figure 3.3a cf. Figure 3.3b),
acquired resistance (average relative resistance frequency of 7.6x10°) at almost double the
frequency of L. plantarum ATCC 8014 (average relative resistance frequency of 4.0x10°)
(Figure 3.1). Later characterisation of the two strains (section 3.2) showed that the resistance
acquired by the L. plantarum ATCC 8014 mutants was more complete compared to that of L.
plantarum subsp. plantarum ATCC 14917 mutants. The implications of these observations are

discussed in section 3.3.

Table 3.1 Glycocin F resistance colony counts and frequency
Lactobacillus plantarum Replicate Plate Colony Count Relative Resistance
Frequency
subsp. plantarum ATCC 14917 1 151 7.4x10°
2 158 7.8x10°
ATCC 8014 1 66 4.1x10°®
2 63 3.9x10°

Table 3.2 Identification details of wildtype and mutants

Strain Original Mutant Glycocin F NCBI BioProject NCBI Locus
Colony Identifier* Resistance number Tag Prefix
Group

ATCC 8014 Wild-type  N/A Indicator 247443 EV52
ATCC 8014 1 LP8_1L Low 247442 EV51
ATCC 8014 2 LP8_2H High N/A N/A
ATCC 8014 3 LP8_3H High N/A N/A
ATCC 8014 4 LP8_4H High 247441 EV50
ATCC 8014 5 LP8 5H High 247440 EV49
ATCC 14917 Wild-type  N/A Indicator 247439 EV48
ATCC 14917 1 LP1_1H High N/A N/A
ATCC 14917 2 LP1 2H High 247446 EV55
ATCC 14917 3 LP1_3L Low 247445 EV54
ATCC 14917 4 LP1_4H High 247444 EV53
ATCC 14917 5 LP1 5L Low N/A N/A

N/A; not applicable, *Mutant identifier is explained in detail in section 3.2
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3.2 Characterisation of glycocin F resistant mutants to glycocin F

3.2.1 Introduction

Prior to characterisation of the glycocin F-resistant L. plantarum mutants (Table 3.2) the
glycocin F minimum inhibition concentration (MIC) (section 2.2.7.1) for wild-type L.
plantarum subsp. plantarum ATCC 14917 and L. plantarum ATCC 8014 was determined. This
was done so that the response of the glycocin F-resistant mutants to glycocin F could be
assessed at the MIC. Characterisation of the glycocin F-resistant L. plantarum subsp. plantarum
ATCC 14917 mutants and the glycocin F-resistant L. plantarum ATCC 8014 mutants to
glycocin F was accomplished using liquid culture assays (section 2.2.7.2) and plate assays
(section 2.2.7.3).

3.2.2 Aims

e To determine the glycocin F MIC for indicator strains L. plantarum subsp. plantarum
ATCC 14917 and L. plantarum ATCC 8014.

e To characterise the effect of glycocin F on glycocin F-resistant L. plantarum subsp.
plantarum ATCC 14917 and L. plantarum ATCC 8014 mutants.

3.2.3 Results and discussion

From triplicate liquid culture assays of glycocin F inhibition, the glycocin F MIC for both L.
plantarum subsp. plantarum ATCC 14917 and L. plantarum ATCC 8014 was determined to be
25 nM (Figure 3.2). This MIC value was used as the lower concentration of glycocin F in the

liquid culture assays, alongside the high 1 uM concentration (section 2.2.7.2).

Liquid culture glycocin F sensitivity assays of the glycocin F-resistant L. plantarum subsp.
plantarum ATCC 14917 mutants showed that compared to the wild-type strain, the inhibition of
growth by glycocin F, at both 25 nM and 1 uM, was reduced from an average of 95.7 % to an
average of 50 % (Figure 3.4). At 25 nM glycocin F, resistance among the mutants was similar
while at the higher concentration of 1 UM two resistance phenotypes were apparent; a high level
resistance group (Group H) and a low level resistance group (Group L). High level resistance
mutants included colonies 1 (LP1_1H), 2 (LP1_2H), and 4 (LP1_4H) and low level resistance
mutants included colonies 3 (LP1_3L) and 5 (LP1 5L). The name in the parenthesis is the
'mutant identifier' and details the parent strain (L. plantarum, 14917 or 8014), original colony
number (1-5) and relative resistance (High or Low) and replaces the colony identification

number as shown in Table 3.2.
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Table 3.3 MIC of the three wild-type L. plantarum

L. plantarum MIC (nM)
subsp. plantarum ATCC 14917 25
ATCC 8014 25
NC8 50
a [Glycocin F]
25 < 0nM
—_ = 1nM
g 2.0- + 2.5nM
) + 5nM
%* 1.51 + 7.5nM
é 10 =+ 10 nM
e : + 25 nM
205 - 50 nM
g0
] T : ; £ 24 -~ 75 nM
0.0 ; - = == ~ 100 nM
0 200 400 600 500 nM
Time (minutes) ~ 1000 nM
b [Glycocin F]
25 < 0nM
_ = 1nM
g 2.0 * 2.5nM
8 + 5nM
= 1.54 = 7.5nM
w
é 10 =+ 10 nM
3 : - 25 nM
2 05 - 50 nM
g0
~ 75nM
0.0 ~ 100 nM
- 500 nM
Time (minutes) -~ 1000 nM
Figure 3.2 Liquid culture glycocin F assays of L. plantarum for MIC determination

Triplicate liquid culture assays of (a) L. plantarum subsp. plantarum ATCC 14917 and (b) L.
plantarum ATCC 8014 inhibited by various concentrations of glycocin F. Vertical error bars
represent one standard deviation from the mean. ODggonrm iS plotted on the vertical axis and time
in minutes is plotted on the horizontal axis. Legends to the right indicate glycocin F
concentration added at time point 0 minutes.
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After 400 minutes of growth (Figure 3.4) the differences in phenotype were not so clear but
after 600 minutes of growth (Figure 3.5) the two groups became distinguishable when treated
with 1 pM glycocin F. On average the ODggonm at 600 minutes of those belonging to group H is
50 % higher than those belonging to group L (see inset scatter plot in Figure 3.5b). The glycocin
F sensitivity plate assays (section 2.2.7.3) were consistent in showing that all mutants had
acquired partial resistance to glycocin F (Figure 3.3a); the lowest glycocin F concentration that
caused inhibition increased to 3.12 uM from 781 nM. The glycocin F sensitivity plate assays
were consistent, showing mutant colonies 1 (LP1_1H), 2 (LP1 2H) and 4 (LP1 4H) have
different resistance phenotypes to mutant colonies 3 (LP1 3L) and 5 (LP1_5L); clearing at 100
UM glycocin F was more complete for mutant colonies 3 (LP1_3L) and 5 (LP1 5L) than for
mutant colonies 1 (LP1_1H), 2 (LP1_2H) and 4 (LP1_4H).

As with the glycocin F-resistant L. plantarum subsp. plantarum ATCC 14917 mutants, the
glycocin F-resistant L. plantarum ATCC 8014 mutants displayed two resistance phenotypes.
Glycocin F liquid culture sensitivity assays showed resistance across the mutants was fairly
uniform at the MIC (Figure 3.6a and Figure 3.7a), but at 1 uM two phenotypes were obvious
(Figure 3.6b and Figure 3.7b); mutant colonies 2 (LP8_2H), 3 (LP8 3H), 4 (LP8 4H) and 5
(LP8_5H) displayed a high level resistance phenotype (Group H) and mutant colony 1
(LP8_1L) displayed a low level resistance phenotype (Group L) (Inset scatter plot in Figure
3.7b). Remarkably the L. plantarum ATCC 8014 group H isolates seem to have acquired
complete resistance to glycocin F. This was shown by the liquid culture assays where inhibition
of the group H mutants at both 25 nM and 1 uM glycocin F, relative to the untreated controls, is
not detectable (Figure 3.6 and Figure 3.7). It was again shown by the glycocin F sensitivity plate
assays (Figure 3.3b), where inhibition of the wild-type strain begins at 1.56 pM while mutant
colonies belonging to group H fail to exhibit bacterial clearing at all concentrations tested, the

highest being 100 UM, providing strong evidence for complete resistance to glycocin F.

For L. plantarum subsp. plantarum ATCC 14917 it would appear that complete resistance was
unattainable. This may be due to the manner in which complete resistance arises. The definitive
reason for the two resistant phenotypes observed is unknown but can be potentially explained

by the comparative analysis of the genome which is discussed in sections 3.3 and 3.4.
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L. plantarum subsp. L. plantarum ATCC 8014
a  plantarum ATCC 14917 b

Replicate plate 1 Replicate plate 2 Replicate plate 1 Replicate plate 2

195nM [ 390 nM |781 nM | 1.56 uM

12.5 uM|[ 25 um

Figure 3.3 Glycocin F agar plate assays of glycocin F-resistant L. plantarum mutants

Wild-type (WT) and glycocin F-resistant L. plantarum mutants (1-5) were embedded in molten
MRS agar, poured into two plates which were treated with 2.5 pL spots of glycocin F at the
concentrations shown in (c). Label to the left of the plates indicate the mutant isolate.
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Figure 3.4 Liquid culture growth inhibition of wild-type and glycocin F resistant L.

plantarum subsp. plantarum ATCC 14917 mutants after 400 minutes
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Bar graphs represent the mean ODggonm after 400 minutes (from growth curves in Figure 3.5) of
duplicate experiments; error bars represent one standard deviation from the mean. Two cultures
were inoculated at an ODgynm Of 0.05; one set was treated with either (a) 25 nM or (b) 1 pM
glycocin F and the other left untreated. Statistical significance (P-value) between treated and
untreated samples was determined using the Holm-Sidak test (values in green). Statistical
significance (P-value) of the treated mutants (1-5) to the treated wild-type (WT) control was
determined using the Holm multiple comparison test (values in blue). The letter H or L in the
bar indicates which resistance group the mutant belongs to.
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Figure 3.5 Growth curves of wild-type and mutant glycocin F-resistant L. plantarum

subsp. plantarum ATCC 14917 mutants treated with glycocin F

Duplicate liquid culture growth inhibition assays, at (a) 25 nM glycocin F or (b) 1 uM glycocin
F, of wildtype (WT) and glycocin F-resistant L. plantarum subsp. plantarum ATCC 14917
mutants (1-5). The mean ODgponm at 20 minute intervals is plotted vs time (minutes). Legends on
the right indicate the strain and final glycocin F (GccF) concentrations added at O minutes. Error
bars indicate one standard deviation from the mean. The inset scatter plot in (b) is the mean
ODggonm after 600 minutes for group H and group L mutants. Error bars indicate one standard
deviation from the mean. P-value signifies statistical significance between the group means.
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Figure 3.6 Liquid culture growth inhibition of wild-type and glycocin F resistant L.
plantarum ATCC 8014 mutants after 400 minutes

Bar graphs represent the mean ODgoonm after 400 minutes (from growth curves in Figure 3.7) for
duplicate experiments; error bars represent one standard deviation from the mean. Two cultures
were inoculated at ODggonm Of 0.05 and set one was treated with either (a) 25 nM or (b) 1 uM
glycocin F while the other was left untreated. Statistical significance (P-value) between treated
and untreated samples was determined using the Holm-Sidak test (values in green). Statistical
significance (P-value) of the treated mutant (1-5) to the treated wild-type (WT) control was
determined using the Holm multiple comparison test (values in blue). There was no statistical
significance between treated and untreated samples from mutants 2, 3, 4 and 5. The letter H or L
in the bar indicates which resistance group the mutant belongs to.
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Figure 3.7 Glycocin F liquid culture assays of glycocin F resistant L. plantarum ATCC
8014 mutants

Duplicate liquid culture growth inhibition assays, at (a) 25 nM glycocin F or (b) 1 uM glycocin
F, of wild-type (WT) and glycocin F-resistant L. plantarum ATCC 8014 mutants (1-5). The
mean ODggonm at 20 minute intervals is plotted vs time (minutes). Legends on the right indicate
the strain and final glycocin F (GccF) concentrations added at O minutes. Error bars indicate one
standard deviation from the mean. The inset scatter plot in (b) is the mean ODgyonm after 600
minutes for group H and group L mutants. Error bars indicate one standard deviation from the
mean. P-value signifies statistical significance between the means of the groups.
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3.3 Sequencing, assembly, annotation and comparative analysis of the
genomes of glycocin F-resistant mutants

3.3.1 Introduction

gDNA from the glycocin F-resistant mutants (section 3.1) and their respective glycocin F-
sensitive wild-type strains were sequenced using the Illumina® MiSeq™ system. The mutants
were selected for genome sequencing (section 2.3.2) based on the findings of the glycocin F
solid plate and liquid culture sensitivity assays (section 3.2); from each strain, two group H
mutants and one group L mutant were selected: LP1 2H, LP1 3L and LP1 4H from L.
plantarum subsp. plantarum ATCC 14917 mutants, and LP8_1L, LP8 4H and LP8 5H from L.
plantarum ATCC 8014 mutants. Both group L and group H mutants were selected as it was
assumed that mutations identified in the group L mutants would complement those identified in
the group H mutants in relation to how mutations were conferring resistance to glycocin F.
Three de novo assembly programs (two of these use a de Bruijn graph algorithm and one using
an overlap-layout consensus algorithm), were used to perform de novo assembly of eight
sequenced genomes, which were then annotated and comparatively analysed to identity proteins
that might be required for sensitivity to glycocin F.

3.3.2 Aims

e To sequence the genomes of the selected glycocin F-resistant L. plantarum subsp.
plantarum ATCC 14917 and L. plantarum ATCC 8014 mutants.

e To perform de novo assembly and annotate the sequenced genomes.

e To comparatively analyse the assembled genomes and identify mutation possibly

responsible for glycocin F resistance.

3.3.3 Results and discussion of comparative genomic analysis

gDNA from the glycocin F-resistant mutants (section 3.1) and their respective glycocin F-
sensitive wild-type strains was purified (section 2.3.1) and quantified using the NanoDrop®
(section 2.1.14). Analysis of the purified gDNA using agarose gel electrophoresis (section
2.1.13) confirmed that the samples were not heavily contaminated with RNA (Appendix 3).
Sequencing generated 250-bp paired-end sequencing reads with each direction having an
average of 2,596,507 sequences which equates to an approximate 399-fold average coverage
based on the estimated genome sizes (section 2.4.2). These raw reads were subjected to quality
control processing (section 2.4.1) by MGS, and also as part of this work, prior to de novo

assembly (section 2.4.3). Statistical details on the raw sequencing reads and quality control
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processed reads are provided in Appendix 4. De novo assembly of combined, forward and
reverse fastq files from the quality control processing (section 2.4.1) was performed using
Velvet, SPAdes and Edena (section 2.4.3).The results of all assemblies are detailed in Appendix
5 and details pertaining to the de novo Velvet assemblies are detailed in Table 3.4, the reasoning
for this is provided below. Contigs generated from all three de novo assemblies were processed
by CISA (section 2.4.4) to extend the contigs from other representative contigs, identify
misassembled contigs and split and trim these, and finally to merge contigs based on overlap
and repetitive regions (Lin and Liao, 2013). Results of the integration are listed in Appendix 5.
Validation of the CISA contigs was done by mapping the reads from the filtered forward and
reverse fastq files (that had reads with ambiguities and those shorter than 150-bp removed) back
to the CISA contigs (section 2.4.6).

Table 3.4 Velvet assembly parameters and results

L. plantarum ATCC 8014
Isolate LP8_1L LP8 4H LP8 5H WT
k-mer 201 201 201 201
exp_cov 66 62 73 66
cov_cutoff 25.62 31.31 28.34 10.65
ins_length 230 230 230 231
ins_length_SD 25 42 21 21
Nodes 76 89 76 71
Total nucleotides (bp) 3254122 3253155 3254022 3254764
Min length (bp) 401 68 401 401
Max length (bp) 358980 429109 358980 528679
Average length (bp) 42817.39 36552.3 42816.08 45841.75
N50 length (bp) 196709 91684 150664 229667
GC (%) 4451 44.50 4451 44.50

L. plantarum subsp. plantarum ATCC 14917
Isolate LP1_2H LP1 3L LP1 4H WT
k-mer 201 201 201 201
exp_cov 49 54 61 58
cov_cutoff 22.36 3.90 3.36 4.56
ins_length 232 229 231 230
ins_length_SD 19 36 40 22
Nodes 50 70 88 51
Total nucleotides (bp) 3232022 3238718 3244568 3234848
Min length (bp) 401 191 191 193
Max length (bp) 444383 545064 547839 507253
Average length (bp) 64640.44 46267.4 36870.09 63428.39
N50 length (bp) 244237 226553 191110 413585
GC (%) 44.48 44.47 44.48 44.48
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In the assemblies of some mutant isolates, mis-assemblies were identified in the CISA contigs
that were then traced back to the SPAdes de novo assemblies. These mis-assemblies were not
identified in the contigs generated by de novo Velvet or Edena assemblies, thus due to time
constraints the integrated contigs were discarded and comparative analysis (section 2.4.7) was
carried out using the contigs generated by de novo Velvet assembly. The Velvet contigs from all
strains were annotated using Prokka (section 2.4.5) (results are summarised in Table 3.5 and are
provided in electronic Appendix 6). The locus tags prefixes from the NCBI BioProjects
(http://www.ncbi.nlm.nih.gov/bioproject/) (Table 3.2), originally set up for CISA integrated
contigs, were used in the annotation of the Velvet contigs. In due time these BioProjects will be
adjusted to describe a de novo assembly by Velvet, and another eight BioProjects will be
submitted to NCBI BioProjects representing contigs integrated using CISA. Submission of these
genomes to the NCBI Genome (http://www.ncbi.nlm.nih.gov/genome) will be completed upon

successful integration of the contigs using CISA.

Comparative analyses (section 2.4.7) were performed using the wild-type strains as reference
sequences to which the three mutant isolate genomes were aligned. The following mutations
were ignored: discrepancies within 250-bp of contig ends, silent mutations inside coding
sequences and mutations in intergenic regions that were not likely to alter gene expression.
Analysis of the L. plantarum ATCC 8014 genomes identified two areas in the mutant genomes

that differed to the wild-type. These mutations are described at both the genetic level and

Table 3.5 Summary of Prokka annotation of velvet assemblies

L. plantarum ATCC 8014

LP8_1L LP8_4H LP8_5H WT
Gene 3162 3149 3162 3151
CDS 3032 3028 3031 3029
Signal peptide 155 156 156 154
Misc_RNA 66 67 66 67
tRNA 63 53 64 54
tMRNA 1 1 1 1

L. plantarum subsp. plantarum ATCC 14917

LP1_2H LP1_3L LP1_4H WT
Gene 3162 3157 3148 3160
CDS 3026 3022 3026 3026
Signal peptide 174 172 170 173
Misc_RNA 69 70 68 69
tRNA 66 64 53 64
tMRNA 1 1 1 1
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protein translation level along with original colony identification and final mutant identifier in
Table 3.6. A region of sequence in the wild-type genome (GenBank accession number
EV52_contig000013) was found to contain a mutation in a sequence that is annotated as a purR
CDS (GenBank accession number EV52_02355) due to its sequence similarity to a purine
operon repressor (GenBank accession number YP_003061980.1) from L. plantarum JDML.
This mutation is only identified in the genome of isolate LP8_1L (GenBank accession number
EV51 contig000001) and is an alanine to serine (A276S) missense mutation involving a
cytosine to adenine substitution at nucleotide position 825 of the purR CDS (GenBank
accession number: EV51_00058).

PurR has 70.7 % pairwise identity and 56.1 % sequence identity to two purine operon repressors
that are deposited in the RCSB Protein Data Bank (PDB) (PDB# 1P4A and 1057 respectively)
(http://www.rcsb.org/). A276 is located three amino acids from the C-terminus in PurR and is
not conserved in either of the PDB protein structures. The amino acids surrounding A276 also
have low similarity. Both PurR structures show that the C-terminal tail is not involved in the
integrity of the subunit structures or the dimerisation interfaces. Due to the conservative nature
of this mutation and its location no major changes to the function of PurR are predicted to

occur.

Table 3.6 Mutations identified in glycocin F resistant mutants

Strain Resistan  Mutant Genetic Mutation Protein Mutation
ce Identifier
Group
ATCC 8014 Low LP8 1L purR(C825A); PurR(A276S);PTS18CBA(T204N)
pts18CBA(C610A)
ATCC 8014 High LP8 2H Unknown Unknown
ATCC 8014 High LP8_3H Unknown Unknown
ATCC 8014 High LP8 4H pts18CBA(A769-838) PTS18CBA(A257-280)
ATCC 8014 High LP8 5H pts18CBA(Am898) PTS18CBA(A300-662)
ATCC 14917 High LP1 1H Unknown Unknown
ATCC 14917 High LP1_2H ApanEl;pts18CBA(Al- APANEI;PTS18CBA(A1-24)
72)
ATCC 14917 Low LP1 3L pts18CBA(A630C) PTS18CBA(N211H)
ATCC 14917 High LP1 4H pts18CBA(G727A) PTS18CBA(G243E)
ATCC 14917 Low LP1 5L Unknown Unknown
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The second difference was in a protein coding sequence in the wild-type genome (GenBank
accession number EV21_contig000007) that contains a different mutation in each of the three
sequenced glycocin F-resistant isolates (Appendix 7). This coding sequence is annotated as
pts18CBA_3 (GenBank accession number EV52_01314) due to its high similarity to the
GIcNAc-specific PTS-EIICBA (GenBank accession number YP_003063622.1) from L.
plantarum JDM1 (GenBank accession number NC_012984) (Figure 3.8). It should be noted that
pts18CBA 3 is the homolog of pts18CBA identified in L. plantarum WCFS1 (section 1.4) that
was targeted for knockout (section 3.5) and that two other regions in the genome of L.
plantarum ATCC 8014 were mis-annotated as being pts18CBA and pts18CBA_2. In the genome
of mutant LP8_1L (GenBank accession number EVV51_contig000029), a threonine to asparagine
(T204N) substitution is the result of a cytosine to adenine missense mutation at nucleotide
position 610. In the genome of mutant LP8 4H (EV50_000010) a 69-nucleotide deletion
between positions 769 and 839 was identified in ptsl8CBA_3. This deletion, mapped in
LP8 4H, results in the loss of 23 amino acids and does not cause a frame shift in the
downstream sequence. In the genome of the isolate LP8 5H (GenBank accession number
EV49 contig000029) there is an amber nonsense mutation resulting from a guanidine to
adenine substitution at nucleotide position 898 in pts18CBA _3. This nonsense mutation removes
a 363-amino acid segment from PTS18CBA, truncating the 662-amino acid protein by more
than 50 %. Figure 3.9 shows the location of these mutations in the translated pts18CBA_3.

Comparative analyses of the L. plantarum subsp. plantarum ATCC 14917 genomes (Appendix
8) identified a single region in the wild-type genome (GenBank accession number
EV48_contig000009) with varying degrees of change in the three mutant genomes. This region
is homologous to the region in L. plantarum ATCC 8014 in which mutations were mapped to
the pts18CBA_3 CDS (GenBank accession number EV52_01314) (Figure 3.8). This region in L.
plantarum subsp. plantarum ATCC 14917 was annotated by Prokka to contain a pts18CBA
CDS (GenBank accession number EV48_02088), an obvious homolog of pts18CBA 3 with
99.7 % amino acid pairwise identity. In mutant LP1 2H (GenBank accession number
EV55_contig000009) a 1,285-bp deletion is observed at position 222,721 (GenBank accession
number EV55_contig000009). This includes the entire panE1 CDS (GenBank accession number
EV48_02087), and 49-bp upstream and 261-bp downstream of panE1l. The downstream region
includes 72-bp of the pts18CBA CDS. The gene panEl encodes the enzyme 2-dehydropantoate
2-reductase (GenBank accession number YP_003063623.1) and is 189-bp upstream from the
start of the pst18CBA CDS. In the genome of mutant LP1_3L (GenBank accession number
EV54 contig000003) an asparagine to histidine (N211H) substitution is the result of an adenine

to cytosine missense mutation at nucleotide position 630. In the genome of mutant LP1_4H
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(GenBank accession number EV53_contig000052) a glycine to glutamic acid (G243E)
substitution is the result of a guanine to adenine missense mutation at nucleotide position 727.

The genomes of two wild-type and six glycocin F-resistant mutants were partially assembled,
then annotated, and comparative analysis revealed a different mutation in the pts18CBA gene in
each of the six resistant mutants. These mutations are discussed both in greater detail and in
context to their location in a predicted PTS18CBA 3D model (section 3.4).

Figure 3.8 DNA sequence Alignment of L. plantarum subsp. plantarum ATCC 14917
and L. plantarum ATCC 8014

DNA alignment of the pts18CBA coding region, and flanking DNA, from L. plantarum subsp.
plantarum ATCC 14917 and L. plantarum ATCC 8014 was undertaken using Geneious™, a
detailed view of the alignments are provided in Appendix 7 and Appendix 8 which were
generated using CLUSTAL OMEGA (http://www.ebi.ac.uk/Tools/msa/clustalo/). The thin grey
ribbons represent the two nucleotide sequences of L. plantarum; top L. plantarum subsp.
plantarum ATCC 14917, bottom L. plantarum ATCC 8014. Vertical lines in the thin grey
ribbons represent locations where the nucleotide sequence is different between the two strains:
A red, T green, C blue and G yellow. Annotations above or below the sequence belong to the
respective strain. Yellow bars represent protein coding sequences. Dark red bars are the region
of sequence amplified by high fidelity PCR for knockout vector construction. Beige annotations
are primer binding sites. Light red annotation is the T-box element annotated by Prokka. Lime
annotations are promoter regions predicted using online promoter prediction software BPROM
(Solovyev and Salamov, 2011) (http://linux1.softberry.com/all.ntm).
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3.4 Explaining the PTS18CBA mutations using in silico methods

3.4.1 Introduction

PTS18CBA is the EIl component of a carbohydrate PTS and is thought to be specific for
GIcNAc. It is a multi-domain protein in which the consecutive EIIC, EIIB and EIIA domains
are fused into a single polypeptide, as predicted by NCBIs Conserved Domain search
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsh.cgi). Each of the six mutations mapped to
pts18CBA in the six glycocin F-resistant isolates are located in or (in the case of LP1 2H)
overlap the predicted CDS of the EIIC domain. The EIIC domain is the transmembrane
component of the PTS that is responsible for carbohydrate recognition and membrane
translocation of the sugar (Simoni et al., 1976). How these mutations affect both the structure
and function of the EIIC domain could be determined from experiments designed to assess
particular properties of the protein, such as saccharide phosphorylation, carbohydrate-protein
interaction, protein fold and domain interactions. Such investigations might use surface plasmon
resonance (SPR), isothermal titration calorimetry (ITC), X-ray diffraction or NMR techniques.
Due to time constraints it was not possible to experimentally investigate the effect of these
mutations on PTS structure or function, but previous reports by Schnetz et al. (1990), Ruijter et
al. (1992), Buhr et al. (1992), Weng et al. (1992), Cao et al. (2011) and McCoy et al. (2014),
combined with in silico modelling methods, similar to what was performed by Kjos et al.
(2010a), provided the bases for informed speculation on the structural and functional

consequences of these mutations.

3.4.2 Results and Discussion

PTS18CBA amino acids 1-410, containing the PTS18CBA EIIC domain (PTS18C) were
subjected to homology-based tertiary structure prediction using the Phyre? web server (Kelley
and Sternberg, 2009) (http://www.sbg.bio.ic.ac.uk/phyre2). The top ranked model (EIIC-PHY)
predicted by Phyre’ (Figure 3.10a), based on sequence alignments, secondary structure
predictions and statistical probabilities, was PTS18C threaded to the structure of a N,N'-
diacetylchitobiose-specific PTS-EIIC permease (PDB# 3QNQ) (Figure 3.10b) from Bacillus
cereus (ChbC) with which it shares only 14 % amino acid sequence identify. This threading
resulted in 93 % of the amino acids being modelled with >90 % confidence (Appendix 9 and
Appendix 10). The SuperPose v1.0 web server was utilised, with default settings, to compare
the threaded EIIC-PHY model to the structure of ChbC (Maiti et al, 2004)
(http://wishart.biology.ualberta.ca/SuperPose/). Not surprisingly, the alignment showed the root
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Figure 3.10  Predicted model of the transmembrane EIIC domain from L. plantarum
ATCC 8014 PTS18CBA

PTS18CBA amino acids 1-410 (includes the entire EIIC domain) were submitted to the Phyre?
web server to produce a model of the 3D structure (EIIC-PHY), shown in (a). The structure
used to model EIIC-PHY was ChbC, shown in (b). Both the front and back view of the EIIC-
PHY model and solved 3D structure of ChbC are shown. The N-terminal is blue and the C-
terminal is red. ¢) The superposition of the backbone atoms of ChbC (red) and EIIC-PHY
(yellow).
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Figure 3.11 Topology of the TMHs of ChbC
a) Figure adapted with permission from McCoy et al. (2014) showing the topology of the 10

TMHs in ChbC, colour-coded to match the TMHSs in (b). b) The 3D structure of the dimer of the
EIIC domain of the N,N'-diacetylchitobiose-specific PTS from B. cereus was solved to 3.3 A
using X-ray diffraction by Cao et al. (2011). TMHs and re-entrant loops are numbered
according to McCoy et al. (2014). The five helices labelled with a '(2)" are from the back side
view of the second subunit of the dimer that are not visible from the front view.
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mean square deviation (RMSD) between the backbone atoms of the two structures to be 4.64 A,
showing they have the same fold and 3D structure (Figure 3.10c). To provide some weight to
the threaded EIIC-PHY model, PTS18C was also subjected to homology based tertiary structure
prediction using the web server RaptorX (Kallberg et al., 2012) (http://raptorx.uchicago.edu/).
Again PTS18C was threaded into the structure of ChbC and was reported as the top ranked
model with a P value of 4.2e” indicating the threaded model by RaptorX is of relatively good
quality. The predicted model and relevant results generated by RaptorX are provided (Appendix
11). Superpose was used to compare the RaptorX model and Phyre? model, a RMSD between
the backbone of the atoms of the two structures was calculated to be 5.11 A showing them to

have the same fold and 3D structure (Appendix 11).

The secondary structure and transmembrane prediction by Psi-pred 2.5 (Jones, 1999) and
Memsat SVM (Jones, 2007) respectively, implemented in Phyre?, predicted the presence of 12
TMHs. These 12 TMHs correlate to the helices observed in the threaded EIIC-PHY model,
which suggest that the EIIC domain of PTS18CBA has very similar membrane topology to
ChbC. However two of the TMH predicted by Psi-pres 2.5 and Memsat SVM, in both the EIIC-
PHY model structure and the ChbC structure, are re-entrant loops, not TMHs. The threaded
EINIC-PHY model is also missing the N-terminal helix, AH1 present in the ChbC structure. Due
to the high degree of similarity in the topology of the TMHSs between the threaded EIIC-PHY
and ChbC structures, the naming convention for all helices in the threaded EIIC-PHY model is
based on ChbC topology (Figure 3.9 and Figure 3.11). It is perhaps fortuitous for these
modelling studies that the only PTS-EIIC domain for which an X-ray crystal structure is
available (ChbC), transports a GIcNAc disaccharide.

The mutations in the genomes of all six resistant strains were mapped to PTS18CBA and fell
into two categories. Either a relatively large mutation, as occurs in LP1 2H, LP8 4H and
LP8 5H, or a single missense mutation, as occurs in LP8 1L, LP1 3L and LP1 4H. The
largest of the mutations, mapped in mutant LP1 2H, is a 1,285-bp deletion that results in the of:
(a) loss of the entire panEl CDS, (b) the -35 and -10 promoter elements of pts18CBA and (c)
the -10 element of panE1, predicted by online promoter prediction software BPROM (Solovyev
and Salamov, 2011) (http://linux1.softberry.com/all.htm), and (d) the first 24 codons of the
pts18CBA CDS (Figure 3.8 and Figure 3.9). This deletion does not introduce a frame shift into
the remaining 1,917-bp of pts18CBA and the first codon from the remaining coding sequence is
a TTG codon which can initiate translation, albeit relatively infrequently (Villegas and
Kropinski, 2008). However due to the deletion of the promoter region, the remainder of the

pts18CBA gene would not be expressed.

86



Figure 3.12  Substrate sugar binding site of ChbC and EIIC-PHY

a) Substrate sugar binding site located in the structure of ChbC. The 26 amino acid conserved
region comprised of TMHSs 6-7 and can be observed forming one side of the binding site for
N,N'-diacetylchitobiose (Chit, red), along with the essential histidine 250. Glycine 248 is
present at the C-terminus of TMH 6 packing between F338 and VV342. The same region from
the threaded EIIC-PHY model is provided in (b) for comparison, showing the location of the
mutated residues T204 and N211.
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The second largest mutation is the nonsense mutation mapped in mutant LP8 5H. This
mutation results in the loss of the EIIB and EIIA domains and 80 residues from the C-terminal
region of the EIIC domain (Figure 3.9). The L. plantarum ATCC 8014 genome contains only
two putative GIcNAc-specific PTS transporters, pts18CBA 3 (GenBank accession number:
EV52_01314) and pts22CBA (GenBank accession number: EV52_01147) and in both cases the
EIIB and EIIA domains are fused to the EIIC domain so loss of the EIIB and/or EIIA domain
from pts18CBA will almost certainly render this protein functionally inactive due to an
incomplete phosphorylation cascade. EIl domains from other PTSs would not be able to
complement the loss as discussed in section 1.3.2, and it would therefore be predicted to abolish
transport and regulatory functions. The model, EIIC-PHY, showed that the 80 EIIC residues to
make up TMH 9, HP2 and TMH 10 (Figure 3.9). In ChbC (Figure 3.11) these TMHs are part of
the transport domain, interface with the membrane, and also contain residues predicted by Cao
et al. (2011) and McCoy et al. (2014) to be involved in stabilising N,N-diacetylchitobiose
through stacking interactions (Figure 3.12). Their loss is predicted to cause major structural
changes to the transport domain of EIIC, resulting in conformational instability most likely

leading to proteolytic degradation of the mutated PTS transporter (Striebel et al., 2014).

The last of the large mutations is a 23-amino acid deletion in the genome of mutant LP8_4H. In
the model EIIC-PHY these are residues 257-279 which correspond to residues 302-324 in ChbC
(Appendix 9). These 23 residues make up the C-terminal part of TMH 8b and the N-terminal
part of HP1a (Figure 3.9 and Figure 3.11). In the EII-PHY model and the ChbC structure, TMH
8b and HP1a are part of the transport domain and interface with the membrane while the loop
region between them is exposed to the cytosol (Figure 3.11). The loss of the 23 amino acids
from this region of the protein would most likely disrupt the structure and render it non-
functional. In a similar fashion to the mutation observed in LP8 5H, the 23-amino acid loss is

predicted to result in protein insolubility and possible proteolytic degradation.

To help predict the effects of the single missense mutations the conserved nature of these
residues was determined using NCBI's Position-Specific Iterated Basic Local Alignment Search
Tool (PSI-BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and NCBI's Constraint-Based
multiple  Alignment Tool (COBALT) (http://www.st-va.ncbi.nlm.nih.gov/tools/cobalt/).
Residues 169-274 from L. plantarum ATCC 8014 PTS18CBA, corresponding to the C-terminus
of TMH 5 to the N-terminus of TMH 9, were aligned to proteins in NCBI Protein Reference
Sequence database using PSI-BLAST with the gap cost set to the non-default values: 'existence:
9, extension: 1'. This alignment was performed twice, once open to proteins containing an EIIC
domain from all prokaryotes and again with a taxonomic restriction that included EIIC

containing proteins from Firmicutes only. The sequences identified by PSI-BLAST were then
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subjected to COBALT analysis and the conservation was identified using a conservation bit

setting of 2.

In all prokaryotes a single region was identified as being conserved. This region is made up of
26 amino acids between glycine 190 and asparagine 217. In Firmicutes EIIC domains this
region was still the only area of conservation detected, although it is expanded to include
glycine 190. In both the threaded EIIC-PHY model and the ChbC structure, this conserved
region consists of TMH 6, the loop region between THM 6 and TMH 7, and the N-terminal half
of TMH 7 (Figure 3.9 and Figure 3.11). Within this conserved region there are some amino
acids that are found to be particularly highly conserved. In Firmicutes the amino acids glycine
205 (ChbC: glycine 248) and leucine 206 (ChbC: isoleucine 249) are completely conserved
while histidine 207 (ChbC: histidine 250) and histidine 208 (ChbC: glycine 251) have a high
degree of conservation. In all prokaryotes this glycine 205, from EIIC-PHY, is completely
conserved. Its equivalent glycine in ChbC, glycine 248, is located at the C-terminus of THM 6
(Figure 3.12a). Its peptide nitrogen makes a hydrogen bond with the backbone carbonyl oxygen
of leucine 244 (EIIC-PHY:: leucine 201), which is located at the C-terminus of THM 6, and its
a-carbon packs tightly between the hydrophobic side chains of valine 342 (EIIC-PHY: valine
298) and phenylalanine 338 (EIIC-PHY: phenylalanine 293) from HP1b, which may explain

glycine's conservation, as no other residue would fit in this small space (Figure 3.12a).

These two THMs, 6 and 7, are part of the transport domain and contain residues vital to the PTS
transporters function. In ChbC, histidine 250 (H250) (EIIC-PHY: histidine 207) makes a
hydrogen bond with the substrate sugar (Figure 3.12), and site-directed-mutagenesis of the
equivalent histidine in E. coli mannitol-EIIC (Weng et al., 1992, Weng and Jacobson, 1993)
showed that this residue is involved in both the binding and phosphorylation of the mannitol.
Weng et al. (1992) cloned and produced the mannitol-EIIC protein with the following
mutations: H195N, H195R and H195A. They assayed the effect of these mutations on the
phosphorylation of mannitol in vitro and showed that although H195N and H195R had activity
comparable to the wild-type protein, H195A rendered the protein almost completely inactive. In
a later study, Weng and Jacobson (1993) showed that the same three mutations increased the
dissociation constant of mannitol and EIIC by an average factor of 216. An interesting
observation by Weng et al. (1992) was that all three of these mutations rendered the
recombinant protein more susceptible to endogenous proteolytic degradation suggesting that
they may have disrupted protein conformation and as a result exposed some regions of the
protein to proteases. These studies show the importance of the residues located in TMH6 to
TMH 7.
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The two amino acids T204 and N211, mutated in LP8_1L and LP1_3L respectively, are both
located in this highly conserved region (Figure 3.9). Comparisons of these residues in the
COBALT analyses shows that residue 204 is usually hydrophobic, and can be valine,
phenyalanine, methionine, leucine, alanine or isoleucine. Residue 211 on the other hand is more
varied, and amino acids at this position include tyrosine, histidine, tryptophan, serine, leucine,
valine, threonine, cysteine, glycine, alanine and proline. The T204N mutation is conservative,
but introduces a side chain containing a carboxamide group, that is capable of being involved in
3 hydrogen bonds-in contrast to the single hydrogen bond of the threonine side chain. The
N211H mutation introduces a positive charge, at pH <6.5, that could potentially form an

electrostatic bond or contribute to electrostatic repulsion.

G243, mutated in LP1_4H, is not part of the TMH 6-7 region or part of another large conserved
region. Analysis of G243 shows that it is fairly conserved throughout the Bacterial domain and
an analysis of the Firmicutes shows that the small number of variations that occur at this
position are very conservative. It is usually replaced with small polar residues such as serine or
threonine, and occasionally with glutamate. The mutation to E introduces a large negatively-
charged side chain which could clash both sterically and electrostatically with neighbouring
residues which make up the conserved region mentioned above. This could result in a disruption
to the ligand-binding site or the transport domain. It is suggested that the mutation G243E
disrupts the protein's conformation, possibly leading to proteolytic degradation while the T204N
and N211H mutations may compromise GIcNAc binding and/or transporter function.
Compromised GIcNAc binding would also be expected to decrease the binding affinity of the
PTS18CBA EIIC GIcNAc-binding site for the GIcNAc moieties of glycocin F.

All the large mutations of LP1 2H, LP8 4H and LP8 5H result in relatively high level or
complete resistance to glycocin F, while the missense mutations of LP8_1L and LP1_3L result
in relatively low level resistance. Interestingly the G243E missense mutation in LP1_4H also
results in a relatively high level of glycocin F resistance. It is possible that the large deletions
are so deleterious that they result in PTS18CBA either being not transcribed, or being
incorrectly folded leading to pupylation and proteolytic degradation (Striebel et al., 2014). The
effect of the single missense mutations correlated with low level resistance could result in a
decreased substrate affinity or a non-functional transport domain, while the G243E mutation
may cause a change in the stability of the transporter, leading to its degradation. Nevertheless,
mutations which may impair the correct folding of PTS18CBA, or destabilise the folded state,
result in a relatively high level of glycocin F resistance. What then is the basis of the residual
glycocin F bacteriostatic activity against the glycocin F resistant L. plantarum subsp. plantarum

ATCC 14917? One explanation is the presence of another membrane receptor (discussed in
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section 3.8.3), which would also account for increased sensitivity of this strain to glycocin F
compared to L. plantarum ATCC 8014.

3.5 Construction of pts18CBA knockout plasmids

3.5.1 Introduction

Plasmid pNZz5319, constructed by Lambert et al. (2007), was a kind gift from Richard Bongers
at the Wageningen Centre for Food Science, Health and Safety Department, P.O. Box 20, 6710
BA Ede, The Netherlands. Plasmid pNZ5319 (Appendix 12) is a medium copy number plasmid
used to construct knockouts of specific genes in L. plantarum WCFS1 (Lambert et al., 2007). It
uses a suicide mutagenesis strategy in which the plasmid that transforms competent L.
plantarum is destroyed in the process of homologous recombination. pNZ5319 contains two
selectable marker genes encoding chloramphenicol and erythromycin resistance, the former is
incorporated into the genome upon homologous recombination, providing a simple method for
screening clones that have undergone homologous recombination. Using Cre recombinase the
selectable marker can be removed resulting in a system that allows multiple gene deletions in a

single L. plantarum genetic background.

3.5.2 Aims

e To clone two approximately 1-kbp segments of DNA flanking pts18CBA from the
genome of L. plantarum subsp. plantarum ATCC 14917 and L. plantarum ATCC
8014 into the multiple cloning sites of plasmid pNZ5319.

3.5.3 Primer design

Primers were designed according to the recommendations of Lambert et al. (2007) (Appendix
13). The primer pair 80_term and 81 were designed to generate '14917_F1' from the genome of
L. plantarum subsp. plantarum ATCC 14917 so that 45 nucleotides at the 3' end of 14917 F1
would be amplified from within the coding region of pts18CBA (Figure 3.8). The primer pair
‘82a and 83b” were designed to generate '14917_F2' and '8014_F2 from the genomes of L.
plantarum subsp. plantarum ATCC 14917 and L. plantarum ATCC 8014, so that 330
nucleotides at the 5' end of 14917 _F2 and 8014_F2 would be amplified from the coding region
of pts18CBA. Primer pair 'F8014_1 and R8014_1 STP' were designed to generate ‘8014 F1'
from the genome of L. plantarum ATCC 8014 so that 36 nucleotides at the 3' end of 8014_F1
would be amplified from within the coding region of pts18CBA. The sequence TTA was present

at the 5' end of primer 80_term and F8014_1 STP to introduce a stop codon at amino acid
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residue 16 of pts18CBA thus preventing the potential expression of a possible transcript from
the pts18CBA after homologous recombination that might be toxic. No restriction enzyme
recognition sites were included in the primers as all cloning was to be blunt end so as to negate
restriction digestion of PCR products and dephosphorylation of linearised plasmid.

3.5.4 PCR amplification of flanking regions from L. plantarum gDNA

14917 F1, 14917 _F2, 8014 _F1 and 8014 _F2 were amplified from L. plantarum subsp.
plantarum ATCC 14917 and L. plantarum ATCC 8014 gDNA by high fidelity PCR (section
2.1.12) to generate blunt ended PCR products. The PCR reactions were analysed using agarose
gel electrophoresis (section 2.1.13) and bands corresponding to 14917 F1, 14917 _F2, 8014 _F1
and 8014 F2, predicted to have lengths of 920-bp, 868-bp, 977-bp and 868-bp, respectively
were identified as shown in Figure 3.13. The products were purified from the gel (2.1.13.6),
their concentrations determined (section 2.1.14) and the products cloned into pNZ5319 (sections
3.5.6 and 3.5.9).

Figure 3.13  Agarose gel of high fidelity PCR products from L. plantarum gDNA

a) PCR product 14917 _F1 indicated by an asterisk (lane 2). b) PCR product 14917 _F2 indicated
by the asterisk (lane 3). A smaller secondary PCR product is present which is likely the result of
non-specific primer binding (lane 3). Lane 2 is empty. c) PCR product 8014_F1 indicated by the
asterisk (lane 3). A smaller secondary PCR product is present which is likely the result of non-
specific primer binding (lane 3). Lane 2 is empty. d) PCR product 8014 F2 indicated by the
asterisk (lane 2). Multiple other PCR products were generated which are likely the result of non-
specific primer binding (lane 2). Invitrogen™ 1 kb Plus DNA Ladder (Invitrogen™;
Wilmington, DE, USA) is present in lane 1 of each gel.
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3.5.5 Restriction enzyme linearization of pNZ5319

The multiple cloning site one (MCS1) of pNZ5319 has two unique restriction enzyme
recognition sites, Pmel and Xhol, that are approximately 1.1-kbp upstream from a unique Bglll
recognition site present at multiple cloning site two (MCS2) (Appendix 12). To determine the
best restriction enzyme to linearise pNZ5319 at MCSL1, the insert site for 14917 F1 and
8014_F1, pNZ5319 purified from E. coli XL1-Blue (section 2.1.9) was subjected to restriction
digestion (section 2.1.15) using Pmel, Xhol and Bglll (New England Biolabs®; MA, USA) for 3
hours at 37°C (Figure 3.14). A control reaction to detect possible star activity of both restriction
enzymes Pmel and Xhol was set up by incubating pNZ5319 with either enzyme overnight at
37°C. Agarose gel analysis (section 2.1.13) of pNZ5319 sequentially digested by Xhol and Bglll
showed that there was still a proportion of pNZ5319 that had not been fully digested in the 3
hour incubation (Figure 3.14a, Lane 5). This was not the case for the Pmel-Bglll combination
(Figure 3.14a, Lane 4) suggesting that pNZ5319 was cut by Bglll but not Xhol. Star activity
from either Pmel or Xhol was not detected in the overnight incubation (Figure 3.14a, Lane 2 and
3). Initial restriction enzyme digestion of pNZ5319 with Pmel and Xhol showed that compared
to Pmel, Xhol did not efficiently linearise pNZ5319. Thus pNZ5319 was linearised for cloning
by incubation with Pmel for 3 hours at 37°C in NEBuffer 4, followed by 20 minutes at 65°C to
inactivate the restriction enzyme. The reaction products were analysed by agarose gel
electrophoresis (section 2.1.13) and the band corresponding to Pmel-linearised pNZ5319 was
extracted and purified (section 2.1.13.6) then used for cloning (section 3.5.6) (Figure 3.14b).

3.5.6 Cloning 14917 _F1 and 8014 _F1 into Pmel linearised pNZ5319

The two F1 fragments (section 3.5.4) were each added to Pmel linearised pNZ5319 (section
3.5.5) in a 5:1 molar ratio and subjected to ligation (section 2.1.16). Reactions were incubated
for 5-10 minutes as was a control reaction containing only Pmel linearised pNZ5319, which
served to determine the efficiency of the ligation reaction. To improve cloning efficiency the
ligation reaction was treated with 10 U of Pmel (New England Biolabs®; MA, USA) for 30
minutes at 37°C. Successful ligation of the insert into MCS1 resulted in the loss of the Pmel
recognition site, whereas, in any re-circularised plasmid, the recognition site will be re-
established. The final solution was used to transform E. coli XL1 cells (section 2.2.2). Cells
were spread on LB agar plates (section 2.1.2.2) containing 17 pg mL™ chloramphenicol and
incubated at 37°C for 24 hours.
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Figure 3.14  Restriction digestion of pNZ5319 for 8014_F1 and 14917_F1 cloning

a) Agarose gel of the products from overnight restriction enzyme digestion at MCS1 in
pNZ5319 by Xhol (Lane 2) and Pmel (Lane 3). Products from a 3 hour digestion of pNZ5319
with both Pmel and Bglll (Lane 4) and both Xhol and Bglll (Lane 5). A control of undigested
pNZ5319 is included (Lane 7). In lanes 1 and 6 is the Invitrogen™ 1 kb Plus DNA Ladder
(Invitrogen™; Wilmington, DE, USA). b) Agarose gel with the control of pNZ5319 stock kept
at -20°C (Lane 1) and a control of pNZ5319 treated the same as the digested plasmid but
lacking any restriction enzyme (Lane 2). Products from a reaction of pNZ5319 digested with
Pmel that was extracted and purified for cloning (Lane 4). In lane 5 is the Invitrogen™ 1 kb
Plus DNA Ladder. Lane 3 is empty.

3.5.7 14917 F1 and 8014 F1 colony PCR screening

F1 orientation-dependent PCR (section 2.1.11) was carried out using a reverse primer that
annealed to the plasmid backbone and a forward primer that annealed to the 5' end of the insert.
14917 F1 and 8014 F1 orientation-dependent PCR was carried out using primer pairs '85 and
81' and '85 and F8014 1' (Appendix 13), respectively. From the 14917 F1 cloning experiment,
18 randomly selected colonies were selected. Three colonies were identified: 12, 15 and 18,
where 14917 F1 was in the correct orientation (Figure 3.15a). These colonies were streaked and
the plasmid purified (section 2.1.9). Sequencing (section 2.1.17) across MCS1 using primers
F1 seq and 85 was carried out using the purified plasmids in order to confirm that no
nucleotides had mutated during the cloning procedure. This showed that plasmids isolated from
both colonies 12 and 15 contained deletions in the introduced stop codon while the plasmid
isolated from colony 15 had an additional deletion in the p32 promoter. Plasmid isolated from
colony 18 had no nucleotide insertions or deletions and was thus designated as plasmid
pNZ5319 14917 F1 (Appendix 14). E. coli EC100 cells (Appendix 15) were transformed with
pNZ5319 14917 F1, incubated overnight (section 2.1.7.2) and the plasmid purified (section
2.1.9) before being used in restriction digestion experiments (section 3.5.8). From the 8014 F1

cloning experiment, 6 colonies were selected. Of these colony 2 was shown to contain 8014 F1
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in the correct orientation (Figure 3.15b). Cells from this colony were streaked onto LB agar
plates containing chloramphenicol (section 2.1.5), grown in culture overnight (section 2.1.7.2)
and the plasmid purified (section 2.1.9) and then sequenced (section 2.1.17). Sequencing with
primers 85 and F1_seq across the MCS1 of the purified plasmid confirmed that 8014 _F1 had
been incorporated correctly into MCS1 with the introduced stop codon present at amino acid
position 12 as designed. This was designated as plasmid pNZ5319_8014 F1 (Appendix 14) and

used for restriction digestion experiments (section 3.5.8).

a Lane
1, 2 3 4 S5 €6 7 8 9 10 11 12 13 14. 15 4168 17 (18 /19 20 21 22 23. 24 25 26 27

Figure 3.15  F1 Orientation dependent colony PCR

a) Agarose gel showing the products of 14917 F1 orientation-dependent PCR screening,
primers 85 and 81,0f 18 colonies transformed the plasmid DNA from the Pmel digested ligation
reaction (Lanes 2-19, colony number is offset by 1). Negative controls are E. coli XL1 gDNA as
template DNA (Lane 21), pNZ5319 as DNA template (Lane 23) and a reaction where the DNA
template was substituted with ddH,O (Lane 25). Lanes 20, 22, 24 and 26 are empty. b) Agarose
gel containing the products of 8014_F1 orientation-specific PCR screening, primers 85 and
F8014 1, of 6 colonies transformed with the plasmid DNA from the Pmel digested ligation
reaction (Lanes 2-7, colony number is offset by 1). Negative controls as performed for
14917 F1 PCR were not performed. Invitrogen™ 1 kb Plus DNA Ladder (Invitrogen™;
Wilmington, DE, USA) is present in the outermost lanes of each gel.
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3.5.8 Restriction enzyme linearization of pNZ5319 containing F1

The MCS2 of pNZ5319 contains unique recognition sites for the blunt end restriction enzymes
Smal and Ecl13611 (Appendix 12). MCS2 is approximately 1.1-kbp downstream from a unique
Pmel recognition site, 1.3-kbp up stream of a unique EcoRV recognition site and 2.9-kbp
downstream of a unique Ndel site introduced by 8014 _F1. Ecl1361l could not be used for
cloning 8014_F2 as 8014_F1 contains an Ecl1361l recognition site. No star activity was
observed upon pNZ5319 digestion (section 2.1.15) by Ecl13611 (Figure 3.16a). No star activity
was detected when pNZ5319_F1_8014 was digested with Smal but was detected when digested
with EcoRV (Figure 3.16b). Ecl13611 was selected for 14917_F1 cloning and Smal for 8014_F2
after initial trial digestions showed that both enzymes cut efficiently. pNZ5319 14917 F1 and
pNZ5319 8014 F1 were each subjected to Ecl13611 or Smal restriction digestion, then the
products of digestion were analysed using agarose gel electrophoresis (section 2.1.13) before
being purified (section 2.1.13.6) for cloning (section 3.5.9) (Figure 3.16¢ and Figure 3.16d).

35.9 Cloning 8014 _F2 and 14917 F2

The F2 fragments (section 3.5.4) were added to Smal or Ecl136ll linearised plasmid
respectively (section 3.5.8) in a 5:1 molar ratio and subjected to ligation (section 2.1.16). The
reactions were incubated for 5-10 minutes at room temperature along with a control reaction
containing digested plasmid with no insert to serve as an efficacy control. Both insert and insert
with vector ligation reactions for 14917 F2 cloning were treated with 10 U of Ecl136ll to
prevent re-circularisation of the digested plasmid. E. coli XL1 cells were then transformed
(section 2.2.2) with the products of the 14917 F2 ligation reactions and the transformed cells
spread on LB agar plates containing 17 pug mL™ chloramphenicol and incubated at 37°C for 24
hours. The 8014_F2 ligation reaction was not treated with Smal as it was an initial trial ligation.
These were not treated with restriction enzyme; if initial trial ligations failed to generate the
correct product they were then later treated with restriction enzyme. E. coli EC100 cells were
transformed with the products of the 8014 _F2 cloning reactions and eventually spread on LB

agar plates containing 17 pg mL ™ chloramphenicol and incubated at 37°C for 24 hours.

3.5.10 8014_F2 and 8014 F2 colony PCR screening

F2 orientation-dependent PCR was carried out using a forward primer annealing to the plasmid
backbone and a reverse primer annealing to the 3' end of the insert. 14917 F2 (Figure 3.17a)

and 8014_F2 (Figure 3.17b) orientation-dependent PCR was carried out using primer pairs '87
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Figure 3.16  Restriction digestion for 8014 F2 and 14917 F2 cloning

a) Trial digestions of pNZ5319: lane 1, Invitrogen™ 1 kb Plus DNA Ladder; lane 2, pNZ5319 -
20°C control; lane 3, pNZ5319 treated using the same conditions as used to digest the plasmid
but lacking restriction enzyme; lane 4, pNZ5319 treated with Pmel; lane 5, pNZ5319 treated
with Ecl1361l; lane 6, pNZ5319 treated with Pmel and Ecl1361l. b) pNZ5319 8014 F1 trial
digestions: lane 1, Invitrogen™ 1 kb Plus DNA Ladder; lane 2, pNZ5319 8014 F1 treated with
Smal; lane 3, pNZ5319 8014 F1 treated with Ndel; lane 4, pNZ5319 8014 F1 treated with
Smal and Ndel; lane 5, pNZ5319 8014 F1 treated with EcoRV; lane 6, pNZ5319 8014 F1
treated with Smal and EcoRV; lane 7, pNZ5319 8014 F1 treated with Ndel and EcCoRV; lane 8,
pNZ5319_8014_F1 untreated control; lane 9, Invitrogen™ 1 kb Plus DNA Ladder. c)
pNZ5319_14917_F1 digestion purified for cloning: lane 1, Invitrogen™ 1 kb Plus DNA
Ladder; lane 2, empty; lane 3, pNZ5319 14917 F1 treated with Ecl136l1; lane 3, Invitrogen™
1 kb Plus DNA Ladder. d) pNzZ5319 8014 F1 digestion purified for cloning: lane 1, .
Invitrogen™ 1 kb Plus DNA Ladder; lane 2, pNZ5319_8014_F1 digested with both Smal and
Sacll showing poor efficiency of Sacll, a site introduced by 8014 F1; lane 3, untreated
pNZ5319 8014 F1; lane 4, empty; lane 5, pNZ5319 8014 F1 treated with Smal.
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a Lane

Figure 3.17  Colony PCR screening of F2 cloning

a) Agarose gel showing the products of 14917 F2 orientation-independent PCR screening of 9
colonies (lanes 2-10, colony number offset by 1). Orientation dependent PCR screening of 9
colonies (lanes 13-21, colony number offset by 12). pNZ5319 is a PCR DNA template negative
control (lanes 11 and 22). b) Agarose gel showing the products of 8014 F2 orientation
dependent PCR screening of 7 colonies (lanes 2-8, colony number offset by 1).
pNZ5319 14917 F1_F2 was used as the DNA template for a positive control (lane 9) and
pPNZ5319 was used as the DNA template for a negative control (lane 10). Invitrogen™ 1 kb
Plus DNA Ladder is present in the outermost lanes of each gel and lane 12 of (a).
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and 83b' (Appendix 13). Orientation-independent PCR screening on 14917 _F2 was carried out
using primer pairs 82a and 83b (Figure 3.17a). Phusion High Fidelity Polymerase (Thermo
Scientific; Wilmington, DE, USA) was used due to the lab stock of Roche® Tagq DNA
Polymerase being compromised. From the 14917 _F2 reactions twelve colonies were analysed.
Four colonies were shown to contain 14917_F2 in the correct orientation as indicated by a 1-
kbp PCR product: colonies 1, 2, 4 and 8 (Figure 3.17a, Lanes 13-22). These colonies were
streaked, cultured overnight (section 2.1.7.2), the plasmid purified (section 2.1.9) and then
sequenced (section 2.1.17) across MCS2 using primers F2_seq and 87 to confirm no nucleotides
had been mutated during the cloning procedure. Plasmid purified from colonies 1, 2 and 8
contained no nucleotide insertions or deletions and the plasmid isolated from colony 8 was
designated as plasmid pNz5319 14917 F1 F2 (Appendix 14). E. coli XL1 cells were
transformed (section 2.2.2) with pNZ5319 14917 F1 F2, cultured, then the plasmid was
purified (section 2.1.9) for pts18CBA knockout (section 3.7) and further restriction digestion
experiments (section 3.6). From the 8014 _F2 clones, seven colonies were analysed. One colony,
colony 3, was shown to contain 8014 F2 in the correct orientation (Figure 3.17b). This colony
was picked and streaked and the subsequent culture used for plasmid purification. Sequencing
across MCS2 using primers F2_Seq and 87 was done to confirm the insert was correctly
orientated before it was designated as pNz5319 8014 F1 F2. E. coli EC100 cells were
transformed with pNzZ5319 8014 F1 F2 and the plasmid purified for pts18CBA knockout
experiments. Thus, knockout plasmids for pts18CBA from both L. plantarum ATCC 8014 and
L. plantarum subsp. plantarum ATCC 14917 were constructed from pNZ5319, which were later
used with the aim to knockout pts18CBA from L. plantarum strains. Initial attempts to knockout
pts18CBA with these plasmids failed, discussed in section 3.7, which prompted the construction

of a knockout plasmid that was smaller in size (section 3.6).

3.6 Construction of a size reduced pts18CBA knockout plasmid

3.6.1 Introduction

In a series of experiments, chemically competent L. plantarum WCFS1 and L. plantarum subsp.
plantarum ATCC 14917 were successfully transformed with pTRK669 while transformation
with pNZ5319 14917 F1 _F2 failed (section 3.7). pTRK669 is a small plasmid, 2.437-kbp,
constructed by Russell and Klaenhammer (2001) for chromosomal site specific homologous
recombination. The ease at which transformation was achieved with pTRK669 suggested that
the difficulties experienced with transforming various L. plantarum cells with
pNZ5319 14917 _F1 _F2 may be due to its relatively large size (5.459-kbp). A survey of the
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literature also showed a negative correlation of plasmid size with transformation rate;
transformation of several Lactobacillus sake strains by Berthier et al. (1996) showed a strong
correlation between transformation rate and plasmid size, with lower transformation rates
predominating when larger plasmids were used. This was not a clear pattern however, as some
strains had an equal or even increased efficacy of transformation with larger plasmid. A more
compelling example was published by Ohse et al. (1995) where Bacillus subtilis ISW1214 was
transformed with a range of plasmids ranging from 2.9-kbp to 12.6-kbp. Although the
differences in transformation efficacy between the 'smaller' and 'larger' plasmids were minor in
comparison to the transformation efficacy of the individual plasmids they did show that the
smaller the plasmid, the higher the transformation efficiency. A protocol was therefore devised
to decrease the size of pNZ5319 14917 F1 F2 by removing a non-essential erythromycin

resistance cassette (Appendix 12).

3.6.2 Aim

e To remove the erythromycin resistance coding sequence  from
pNZ5319 14917 F1 F2 to acquire a smaller pts18CBA knockout plasmid.

3.6.3 Restriction enzyme linearization of pNZ5319 14917 F1 F2

The erythromycin resistance cassette is flanked by two Pstl recognition sites (Appendix 12).
Restriction enzyme digestion of pNZ5319_14917 F1_F2 with Pstl should thus generate two
products: a 4.039-kbp fragment and a 1.099-kbp fragment containing the excised erythromycin
resistance cassette. pNZ5319 14917 F1_F2 purified from E. coli XLI-Blue (section 2.1.9) was
subjected to restriction digestion (section 2.1.15) using Roche® Pstl. The products of the
digestion were analysed using agarose gel electrophoresis (section 2.1.13) and the band
corresponding to digested pNZ5319 14917 _F1 F2 (4.039-kbp) was excised and purified
(section 2.1.13.6) (Figure 3.18).

3.6.4 Cloning of Pstl digested pNZ5319 14917 F1 F2

Purified digested plasmid (section 3.6.3) was re-ligated (section 2.1.16) and E. coli XLI were
transformed with the ligation reaction (section 2.2.2). These cells were spread onto
chloramphenicol LB agar plates and incubated for 24 hours at 37°C. 32 bacterial colonies were
spotted onto LB agar plates containing either chloramphenicol or erythromycin (section 2.1.5)
and incubated for 48 hours at 37°C. All colonies grew in the presence of chloramphenicol but
only 2 grew in the presence of erythromycin; 10 erythromycin-sensitive colonies were picked

from the corresponding chloramphenicol culture and streaked onto fresh chloramphenicol LB
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Lane

Figure 3.18  Restriction enzyme digestion of pNZ5319_ 14917 F1_F2

Lane 1, Invitrogen™ 1 kb Plus DNA Ladder; lane 2, empty; lane 3, 5 pg of
pNZ5319 14917 F1_F2 treated with 5 U of Roche® Pstl for 1 hour at 37°C. The band that
corresponds to Pstl digested pNZ5319 14917 F1 F2 is highlighted by the asterisk.

Figure 3.19  Agarose gel electrophoresis of purified plasmid and colony PCR screening

a) Agarose gel of PCR products of colony screening of the 4 colonies (lane 2-5, colony number
offset by 1). Invitrogen™ 1 kb Plus DNA Ladder (Invitrogen™; Wilmington, DE, USA) is
loaded in lanes 1 and 6. b) Agarose gel of purified plasmid of the 4 colonies (lanes2-5, colony
number offset by 1). Plasmid in the open circular form is indicated with an asterisk and plasmid
in the supercoiled form is indicated by the hashtag. Invitrogen™ 1 kb Plus DNA Ladder is
loaded in lane 1.
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agar plates, then incubated for 24 hours at 37°C. Isolated colonies were again streaked on to
chloramphenicol and erythromycin LB agar and incubated as previously described. Plasmids
from 4 colonies were subjected to PCR (section 2.1.11) using primers 85 and 87, which amplify
over the erythromycin cassette (Appendix 12), and agarose gel electrophoresis (section 2.1.13)
to confirm the absence/presence of the erythromycin cassette. The presence of a 3.5-kbp rather
than a 4.8-kbp PCR product confirmed the absence of the erythromycin cassette in all 4 colonies
(Figure 3.19a).

These colonies were streaked, and the plasmids purified from resulting cultures were analysed
using agarose gel electrophoresis, which showed that plasmids from colonies 1 and 3 were not
the expected size (Figure 3.19b). The predicted size of pNZ5319_ 14917 F1_F2_Emr- was 4.4-
kbp. The results shown in Figure 3.19b suggest that the ligation reaction may have generated
concatemerised forms of the plasmid, as the plasmid isolated from colony 1 was almost double
the expected size. Figure 3.19b showed that plasmid purification from colony 4 failed and that
plasmid from colony 2 was approximately 4.4-kbp. This plasmid was therefore designated
pNZ5319 14917 F1 F2 Emr-. It was hoped that this smaller knockout plasmid would have a
higher efficacy in the transformation experiments (section 3.7). Unfortunately, this was not the
case as only a single pts18CBA knockout cell line was generated using the larger knockout
plasmid pNZ5319 14917 F1 F2 (section 3.7.3).

3.7 Transformation of L. plantarum with pts18CBA knockout plasmids

3.7.1 Introduction

The multitude of methods that swarm the literature designed with the intent to transform Gram-
positive bacteria with foreign DNA make use of the phenomena where an electric field can
bring about the formation of nano-sized pores in lipid membranes (Weaver and Chizmadzhev,
1996, Tieleman, 2004). Known as electroporation, this technique is used in the majority of
methods that are optimised for Lactobacillus species. The following publications describe
methods to achieve chemical competence and transformation: Palomino et al. (2010), Lambert
et al. (2007), Alegre et al. (2004), Berthier et al. (1996), Jin et al. (2012), Aukrust and Blom
(1992) and Papagianni et al. (2007). The methods from these publications were appropriately
adapted (sections 2.2.1 and 2.2.2) to accomplish the goal of transforming L. plantarum subsp.
plantarum ATCC 14917, L. plantarum WCFS1, L. plantarum ATCC 8014 and L. plantarum
NC8 with knockout plasmids (sections 3.5 and 3.6) along with control plasmids pTRK669 and
pRV613 (Appendix 14) which contain origin of replications that replicate in Lactobacillus
species (Russell and Klaenhammer, 2001, Crutz-Le Coq and Zagorec, 2008).
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3.7.2 Aim

e To generate chemically-competent L. plantarum subsp. plantarum ATCC 14917, L.
plantarum WCFS1, L. plantarum ATCC 8014 and L. plantarum NC8.

e To transform chemically-competent L. plantarum with pts18CBA knockout plasmids
using electroporation.

e To screen for transformants and identify L. plantarum that have undergone homologous
recombination with a knockout plasmid to replace pts18CBA coding sequence with the
chloramphenicol resistance selectable marker.

3.7.3 Results and discussion

During the initial experiments following the method adapted by Palomino et al. (2010) (sections
2.2.3.1/2.2.4.1) and Lambert et al. (2007) (sections 2.2.3.2/2.2.4.2) a significant amount of
electrical discharge inside the cuvette was observed during electroporation. This electrical
discharge was only present in cuvettes that had had plasmid present suggesting that the plasmid
solution contained a high concentration of salts which was increasing the conductivity of the
solution and leading to the electrical discharge. As a solution to this problem, the plasmid was
de-salted using drop dialysis (section 2.1.10). After this, electrical discharge did not occur
during electroporation using identical conditions as were used in earlier experiments. After this
success, plasmid were purified prior to electroporation using a methods adapted from the
plasmid purification procedure (section 2.1.9). This involved washing the plasmid with
EMSURE® 80 % ethanol which resulted in a significant reduction of the osmolarity of the
plasmid solution so that drop dialysis was no longer required on future plasmid solutions. The
methods of Palomino et al. (2010) (sections 2.2.3.1/2.2.4.1) and Lambert et al. (2007) (sections
2.2.3.2/2.2.4.2) did not yield any successful transformations. The following protocols also failed
to generate successful transformations: Alegre et al. (2004) and Berthier et al. (1996) (sections
2.2.3.3/2.2.4.3), Jin et al. (2012) (sections 2.2.3.4/2.2.4.4), Aukrust and Blom (1992) (sections
2.2.3.5/2.2.4.5) and Papagianni et al. (2007) (sections 2.2.3.7/2.2.4.7).

On the MRS agar plates from iteration 1 of the protocol adapted from Aukrust and Blom (1992)
and Lambert et al. (2007) (sections 2.2.3.6.a/2.2.4.6.a) (Table 2.13) bacterial colonies
resembling L. plantarum were identified and counted (Table 3.7). From one of the three plates
originating from cuvettes 1, 3, 4, 5 and 8, a single colony was streaked onto chloramphenicol (7
ug mL™) MRS agar plates which were incubated overnight at 37°C. PCR screening (section
2.1.11) with primer pair TRKCmSegR3 and TRKCmSeqF2 (Appendix 13) that amplifies a 1.5-

kbp product from within the chloramphenicol acetyltransferase gene of pTRK669, was used to
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determine if the isolated L. plantarum WCFSI and L. plantarum subsp. plantarum 14917
colonies were transformed with pTRK669. Agarose gel electrophoresis (section 2.1.13) of the
PCR products showed that all the isolated bacterial colonies had been successfully transformed
(Figure 3.20a). The outcome of this experiment indicates that high concentrations of MgCl,, in
the cell wash buffer, hinder transformation efficiency for L. plantarum WCFS1. However
because the only L. plantarum subsp. plantarum ATCC 14917 transformant obtained was from
cuvette 8, which had a MgCl, concentration of 100 mM in the cell wash buffer, this
concentration of MgCl, was used for later iterations following this protocol, all of which failed
to generate knockouts. The 100 mM MgCI, concentration in the cell wash buffer however was
included into the subsequent protocols adapted from Jin et al. (2012), Aukrust and Blom (1992)
and Lambert et al. (2007) (sections 2.2.3.8/2.2.4.8) which did yield knockouts, as is discussed

next.

Table 3.7 Transformation rates from Aukrust and Blom (1992) and Lambert et
al. (2007) (2.2.3.6.a/2.2.4.6.a/ Table 2.13)

Replicate MRS agar plate

Cuvette  Time constant (ms) 1 2 3 CFU pg*
1 9.1 >1000 >1000 >1000 >6000
2 9.2 0 0 0 0

3 9.1 >1000 >1000 >1000 >6000
4 8.5 90 75 74 1614.21
5 8.9 10 11 2 155.34
6 9.2 0 0 0 0

7 9.2 0 0 0 0

8 9.1 1 0 0 6.75

9 8.6 0 0 0 0

10 8.8 0 0 0 0

11 8.5 0 0 0 0

12 8.3 0 0 0 0

13 8.2 0 0 0 0

14 8.8 0 0 0 0

15 8.8 0 0 0 0

16 7.9 0 0 0 0

On the transformation plates from the protocol adapted from Jin et al. (2012) and Aukrust and
Blom (1992) and Lambert et al. (2007) (sections 2.2.3.8/2.2.4.8), detailed in Table 2.18,
bacterial colonies resembling L. plantarum were identified and counted (Table 3.8). Four
colonies were selected from the MRS agar plates spread with bacterial cells from cuvette one
and three colonies were selected from the MRS agar plates spread with bacterial cells from

cuvette two. These colonies were individually streaked onto chloramphenicol MRS agar plates

104



and incubated for 48 hours at 30°C. From these new plates, a single colony was streaked onto
chloramphenicol MRS agar plates. PCR screening of these colonies was undertaken using the
primer pair CAT_F and CAT_R (Appendix 13) which bind inside the chloramphenicol
acetyltransferase gene amplifying a 511-bp product. A single colony, colony 6, originating from
an agar plate spread with bacteria from cuvette two tentatively contained the knockout plasmid
as indicated by a 511-bp PCR product (Figure 3.20b; lane 7).

Table 3.8 Transformation rates from Jin et al. (2012), Aukrust and Blom
(1992) and Lambert et al. (2007) (2.2.3.8/2.2.4.8/ Table 2.18)

Replicate MRS agar plate

Time Constant

-1

Cuvette (ms) 1 2 3 CFU ug
1 8.9 5 2 3 26.72

2 9 6 3 12 91.46

3 0 0 0 0

4 9 0 0 0 0

5 9 0 0 0 0

6 9 0 0 0 0

Colony 6 was L. plantarum NC8 that was transformed with pNZ5319 14917 F1 F2 Emr-.
Subsequent colony PCR analysis on colony 6 failed to replicate these positive results of Figure
3.20b. It was suspected that the subsequent PCR failures were due to difficulty obtaining DNA
template from the bacterial colony. To solve this, an overnight culture was inoculated with
colony 6, glycerol stocks made, and the gDNA was purified (section 2.3.1). The presence of the
cat gene in colony 6 was confirmed by the amplification of a 500-bp product from the purified
gDNA using primer pair CAT_F and CAT_R (Figure 3.20d). Colony 6 gDNA was used as a
DNA template for PCR with primer pair P1IR and PTS18CBA_START; primers P1R and
PTS18CBA _START respectively bind to the 3' and 5' end of the pts18CBA coding region. PCR
amplification with these primers across the chloramphenicol gene originating from the knockout
plasmid is predicted to produce a 1.5-kbp band while PCR amplification across the native
pt18CBA coding sequence is predicted to produce a 1.9-kbp band. Confusingly, both of these
products were amplified from the gDNA of colony 6 (Figure 3.20e) while control L. plantarum
NC8 gDNA only produced the 1.9-kbp band (Figure 3.20f, Lane 3). These results suggest
homologous recombination with pts18CBA (Locus tag: nc8_2163) had not occurred and that
either homologous recombination had occurred at another location in the genome or that the
plasmid had undergone a recombination event giving rise to an ability to replicate in L.
plantarum. PCR colony screening was attempted multiple times with the remaining colonies but

failed to produce results suggesting homologous recombination had not occurred.

105



On the MRS agar plates from the iteration of the protocol (sections 2.2.3.8.a/2.2.4.8.a), detailed
in Table 2.19, adapted from Jin et al. (2012) and Aukrust and Blom (1992) and Lambert et al.
(2007) that had been used before (sections 2.2.3.8/2.2.4.8), bacterial colonies resembling L.
plantarum were identified and counted (Table 3.9). A number of colonies from these plates,
except for plates originating from cuvette 10 as no primers were currently available for PCR
screening of that particular plasmid, were streaked out onto selective MRS agar plates and
incubated for 48 hours at 37°C. PCR screening of these colonies was undertaken with primer
pair CAT_F and CAT_R which in addition to being able to amplify a product from pNZ5319
can also amplify a 511 bp product from pTRK669. A single colony, colony 4, originating from
an agar plate spread with bacteria from cuvette four was shown to possibly contain the knockout
plasmid (Figure 3.20c). Two colonies, 11 and 13, were shown to have been successfully
transformed with pTRK669 as indicated by the 511 bp PCR product (Figure 3.20c).

Figure 3.20  PCR screening of L. plantarum for transformation

a) Agarose gel containing PCR products of primer pair TRKCmSegR3 and TRKCmSegF2 from
screening of L. plantarum colonies from experiments 2.2.3.6.a/2.2.4.6.a (Table 2.13 and Table
3.7). PCR products from colonies 1-7 (lanes 2-8). Invitrogen™ 1 kb Plus DNA Ladder is
present in lane 1. b) Agarose gel containing the PCR products of primer pair CAT_F and
CAT _R from colony screening of colonies isolated from experiment 2.2.3.8/2.2.4.8 (Table 2.18
and Table 3.8) (Lanes 2-8). PCR products of colonies 1-4 (lane 2-5) from cuvette 1 and colonies
5-7 (lanes 6-8) from cuvette 2. Invitrogen™ 1 kb Plus DNA Ladder is present in lane 1. C)
Agarose gel containing PCR products of primer pair CAT_F and CAT_R from colony screening
of colonies isolated from iteration 1 of experiment 2.2.3.8.a/2.2.4.8.a (Table 2.19 and Table 3.9)
(Lanes 1-20 and 22-31). PCR products of colonies: 1-3 (Lanes 1-3) from cuvette 3, 4-10 (Lanes
4-10) from cuvette 4, 11-13 (Lanes 11-13) from cuvette 5, 14 & 15 (Lane 14 & 15) from cuvette
7, 16-18 (Lanes 16-18) from cuvette 9, 19-24 (Lane 19-20 & 23-26) from cuvette 11 and 25-29
(Lanes 27-31) from cuvette 12. Invitrogen™ 1 kb Plus DNA Ladder is present in lane 1. d)
Agarose gel containing PCR product of primer pair CAT_F and CAT_R from colony 6 gDNA
(Lane 2). Invitrogen™ 1 kb Plus DNA Ladder is present in lane 1. e) Agarose gel containing
PCR product of primer pair PIR and PTS18CBA_START from colony 6 gDNA (Lane 2).
Invitrogen™ 1 kb Plus DNA Ladder is present in lane 1. f) Agarose gel containing PCR
products of primer pairs CAT_F and CAT_R (Lanes 2 and 4) and P1R and PTS18CBA_START
(Lanes 3 and 5) from L. plantarum NC8 gDNA (Lanes 2-3) and colony 4 gDNA (Lanes 4-5).
Invitrogen™ 1 kb Plus DNA Ladder is present in lanes 1 and 6. g) Agarose gel containing PCR
product of primer pair 81 and 83b from L. plantarum NC8 gDNA (Lane 2) and colony 4 gDNA
(Lane 3). Invitrogen™ 1 kb Plus DNA Ladder is present in lanes 1 and 4.
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Figure 3.20

PCR screening of L. plantarum for transformation
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Table 3.9 Transformation rates from Jin et al. (2012), Aukrust and Blom
(1992) and Lambert et al. (2007) (2.2.3.8.a/2.2.4.8.a/Table 2.19)

MRS agar plate

Cuvette Time Constant (ms) 1 2 3 CFU pg™
1 8.6 215 215 258 2379.87
2 8.6 12 15 3 150.69
3 8.0 1 1 1 5.50

4 7.9 1 1 5 25.67

5 8.7 22 40 58 415.09
6 8.7 64 29 10 517.36
7 8.3 1 1 0 7.33

8 8.2 0 0 0

9 8.9 16 5 43 221.38
10 9.0 1 1 0 10.046
11 8.2 6 9 3 33

12 8.3 3 10 0 23.83

Colony 4 was L. plantarum NC8 that had been transformed with pNZ5319 14917 F1 F2.
Subsequent PCR analysis on cell isolated from colony 4 failed to replicate the results shown in
Figure 3.20c so an overnight culture was inoculated with colony 4, glycerol stocks made, and
the gDNA was purified. This was used as a template for PCR using primer pair CAT_F and
CAT_R and pair PIR and PTS18CBA_START, which was analysed by agarose gel
electrophoresis (Figure 3.20f). Amplification using P1R and PTS18CBA START from L.
plantarum NC8 gDNA produced the expected 1.9-kbp product, colony 4 gDNA produced a 1.5-
kbp product indicating homologous recombination had occurred (Figure 3.20f). The region of
the gDNA encompassing the pts18CBA coding sequence targeted for homologous
recombination was amplified by high fidelity PCR (section 2.1.12) from L. plantarum NC8
gDNA and colony 4 gDNA using primer pair 81 and 83b. The PCR products were analysed
using agarose gel electrophoresis and the bands purified (Figure 3.20g). The PCR products
amplified from L. plantarum NC8 and colony 4 were respectively 3.1-kbp and 2.9-kbp which
coincides with that observed in Figure 3.20f. They were both sequenced (section 2.1.17) with
primers listed in Table 3.10, then comparatively analysed using Geneious™ software (Figure
3.21). Sequencing confirmed that homologous recombination had occurred between the genome
of L. plantarum NC8 and the knockout plasmid pNZ5319 14917 F1 F2 to generate L.
plantarum NC8 Apts18CBA.
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Table 3.10 L. plantarum NC8 pts18CBA sequencing primers

82a GCGGATGAGACGTTTGCTGG

83b CAGTCCCGTTGCTTCTGGATAAATC
87 GCCGACTGTACTTTCGGATCCT

P1R GCTAGTCACATGACCAGTTG

CAT_F TACCGAAACATAAAACAAGAAGGA
CAT_R CTGACAATTCCTGAATAGAGTTCA
PTS18CBA_START ATGAAGACATATTTTCAGAAAATC
85 GTTTTTTTCTAGTCCAAGCTCACA
80_term TTACCGCAGCATCAATGACTGACC
81 AGGACCAGTACGTTTTCGCCGC

Sequencing showed there was a 43-bp insertion in the middle of the P3, promoter which NCBI
BLASTN identified as "Streptococcus cremoris promoter 32 DNA fragment™" (E value = 2x10°
). pNZ5319 is a plasmid that has been developed from many constructions. It was constructed
from the plasmid pG1Z850, which had obtained its P3, element from the plasmid pMG36e
(Goffin et al., 2004) which obtained its Ps, element from pGKV432 (van de Guchte et al.,
1989), which is a derivative of pGKV232 (van der VVossen et al., 1987), which was the result of
a promoter fragment Ps, isolated from Streptococcus cremoris Wg2 chromosomal DNA being
cloned into the promoter selection vector pGKV210 (van der Vossen et al., 1987). Most likely
pNZ5319 contains this 43-bps in its Ps, element and the pNZ5319 sequence (GenBank Al:
DQ104847.1) submitted to NCBI GenBank by Lambert et al. (2007) is incorrect. Sequencing
also identified a di-nucleotide deletion in the middle of the primer 87 binding site, 24
nucleotides downstream of the cat stop codon. Due to its location this deletion is predicted to

have little or no effect on surrounding elements.

This series of experiments (section 3.7.3) demonstrated the difficulty of generating chemically
competent L. plantarum, transformation of the chemically competent L. plantarum with a
plasmid and eventually the generation of a pts18CBA knockout cell line. Both the aims of
achieving chemically competent L. plantarum and transformation of these with knockout
plasmid (section 3.7.2) was achieved using protocols detailed in sections 2.2.3.6.a/2.2.4.6.a
(page 35/41), sections 2.2.3.8/2.2.4.8 (page 36/44) and sections 2.2.3.8.a/2.2.4.8.a (page 37/45).
The final aim, to identify a pts18CBA knockout L. plantarum, was achieved with L. plantarum
NC8 using the protocol detailed in sections 2.2.3.8.a/2.2.4.8.a. In the early transformation
experiments L. plantarum NC8 was not originally targeted for pts18CBA knockout. The original
target strains were L. plantarum ATCC 8014 and L. plantarum subsp. plantarum ATCC 14917
as these were the established glycocin F indicator strains in the laboratory. However the

inability to transform these two strains with a plasmid prompted the trial with both L. plantarum

109



WCFS1 and L. plantarum NC8 alongside L. plantarum ATCC 8014 and L. plantarum subsp.
plantarum ATCC 14917. These trials were feasible because of a high degree of conservation in
the flanking regions of the pts18CBA gene that were cloned into the knockout plasmids. The
low transformation efficacy of all four L. plantarum strains was thought to be due to the thick
cell wall of these bacterial species. The relatively high transformation rates achieved using
protocol detailed in sections 2.2.3.8.a/2.2.4.8.a (Table 3.9) was probably due to the addition of
ampicillin (0.1 pg mL™) in the growth media, which weakened the cell wall. Another factor that
was believed to have had a deleterious effect was the presence of natural plasmids in L.
plantarum ATCC 8014, L. plantarum subsp. plantarum ATCC 14917 and L. plantarum
WCFSL. L. plantarum NC8 harbours no plasmids (Axelsson et al., 2012) while the other three
stains each harbour multiple plasmids (Leer et al., 1992, van Kranenburg et al., 2005)
(Appendix 3 shows L. plantarum subsp. plantarum ATCC 14917 harbouring multiple

plasmids).

Figure 3.21  DNA sequence alignment of expected L. plantarum NC8 Apts18CBA to
sequenced colony 4 gDNA.

DNA alignment of the expected L. plantarum NC8 Apts18CBA to sequenced colony 4 gDNA
using Geneious™ software. A detailed version of this alignment is provided in Appendix 16.
The large shaded yellow box is the expected L. plantarum NC8 Apts18CBA sequence with
nucleotide identities indicated by colour (A:red, T:green, C:blue, G:yellow) and its respective
annotations. gDNA and the dark grey annotation is sequence from pNzZ5319 14917 F1 F2
after the expected recombination event. Rose pink annotations are primer binding sites with
direction of amplification indicated by an arrow. Magenta annotations indicate flanking regions
cloned into pNz5319. Yellow annotations represent gene coding sequences. Dark blue
annotations are the background L. plantarum NC8 Below this are the eleven colony 4
sequencing reads. The blue shading represents the relative quality of base call with dark blue
indicating low quality and light blue indicating high quality. Those that were of poor quality,
not allowing base to be called, were trimmed and are not shown. On the left are the names of the
primers that were used to generate the corresponding sequence read, the direction of the
sequence read in relation to the expected knockout sequence (FWD: forward and REV: reverse)
and a numbering system for identification (2-12). The mutation in the colony 4 gDNA,
downstream of the cat gene, can be identified at position 1,130 in sequence reads 5 and 6. The
mutation in the colony 4 gDNA p32 promoter can be identified at position 1,900 in sequence
reads 8 and 9.
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Figure 3.21 DNA sequence alignment of expected L. plantarum NC8 Apts18CBA to sequenced colony 4 gDNA.
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3.8 L. plantarum NC8 Apts18CBA glycocin F characterisation

3.8.1 Introduction

Biochemical characterisation of L. plantarum NC8 Apts18CBA was accomplished using both a
plate assay (section 2.2.7.3) and liquid culture assay (section 2.2.7.2). Prior to characterisation
of L. plantarum NC8 Apts18CBA, the glycocin F minimum inhibition concentration (MIC)
(section 2.2.7.1) was determined. This was done so that the response to glycocin F at either end
of the inhibitory scale could be measured for L. plantarum NC8 Apts18CBA.

3.8.2 Aims

e To determine a glycocin F MIC for L. plantarum NC8.
e To characterise the effect glycocin F has on L. plantarum NC8 Apts18CBA.

3.8.3 Results and discussion

From triplicate glycocin F assays carried out in liquid culture (section 2.2.7.1), the MIC for L.
plantarum NC8 was determined to be 50 nM (Table 3.3 and Figure 3.22). This concentration
was used in liquid culture glycocin F sensitivity assays (sections 2.2.7.2 and 2.2.7.3). Plate
assays comparing L. plantarum NC8 Apts18CBA and wild-type NC8 as indicator strain showed
that at similar concentrations of glycocin F, the amount of clearing was significantly less for the
knockout strain (Figure 3.23). However due to the heavy bacterial inoculum and lengthy
incubation time, the results from the plate assays were not as convincing as those seen for the
naturally selected glycocin F resistant L. plantarum mutants (Figure 3.3). Time constraints did
not allow troubleshooting. Liquid culture glycocin F assays using L. plantarum NC8
Apts18CBA as the targeted strain showed that at the MIC, inhibition of growth decreased from
93 % to 50 %, and from 95 % to 66 % at 1 uM glycocin F convincingly demonstrating that
knocking out pts18CBA confers a degree of glycocin F resistance to L. plantarum NC8 (Figure
3.24).

These glycocin F sensitivity assay results are consistent with the results obtained for the Group
H glycocin F resistant mutants (Table 3.6), characterised in section 3.2. Mutations shown to
disrupt PTS18CBA conferred complete resistance to glycocin F for L. plantarum ATCC 8014
and a very high level of glycocin F resistance for L. plantarum subsp. plantarum ATCC 14917
strongly indicating that PTS18CBA is the physiological receptor of glycocin F. As seen for
glycocin F resistant L. plantarum subsp. plantarum ATCC 14917 mutants (Figure 3.4, Figure
3.5 and Figure 3.3a), complete resistance was not obtained upon knocking out PTS18CBA,
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Figure 3.22  Liquid glycocin F assay of L. plantarum NC8 for MIC determination

The mean ODgoonm from triplicate assays. Vertical error bars represent one standard deviation
from the mean. Legend to the right indicates the concentration of glycocin F added at time point

0.

195 nM [ 390 nM

781 nM | 1.56 uM

12.5uM/[ 25uM

Figure 3.23 L. plantarum solid glycocin F assays

a) MRS agar plates from solid glycocin F assay of L. plantarum NC8 (WT) and L. plantarum
NC8 Apts18CBA. b) Solid glycocin F plate layout.

113




a P=0.0013 P=0.0005

P=0.0013 P=0.00017
15, — 1
£ P=0.007
£ —_
o
3 1.0
E @ Untreated
% @ 50 nM Glycocin F
e @ 1000 nM Glycocin F
= 0.5
L
° P=0.096
(@]

RN ©

L. plantarum NC8

-~ WT Untreated
-+ WT 50 nM Glycocin F

) =+ WT 1 uM Glycocin F
iy ":“fo ~+ KO Untreated
A+ FTT o KO 50 nM Glycocin F

* KO 1 uM Glycocin F

Optical Density (600nm)

50 nM and
1M WT

Time (minutes)

Figure 3.24  Liquid glycocin F assay of L. plantarum NC8 Apts18CBA

From duplicate liquid glycocin F assays of L. plantarum NC8 (WT) and L. plantarum NC8
Apts18CBA (KO). a) Bar graphs show the mean ODggonn after 400 minutes from the growth
curves shown in (b). Error bars represent the standard deviation. Statistical significance (P-
value) between untreated and treated and between 50 nM treated and 1 uM treated samples was
determined using the Holm-Sidak test (values in green). Statistical significance (P-value) of
treated mutant isolates to their respective counterpart treated WT control was determined using
the Holm multiple comparison test (values in blue). b) Three cultures were inoculated at an
ODgoonm OF 0.05, two were treated with either 50 nM or 1 pM glycocin F and the other left
untreated. The ODgynm Was measured every 30 seconds using a Cary 300 UV-Visible
spectrophotometer and every 20 minutes the mean ODggonm OF duplicate cuvettes was plotted.
Vertical error bars represent the standard deviation from the mean.

114




suggesting that at least in these two strains PTS18CBA may not be the only receptor. The other
possible receptor identified (section 1.4, page 18) was the gene product of pts22CBA.
Alignments of PTS22CBA, from L. plantarum NC8, L. plantarum ATCC 8014 and L.
plantarum subsp. plantarum ATCC 14917, showed no amino acid differences in the EIIC
domain (Appendix 17). Extending this search to the promoter region of pts22CBA showed no
differences in sequences between L. plantarum NC8 and L. plantarum subsp. plantarum ATCC
14917. However in L. plantarum ATCC 8014 three nucleotides were found to differ compared
to the other two strains (Figure 3.25). The -35, -10 and RBS were identified, based on consensus
sequence similarity, though the differences were not directly located within these elements.
How the differences in this region affect the expression of pts22CBA needs to be experimentally
verified and may eventually explain the increased sensitivity to glycocin F observed by L.
plantarum subsp. plantarum ATCC 14917. It may be that these changes may prevent expression
of pts22CBA so that PTS18CBA is left as the only receptor for glycocin F in the membrane. The
guestion remains, just how does glycocin F induce its bacteriostatic effect through this GICNAc-

specific PTS transporter. This is discussed in chapter 4.

1 10 20 30 40 50
1. 8014 TGTAATAGCGCTTTCAMCACCGTACAAMAATGEBITTGCACTTATTCAARAAC
Translation
-35
2. 14917 TGTAATAGCGCTTTCAGCACCGTACAATAATGATTGCACTTATTCAAAAC
Translation
-35
3. NC8 TGTAATAGCGCTTTCAGCACCGTACAATAATGATTGCACTTATTCAAAAC
Translation
-35
60 70 80 90 98
1. 8014 TATCTTTTTAGGGGGATTTTGTACATGAAGAATTATTTGCAACGTATG
Translation M K N Y L Q R M
-10 RBS pts22CBA CDS
2. 14917 TATCTTTTTAGGGGGATTTTGTACATGAAGAATTATTTGCAACGTATG
Translation M K N Y L Q R M
-10 RBS pts22CBA CDS
3. NC8 TATCTTTTTAGGGGGATTTTGTACATGAAGAATTATTTGCAACGTATG
Translation M K N Y L Q R M
-10 RBS pts22CBA CDS

Figure 3.25 pts22CBA nucleotide alignment
The nucleotide region upstream from pts22CBA from (2) L. plantarum ATCC subsp. plantarum

ATCC 14917 (14917), (1) L. plantarum ATCC 8014 (8014) and (3) L. plantarum NC8 (NC8),
were aligned. The coloured nucleotides in (1) are the differences identified in L. plantarum
ATCC 8014. The yellow bar is the pts22CBA coding sequence with the predicted translation
above. Promoter elements are highlighted by silver bars.
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3.9 Production of PTS18CBA protein

3.9.1 Introduction

Results of the L. plantarum NC8 Apts18CBA (section 3.8.3) and glycocin F resistant L.
plantarum mutants (section 3.4.2) confirmed the presence of an interaction between PTS18CBA
and glycocin F. To further study this interaction requires purified protein, i.e. an active
PTS18CBA to allow the investigation of its functionality using methods such as isothermal
titration calorimetry or surface plasmon resonance to measure the interaction between the
transporter and glycocin F. Ultimately, a three dimensional structure would be desirable. The
general membrane protein purification protocol developed by Newby et al. (2009) was initially
used with the aim of producing C-terminal hexa-histidine tagged PTS18CBA (rPTS18CBA).
The pET-21b(+) plasmid (Appendix 18) was chosen as the vector because its multiple cloning
site (MCS) allows the use of Ndel and Notl restriction endonucleases to produce a hexa-
histidine tag at the C-terminus of PTS18CBA to aid in protein purification. Cloning with the
Ndel and Notl will also result in the loss of the T7 tag immediately downstream of the start

codon.

Gram-positive bacteria target proteins to the membrane using one of multiple pathways. Using
the numerous signal peptide prediction algorithms, no significant signal sequences for either of
these three pathways could be deduced in PTS18CBA. However at the N-terminus there is a
string of 26 hydrophobic residues flanked by positively charged residues, two at the N-terminal
and one at the C-terminal (Figure 3.9). This is a pattern recognised by the Sec translocase
mediated pathway and the T7 tag sequence could potentially pose a problem for membrane

insertion. Due to time constraints, codon optimisation was not investigated.

3.9.2 Aims

e To clone the open reading frame of pts18CBA from L. plantarum ATCC 8014 and L.
plantarum subsp. plantarum ATCC 14917 into the T7 expression plasmid pET-21b(+).

e To purify rPTS18CBA from pET-21b(+)_8014 His6_pts18CBA expression plasmid for
use in subsequent experiments aimed to characterise the interaction between glycocin F
and rPTS18CBA.

3.9.3 Constructing PTS18CBA production plasmids

pET-21b(+) purified from E. coli EC100 (section 2.1.9) was treated with New England Biolabs®
Ndel, Notl and Pvul (section 2.1.15: 5 U of Notl, 10 U of Ndel and 5 U of Pvul were used in the
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reactions. All reactions contained 1x concentration of 100x New England Biolabs® Bovine
serum albumin and 1x concentration of New England Biolabs® Buffer 3. 150 ng of pET-21b(+)
purified from E. coli EC100 cell was present in each reactions which were incubated at 37°C for
4 hours) and analysed using agarose gel electrophoresis (section 2.1.13). Both Ndel and Notl
digested pET-21b(+) with no observable star activity whereas Pvul was inefficient (Figure
3.26). pET-21b(+) was digested, as described above, with New England Biolabs® Ndel and Notl
and the digested plasmid purified (section 2.1.13.6).

Figure 3.26  pET-21b(+) trial digestions

Agarose gel containing pet-21b(+) treated with: lane 2, New England Biolabs® Notl; lane 3,
New England Biolabs® Ndel; lane 4, New England Biolabs® Pvul; lane 5, Notl and Pvul: lane 6,
Ndel and Pvul; lane 7, Ndel and Notl. Lane 1, Invitrogen™ 1 kb Plus DNA Ladder.

The pts18CBA coding region was amplified out of both L. plantarum subsp. plantarum ATCC
14917 and L. plantarum ATCC 8014 gDNA using high fidelity PCR (section 2.1.12) and the
primer pairs pts18CBA_F _Ndel and pts18CBA_R_Notl (Appendix 13). PCR products were
analysed using agarose gel electrophoresis (Figure 3.27a) and those of the appropriate size were
purified (section 2.1.13.6). Primers pts18CBA_F _Ndel and pts18CBA_R_Notl, contained Ndel
and Notl restriction enzyme recognition sites respectively. The purified PCR products were
treated with both New England Biolabs® Ndel and Notl (section 2.1.15: 500 ng of the PCR
products were treated with 2.5 U of New England Biolabs® Notl and 5 U of New England
Biolabs® Ndel for 30 minutes at 37°C followed by a 20 minute incubation at 65°C; New
England Biolabs® Bovine serum albumin and New England Biolabs® Buffer 3 were included in
the reactions at 1x concentration), analysed by agarose gel electrophoresis (Figure 3.27b) and
the bands of the appropriate size excised and purified as described above. The purified PCR and

plasmid digestion products were subjected to ligation (section 2.1.16) at a molar ratio of 3:1
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respectively, and E. coli EC100 cells transformed (section 2.2.2) with the ligation mixtures. The
cells were plated onto ampicillin (section 2.1.5) LB agar plates and incubated for 48 hours at
37°C. Colonies were selected and streaked out onto ampicillin LB agar plates then incubated for
24 hours at 37°C. Two of the streaked colonies originating from the 8014 ligation and five
streaked colonies originating from the 14917 ligation grew. These were screened for pts18CBA
insertion by PCR (section 2.1.11) using primer pair pet_32_T7_term and lac_oprn that amplifies
across the MCS; a PCR product of 2.3-kbp is expected if the gene is present, while a product of
250-bp will be present if the gene has not been inserted. Four of the 14917 and both of the 8014
colonies were shown to contain the gene (Figure 3.28). Both the 8014 colonies and colonies 2
and 3 from the 14917 reaction were cultured and the plasmid purified (section 2.1.9). The
purified plasmids were subjected to sequence analysis (section 2.1.17) which confirmed them to
contain the gene. They were named pET-21b(+) 8014 His6 ptsl8CBA and pET-
21b(+)_14917 His6_pts18CBA (Appendix 14).

Figure 3.27  Agarose gels of pts18CBA inserts for pET-21b(+) expression construction

a): Lane 1, Invitrogen™ 1 kb Plus DNA Ladder; lane 2, empty; lane 3, high fidelity PCR
product amplified from L. plantarum subsp. plantarum ATCC 14917 gDNA using primers
pts18CBA_F_Ndel and pts18CBA_R_Notl; lane 4, empty; lane 5, high fidelity PCR product
amplified from L. plantarum ATCC 8014 gDNA using primers pts18CBA_F_Ndel and
pts18CBA_R_Notl. b) Lane 1, Invitrogen™ 1 kb Plus DNA Ladder; lane 2, empty; lane 3,
restriction enzyme digestions of 8014 pts18CBA PCR product; lane 4, empty; lane 5, restriction
enzyme digestions of 14917 pts18CBA PCR product.
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Figure 3.28  Colony PCR screening of pET-21b(+) pts18CBA 8014 and 14917 cloning

Agarose gel showing colony PCR products from primer pair pet_32_T7_term and lac_oprn
products of 14917 (lanes 2-5, colony number offset by 1) and 8014 (lane 7 and 8, colony
number offset by 6) cloning experiments. pET-21b(+) was used as DNA template to serve as a
negative control (lane 9). A successful clone is indicated by a 2.3-kbp band and negative by a
250-bp band. Invitrogen™ 1 kb Plus DNA Ladder is present in lanes 1 and 10.

3.9.4 Production and purification of rPTS18CBA

SDS-PAGE analysis (section 2.5.2) of the time course trial (section 2.5.1.1) showed a band that
corresponds to the predicted molecular weight of rPTS18CBA, 71.60 kDa, to be increasing in
presence with time (Figure 3.29a). The longest induction time point trialled was 12 hours. The
SDS-polyacrylamide gel was however, overloaded with this sample, and thus the 240 minute is
the greatest time point with distinguishable bands. 240 minutes was therefore chosen as the
induction time for subsequent solubility trials. Small scale solubility trials determined
rPTS18CBA to be approximately 40 % soluble, and it appears to be targeted to the cell
membrane (Figure 3.29b). Two aliquots of the sample loaded in lane 7 of Figure 3.29b were
subjected to SDS-PAGE, identical conditions as above, and the band suspected to be
rPTS18CBA was excised, digested with trypsin and analysed by tandem mass spectrometry
(section 2.5.3). The results of the Mascot NCBI non-redundant database search (section 2.5.3),
data generated by electron spray ionisation MS/MS, from one of the replicates suggested that it

contains a GIcNAc/glucose-specific PTS EIICB from L. plantarum (peptide score of 47, peptide

119




scores > 46 indicate identity or extensive homology with a p<0.05) (electronic Appendix 19).
The second replicate contained no peptides with a score above the threshold (peptide scores >

47 indicate identity or extensive homology with a p<0.05).

Although the first replicate does identify the protein extracted from the band as belonging to the
GIcNAc/glucose-specific PTSs, the results are not as reliable as they should be due to the low
peptide scores from both replicates. The low peptide scores are probably due to the low
concentration of the protein in the sample shown in lane 7 of Figure 3.29b. This could be
resolved by concentrating the sample so that more protein can be loaded on the gel. It is also
possible that there are two proteins in this band, the rPTS18CBA and some other protein. The
presence of peptides from two sources would complicate the spectra, and have the effect of
lowering the score. Limited time did not allow for either further purification attempts of
rPTS18CBA or further attempts to confirm the identity of the extracted protein, which is
required before using purified rPTS18CBA in subsequent experiments.
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Figure 3.29  SDS-PAGE gels of 8014 rPTS18CBA production and purification

a) SDS-polyacrylamide gel containing protein from whole cells sampled at the time points
(minutes) indicated above the lanes. An asterisk marks the putative rPTS18CBA. b) SDS-
polyacrylamide gel of small scale protein solubility trial. An asterisk marks the putative
rPTS18CBA. Lane 1 is the total protein from un-induced E. coli BL21 transformed with empty
pet-21b(+) vector. Lane 2 is the total protein from induced E. coli BL21 transformed with empty
pet-21b(+) vector. Lane 3 is total protein from un-induced E. coli BL21 transformed with pET-
21b(+)_8014_pts18CBA expression plasmid. Lane 4 is total protein from induced E. coli BL21
transformed with pET-21b(+)_8014_pts18CBA expression plasmid. Lane 5 is insoluble fraction
following cell lysis. Lane 6 is the soluble fraction following cell lysis. Lane 7 is the membrane
fraction following ultracentrifugation. Lane 8 is the soluble fraction following
ultracentrifugation. Bands corresponding to rPTS18CBA are indicated by asterisks. The protein
marker (M) BenchMark™ Protein Ladder was loaded in the outermost lanes in both gels.
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4. General Discussion and Conclusions

A major aim of this study was to identify proteins in L. plantarum strains that are required for
sensitivity to glycocin F. One approach was to use comparative genome analysis of L.
plantarum ATCC 8014 and L. plantarum subsp. plantarum ATCC 14917 mutants selected for
resistance to glycocin F-mediated bacteriostasis. This provided evidence that PTS18CBA is
probably the main receptor for glycocin F. As shown in section 3.2, all six glycocin F-resistant
isolates had mutations in or overlapping the pts18CBA gene, those predicted to cause complete
loss of transporter function being correlated with either complete resistance (in ATCC 8014) or
very high level of resistance (in ATCC 14917) to glycocin F. On the other hand mutations
predicted to decrease substrate affinity or result in a non-functional transport domain seemed to
be associated with a relatively low level of resistance. This approach was supported by the
successful targeted gene disruption (knock out) of pts18CBA in L. plantarum NC8 (section 3.8),
which also identified PTS18CBA as the probable cognate receptor for glycocin F. The L.
plantarum NC8 Apts18CBA strain was generated only after repeated attempts to use targeted
gene disruption in L. plantarum ATCC 8014 and L. plantarum subsp. plantarum ATCC 14917
had failed. A second aim of this study was to characterise the interaction of glycocin F with
PTS18CBA, but unfortunately time did not permit this.

4.1 Glycocin F binding to PTS18CBA

This study has provided definitive evidence that the putative GIcNAc-specific PTS transporter,
PTS18CBA, is required for sensitivity to glycocin F. Given that both GICNAc moieties of
glycocin F contribute to its inhibitory activity, and indeed the Ser18-O-GIcNAc is essential for
activity, it seems plausible that glycocin F-mediated inhibition requires one or both of the
GIcNAc moieties to be bound in the GIcNAc-binding sites in the EIIC domain of PTS18CBA.
One hypothesis is that the serine-linked GICNACc initiates the interaction by occupying one
GIcNAc binding site, and then the flexible 'tail' of glycocin F 'reaches’ above, around and down
the oligomerisation domain to the other ligand binding site. Glycocin F was modelled into the
predicted outward-open state of ChbC that was suggested by Cao et al. (2011) and McCoy et al.
(2014), using PyMOL (Schrodinger, 2010). This model, shown in Figure 4.1, shows that
glycocin F could physically dock with the protein in such a way that the two GICNAc moieties

could each occupy a sugar-binding site.

The model shows that this interaction would be favoured by electrostatic bonds between the

oligomerisation domain of EIIC and the positively charged residues in the 'tail' of glycocin F
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(residues H27, K32, H33, H34 and H42). Hydrogen bonds and stacking interactions between the
GIcNAc moieties of glycocin F and amino acids located in the ligand binding site of EIIC
would also favour this interaction. These hypothetical interactions are consistent with the effects
of the single missense mutations identified in LP8_1L and LP1 3L, which are thought to result
in a decreased affinity for GIcNAc. The results of Stepper et al. (2011) and Kerr (2013), that
pre- and post-exposure to GICNACc can increase or alleviate the bacteriostatic effect of glycocin

F respectively, depending on the target species, also support this model.
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Figure 4.1 Model of the outward-open state of ChbC with glycocin F
a) Side on and (b) top down views of ChbC in the outward-open state with glycocin F (pink)

bound in the two N,N'-diacetylchitobiose (yellow)-binding sites. The transport domains are
coloured orange, and the oligomerisation domains are coloured cyan and green.
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4.2 How might formation of a glycocin F:PTS18CBA complex cause
bacteriostasis?

The function of the GIcNAc residues on glycocin F could simply be to recruit the bacteriocin to
the cell membrane through binding to the PTS. Once in position, glycocin F could then interact
with other non-PTS molecules to exert its inhibitory effects. This is, however, unlikely because
very high concentrations of glycocin F should still be inhibiting in the absence of the PTS, this
was shown not to be the case for L. plantarum ATCC 8014 group H mutants (section 3.2,
Figure 3.3b). Instead, it is possible that glycocin F traps EIIC in the outward-open state (Figure
1.5) leading to a build-up in the concentration of phosphorylated EIIB and EIIA at the
membrane (see phosphorylation cascade, section 1.3.2, page 11). Many PTS studies suggest that
accumulation of the phosphorylated forms of these two PTS subunits/domains is enough to
induce an increase in the concentration of the phosphorylated forms of cytoplasmic HPr and El
(Weigel et al., 1982, Meadow and Roseman, 1996, Pelton et al., 1996, Rohwer et al., 2000,
Francke et al., 2002, Francke et al., 2003), which in turn could increase the phosphorylation of

certain non-PTS proteins (see section 1.3.3, page 15).

In Firmicutes species, glycerol kinase is the only non-PTS enzyme known to be regulated by an
inducer exclusion mechanism (section 1.3.3, page 15), though bacteriostasis due to the effects of
a hyper-phosphorylated glycerol kinase seems unlikely. A number of transcription factors and
antiterminators have been shown to be regulated by the inducer exclusion mechanisms, though
none of these have been shown to have a role in the regulation of cell division. It may be that
there are unidentified enzymes, that have a role in cell division, or transcriptional regulators,
that regulate proteins that have a role in cell division, that are phosphoregulated by components
of the PTS. Such a mechanism could explain how glycocin F can induce bacteriostasis in
minutes, at nanomolar concentrations, as the chemotaxis study in E. coli by Lux et al. (1999)
showed that in a matter of seconds nanomolar concentrations of glucose were capable of
causing a significant change in the phosphorylation of El leading to the dephosphorylation of
the non-PTS protein CheY.

Alternatively, the build-up of phosphorylated PTS subunits/domains may affect other regulatory
pathways. The bacteriostatic effect induced by glycocin F is reminiscent of the cell cycle arrest
characteristic of the 'stringent response’, reviewed by Katarzyna and Michael (2008) and
Srivatsan and Wang (2008), which occurs in most bacteria in response to nutrient stress. In E.
coli, the two proteins central to this response are RelA and SpoT, which synthesise the
‘alarmone’ nucleotides guanosine tetraphosphate/pentaphosphate ((p)ppGpp), although SpoT
also catalyses the reverse reaction (Xiao et al., 1991, Gropp et al., 2001). (p)ppGpp interacts
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with the transcription machinery (Ross et al., 2013) and changes the expression of hundreds of
genes (Schreiber et al., 1995, Barker et al., 2001, Durfee et al., 2008). In both E. coli and B.
subtilis, the cell cycle arrest is due to the inhibition of DNA replication (Levine et al., 1991,
Ferullo and Lovett, 2008). It was shown recently by Karstens et al. (2014), that in the Gram-
negative bacterium Ralstonia eutropha H16, the unphosphorylated nitrogen related-PTS EIIA
subunit interacts with SpoT. They were, however, unable to replicate this interaction in E. coli.
The physiological role of the interaction between SpoT and the unphosphorylated EINA is
unknown. However, a related interaction could be the missing link between the formation of a
glycocin F:PTS18CBA complex and bacteriostasis. For example, the interaction of
unphosphorylated EIIA with SpoT might suppress synthesis of (p)ppGpp, whereas
phosphorylation of EIA could disrupt this interaction leading to (p)ppGpp synthesis, and
subsequent cell cycle arrest. This is very speculative however, and is based on experimental
observations in organisms only distantly related to Lactobacillus plantarum species, glycocin
F's natural targets. This could be experimentally investigated using a metabolomics approach to
determine if changes in the levels of (p)ppGpp occur upon addition of glycocin F, or by using a
bacterial two-hybrid methodology (Karstens et al., 2014) to identify PTS18CBA binding
partners.

Both phosphorylation of non-PTS proteins, and triggering of the stringent response could also
explain how the glycocin F putative immunity protein might act in the glycocin F producer
strain, L. plantarum KW30. It has been suggested that the immunity proteins of bacteriocins that
use PTS transporters as their cognate receptors might function similarly. The work of Diep et al.
(2007), discussed in section 1.2.4 (page 8), showed the immunity protein of lactococcin A
interacts with the EIIAB, EIIC and EIID subunits of the mannose-specific PTS transporter in a
lactococcin A dependent manner. As lactococcin A has bactericidal activity and works by
dissipating the proton motive force, Diep et al. (2007) proposed that the immunity protein might
simply plug a bacteriocin-induced pore formed in the transmembrane EIIC/D domains. The
identity of the glycocin F immunity protein is unknown, although likely candidates are the gene
products of gccl and gecH, both of which are located in the gcc gene cluster in close proximity
to the glycocin F coding sequence (Stepper et al., 2011). Regardless, the glycocin F immunity
protein, may be binding phosphorylated EIIB or EIIA domains in a fashion similar to the
lactococcin A immunity protein, effectively concealing these phosphorylated domains and so
preventing molecular interactions that would otherwise lead to bacteriostasis. However this is
speculative and experimental validation is necessary. This could be accomplished by in vivo
pull down experiments much like those carried out by Diep et al. (2007) or by using the

bacterial two-hybrid method.
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A possible inhibitory mechanism that the results of this study do not exclude is that glycocin F
could be inducing pore formation through PTS18CBA, similar to what was suggested for
lactococcin A (section 1.2.4, page 8) and microcin E492 (section 1.2.5, page 9). The results of
the ATP efflux experiments by Kerr (2013), that showed a small amount of ATP efflux upon
treatment with glycocin F, are consistent with this theory. However, the known pore-forming
bacteriocins are all bactericidal, while glycocin F is clearly bacteriostatic (Kerr, 2013)
suggesting this is not how it inhibits growth.

Another possible mechanism for glycocin F involves entering the cell through the PTS18CBA,
similar to some of the class lle peptides (Heddle et al., 2001). Once inside the cell it may
interact with proteins that have a vital role in cell division, similar to microcin B17 which acts
to inhibit DNA gyrase (Pierrat and Maxwell, 2003). This, however is unlikely as there are no
documented precedents of PTSs moving bacteriocins into cells, even though the mannose PTS

is known to be the receptor for many bacteriocins.

4.3 A second receptor or mechanism of action for glycocin F?

Interestingly isolates of L. plantarum subsp. plantarum ATCC 14917 and L. plantarum NC8 in
which PTS18CBA was compromised by partial or complete deletion were not completely
resistant to 1 uM glycocin F. This suggests that in these strains, high concentrations of glycocin
F can either inhibit by a mechanism unrelated to PTS transport, or more likely that another
receptor is present in the cell membrane. It is possible that this second receptor could be another
putative GIcNAc-specific transporter, PTS22CBA. An amino acid alignment of PTS22CBA
(Appendix 17) from the three L. plantarum strains showed no differences in the transmembrane
EIIC domain. However, in contrast to L. plantarum subsp. plantarum ATCC 14917 and L.
plantarum NCB8, differences were identified upstream in the 5'-untranslated region of L.
plantarum ATCC 8014 pts22CBA (Figure 3.25). These differences may decrease the
constitutive expression of pts22CBA, leaving PTS18CBA as the sole glycocin F receptor. At
first this may seem contradictory to the observation that all mutants, including L. plantarum
NC8 Apts18CBA, can still utilise GICNAC as a sole carbon source (Appendix 2). However it is
possible that more abundant PTS transporters responsible for glucose and mannose transport are
sufficiently non-specific to allow them to also transport GIcNAc. Less likely, but still possible is
that in L. plantarum ATCC 8014 only, the putative glycocin F:PTS22CBA interaction does not
inhibit growth. This is based on a theory that within the three strains, the GICNAc-specific PTS
transporter homologues have different regulatory functions. Evidence for this may have already
been shown by the carbon utilisation assays (Appendix 2). As discussed in section 1.3.3, the

PTSs of Firmicutes regulate the lac operon; the increased transport of lactose through the
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lactose-specific PTS transporter is thought to result in the up-regulation of the lac operon. The
glycocin F-resistant L. plantarum subsp. plantarum ATCC 14917 mutants gained the ability to
utilise lactose, and potentially fructose. The same effect was not observed in either glycocin F-
resistant L. plantarum 8014 mutants or L. plantarum NC8 Apts18CBA, indicating that
PTS18CBA down-regulates lactose and fructose metabolic pathways in L. plantarum subsp.
plantarum 14917, but not in L. plantarum NC8 or L. plantarum ATCC 8014. Caution is
necessary however in coming to this conclusion as the gained ability to utilise lactose could be
the effect of mutations not within the boundaries of the assembled contigs that remain to be
identified. Either explanation (differential expression of pts22CBA or lack of downstream
inhibitory signalling) could account for the complete resistance observed for the L. plantarum
ATCC 8014 mutants while the other two L. plantarum strains retained residual sensitivity to
glycocin F. However, if PTS22CBA is another receptor for glycocin F, the question remains
why mutations in its coding sequence were not identified in the glycocin F-resistant L.

plantarum subsp. plantarum ATCC 14917 mutants.

4.4 Possible mechanism of actions for glycocin F

A model for the mechanism of action (MOA) of glycocin F is proposed: glycocin F manipulates
either the PTS18CBA-mediated GIcNAc inducer exclusion regulation pathway or the stringent
response, tricking the cell into 'thinking' it is in a carbon-deficient environment and that its best
chance of surviving is to go into a hibernation-like state until the suitable carbon sources are
introduced into the environment. The postulated mechanism involves glycocin F binding to the
outward-open state of the transmembrane EIIC dimer locking it in the open state, leading to a
build up of phosphorylated EIIB. This leads in turn to a build up of phosphorylated EIIA (and
potentially HPr and El), that alter the activity of various transcriptional regulators, some of
which control the production of proteins involved in cell division. This may also feed into the
stringent response, through SpoT, which then induces cell cycle arrest. The downstream
elements linked to this phosphorylation cascade that are involved in the regulation of cell
division, have yet to be identified in Firmicutes species. Thus the next major step in elucidating
the MOA of glycocin F is to determine if glycocin F is manipulating inducer exclusion
regulatory pathways, or inducing the stringent response, using approaches summarised in

section 5.

127



128



5. Future Directions

129
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The binding of glycocin F to PTS18CBA should be characterised in vitro by producing and
purifying rPTS18CBA. This is not trivial since about half of PTS18CBA is an integral
membrane protein domain (EIIC), and these present specific challenges in protein purification
and crystallisation. Nevertheless, significant progress towards this goal is reported in this thesis.

Such characterisation could involve analysis of the binding between glycocin F and PTS18CBA
using techniques such as isothermal titration calorimetry, circular dichroism, small angle X-ray
scattering and protein crystallisation and X-ray diffraction. Crystallisation of a dimer of the
multi-domain recombinant EIICBA would likely be extremely challenging, but the chance of
success might improve if the isolated EIIC domain was the crystallisation target. Glycocin F
could perhaps be co-crystallised with rPTS18CBA, or even soaked into the crystal.

The hypothesis that glycocin F exerts its antimicrobial activity through binding to PTS18CBA
and induces bacteriostasis through a build up of phosphorylated PTS proteins requires
experimental validation. This can be achieved by either studying the expression of genes that
are regulated by transcription factors or antiterminators that are themselves known to be
regulated by PTS-mediated inducer exclusion. Based on the differential lactose utilisation
displayed by the glycocin F resistant mutants, the immediate target for such investigations
would be LacT. Also studying glycerol kinase activity in response to glycocin F could be
informative. This can be done using transcriptomic, proteomic and metabolomic methods.
Proteomic methods include comparative 1- dimensional and/or 2-dimensional SDS-PAGE, with
differential gel electrophoresis, of cell lysates with and without glycocin F treatment coupled to
in-gel tryptic digestion and MS/MS to identify proteins with changed abundance. The
expression of these genes could then be investigated using real-time PCR. A metabolomic
approach using mass-spectrometry and/or NMR would allow the intracellular activity of
glycerol kinase to be evaluated in response to glycocin F by looking at the relative levels of
glycerol and glycerol-3-phosphate (Brockmoller et al., 2011). These investigations would be
carried out to link glycocin F to inducer exclusion regulation, not necessarily to the cell cycle
arrest induced by the stringent response. Instead, to investigate if glycocin F uses the stringent
response to induce bacteriostasis, metabolomics could be used to analyse the levels of (p)ppGpp
(Kriel et al., 2012).

The results of the pts18CBA knockout in L. plantarum NC8 need further validation through
complementation of the knocked out pts18CBA to show recovery of sensitivity to glycocin F.

The suspicion that there is a second receptor, possibly PTS22CBA, that is responsible for the
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residual sensitivity to glycocin F seen in some glycocin F-selected mutants, and in NC8 KO,
needs further examination. An experiment that has potential, is to repeat the natural selection
experiments, generating glycocin F-resistant L. plantarum at concentrations of glycocin F much
higher than was used originally. This could also be completed using the glycocin F-resistant
mutants that are only partially resistant in an attempt to force them to become completely
resistant. This may allow the identification of proteins '‘downstream' of glycocin F binding
PTS18CBA or a second receptor.

Additionally, the genome assembly, integration and annotation of other strains with varying
susceptibility to glycocin F should be continued as such comparisons have the potential to yield
valuable information about the MOA of glycocin F. Other de novo assembly algorithms exist
which could be used for the generation of contigs for CISA integration. Using the latest release
of Spades may avoid the misassembles reported here and allow these contigs to be included in
CISA integration. Also, the genomes of L. plantarum subsp. plantarum ATCC 14917 and L.
plantarum ATCC 8014 could be completed by closing the gaps between the contigs, which if
performed for the mutants isolates may reveal other mutations that could be responsible for the
glycocin F resistance. Additionally, the targeted sequencing of pts18CBA of the four glycocin F
resistant mutants that were not analysed by Illumina sequencing could identify additional
mutations in PTS18CBA.

Further biochemical characterisation of L. plantarum NC8 Apts18CBA and the glycocin F-
resistant mutants would be informative. Such characterisation could include investigating
growth rates in the presence of PTS sugars that are imported up by PTS transporters, with and
without glycocin F. An experiment that could provide more details on the effects on the
mutations on PTS18CBA function would be characterising their sensitivity to the antimicrobial
GIcNAc analogue streptozotocin which would likely use PTS18CBA to enter the cell. This
could reveal if some of the partial glycocin F-resistant mutants have an impaired ability to
translocate GIcNAc, as if they retained wildtype sensitivity to streptozotocin then this could

suggest there are unidentified mutations that confer glycocin F-resistance.

Evidence is provided that PTS18CBA is a receptor for the diglycosylated bacteriostatic glycocin
F. Future investigations aimed at elucidating the mechanism of action of glycocin F show
potential that may lead to discoveries involving the regulatory pathway that glycocin F hijacks.
These studies may also lead to the development of a synthetic antibiotic resembling glycocin F,

two GIcNAc moieties separated by a positively charged linker.
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Appendix 1  Cellular Density and Viable Cell Count Results

Aim

e To determine the relationships between ODggnm With cell density and then cell viability

for Lactobacillus plantarum strains L. plantarum ATCC 8014, L. plantarum NC8 and

L. plantarum subsp. plantarum ATCC 14917.

Results

The results of experiments designed to determine the cellular density and cell viability (2.2.5) of
L. plantarum ATCC 8014, L. plantarum NC8 and L. plantarum subsp. plantarum ATCC 14917

are listed below. These cell density and viable cell counts were used in subsequent experiments

that required the a determination of cell density and or cell viability from ODgygnm.

Cell density counts of L. plantarum

ATCC 8014 NC8 subsp. plantarum ATCC
14917

Chamber Chamber Chamber

1 2 1 2 1 2

106 134 9 105 49 43

110 116 102 135 50 53

. 2 158 141 129 111 52 64

SquL:Lsr;:ount in the 0.025 mm 145 137 100 101 65 68

110 130 141 103 59 66

144 138 125 107 60 88

132 151 124 117 68 55
Mean (cells mL™) 5.03x10’ 4.96x10° 6.96x10°
Standard Deviation (cellsmL™)  6.28x10° 6.53x10° 1.32x10°

Viable cell count results for L. plantarum strains

Lactobacillus plantarum

Colony Count

Colony Count

Colony Forming

strain (Replicate plate (Replicate plate 2)  Units per mL™ at 1
1) ODSOOnm

NC8 94 71 4.40x10°

subsp. plantarum ATCC 89 68 4.19x10°

14917

ATCC 8014 66 58 3.31x10°
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Appendix 2 Carbon source utilisation assay
Introduction

Metabolic utilisation of carbon sources was investigated for all the glycocin F-resistant mutants
and L. plantarum NC8 Apts18CBA using a chemically defined media carbon source assay
(2.2.8)

Aim

To identify changes in carbon source utilisation ability in L. plantarum NC8 Apts18CBA and the
natural Glycocin F resistant L. plantarum subsp. plantarum ATCC 14917 and L. plantarum
ATCC 8014 isolates

Results

Six segments were streaked with one of the strains (8014 or 14917) and its mutants (1-5), the
two other segments were streaked with WT NC8 and the pts18CBA knockout strain. Growth is
indicated by a streak or small colonies. Light white speckles are clumps of insoluble amino
acids. KO, knockout; WT, wildtype.

lactose

14947 ose
< WT

N-acetylglucosamine
NC8




D (+) fructose
NC

(4977
W

1K 014
g
14917
z 2

W T
8014 8014
4 2

9

8 80gld,
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Appendix 3  Agarose gel electrophoresis of genomic DNA purified for genomic
sequencing

a) Agarose gel (0.6 %) electrophoresis of gDNA from L. plantarum ATCC 8014 isolates 1
(Lane 2), 2 (Lane 3), 3 (Lane 4), 4 (Lane 5), 5 (Lane 6) and wt (Lane 7). Agarose gel (0.6 %)
electrophoresis of gDNA from L. plantarum subsp. plantarum ATCC 14917 isolates 1 (Lane 2),
2 (Lane 3), 3 (Lane 4), 4 (Lane 5), 5 (Lane 6) and wt (Lane 7). c) Agarose gel (1.0 %)
electrophoresis of gDNA from L. plantarum ATCC 8014 isolates 1 (Lane 2), 2 (Lane 3), 3
(Lane 4), 4 (Lane 5), 5 (Lane 6) and wt (Lane 7). Agarose gel (1.0 %) electrophoresis of gDNA
from L. plantarum subsp. plantarum ATCC 14917 isolates 1 (Lane 2), 2 (Lane 3), 3 (Lane 4), 4
(Lane 5), 5 (Lane 6) and wt (Lane 7).

Lane

12 3 4 5 6 &
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Appendix 4 Statistical details on the raw sequencing reads and quality control
processed reads

Relevant details pertaining to the five different stages of quality control.

L. plantarum ATCC 8014 WT

MinRead MaxRead Mean Read Estimated
Processing State Length Length Length Sequences Total BP Genome Size Coverage
251 251 251 2785931 699268681
Forward Raw Sequencing reads
251 251 251 2785931 699268681 428.5753482
Reverse Raw Sequencing reads
15 251 248.9 2776720 691125608
Forward Post MGS processing
15 251 249.5 2776720 692791640 424.0950814
Reverse Post MGS processing
150 251 249.9 2736780 683921322
Forward No ambiguities 150 bp
150 251 250.2 2736780 684742356 419.420695
Reverse No ambiguities 150 bp 3263224
170 492 338.5 2648545  896532482.5
Combined Flashed reads
150 251 228 88235 20117580
Forward Flashed Reads
150 251 229.4 88235 20241109 287.1059944
Reverse Flash Reads
205 492 3385 2648542 896531467
Combined Flashed Trimmed 205
205 251 241.6 68048 16440396.8
Forward Flashed Trimmed 205
205 251 242 68048 16467616 284.8224577
Reverse Flashed Trimmed 205
L. plantarum ATCC 8014 WT
>Q20 (%) >Q30 (%) A(%) C (%) G (%) T (%) N (%) GC (%)
Processing State
95.80 93.90 27.82 22.25 22.12 27.72 0.09 44.37
Forward Raw Sequencing reads
90.70 86.80 27.79 22.16 22.38 27.62 0.05 44.54
Reverse Raw Sequencing reads
96.10 94.30 27.81 22.20 22.12 27.76 0.09 4433
Forward Post MGS processing
90.90 87.10 27.74 22.20 22.32 27.68 0.04 44.52
Reverse Post MGS processing
96.20 94.40 27.83 22.23 22.15 27.79 0.00 4437
Forward No ambiguities 150 bp
91.10 87.30 27.75 22.21 22.33 27.70 0.00 44.54
Reverse No ambiguities 150 bp
97.90 96.70 27.81 22.22 22.13 27.84 0.00 4434
Combined Flashed reads
90.90 87.50 27.52 23.04 22.27 27.18 0.00 45.31
Forward Flashed Reads
70.00 62.40 26.90 22.81 23.30 27.01 0.00 46.11
Reverse Flash Reads
97.90 96.70 27.81 22.22 22.13 27.84 0.00 44.34
Combined Flashed Trimmed 205
89.60 85.60 27.42 23.13 22.30 27.14 0.00 45.43
Forward Flashed Trimmed 205
65.80 57.20 26.66 22.94 23.41 26.98 0.00 46.35

Reverse Flashed Trimmed 205
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L. plantarum ATCC 8014 LP8_1L

MinRead MaxRead Mean Read Estimated

Processing State Length Length Length Sequences Total BP Genome Size Coverage

251 251 251 2604139 653638889
Forward Raw Sequencing reads

251 251 251 2604139 653638889 399.7187514
Reverse Raw Sequencing reads

15 251 248.4 2594916  644577134.4
Forward Post MGS processing
15 251 249.1 2594916  646393575.6 394.7326337

Reverse Post MGS processing

150 251 249.7 2554298  637808210.6
Forward No ambiguities 150 bp

150 251 250 2554298 638574500 390.2721456
Reverse No ambiguities 150 bp 3270494

184 492 350.4 2468524  864970809.6
Combined Flashed reads

150 251 224 85774 19213376
Forward Flashed Reads

150 251 225.5 85774 19342037 276.2659777
Reverse Flash Reads

205 492 350.4 2468515 864967656
Combined Flashed Trimmed 205

205 251 241.2 61042 14723330.4
Forward Flashed Trimmed 205

205 251 241.7 61042 14753851.4 273.4892153
Reverse Flashed Trimmed 205
L. plantarum ATCC 8014 LP8_1L

>Q20 (%) >Q30 (%) A(%) C (%) G (%) T (%) N (%) GC (%)

Processing State

95.80 93.90 27.82 22.29 22.15 27.65 0.09 44.44
Forward Raw Sequencing reads

90.50 86.40 27.76 22.19 22.42 27.59 0.05 44.61
Reverse Raw Sequencing reads

96.10 94.30 27.78 22.27 22.18 27.70 0.09 44.44
Forward Post MGS processing

90.70 86.70 27.71 22.24 22.36 27.66 0.04 44.60
Reverse Post MGS processing

96.30 94.50 27.79 22.28 22.19 27.72 0.00 44.47
Forward No ambiguities 150 bp

90.90 87.00 27.71 22.25 22.36 27.68 0.00 44.62
Reverse No ambiguities 150 bp

97.70 96.40 27.78 22.26 2217 27.78 0.00 44.43
Combined Flashed reads

90.40 86.90 27.60 22.97 22.34 27.10 0.00 45.31
Forward Flashed Reads

72.60 65.70 27.09 22.61 23.37 26.91 0.00 45.98
Reverse Flash Reads

97.70 96.40 27.78 22.26 22.17 27.78 0.00 44.43
Combined Flashed Trimmed 205

88.40 84.20 27.44 23.15 22.42 26.98 0.00 45.57
Forward Flashed Trimmed 205

67.50 59.10 26.81 22.77 23.60 26.84 0.00 46.38

Reverse Flashed Trimmed 205
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L. plantarum ATCC 8014 LP8_4H

Min Read MaxRead Mean Read Estimated
Processing State Length Length Length Sequences Total BP Genome Size Coverage
251 251 251 2412570 605555070
Forward Raw Sequencing reads
251 251 251 2412570 605555070 371.2393639
Reverse Raw Sequencing reads
15 251 249.1 2406782 599529396.2
Forward Post MGS processing
15 251 249.6 2406782  600732787.2 367.9141597
Reverse Post MGS processing
150 251 250 2373494 593373500
Forward No ambiguities 150 bp
150 251 250.3 2373494  594085548.2 363.9896382
Reverse No ambiguities 150 bp 3262343
194 492 357.2 2308497  824595128.4
Combined Flashed reads
150 251 228.8 64997 14871313.6
Forward Flashed Reads
150 251 230.4 64997 14975308.8 261.9104585
Reverse Flash Reads
212 492 357.2 2308495 824594414
Combined Flashed Trimmed 205
205 251 2439 49336 12033050.4
Forward Flashed Trimmed 205
205 251 244.4 49336 12057718.4 260.1459083
Reverse Flashed Trimmed 205
L. plantarum ATCC 8014 LP8_4H
>Q20 (%) >Q30 (%) A(%) C (%) G (%) T (%) N (%) GC (%)
Processing State
95.90 94.10 27.83 22.25 22.10 27.72 0.09 44.35
Forward Raw Sequencing reads
90.70 86.70 27.78 22.16 22.37 27.65 0.05 44.53
Reverse Raw Sequencing reads
96.20 94.40 27.81 22.23 2211 27.74 0.09 44.34
Forward Post MGS processing
90.90 87.00 27.74 22.19 22.33 27.70 0.04 44.52
Reverse Post MGS processing
96.30 94.50 27.85 22.26 22.13 27.78 0.00 44.39
Forward No ambiguities 150 bp
91.00 87.20 27.75 22.20 22.34 27.72 0.00 44.54
Reverse No ambiguities 150 bp
97.50 96.20 27.82 22.23 22.12 27.83 0.00 44.35
Combined Flashed reads
88.80 84.70 27.41 23.23 22.29 27.07 0.00 45.52
Forward Flashed Reads
67.00 58.70 26.79 22.75 23.53 26.91 0.00 46.29
Reverse Flash Reads
97.50 96.20 27.83 22.23 22.12 27.83 0.00 44.35
Combined Flashed Trimmed 205
86.90 82.10 27.26 23.39 22.35 26.98 0.00 45.74
Forward Flashed Trimmed 205
62.00 52.30 26.50 22.92 23.73 26.85 0.00 46.65

Reverse Flashed Trimmed 205
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L. plantarum ATCC 8014 LP8_5H

MinRead MaxRead Mean Read Estimated

Processing State Length Length Length Sequences Total BP Genome Size Coverage

251 251 251 3054791 766752541
Forward Raw Sequencing reads

251 251 251 3054791 766752541 469.8520751
Reverse Raw Sequencing reads

15 251 2479 3044940 754840626
Forward Post MGS processing
15 251 248.5 3044940 756667590 463.1124344

Reverse Post MGS processing

150 251 249.3 2991288  745728098.4
Forward No ambiguities 150 bp

150 251 249.6 2991288  746625484.8 457.2436284
Reverse No ambiguities 150 bp 3263804

180 492 338.6 2866777  970690692.2
Combined Flashed reads

150 251 220.5 124511 27454675.5
Forward Flashed Reads

150 251 2211 124511 27529382.1 314.2574584
Reverse Flash Reads

206 492 338.6 2866771  970688660.6
Combined Flashed Trimmed 205

205 251 239.3 83931 20084688.3
Forward Flashed Trimmed 205

205 251 239.7 83931 20118260.7 309.7280381
Reverse Flashed Trimmed 205
L. plantarum ATCC 8014 LP8_5H

>Q20 (%) >Q30 (%) A(%) C (%) G (%) T (%) N (%) GC (%)

Processing State

95.90 94.00 27.88 22.24 22.12 27.67 0.09 44.36
Forward Raw Sequencing reads

89.40 85.00 27.80 22.15 22.40 27.61 0.05 44.54
Reverse Raw Sequencing reads

96.20 94.50 27.82 22.21 22.13 27.73 0.09 4434
Forward Post MGS processing

89.70 85.40 27.73 2221 22.30 27.70 0.04 44.51
Reverse Post MGS processing

96.40 94.60 27.85 22.23 22.16 27.76 0.00 44.39
Forward No ambiguities 150 bp

89.90 85.60 27.75 22.23 2231 27.73 0.00 4454
Reverse No ambiguities 150 bp

97.50 96.20 27.83 22.21 22.14 27.82 0.00 44.35
Combined Flashed reads

91.60 88.40 27.67 22.88 22.32 27.14 0.00 45.19
Forward Flashed Reads

76.50 70.30 27.12 22.65 23.14 27.11 0.00 45.79
Reverse Flash Reads

97.50 96.20 27.83 2221 22.14 27.82 0.00 44.35
Combined Flashed Trimmed 205

89.60 85.70 27.51 23.07 22.36 27.04 0.00 45.44
Forward Flashed Trimmed 205

70.70 63.00 26.86 22.80 23.33 27.00 0.00 46.14

Reverse Flashed Trimmed 205
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L. plantarum subsp. plantarum ATCC 14917 WT

Min Read MaxRead Mean Read Estimated
Processing State Length Length Length Sequences Total BP Genome Size Coverage
2601578 652996078
Forward Raw Sequencing reads 251 251 251 398.3974
2601578 652996078
Reverse Raw Sequencing reads 251 251 251
2594036  645136753.2
Forward Post MGS processing 15 251 248.7 393.9981
2594036  646433771.2
Reverse Post MGS processing 15 251 249.2
2556788  638685642.4
Forward No ambiguities 150 bp 150 251 249.8 389.8225
2556788 639197000
Reverse No ambiguities 150 bp 150 251 250
3278114
2466846  829846994.4
Combined Flashed reads 189 492 336.4 265.6041
89942 20353874.6
Forward Flashed Reads 150 251 226.3
89942 20479793.4
Reverse Flash Reads 150 251 227.7
2466843  829845985.2
Combined Flashed Trimmed 205 213 492 336.4 263.0063
66774 16145953.2
Forward Flashed Trimmed 205 205 251 241.8
66774 16172662.8
Reverse Flashed Trimmed 205 205 251 242.2
L. plantarum subsp. plantarum ATCC 14917 WT
>Q20 (%) >Q30 (%) A(%) C (%) G (%) T (%) N (%) GC (%)
Processing State
95.30 93.20 27.63 22.38 22.34 27.56 0.09 44.72
Forward Raw Sequencing reads
89.70 85.30 27.65 22.35 22.52 27.44 0.04 44.87
Reverse Raw Sequencing reads
95.60 93.50 27.61 22.36 22.35 27.60 0.09 44,71
Forward Post MGS processing
89.90 85.70 27.61 22.40 22.46 27.50 0.04 44.85
Reverse Post MGS processing
95.70 93.70 27.63 22.38 22.36 27.62 0.00 44.74
Forward No ambiguities 150 bp
90.10 85.90 27.62 22.41 22.47 27.52 0.00 44.87
Reverse No ambiguities 150 bp
97.60 96.20 27.63 22.35 22.33 27.69 0.00 44.68
Combined Flashed reads
89.80 86.00 27.32 23.18 22.63 26.89 0.00 45.81
Forward Flashed Reads
69.90 62.30 26.95 22.83 23.57 26.67 0.00 46.40
Reverse Flash Reads
97.60 96.20 27.63 22.35 22.33 27.69 0.00 44.68
Combined Flashed Trimmed 205
88.00 83.50 27.20 23.32 22.68 26.79 0.00 46.00
Forward Flashed Trimmed 205
64.80 55.80 26.75 22.93 23.74 26.58 0.00 46.67

Reverse Flashed Trimmed 205
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L. plantarum subsp. plantarum ATCC 14917 LP1_2H

MinRead MaxRead Mean Read Estimated
Processing State Length Length Length Sequences Total BP Genome Size Coverage
2639160 662429160
Forward Raw Sequencing reads 251 251 251 403.3371
2639160 662429160
Reverse Raw Sequencing reads 251 251 251
2633252 655679748
Forward Post MGS processing 15 251 249 399.7085
2633252  657259699.2
Reverse Post MGS processing 15 251 249.6
2597449 649362250
Forward No ambiguities 150 bp 150 251 250 395.5391
2597449  649881739.8
Reverse No ambiguities 150 bp 150 251 250.2
3284742
2500708  798726135.2
Combined Flashed reads 168 492 319.4 256.887
96741 224729343
Forward Flashed Reads 150 251 232.3
96741 22608371.7
Reverse Flash Reads 150 251 233.7
2500702  798724218.8
Combined Flashed Trimmed 205 205 492 319.4 254.801
78183 19100106.9
Forward Flashed Trimmed 205 205 251 2443
78183 19131380.1
Reverse Flashed Trimmed 205 205 251 244.7
L. plantarum subsp. plantarum ATCC 14917 LP1_2H
>Q20 (%) >Q30 (%) A(%) C (%) G (%) T (%) N (%) GC (%)
Processing State
95.90 94.00 27.66 22.35 22.27 27.63 0.09 44.62
Forward Raw Sequencing reads
90.80 87.00 27.70 22.29 22.46 27.50 0.05 44.75
Reverse Raw Sequencing reads
96.10 94.30 27.65 22.32 22.28 27.67 0.09 44.60
Forward Post MGS processing
91.00 87.30 27.66 22.33 22.41 27.55 0.04 44.73
Reverse Post MGS processing
96.20 94.40 27.67 22.33 22.30 27.69 0.00 44.63
Forward No ambiguities 150 bp
91.20 87.50 27.68 22.34 22.42 27.58 0.00 44.77
Reverse No ambiguities 150 bp
98.30 97.10 27.66 22.32 22.28 27.74 0.00 44.59
Combined Flashed reads
92.00 88.90 27.43 23.02 22.45 27.11 0.00 45.47
Forward Flashed Reads
58.30 49.10 27.15 22.55 23.13 27.17 0.00 45.69
Reverse Flash Reads
98.30 97.10 27.66 22.32 22.28 27.74 0.00 44.59
Combined Flashed Trimmed 205
91.20 87.80 27.36 23.08 22.47 27.09 0.00 45.55
Forward Flashed Trimmed 205
52.90 42.50 27.05 22.60 23.16 27.21 0.00 45.76

Reverse Flashed Trimmed 205
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L. plantarum subsp. plantarum ATCC 14917 LP1_3L

Min Read MaxRead Mean Read Estimated
Processing State Length Length Length Sequences Total BP Genome Size Coverage
2178224 546734224
Forward Raw Sequencing reads 251 251 251 337.0615
2178224 546734224
Reverse Raw Sequencing reads 251 251 251
2172824  540381328.8
Forward Post MGS processing 15 251 248.7 333.5469
2172824  541685023.2
Reverse Post MGS processing 15 251 249.3
2140803  534772589.4
Forward No ambiguities 150 bp 150 251 249.8 329.8852
2140803  535414830.3
Reverse No ambiguities 150 bp 150 251 250.1
3244121
2069463  743144163.3
Combined Flashed reads 163 492 359.1 239.0952
71340 16215582
Forward Flashed Reads 150 251 227.3
71340 16294056
Reverse Flash Reads 150 251 228.4
2069457  743142008.7
Combined Flashed Trimmed 205 207 492 359.1 237.03
52980 12895332
Forward Flashed Trimmed 205 205 251 243.4
52980 12916524
Reverse Flashed Trimmed 205 205 251 243.8
L. plantarum subsp. plantarum ATCC 14917 LP1_3L
>Q20 (%) >Q30 (%) A(%) C (%) G (%) T (%) N (%) GC (%)
Processing State
95.80 93.80 27.77 22.36 2217 27.61 0.09 44.53
Forward Raw Sequencing reads
89.80 85.60 27.72 22.19 22.52 27.53 0.05 44.71
Reverse Raw Sequencing reads
96.00 94.20 27.74 22.36 2217 27.65 0.09 44.53
Forward Post MGS processing
90.00 85.80 27.68 22.24 22.46 27.58 0.04 44.70
Reverse Post MGS processing
96.20 94.30 27.76 22.37 22.19 27.68 0.00 44.56
Forward No ambiguities 150 bp
90.20 86.00 27.69 22.25 22.47 27.61 0.00 44.72
Reverse No ambiguities 150 bp
97.30 95.90 27.74 22.35 22.16 27.76 0.00 44.51
Combined Flashed reads
88.60 84.50 27.47 23.22 22.64 26.68 0.00 45.87
Forward Flashed Reads
68.00 60.00 26.85 22.75 23.90 26.53 0.00 46.64
Reverse Flash Reads
97.30 95.90 27.74 22.35 22.16 27.76 0.00 44.51
Combined Flashed Trimmed 205
86.50 81.70 27.36 23.36 22.72 26.55 0.00 46.07
Forward Flashed Trimmed 205
62.40 52.80 26.61 22.87 2413 26.40 0.00 46.99

Reverse Flashed Trimmed 205
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L. plantarum subsp. plantarum ATCC 14917 LP1_4H

MinRead MaxRead Mean Read Estimated
Processing State Length Length Length Sequences Total BP Genome Size Coverage
2495665 626411915
Forward Raw Sequencing reads 251 251 251 383.9908
2495665 626411915
Reverse Raw Sequencing reads 251 251 251
2488981 620502963.3
Forward Post MGS processing 15 251 249.3 380.8264
2488981  621996351.9
Reverse Post MGS processing 15 251 249.9
2456828  614698365.6
Forward No ambiguities 150 bp 150 251 250.2 377.0363
2456828 615435414
Reverse No ambiguities 150 bp 150 251 250.5
3262640
2386127  852085951.7
Combined Flashed reads 195 492 357.1 271.3754
70701 16586454.6
Forward Flashed Reads 150 251 234.6
70701 16727856.6
Reverse Flash Reads 150 251 236.6
2386126  852085594.6
Combined Flashed Trimmed 205 210 492 357.1 269.9769
58403 14361297.7
Forward Flashed Trimmed 205 205 251 245.9
58403 14390499.2
Reverse Flashed Trimmed 205 205 251 246.4
L. plantarum subsp. plantarum ATCC 14917 LP1_4H
>Q20 (%) >Q30 (%) A(%) C (%) G (%) T (%) N (%) GC (%)
Processing State
95.80 93.80 27.69 22.40 22.23 27.60 0.09 44.63
Forward Raw Sequencing reads
90.20 86.00 27.64 22.28 22,51 27.52 0.05 44.79
Reverse Raw Sequencing reads
96.00 94.10 27.67 22.38 22.25 27.62 0.09 44.63
Forward Post MGS processing
90.30 86.30 27.62 2231 22.48 27.56 0.04 44.79
Reverse Post MGS processing
96.10 94.20 27.69 22.40 22.26 27.64 0.00 44.66
Forward No ambiguities 150 bp
90.50 86.50 27.62 2231 22.49 27.57 0.00 44.80
Reverse No ambiguities 150 bp
97.50 96.20 27.68 22.37 22.24 27.71 0.00 44,61
Combined Flashed reads
88.10 83.70 27.19 23.46 22.58 26.75 0.00 46.04
Forward Flashed Reads
58.90 49.00 26.58 22.84 23.88 26.69 0.00 46.72
Reverse Flash Reads
97.50 96.20 27.68 22.37 22.24 27.71 0.00 44.61
Combined Flashed Trimmed 205
86.90 82.00 27.10 23.57 22.64 26.68 0.00 46.21
Forward Flashed Trimmed 205
54.90 43.90 26.38 22.93 24.03 26.68 0.00 46.96

Reverse Flashed Trimmed 205
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Appendix5 De novo Genome Assembly and CISA integration Results

De-novo Genome Assembly and CISA Integration Results

L. plantarum ATCC 8014 LP8_1L

L. plantarum ATCC 8014 LP8_4H

SPAdes Edena Velvet CISA SPAdes Edena Velvet CISA
Nodes 197 197 76 23 237 443 89 21
Total Nucleotides (bp) 3319654 3227994 3254122 3253729 3333537 3114710 3253155 3242548
Min Length (bp) 128 541 401 1041 295 564 68 2389
Max Length (bp) 528541 125873 358980 528679 528541 109178 429109 528679
Average Length (bp) 16851.04 16385.76  42817.39 141466.48 14065.56 7030.95 36552.3 154407.05
Median Length (bp) 404 10181 1155.5 45311 408 3914 4589 46355
N25 length (bp) 465662 53629 307340 465800 465663 28655 245296 465801
N50 length (bp) 418934 29983 196709 419125 402672 12227 91684 402740
N75 length (bp) 247482 18197 80885 253249 247221 6399 75905 247363
N9O0 length (bp) 80752 9979 36376 80896 45778 3213 30713 80885
N95 length (bp) 29989 6924 27743 45311 28440 2160 24184 45311
As 27.82% 27.73% 27.77% 27.79% 27.80% 27.79% 27.71% 27.85%
Ts 27.66% 27.80% 27.72% 27.73% 27.61% 27.81% 27.79% 27.66%
Gs 22.33% 21.92% 22.50% 22.68% 22.41% 22.24% 22.51% 22.03%
Cs 22.19% 22.56% 22.01% 21.79% 22.18% 22.16% 22.00% 22.47%
(A+T)s 55.48% 55.52% 55.49% 55.53% 55.41% 55.60% 55.50% 55.51%
(G+0Q)s 44.52% 44.48% 44.51% 44.47% 44.59% 44.40% 44.50% 44.49%
Ns 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
De-novo Genome Assembly and CISA Integration Results

L. plantarum ATCC 8014 LP8_5H L. plantarum ATCC 8014 WT

SPAdes Edena Velvet CISA SPAdes Edena Velvet CISA
Nodes 173 154 76 24 132 78 71 20
Total Nucleotides (bp) 3306701 3241933 3254022 3243663 3289999 3260438 3254764 3245610
Min Length (bp) 238 522 401 234 295 478 401 2659
Max Length (bp) 528541 161131 358980 528679 528541 359168 528679 528838
Average Length (bp) 19113.88 21051.51  42816.08 135152.62 24924.23 41800.49  45841.75 162280.5
Median Length (bp) 406 9254.5 782.5 40178.5 420 9076.5 647 64769.5
N25 length (bp) 465663 90391 267904 465801 465662 309917 358980 465904
N50 length (bp) 418984 47877 150664 419125 418999 179480 229667 419187
N75 length (bp) 247482 25792 92992 253395 247221 88229 104013 253405
NS9O length (bp) 80752 12804 36376 93017 80749 27126 38958 93168
N95 length (bp) 29989 6901 24378 44937 35204 19599 28573 45400
As 27.80% 27.78% 27.76% 27.84% 27.82% 27.75% 27.76% 27.74%
Ts 27.65% 27.74% 27.74% 27.66% 27.67% 27.74% 27.73% 27.77%
Gs 22.36% 22.56% 22.94% 22.26% 22.70% 22.41% 23.21% 23.39%
Cs 22.19% 21.92% 21.56% 22.23% 21.81% 22.09% 21.29% 21.10%
(A+T)s 55.44% 55.51% 55.49% 55.50% 55.49% 55.50% 55.50% 55.51%
(G+C)s 44.56% 44.49% 44.51% 44.50% 44.51% 44.50% 44.50% 44.49%
Ns 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
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De-novo Genome Assembly and CISA Integration Results

L. plantarum subsp. plantarum ATCC 14917 LP1_2H

L. plantarum subsp. plantarum ATCC 14917 LP1_3L

SPAdes Edena Velvet CISA SPAdes Edena Velvet CISA
Nodes 229 65 50 24 307 55 70 24
Total Nucleotides (bp) 3349652 3234828 3232022 3245832 3365897 3237070 3238718 3243858
Min Length (bp) 156 461 401 1207 229 474 191 1063
Max Length (bp) 691448 415083 444383 691721 691597 444738 545064 691733
Average Length (bp) 14627.3 49766.58  64640.44 135243 10963.83 58855.82 46267.4 135160.75
Median Length (bp) 498 5123 1827.5 4036.5 412 2935 1350.5 6230
N25 length (bp) 633662 266089 415100 633662 633327 408626 384376 633407
N50 length (bp) 482026 195651 244237 482068 481968 233563 226553 482022
N75 length (bp) 433801 100846 165275 433983 418824 126779 96644 418972
NS0 length (bp) 125314 39838 68085 240351 73950 56565 59729 125895
NS5 length (bp) 22222 34292 39984 74239 12847 38829 33982 74266
As 27.80% 27.83% 27.83% 27.81% 27.71% 27.78% 27.71% 27.84%
Ts 27.84% 27.70% 27.69% 27.74% 27.72% 27.74% 27.81% 27.70%
Gs 21.51% 21.88% 22.65% 20.72% 22.56% 22.39% 21.87% 21.60%
Cs 22.85% 22.59% 21.83% 23.73% 22.02% 22.08% 22.60% 22.86%
(A+T)s 55.64% 55.52% 55.52% 55.54% 55.43% 55.52% 55.53% 55.54%
(G+0O)s 44.36% 44.48% 44.48% 44.46% 44.57% 44.48% 44.47% 44.46%
Ns 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

De-novo Genome Assembly and CISA Integration Results

L. plantarum subsp. plantarum ATCC 14917 LP1_4H

L. plantarum subsp. plantarum ATCC 14917 WT

SPAdes Edena Velvet CISA SPAdes Edena Velvet CISA
Nodes 320 136 88 40 190 56 51 19
Total Nucleotides (bp) 3396531 3228331 3244568 3267966 3312006 3234041 3234848 3237548
Min Length (bp) 222 393 191 1054 229 461 193 1184
Max Length (bp) 631600 164606 547839 691680 633401 481782 507253 691821
Average Length (bp) 10614.16 23737.73 36870.09 81699.15 17431.61 57750.73 63428.39 170397.26
Median Length (bp) 415 13091 445 1842.5 4325 14062 598 22551
N25 length (bp) 482040 80816 306063 633404 482225 419669 458113 633401
N50 length (bp) 444250 54159 191110 482562 444248 191858 413585 482582
N75 length (bp) 245167 30498 91652 435176 244091 146164 226553 418957
NSO length (bp) 73950 17627 40734 125460 125314 39853 64912 125460
N95 length (bp) 2792 9411 27881 74114 59583 25006 39980 74234
As 27.76% 27.82% 27.83% 27.80% 27.77% 27.79% 27.77% 27.70%
Ts 27.73% 27.72% 27.69% 27.78% 27.83% 27.73% 27.76% 27.83%
Gs 21.95% 21.71% 23.01% 22.52% 21.54% 21.90% 23.40% 21.71%
Cs 22.56% 22.75% 21.47% 21.90% 22.86% 22.58% 21.07% 22.76%
(A+T)s 55.49% 55.54% 55.52% 55.57% 55.60% 55.52% 55.52% 55.53%
(G+0O)s 44.51% 44.46% 44.48% 44.43% 44.40% 44.48% 44.48% 44.47%
Ns 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Appendix 6 De novo velvet assembled contigs annotated by Prokka

Contigs provided as electronic material on CD.
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Appendix 7 Sequence alignment of pts18CBA region of L. plantarum ATCC 8014

CLUSTAL OMEGA (http://www.ebi.ac.uk/Tools/msa/clustalo/) multiple sequence alignment
performed with default settings from the region of the genomes containing the pts18BCA CDS
from L. plantarum ATCC 8014. The start and stop codons or pts18CBA are coloured red and
green respectively.

EV50_contig000010 ATTATTTAGGTCGCGCATCGCGGTTAATCATCGTAAACACATAGTTGTTCGACATCACGT 60
EV52 contig000007 ATTATTTAGGTCGCGCATCGCGGTTAATCATCGTAAACACATAGTTGTTCGACATCACGT 60
EV49 contig000024 ATTATTTAGGTCGCGCATCGCGGTTAATCATCGTAAACACATAGTTGTTCGACATCACGT 60
EV51 _contig000029 ATTATTTAGGTCGCGCATCGCGGTTAATCATCGTAAACACATAGTTGTTCGACATCACGT 60
LRSS S S S SRS E RS EREEEREEEEEEEEEEEEEEEEEEEREEEEEEEEEEEEES]
EV50_contig000010 GACAGCACATAGTAGATCGTAAGCACGGGCCCGTTTATTGGAAAAGCACTGAAGCGAGCG 120
EV52 _contig000007 GACAGCACATAGTAGATCGTAAGCACGGGCCCGTTTATTGGAAAAGCACTGAAGCGAGCG 120
EV49 _contig000024 GACAGCACATAGTAGATCGTAAGCACGGGCCCGTTTATTGGAAAAGCACTGAAGCGAGCG 120
EV51 _contig000029 GACAGCACATAGTAGATCGTAAGCACGGGCCCGTTTATTGGAAAAGCACTGAAGCGAGCG 120
Khkhkkhkhkhkhkhkkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkhkkkhkkkx
EV50_contig000010 GGGAACATATACACATAGTGGGCAAGACGAAAGGATGGTTTTACTTATGAAATATGGCAT 180
EV52 _contig000007 GGGAACATATACACATAGTGGGCAAGACGAAAGGATGGTTTTACTTATGAAATATGGCAT 180
EV49 contig000024 GGGAACATATACACATAGTGGGCAAGACGAAAGGATGGTTTTACTTATGAAATATGGCAT 180
EV51 contig000029 GGGAACATATACACATAGTGGGCAAGACGAAAGGATGGTTTTACTTATGAAATATGGCAT 180
KA KA A I A I A KA AR IR I A A A A A A AN I A I A I AR AR I I A I A A A A A A A A I A d Ak dA A x A xx
EV50 _contig000010 TATTGGCGCAGGCGCAATGGGATATCGGTATGGTGTAATGTTACAAGAAAACGCCGGTGT 240
EV52 contig000007 TATTGGCGCAGGCGCAATGGGATATCGGTATGGTGTAATGTTACAAGAAAACGCCGGTGT 240
EV49 contig000024 TATTGGCGCAGGCGCAATGGGATATCGGTATGGTGTAATGTTACAAGAAAACGCCGGTGT 240
EV51 contig000029 TATTGGCGCAGGCGCAATGGGATATCGGTATGGTGTAATGTTACAAGAAAACGCCGGTGT 240
KA KA A KA I A KA IA A IR I A A A A A A AR I A I A I A A FA A I A I A A A A A A A A A ARk kA x A dx
EV50_contig000010 TGACGTTGATTTTATCGACACGTGGGAACCAAACGTCGCAAAGGTCCGTGAGCAGGGCAG 300
EV52 contig000007 TGACGTTGATTTTATCGACACGTGGGAACCAAACGTCGCAAAGGTCCGTGAGCAGGGCAG 300
EV49 contig000024 TGACGTTGATTTTATCGACACGTGGGAACCAAACGTCGCAAAGGTCCGTGAGCAGGGCAG 300
EV51_contig000029 TGACGTTGATTTTATCGACACGTGGGAACCAAACGTCGCAAAGGTCCGTGAGCAGGGCAG 300
khkhkkhkhkhkhkhkkkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkkkhkkkhkkx
EV50_contig000010 CGTTGATGTGGCGCGTGATCATCAAAATCACCATGTCGTTCCAATCAATATTTATTATCC 360
EV52 _contig000007 CGTTGATGTGGCGCGTGATCATCAAAATCACCATGTCGTTCCAATCAATATTTATTATCC 360
EV49 _contig000024 CGTTGATGTGGCGCGTGATCATCAAAATCACCATGTCGTTCCAATCAATATTTATTATCC 360
EV51_contig000029 CGTTGATGTGGCGCGTGATCATCAAAATCACCATGTCGTTCCAATCAATATTTATTATCC 360
khkhkkhkkhkhkhkkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkkkhkkkhkkkx
EV50_contig000010 TGAAGAATATCAGGGTCATCCAGATGTTTGGATTGTTTTTAAGAAGCAAATGCAGTTAGC 420
EV52_contig000007 TGAAGAATATCAGGGTCATCCAGATGTTTGGATTGTTTTTAAGAAGCAAATGCAGTTAGC 420
EV49 _contig000024 TGAAGAATATCAGGGTCATCCAGATGTTTGGATTGTTTTTAAGAAGCAAATGCAGTTAGC 420
EV51 contig000029 TGAAGAATATCAGGGTCATCCAGATGTTTGGATTGTTTTTAAGAAGCAAATGCAGTTAGC 420
R RS SRS S S SRS E SRR RS SRR R SRR SR EEEEEE RS R SRS RS
EV50_contig000010 CGATGAGCTCAAGCGCGATGCGTCGTTATTTCATGAGGACCAGTACGTTTTCGCCGCAAT 480
EV52 contig000007 CGATGAGCTCAAGCGCGATGCGTCGTTATTTCATGAGGACCAGTACGTTTTCGCCGCAAT 480
EV49 contig000024 CGATGAGCTCAAGCGCGATGCGTCGTTATTTCATGAGGACCAGTACGTTTTCGCCGCAAT 480
EV51 contig000029 CGATGAGCTCAAGCGCGATGCGTCGTTATTTCATGAGGACCAGTACGTTTTCGCCGCAAT 480
R RS S S S S RS RS EE RS EEEEE SRR EEEEEEEEEEEEE RS
EV50 contig000010 GAACGGGATGGGGCACTTTGAAAAGATTGCACAATATTTCCCAGAAAATCACATTATTGG 540
EV52 contig000007 GAACGGGATGGGGCACTTTGAAAAGATTGCACAATATTTCCCAGAAAATCACATTATTGG 540
EV49 contig000024 GAACGGGATGGGGCACTTTGAAAAGATTGCACAATATTTCCCAGAAAATCACATTATTGG 540
EV51 contig000029 GAACGGGATGGGGCACTTTGAAAAGATTGCACAATATTTCCCAGAAAATCACATTATTGG 540
khkkkhkhkhkhkhkhkkhkhkkhhkhkhkhhkhkhhkhkhkhkhkhkhkhhkhkkhkhkkhkhkhhkhkhkhkhkhkhkhkhkhkhkrhkkhkhkhkkkkhkkhkkx
EV50_contig000010 TGGTACGGCGATGATTGCAACGGTCTTGAATGGTCCGGGTACGGTTGATTTTATGGGGCC 600
EV52 _contig000007 TGGTACGGCGATGATTGCAACGGTCTTGAATGGTCCGGGTACGGTTGATTTTATGGGGCC 600
EV49 contig000024 TGGTACGGCGATGATTGCAACGGTCTTGAATGGTCCGGGTACGGTTGATTTTATGGGGCC 600
EV51 _contig000029 TGGTACGGCGATGATTGCAACGGTCTTGAATGGTCCGGGTACGGTTGATTTTATGGGGCC 600
khkkkhkhkhkhkhkhkkhkhkkhkhkhkhkhkhkhkhkhhkhkhkhkhkhkhhkhkkhkhkkhkhkhhkhkhkhkhkhkhkhkhkrkhkrhkkhkhkhkkhkkkhkkkhkkhx
EV50_contig000010 TAAGGGTAGTGAGGCGATGCATATGAGTAAGTATGCAGGTCATATTGATACGACTACCAA 660
EV52 _contig000007 TAAGGGTAGTGAGGCGATGCATATGAGTAAGTATGCAGGTCATATTGATACGACTACCAA 660
EV49 contig000024 TAAGGGTAGTGAGGCGATGCATATGAGTAAGTATGCAGGTCATATTGATACGACTACCAA 660
EV51 _contig000029 TAAGGGTAGTGAGGCGATGCATATGAGTAAGTATGCAGGTCATATTGATACGACTACCAA 660

o S
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GCAAGTGATGGCCGATTTTAAGGCGGCTGATTTAAATCCGATTTGGTCTGATAATTTTAT
GCAAGTGATGGCCGATTTTAAGGCGGCTGATTTAAATCCGATTTGGTCTGATAATTTTAT
GCAAGTGATGGCCGATTTTAAGGCGGCTGATTTAAATCCGATTTGGTCTGATAATTTTAT
GCAAGTGATGGCCGATTTTAAGGCGGCTGATTTAAATCCGATTTGGTCTGATAATTTTAT

hkkkkkhkkkhkhkhkhkhkhkhkkkhkkkhkhkkkkkhkkhkhkkkkhkkkkkkkkkk k& * &

GGGCATGTGCATGTCCAAAGTTGTGTTTAACGCGGTCACCAATAGTTTGTGCACGATGTT
GGGCATGTGCATGTCCAAAGTTGTGTTTAACGCGGTCACCAATAGTTTGTGCACGATGTT
GGGCATGTGCATGTCCAAAGTTGTGTTTAACGCGGTCACCAATAGTTTGTGCACGATGTT

GGGCATGTGCATGTCCAAAGTTGTGTTTAACGCGGTCACCAATAGTTTGTGCACGATGTT
ok ok ko K ok Kk Kk Kk ok K ok K ok Kk ok ok ok ok ok ok ok K ok ok ok k ok X ok kK k kK ok ok ok k kK ok Kk ok kK k

CGAGATTCAGATGGGCCAATTCATCGAATATCCGGGCGTCAAGGATATGGCGACTCAAAT
CGAGATTCAGATGGGCCAATTCATCGAATATCCGGGCGTCAAGGATATGGCGACTCAAAT
CGAGATTCAGATGGGCCAATTCATCGAATATCCGGGCGTCAAGGATATGGCGACTCAAAT

CGAGATTCAGATGGGCCAATTCATCGAATATCCGGGCGTCAAGGATATGGCGACTCAAAT
ok ok ko K ok Kk K ok Kk ok K ok K ok Kk ok ok ok K ok kK ok K ok ok ok ok ok X ok ok Kk ok K ok ok ok kK ok Kk ok k Kk

GTTCAACGAAGCCTATGATGCTTGCGAAAGGGCAGGCATCAAACTCATTGAGACGCGGCA
GTTCAACGAAGCCTATGATGCTTGCGAAAGGGCAGGCATCAAACTCATTGAGACGCGGCA
GTTCAACGAAGCCTATGATGCTTGCGAAAGGGCAGGCATCAAACTCATTGAGACGCGGCA
GTTCAACGAAGCCTATGATGCTTGCGAAAGGGCAGGCATCAAACTCATTGAGACGCGGCA

hkkkkkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkhkkhkkhkkhkkkkkkkkkkkk kK k&

AGAAGAAATCGACTCGGTTGAAACGGTCAGTCGAGCCTATAAGTACCATTATCCATCAAT
AGAAGAAATCGACTCGGTTGAAACGGTCAGTCGAGCCTATAAGTACCATTATCCATCAAT
AGAAGAAATCGACTCGGTTGAAACGGTCAGTCGAGCCTATAAGTACCATTATCCATCAAT
AGAAGAAATCGACTCGGTTGAAACGGTCAGTCGAGCCTATAAGTACCATTATCCATCAAT

hkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GTATCAAGACTTCTCAAAGGGACGGCCAACCGAAGTTGATTATATTAATGGCTATATTGC
GTATCAAGACTTCTCAAAGGGACGGCCAACCGAAGTTGATTATATTAATGGCTATATTGC
GTATCAAGACTTCTCAAAGGGACGGCCAACCGAAGTTGATTATATTAATGGCTATATTGC
GTATCAAGACTTCTCAAAGGGACGGCCAACCGAAGTTGATTATATTAATGGCTATATTGC

R

TAAGATTGGGCGGGAACATGACTACGTTTGTCGCGTGCATGAGTTTGTGACTCACGAAGT
TAAGATTGGGCGGGAACATGACTACGTTTGTCGCGTGCATGAGTTTGTGACTCACGAAGT
TAAGATTGGGCGGGAACATGACTACGTTTGTCGCGTGCATGAGTTTGTGACTCACGAAGT
TAAGATTGGGCGGGAACATGACTACGTTTGTCGCGTGCATGAGTTTGTGACTCACGAAGT

e R

CCATTTAGCAGAAATGATGCGGCAATACCGGCACCCGGAAATCCCCGTTGCTGAAAAATA
CCATTTAGCAGAAATGATGCGGCAATACCGGCACCCGGAAATCCCCGTTGCTGAAAAATA
CCATTTAGCAGAAATGATGCGGCAATACCGGCACCCGGAAATCCCCGTTGCTGAAAAATA
CCATTTAGCAGAAATGATGCGGCAATACCGGCACCCGGAAATCCCCGTTGCTGAAAAATA

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kK kk

AGATTATTAATGAAAAAGTTCTGAGTATTTTCAGAACTTTTTTTGTGGGCGGAAAAACTT
AGATTATTAATGAAAAAGTTCTGAGTATTTTCAGAACTTTTTTTGTGGGCGGAAAAACTT
AGATTATTAATGAAAAAGTTCTGAGTATTTTCAGAACTTTTTTTGTGGGCGGAAAAACTT
AGATTATTAATGAAAAAGTTCTGAGTATTTTCAGAACTTTTTTTGTGGGCGGAAAAACTT

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk ok k ok k k& k%

AATTTAGTAAGGTTGAAATCGGTTTCTTTAACATTGGTCTATACACTTAGATGACCTTGT
AATTTAGTAAGGTTGAAATCGGTTTCTTTAACATTGGTCTATACACTTAGATGACCTTGT
AATTTAGTAAGGTTGAAATCGGTTTCTTTAACATTGGTCTATACACTTAGATGACCTTGT
AATTTAGTAAGGTTGAAATCGGTTTCTTTAACATTGGTCTATACACTTAGATGACCTTGT

R

AAACTTGCAATGAAAACATGTTGTGATAGGATTTATAACGTGCTTAAAAAGAGAATGAGG
AAACTTGCAATGAAAACATGTTGTGATAGGATTTATAACGTGCTTAAAAAGAGAATGAGG
AAACTTGCAATGAAAACATGTTGTGATAGGATTTATAACGTGCTTAAAAAGAGAATGAGG
AAACTTGCAATGAAAACATGTTGTGATAGGATTTATAACGTGCTTAAAAAGAGAATGAGG

R R

AGAAATTGGT] [AAGACATATTTTCAGAAAATCGGTCAGTCATTGATGCTACCGATTGC
AGAAATTGGT] [AAGACATATTTTCAGAAAATCGGTCAGTCATTGATGCTACCGATTGC
AGAAATTGGT] [AAGACATATTTTCAGAAAATCGGTCAGTCATTGATGCTACCGATTGC
AGAAATTGGT] [AAGACATATTTTCAGAAAATCGGTCAGTCATTGATGCTACCGATTGC

Kk ok kA kA kA kA kA kA kA kA kA kA kA kA kA kA hkkhkhkhkhkhkhkhkhkhkhkhkhkh &%

AACGTTGCCCGCAGCAGCGATTTTGGTTGGGATTGGGAATTACCTGCCAAAACAGTGGCT
AACGTTGCCCGCAGCAGCGATTTTGGTTGGGATTGGGAATTACCTGCCAAAACAGTGGCT
AACGTTGCCCGCAGCAGCGATTTTGGTTGGGATTGGGAATTACCTGCCAAAACAGTGGCT
AACGTTGCCCGCAGCAGCGATTTTGGTTGGGATTGGGAATTACCTGCCAAAACAGTGGCT

B R R R R

GTTTGCAAATTACTTGATTCAGGGTGGTAACGTTGTCCTGAATAACTTAGCCTTGCTGTT
GTTTGCAAATTACTTGATTCAGGGTGGTAACGTTGTCCTGAATAACTTAGCCTTGCTGTT
GTTTGCAAATTACTTGATTCAGGGTGGTAACGTTGTCCTGAATAACTTAGCCTTGCTGTT
GTTTGCAAATTACTTGATTCAGGGTGGTAACGTTGTCCTGAATAACTTAGCCTTGCTGTT

B R R R
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TGCAGTCGGCTTAGCTATCGGGATGTCAGTCAATAAGGACGGCGCGGCAGCTATTGCTGG
TGCAGTCGGCTTAGCTATCGGGATGTCAGTCAATAAGGACGGCGCGGCAGCTATTGCTGG
TGCAGTCGGCTTAGCTATCGGGATGTCAGTCAATAAGGACGGCGCGGCAGCTATTGCTGG
TGCAGTCGGCTTAGCTATCGGGATGTCAGTCAATAAGGACGGCGCGGCAGCTATTGCTGG

Ak kkhkkhkhhhhhhhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

TTTGATCGCGTTTGAAGTTCCGGTGATGGTTTTAAAACCAGCGACATTAGCGACGATGCT
TTTGATCGCGTTTGAAGTTCCGGTGATGGTTTTAAAACCAGCGACATTAGCGACGATGCT
TTTGATCGCGTTTGAAGTTCCGGTGATGGTTTTAAAACCAGCGACATTAGCGACGATGCT

TTTGATCGCGTTTGAAGTTCCGGTGATGGTTTTAAAACCAGCGACATTAGCGACGATGCT
ok ok ok K ok K kK ok K ok K ok K ok ok ko K ok ok ok k ok K ok K ok K ok ok ok ok ok ok Kk ok K ok K ok ok Kk kK ok kK ko

GAATGTTAAAGTGAGTCAGATCAATCCAGCATTTAGCGCGTTAGATAACAATGTGCTGAT
GAATGTTAAAGTGAGTCAGATCAATCCAGCATTTAGCGCGTTAGATAACAATGTGCTGAT
GAATGTTAAAGTGAGTCAGATCAATCCAGCATTTAGCGCGTTAGATAACAATGTGCTGAT
GAATGTTAAAGTGAGTCAGATCAATCCAGCATTTAGCGCGTTAGATAACAATGTGCTGAT

R e R R R

TGGAATCAGTGCTGGACTGATTGCGGCTGCGCTCTATAATCGGTTCCACGAAGTAAAATT
TGGAATCAGTGCTGGACTGATTGCGGCTGCGCTCTATAATCGGTTCCACGAAGTAAAATT
TGGAATCAGTGCTGGACTGATTGCGGCTGCGCTCTATAATCGGTTCCACGAAGTAAAATT
TGGAATCAGTGCTGGACTGATTGCGGCTGCGCTCTATAATCGGTTCCACGAAGTAAAATT

hkhkkhkkhkhhhhhhhkhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

ACCAATGGCGCTCTCATTCTTTAGTGGTAAACGCCTAGTGCCAATTATGGCTGCTTTTGT
ACCAATGGCGCTCTCATTCTTTAGTGGTAAACGCCTAGTGCCAATTATGGCTGCTTTTGT
ACCAATGGCGCTCTCATTCTTTAGTGGTAAACGCCTAGTGCCAATTATGGCTGCTTTTGT
ACCAATGGCGCTCTCATTCTTTAGTGGTAAACGCCTAGTGCCAATTATGGCTGCTTTTGT

Ak kkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkhkkkk**

GATGCTGATTGTGACGGCGGTATTGTACCTTGTTTGGCCGTTTGTCTACGATGCCATCGT
GATGCTGATTGTGACGGCGGTATTGTACCTTGTTTGGCCGTTTGTCTACGATGCCATCGT
GATGCTGATTGTGACGGCGGTATTGTACCTTGTTTGGCCGTTTGTCTACGATGCCATCGT
GATGCTGATTGTGACGGCGGTATTGTACCTTGTTTGGCCGTTTGTCTACGATGCCATCGT

R R

CCTCTTTGCAACGGGAATTTCAAAATTAGGTTTCGTGGGGGCTGGTCTATATGGCTTTTT
CCTCTTTGCAACGGGAATTTCAAAATTAGGTTTCGTGGGGGCTGGTCTATATGGCTTTTT
CCTCTTTGCAACGGGAATTTCAAAATTAGGTTTCGTGGGGGCTGGTCTATATGGCTTTTT
CCTCTTTGCAACGGGAATTTCAAAATTAGGTTTCGTGGGGGCTGGTCTATATGGCTTTTT

R R

CAATCGTTTATTGATTCCGACTGGTTTGCACCACGCCTTAAATTCCGTATTCTGGTATAA
CAATCGTTTATTGATTCCGACTGGTTTGCACCACGCCTTAAATTCCGTATTCTGGTATAA
CAATCGTTTATTGATTCCGACTGGTTTGCACCACGCCTTAAATTCCGTATTCTGGTATAA
CAATCGTTTATTGATTCCGAATGGTTTGCACCACGCCTTAAATTCCGTATTCTGGTATAA

Kk kkhkkhkkhkkhkkhkkhhkhkhkk Kkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkkkkkk*

CGTTGCGGGGATCAATGATATTGGCAATTTCTGGGCCAGCCATGGTGTTAAAGGAATCAC
CGTTGCGGGGATCAATGATATTGGCAATTTCTGGGCCAGCCATGGTGTTAAAGGAATCAC
CGTTGCGGGGATCAATGATATTGGCAATTTCTGGGCCAGCCATGGTGTTAAAGGAATCAC
CGTTGCGGGGATCAATGATATTGGCAATTTCTGGGCCAGCCATGGTGTTAAAGGAATCAC

Kk kkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkhkkkkkkx*

AGGGATGTATGAAGCTGGATTCTTCCCAATTATGATGTTTGGCTTGCCAGCTGGTG——-—
AGGGATGTATGAAGCTGGATTCTTCCCAATTATGATGTTTGGCTTGCCAGCTGGTGCGTA
AGGGATGTATGAAGCTGGATTCTTCCCAATTATGATGTTTGGCTTGCCAGCTGGTGCGTA
AGGGATGTATGAAGCTGGATTCTTCCCAATTATGATGTTTGGCTTGCCAGCTGGTGCGTA

R T T T

TGCAATTTATCGTAATGCACGACCGGAACGAAAAAAAGAAGTGGGTTCATTGATGTTAGC
TGCAATTTATCGTAATGCACGACCGGAACGAAAAAAAGAAGTGGGTTCATTGATGTTAGC
TGCAATTTATCGTAATGCACGACCGGAACGAAAAAAAGAAGTGGGTTCATTGATGTTAGC

————— CGTTTGCGTCGTTCTTTACGGGGGTGACCGAACCGCTTGAATTTTCATTCATGTT
TGGTGCGTTTGCGTCGTTCTTTACGGGGGTGACCGAACCGCTTGAATTTTCATTCATGTT
TGGTGCGTTTGCGTCGTTCTTTACGGGGGTGACCGAACCGCTTGAATTTTCATTCATGTT
TGGTGCGTTTGCGTCGTTCTTTACGGGGGTGACCGAACCGCTTGAATTTTCATTCATGTT

E R R R R R R

CGTGGCATGGCCGCTCTACTTATTACATGCCGTTTTTATGGGACTATCATTAGGATTCGC
CGTGGCATGGCCGCTCTACTTATTACATGCCGTTTTTATGGGACTATCATTAGGATTCGC
CGTGGCATAGCCGCTCTACTTATTACATGCCGTTTTTATGGGACTATCATTAGGATTCGC
CGTGGCATGGCCGCTCTACTTATTACATGCCGTTTTTATGGGACTATCATTAGGATTCGC

ok ok ok ok Sk ok ok o ok ok ok ok ok ok o ok ok ok ok ok sk ok ok ok sk ok ok ok sk ok ok ok Sk ok ok sk ok ok ok ok ok ok ok

CGCGTTAATGCACTGGACCGCCAGCTTTTCGTTTAGTGGCGGGTTAGTCGATTATTTATT
CGCGTTAATGCACTGGACCGCCAGCTTTTCGTTTAGTGGCGGGTTAGTCGATTATTTATT
CGCGTTAATGCACTGGACCGCCAGCTTTTCGTTTAGTGGCGGGTTAGTCGATTATTTATT

CGCGTTAATGCACTGGACCGCCAGCTTTTCGTTTAGTGGCGGGTTAGTCGATTATTTATT
Kok ok ok ok kK k ok ok ko k ok kA kkk kK hkk Ak kk ok kkk ok k kA kk ko kkk Kk kkkk &k kok Kk k ok k k& kk Kk

172

1560
1560
1560
1560

1620
1620
1620
1620

1680
1680
1680
1680

1740
1740
1740
1740

1800
1800
1800
1800

1860
1860
1860
1860

1920
1920
1920
1920

1980
1980
1980
1980

2040
2040
2040
2040

2096
2100
2100
2100

2096
2160
2160
2160

2211
2280
2280
2280

2271
2340
2340
2340



EV50_contig000010
EV52_contig000007
EV49 contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49 contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49_contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49 _contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49 contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49 contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49_contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49_contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49 _contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49 _contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49_contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49 _contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49 contig000024
EV51_contig000029

EV50_contig000010
EV52_contig000007
EV49 contig000024
EV51_contig000029

GAGTTTTCGGATGCCGTTAGCCAACCAACCCTATATGTTACTGGTTCAAGGGCTGGTGAT
GAGTTTTCGGATGCCGTTAGCCAACCAACCCTATATGTTACTGGTTCAAGGGCTGGTGAT
GAGTTTTCGGATGCCGTTAGCCAACCAACCCTATATGTTACTGGTTCAAGGGCTGGTGAT
GAGTTTTCGGATGCCGTTAGCCAACCAACCCTATATGTTACTGGTTCAAGGGCTGGTGAT

hkkkkkhkhkhkhkhkhkhkkkhkkkhkhkkkhkkkkkhkkkhkkhkkhkkhkkkkkkkkkkk*

GGCCGTCATTTATTACTTTGGTTTTGACTTTGCAATCAAACGGTTTAATTTGAAGACGCC
GGCCGTCATTTATTACTTTGGTTTTGACTTTGCAATCAAACGGTTTAATTTGAAGACGCC
GGCCGTCATTTATTACTTTGGTTTTGACTTTGCAATCAAACGGTTTAATTTGAAGACGCC

GGCCGTCATTTATTACTTTGGTTTTGACTTTGCAATCAAACGGTTTAATTTGAAGACGCC
ok Kk ok kK Kk k ok Kk ok ok kK ok k kR Kk ok kK ok ok ok kK k ok Kk Kk ok ok ok k k kK Kk k ok Kk k ok kK kK kK kK

TGGTCGTGAAGTTGTGTCTGCAGATGTCGATGGGGTGGGTGCACCTGCTAGTCCAGCGGT
TGGTCGTGAAGTTGTGTCTGCAGATGTCGATGGGGTGGGTGCACCTGCTAGTCCAGCGGT
TGGTCGTGAAGTTGTGTCTGCAGATGTCGATGGGGTGGGTGCACCTGCTAGTCCAGCGGT

TGGTCGTGAAGTTGTGTCTGCAGATGTCGATGGGGTGGGTGCACCTGCTAGTCCAGCGGT
ok ok ko K ok Kk K ok Kk ok K ok K ok Kk ok ok ok K ok kK ok K ok ok ok ok ok X ok ok Kk ok K ok ok ok kK ok Kk ok k Kk

GGCCGTTGCAGCAACGGATGATAAGTATATGCGCCAAGCAAAGCAAATTTATGCAGCTAT
GGCCGTTGCAGCAACGGATGATAAGTATATGCGCCAAGCAAAGCAAATTTATGCAGCTAT
GGCCGTTGCAGCAACGGATGATAAGTATATGCGCCAAGCAAAGCAAATTTATGCAGCTAT
GGCCGTTGCAGCAACGGATGATAAGTATATGCGCCAAGCAAAGCAAATTTATGCAGCTAT

hkkkkkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkhkkhkkhkkhkkkkkkkkkkkk kK k&

TGGTGGTCATGACAATATTAGTGTGATCAACAATTGTACGACGCGGCTGCGGTTACAACT
TGGTGGTCATGACAATATTAGTGTGATCAACAATTGTACGACGCGGCTGCGGTTACAACT
TGGTGGTCATGACAATATTAGTGTGATCAACAATTGTACGACGCGGCTGCGGTTACAACT
TGGTGGTCATGACAATATTAGTGTGATCAACAATTGTACGACGCGGCTGCGGTTACAACT

hkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

TAAGGATACGGAAAAAGTCGATCAGCCGGCCGTAATGGCTGCTGGCGTGCCTGGTTTGAA
TAAGGATACGGAAAAAGTCGATCAGCCGGCCGTAATGGCTGCTGGCGTGCCTGGTTTGAA
TAAGGATACGGAAAAAGTCGATCAGCCGGCCGTAATGGCTGCTGGCGTGCCTGGTTTGAA
TAAGGATACGGAAAAAGTCGATCAGCCGGCCGTAATGGCTGCTGGCGTGCCTGGTTTGAA

R R R R

CGTACTGGATGTTCATAACATTCACATTGTGATCGGCACGGAAGTCCAGTTCGTCGCGGA
CGTACTGGATGTTCATAACATTCACATTGTGATCGGCACGGAAGTCCAGTTCGTCGCGGA
CGTACTGGATGTTCATAACATTCACATTGTGATCGGCACGGAAGTCCAGTTCGTCGCGGA
CGTACTGGATGTTCATAACATTCACATTGTGATCGGCACGGAAGTCCAGTTCGTCGCGGA

e R

GGCTTTACAAAAATTATTTTCTGGTCAGGTGGCGACGACCCCGGCATCTGATGCTGAATC
GGCTTTACAAAAATTATTTTCTGGTCAGGTGGCGACGACCCCGGCATCTGATGCTGAATC
GGCTTTACAAAAATTATTTTCTGGTCAGGTGGCGACGACCCCGGCATCTGATGCTGAATC
GGCTTTACAAAAATTATTTTCTGGTCAGGTGGCGACGACCCCGGCATCTGATGCTGAATC

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kK kk

AAAGGCCCCGGTTGAACCGCAAACTGCTACTGTAACGGAAGCGCCGGTGACAACGATTTT
AAAGGCCCCGGTTGAACCGCAAACTGCTACTGTAACGGAAGCGCCGGTGACAACGATTTT
AAAGGCCCCGGTTGAACCGCAAACTGCTACTGTAACGGAAGCGCCGGTGACAACGATTTT
AAAGGCCCCGGTTGAACCGCAAACTGCTACTGTAACGGAAGCGCCGGTGACAACGATTTT

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kK kk

GCGGGCACCGGCAACGGGACAATTAATGCCGATTAGTACGGTTGCGGATGAGACGTTTGC
GCGGGCACCGGCAACGGGACAATTAATGCCGATTAGTACGGTTGCGGATGAGACGTTTGC
GCGGGCACCGGCAACGGGACAATTAATGCCGATTAGTACGGTTGCGGATGAGACGTTTGC
GCGGGCACCGGCAACGGGACAATTAATGCCGATTAGTACGGTTGCGGATGAGACGTTTGC

R R R

TGGTAAACTCTTAGGTGATGGTTACGCTGTTGAACCCGAAGATGGTGAAGTCGTTGCTCC
TGGTAAACTCTTAGGTGATGGTTACGCTGTTGAACCCGAAGATGGTGAAGTCGTTGCTCC
TGGTAAACTCTTAGGTGATGGTTACGCTGTTGAACCCGAAGATGGTGAAGTCGTTGCTCC
TGGTAAACTCTTAGGTGATGGTTACGCTGTTGAACCCGAAGATGGTGAAGTCGTTGCTCC

R R

GGTTAGTGGGACAGTGACAAGTGTCTTTCCGACCAAACACGCTATCGGTTTGAAGACGAC
GGTTAGTGGGACAGTGACAAGTGTCTTTCCGACCAAACACGCTATCGGTTTGAAGACGAC
GGTTAGTGGGACAGTGACAAGTGTCTTTCCGACCAAACACGCTATCGGTTTGAAGACGAC
GGTTAGTGGGACAGTGACAAGTGTCTTTCCGACCAAACACGCTATCGGTTTGAAGACGAC

Kk ok kA kA kA kA kA kA kA kA kA kA kA kA kA kA hkk kA kA hkhkhkhkhkhkhkhkhkh Kk k &%

GAGTGGTTTAGAAGTCTTATTACACATGGGGATCAATACCGTGGAAATGAATGGTACGCC
GAGTGGTTTAGAAGTCTTATTACACATGGGGATCAATACCGTGGAAATGAATGGTACGCC
GAGTGGTTTAGAAGTCTTATTACACATGGGGATCAATACCGTGGAAATGAATGGTACGCC
GAGTGGTTTAGAAGTCTTATTACACATGGGGATCAATACCGTGGAAATGAATGGTACGCC

B R R R R

GTTCAAGTTACACGTGGCAACGGGTGATGAAATTGCGGCCGGTACTGCGGTAGCGACGGT
GTTCAAGTTACACGTGGCAACGGGTGATGAAATTGCGGCCGGTACTGCGGTAGCGACGGT
GTTCAAGTTACACGTGGCAACGGGTGATGAAATTGCGGCCGGTACTGCGGTAGCGACGGT
GTTCAAGTTACACGTGGCAACGGGTGATGAAATTGCGGCCGGTACTGCGGTAGCGACGGT

B R R R
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TGACTTGGCTGCTATCAAGTCAGCCGGTAAAGCGACAACCATGATGGTCGTTATCACCAA
TGACTTGGCTGCTATCAAGTCAGCCGGTAAAGCGACAACCATGATGGTCGTTATCACCAA
TGACTTGGCTGCTATCAAGTCAGCCGGTAAAGCGACAACCATGATGGTCGTTATCACCAA
TGACTTGGCTGCTATCAAGTCAGCCGGTAAAGCGACAACCATGATGGTCGTTATCACCAA

Ak kkhkkhkhhhhhhhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

TATGGATCACGTTAACAAACTAACCCTTAATCCAACTGGTCATGTGACTAGCGGTGATTT
TATGGATCACGTTAACAAACTAACCCTTAATCCAACTGGTCATGTGACTAGCGGTGATTT
TATGGATCACGTTAACAAACTAACCCTTAATCCAACTGGTCATGTGACTAGCGGTGATTT

TATGGATCACGTTAACAAACTAACCCTTAATCCAACTGGTCATGTGACTAGCGGTGATTT
ok Kk ok Kk ok ok ok Kk k kK Kk ok kK Kk ok ok Kk k ok ok k k ok kK ok ok kK Kk ok ok Kk ok ok Kk k kK Kk ok ok ok Kk kK

GATTGGCGCAGCTG GTTACGCGCTGTCGACGTTGGGTTTATTGAAAAAGTTTCGT
GATTGGCGCAGCTG GTTACGCGCTGTCGACGTTGGGTTTATTGAAAAAGTTTCGT
GATTGGCGCAGCTG GTTACGCGCTGTCGACGTTGGGTTTATTGAAAAAGTTTCGT
GATTGGCGCAGCTG GTTACGCGCTGTCGACGTTGGGTTTATTGAAAAAGTTTCGT

R R

CTAAATCTTTTCGATTTAGGCGGAACTTTTTTTGTCGCATTGGTTATCGAGGCAACGGAT
CTAAATCTTTTCGATTTAGGCGGAACTTTTTTTGTCGCATTGGTTATCGAGGCAACGGAT
CTAAATCTTTTCGATTTAGGCGGAACTTTTTTTGTCGCATTGGTTATCGAGGCAACGGAT
CTAAATCTTTTCGATTTAGGCGGAACTTTTTTTGTCGCATTGGTTATCGAGGCAACGGAT

hkkkhkkhkkhhhhhhhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkk***

GACAGCAAATGAACAGCTTGATGCGGGGACAGTGCGTTTGATTGCTTCCCGCTGACTCCC
GACAGCAAATGAACAGCTTGATGCGGGGACAGTGCGTTTGATTGCTTCCCGCTGACTCCC
GACAGCAAATGAACAGCTTGATGCGGGGACAGTGCGTTTGATTGCTTCCCGCTGACTCCC
GACAGCAAATGAACAGCTTGATGCGGGGACAGTGCGTTTGATTGCTTCCCGCTGACTCCC

Ak kkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkhkkkk**

ACGATATACTATTGGCATTATAGGGGGGCGGTAACATGATTGACGAAGTATTAGTATTGA
ACGATATACTATTGGCATTATAGGGGGGCGGTAACATGATTGACGAAGTATTAGTATTGA
ACGATATACTATTGGCATTATAGGGGGGCGGTAACATGATTGACGAAGTATTAGTATTGA
ACGATATACTATTGGCATTATAGGGGGGCGGTAACATGATTGACGAAGTATTAGTATTGA

R R

ACTCAACGCCAACGGGGATTTTACAGAATTCAGTTTCAGGAAGCATGGTGATTGACGCGG
ACTCAACGCCAACGGGGATTTTACAGAATTCAGTTTCAGGAAGCATGGTGATTGACGCGG
ACTCAACGCCAACGGGGATTTTACAGAATTCAGTTTCAGGAAGCATGGTGATTGACGCGG
ACTCAACGCCAACGGGGATTTTACAGAATTCAGTTTCAGGAAGCATGGTGATTGACGCGG

R R

CACTTGATGCACGACTAGTCAAGCGACTAATGCAGGCGCTAACTCAATCGATGCTTAAGG
CACTTGATGCACGACTAGTCAAGCGACTAATGCAGGCGCTAACTCAATCGATGCTTAAGG
CACTTGATGCACGACTAGTCAAGCGACTAATGCAGGCGCTAACTCAATCGATGCTTAAGG
CACTTGATGCACGACTAGTCAAGCGACTAATGCAGGCGCTAACTCAATCGATGCTTAAGG

Kk kkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkkkkkhkkhkkkkkkkkkk**

TCAGGGTTGCAACCGCGGACGACTTACCGGTGACCGACCACCAATTGCTGGTCGTCAGTC
TCAGGGTTGCAACCGCGGACGACTTACCGGTGACCGACCACCAATTGCTGGTCGTCAGTC
TCAGGGTTGCAACCGCGGACGACTTACCGGTGACCGACCACCAATTGCTGGTCGTCAGTC
TCAGGGTTGCAACCGCGGACGACTTACCGGTGACCGACCACCAATTGCTGGTCGTCAGTC

Kk kkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkhkkkkkkx*

GACCAGTGGCAGCCGTGTTGGACTTACAAGCTAGTGCGCGAGTTCTGATTTATCCAGAAG
GACCAGTGGCAGCCGTGTTGGACTTACAAGCTAGTGCGCGAGTTCTGATTTATCCAGAAG
GACCAGTGGCAGCCGTGTTGGACTTACAAGCTAGTGCGCGAGTTCTGATTTATCCAGAAG
GACCAGTGGCAGCCGTGTTGGACTTACAAGCTAGTGCGCGAGTTCTGATTTATCCAGAAG

R R R R

CAACGGGACTGACAGCCGCTGGAATGACACAGCTAGCAGTGCAGATTGATCAACGATTGA
CAACGGGACTGACAGCCGCTGGAATGACACAGCTAGCAGTGCAGATTGATCAACGATTGA
CAACGGGACTGACAGCCGCTGGAATGACACAGCTAGCAGTGCAGATTGATCAACGATTGA
CAACGGGACTGACAGCCGCTGGAATGACACAGCTAGCAGTGCAGATTGATCAACGATTGA

R R

CTAAAATATCCAGATAACGATCAAAAAACGCCCAGGGCAGTTGTTCGCAAGTTACTGAAC
CTAAAATATCCAGATAACGATCAAAAAACGCCCAGGGCAGTTGTTCGCAAGTTACTGAAC
CTAAAATATCCAGATAACGATCAAAAAACGCCCAGGGCAGTTGTTCGCAAGTTACTGAAC
CTAAAATATCCAGATAACGATCAAAAAACGCCCAGGGCAGTTGTTCGCAAGTTACTGAAC

L

AGTTGCCCTGGGCGTTTTTAATGATTAGTCTTTGTGGTGTTTTTTAATGATAGTTACTAA
AGTTGCCCTGGGCGTTTTTAATGATTAGTCTTTGTGGTGTTTTTTAATGATAGTTACTAA
AGTTGCCCTGGGCGTTTTTAATGATTAGTCTTTGTGGTGTTTTTTAATGATAGTTACTAA

AGTTGCCCTGGGCGTTTTTAATGATTAGTCTTTGTGGTGTTTTTTAATGATAGTTACTAA
KoKk ok kK k ok ok kkk ok k Ak kk kA kkk kA kk ok kkkk kA kkk ok kk Kk k ok k& kkok Kk kkk K&k k Kk

TTTCAATCAAGTTGTTATCAGGATCACGAACATACAGTGACGTCAACTTTCCGTGGGCAC
TTTCAATCAAGTTGTTATCAGGATCACGAACATACAGTGACGTCAACTTTCCGTGGGCAC
TTTCAATCAAGTTGTTATCAGGATCACGAACATACAGTGACGTCAACTTTCCGTGGGCAC

TTTCAATCAAGTTGTTATCAGGATCACGAACATACAGTGACGTCAACTTTCCGTGGGCAC
Kok ok ok ok kK k ok ok ko k ok kA kkk kK hkk Ak kk ok kkk ok k kA kk ko kkk Kk kkkk &k kok Kk k ok k k& kk Kk
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EV50_contig000010

CAGTTCTTTCAACCGGCCCGGCAATCACATCCACGAAATAACTCTTTAAGTGATGCTGAA

4011

EV52_contig000007 CAGTTCTTTCAACCGGCCCGGCAATCACATCCACGAAATAACTCTTTAAGTGATGCTGAA 4080
EV49 contig000024 CAGTTCTTTCAACCGGCCCGGCAATCACATCCACGAAATAACTCTTTAAGTGATGCTGAA 4080
EV51_contig000029 CAGTTCTTTCAACCGGCCCGGCAATCACATCCACGAAATAACTCTTTAAGTGATGCTGAA 4080
EEE RS S SRS SRS R SRR SRS SR EEEEEEEEEEEEEEEEEEEEEEEEEESEEE]
EV50_contig000010 TATCATCAATATTATCCTTCGCAATCAAGCAAAGATCTGCACTGCCGGGTGTCGGCTTAG 4071
EV52_contig000007 TATCATCAATATTATCCTTCGCAATCAAGCAAAGATCTGCACTGCCGGGTGTCGGCTTAG 4140
EV49 contig000024 TATCATCAATATTATCCTTCGCAATCAAGCAAAGATCTGCACTGCCGGGTGTCGGCTTAG 4140
EV51 contig000029 TATCATCAATATTATCCTTCGCAATCAAGCAAAGATCTGCACTGCCGGGTGTCGGCTTAG 4140
ok K Kk kK Kk k ok Kk ok ok kK ok k kK Kk ok kK ok ok ok Kk ok ok kK k ok ok kK k kK Kk k ok ok ok ok ok kK k ok kK ok k
EV50_contig000010 CCGCAATGGGTTGGTGTGGCTGGTTAGTGGTCTGAAAGTTAATTTTTTGTTTACCCACTA 4131
EV52 contig000007 CCGCAATGGGTTGGTGTGGCTGGTTAGTGGTCTGAAAGTTAATTTTTTGTTTACCCACTA 4200
EV49 contig000024 CCGCAATGGGTTGGTGTGGCTGGTTAGTGGTCTGAAAGTTAATTTTTTGTTTACCCACTA 4200
EV51 contig000029 CCGCAATGGGTTGGTGTGGCTGGTTAGTGGTCTGAAAGTTAATTTTTTGTTTACCCACTA 4200
ok K Kk kK Kk ok ok Kk ok ok kK ok k ok ok Kk kK Kk ok ok Kk ok ok kK k ok ko k ok kK Kk ok ok Kk ok ok Kk ok kK ok k
EV50_contig000010 AGACAGCTTGACGGTCACCATCGAAGGTCACAATGGGAAGGTCAAATACTTCATGGTAAA 4191
EV52 contig000007 AGACAGCTTGACGGTCACCATCGAAGGTCACAATGGGAAGGTCAAATACTTCATGGTAAA 4260
EV49 contig000024 AGACAGCTTGACGGTCACCATCGAAGGTCACAATGGGAAGGTCAAATACTTCATGGTAAA 4260
EV51_contig000029 AGACAGCTTGACGGTCACCATCGAAGGTCACAATGGGAAGGTCAAATACTTCATGGTAAA 4260
hhkkhkhkkhkhkhhkhkhkhkhkhkhkhhkhhkhhkhkhkhkhkhhkhhkhhkhkhkhkhkhdkhdkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkx
EV50_contig000010 ACCGTAATGACCGTGCAATGTCAGTAACGGTTAGGGTCAAATGATCGATATCGCGAATAT 4251
EV52_contig000007 ACCGTAATGACCGTGCAATGTCAGTAACGGTTAGGGTCAAATGATCGATATCGCGAATAT 4320
EV49 contig000024 ACCGTAATGACCGTGCAATGTCAGTAACGGTTAGGGTCAAATGATCGATATCGCGAATAT 4320
EV51_contig000029 ACCGTAATGACCGTGCAATGTCAGTAACGGTTAGGGTCAAATGATCGATATCGCGAATAT 4320
hhkkhkkkhkhkkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkhkkhkhkhkkkhkkkhkkkhkx
EV50_contig000010 TCACAAGCTCAAATCCCTTCAAAAATAATTCATTATTAAACGTGTCGTACTCATCAGATT 4311
EV52_contig000007 TCACAAGCTCAAATCCCTTCAAAAATAATTCATTATTAAACGTGTCGTACTCATCAGATT 4380
EV49 contig000024 TCACAAGCTCAAATCCCTTCAAAAATAATTCATTATTAAACGTGTCGTACTCATCAGATT 4380
EV51_contig000029 TCACAAGCTCAAATCCCTTCAAAAATAATTCATTATTAAACGTGTCGTACTCATCAGATT 4380
Kk khkhhhk Ak hkhhhh kA hhkhhhhhkrhhhhhhhkhhhhhhhrkhkhkhhhhkrrkkhkhhkhhkrkkkhkhkhk
EV50_contig000010 TGGCATGAACCATGATTAAAATGTACCAGTTAGATTGCTGTTCGTCAGCCGTTGCGCGTC 4371
EV52 contig000007 TGGCATGAACCATGATTAAAATGTACCAGTTAGATTGCTGTTCGTCAGCCGTTGCGCGTC 4440
EV49 contig000024 TGGCATGAACCATGATTAAAATGTACCAGTTAGATTGCTGTTCGTCAGCCGTTGCGCGTC 4440
EV51 contig000029 TGGCATGAACCATGATTAAAATGTACCAGTTAGATTGCTGTTCGTCAGCCGTTGCGCGTC 4440
Kk khkhhhk Ak hkhhhh kA hhkhhhh kA hhkhhhhhkrhhhhhhrkhkhkhhhhkrrkhkhhhkhkkrkkkhkhkhk
EV50_contig000010 CTATGCCGACCTCCGGGGCTGGGTGCCAATTGCTGGAACGCAGCCGACATCGATTTGAGC 4431
EV52 contig000007 CTATGCCGACCTCCGGGGCTGGGTGCCAATTGCTGGAACGCAGCCGACATCGATTTGAGC 4500
EV49 contig000024 CTATGCCGACCTCCGGGGCTGGGTGCCAATTGCTGGAACGCAGCCGACATCGATTTGAGC 4500
EV51 contig000029 CTATGCCGACCTCCGGGGCTGGGTGCCAATTGCTGGAACGCAGCCGACATCGATTTGAGC 4500
khkkkhkkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkhkhkkkkhkkkkx
EV50_contig000010 TAACGCATAACCCGCGTCATCTCAAATACGAGTCTTATTCTAAGCCGGAAGCAGACC 4488
EV52_contig000007 TAACGCATAACCCGCGTCATCTCAAATACGAGTCTTATTCTAAGCCGGAAGCAGACC 4557
EV49 _contig000024 TAACGCATAACCCGCGTCATCTCAAATACGAGTCTTATTCTAAGCCGGAAGCAGACC 4557
EV51_contig000029 TAACGCATAACCCGCGTCATCTCAAATACGAGTCTTATTCTAAGCCGGAAGCAGACC 4557

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk ok k ok k ok k ok kk &k &k k%

Appendix 8 Sequence alignment of pts18CBA region of L. plantarum subsp.
plantarum 14917

CLUSTAL OMEGA (http://www.ebi.ac.uk/Tools/msa/clustalo/) multiple sequence alignment
performed with default settings from the region of the genomes containing the pts18BCA CDS
from L. plantarum subsp. plantarum ATCC 14917 . The start and stop codons or pts18CBA are

coloured red and green respectively.

EV48_ contig000009 GAGGGTGCGACAATGACAACGACAATTGAAGTGGGCATGTTAGGGTTAGGAACTGTGGGT 60
EV55_contig000014 GAGGGTGCGACAATGACAACGACAATTGAAGTGGGCATGTTAGGGTTAGGAACTGTGGGT 60
EV54_contig000003 GAGGGTGCGACAATGACAACGACAATTGAAGTGGGCATGTTAGGGTTAGGAACTGTGGGT 60
EV53_contig000052 GAGGGTGCGACAATGACAACGACAATTGAAGTGGGCATGTTAGGGTTAGGAACTGTGGGT 60

B R R R R R
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AGTGGGGTGGTTGAACGGTTGACCCGCTCGGCTGCCAAAATTGAACAAACGCAGGGTATT
AGTGGGGTGGTTGAACGGTTGACCCGCTCGGCTGCCAAAATTGAACAAACGCAGGGTATT
AGTGGGGTGGTTGAACGGTTGACCCGCTCGGCTGCCAAAATTGAACAAACGCAGGGTATT
AGTGGGGTGGTTGAACGGTTGACCCGCTCGGCTGCCAAAATTGAACAAACGCAGGGTATT

Ak kkhkkhkhhhhhhhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

CGGTTGCACCTAGCAGCAGTTGCCGTTAATCATTTGAACGCGCCTCGGACTGTTCAGTTA
CGGTTGCACCTAGCAGCAGTTGCCGTTAATCATTTGAACGCGCCTCGGACTGTTCAGTTA
CGGTTGCACCTAGCAGCAGTTGCCGTTAATCATTTGAACGCGCCTCGGACTGTTCAGTTA

CGGTTGCACCTAGCAGCAGTTGCCGTTAATCATTTGAACGCGCCTCGGACTGTTCAGTTA
ok ok ok K ok K kK ok K ok K ok K ok ok ko K ok ok ok k ok K ok K ok K ok ok ok ok ok ok Kk ok K ok K ok ok Kk kK ok kK ko

CCGATTGGGACGCGCTTGACCGATTCATTAACGAACGTTGTTTGTGACCGAAAAATCCAA
CCGATTGGGACGCGCTTGACCGATTCATTAACGAACGTTGTTTGTGACCGAAAAATCCAA
CCGATTGGGACGCGCTTGACCGATTCATTAACGAACGTTGTTTGTGACCGAAAAATCCAA

CCGATTGGGACGCGCTTGACCGATTCATTAACGAACGTTGTTTGTGACCGAAAAATCCAA
ok ok ok K ok Kk kK ok K ok K ok K ok ok ok K ok ok ok k ok K ok K ok ok ok ok ok ok ok Kk ok K ok K ok ok Kk kK ok kK kK

CTAGTCATTGAAGTCATGGGGACGGTCGCAATTGCTAAAAAGGCCATTGTGGCAGCACTT
CTAGTCATTGAAGTCATGGGGACGGTCGCAATTGCTAAAAAGGCCATTGTGGCAGCACTT
CTAGTCATTGAAGTCATGGGGACGGTCGCAATTGCTAAAAAGGCCATTGTGGCAGCACTT
CTAGTCATTGAAGTCATGGGGACGGTCGCAATTGCTAAAAAGGCCATTGTGGCAGCACTT

hkhkkhkkhkhhhhhhhkhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

AATCAGGGTAAGGCTGTCGTGACCGCTAATAAAGACTTAATTGCAACGGCGGGACCTGAA
AATCAGGGTAAGGCTGTCGTGACCGCTAATAAAGACTTAATTGCAACGGCGGGACCTGAA
AATCAGGGTAAGGCTGTCGTGACCGCTAATAAAGACTTAATTGCAACGGCGGGACCTGAA
AATCAGGGTAAGGCTGTCGTGACCGCTAATAAAGACTTAATTGCAACGGCGGGACCTGAA

Ak kkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkhkkkk**

TTGGCTGCGTTAGCCAAAAAACAGGGCTGTGATTTATTTTACGAGGCTAGTGTTGCGGGG
TTGGCTGCGTTAGCCAAAAAACAGGGCTGTGATTTATTTTACGAGGCTAGTGTTGCGGGG
TTGGCTGCGTTAGCCAAAAAACAGGGCTGTGATTTATTTTACGAGGCTAGTGTTGCGGGG
TTGGCTGCGTTAGCCAAAAAACAGGGCTGTGATTTATTTTACGAGGCTAGTGTTGCGGGG

R R

GGGATTCCGATCTTGCGGACATTAACAGATAGTTACGTGACGGACAATGTGCAGGCGGTC
GGGATTCCGATCTTGCGGACATTAACAGATAGTTACGTGACGGACAATGTGCAGGCGGTC
GGGATTCCGATCTTGCGGACATTAACAGATAGTTACGTGACGGACAATGTGCAGGCGGTC
GGGATTCCGATCTTGCGGACATTAACAGATAGTTACGTGACGGACAATGTGCAGGCGGTC
Ak hkhkhkhhhh kA hkhkhhhh kA hhhhhhhrkhhhh kA hkhkhhhhhkrrkhkdkhhh kA rkkdkhhkhkhkrxkk
AGCGGAATCATCAACGGGACGGCTAATTATATGCTAAGTGCAATGGCAACCGGGCAATCG
AGCGGAATCATCAACGGGACGGCTAATTATATGCTAAGTGCAATGGCAACCGGGCAATCG
AGCGGAATCATCAACGGGACGGCTAATTATATGCTAAGTGCAATGGCAACCGGGCAATCG
AGCGGAATCATCAACGGGACGGCTAATTATATGCTAAGTGCAATGGCAACCGGGCAATCG

R R R

TACGAACAAGCTTTAGCTACTGCACAAGCAGCCGGGTACGCCGAAGCTGATCCGACTAAT
TACGAACAAGCTTTAGCTACTGCACAAGCAGCCGGGTACGCCGAAGCTGATCCGACTAAT
TACGAACAAGCTTTAGCTACTGCACAAGCAGCCGGGTACGCCGAAGCTGATCCGACTAAT
TACGAACAAGCTTTAGCTACTGCACAAGCAGCCGGGTACGCCGAAGCTGATCCGACTAAT

Kk kkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkkkkk k%

GATGTTGCGGGCATTGATGCGGCATACAAATTGATGATCCTCAGTCGCTTTGCTTTTGGG
GATGTTGCGGGCATTGATGCGGCATACAAATTGATGATCCTCAGTCGCTTTGCTTTTGGG
GATGTTGCGGGCATTGATGCGGCATACAAATTGATGATCCTCAGTCGCTTTGCTTTTGGG
GATGTTGCGGGCATTGATGCGGCATACAAATTGATGATCCTCAGTCGCTTTGCTTTTGGG

Kk kkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkkkkkk*

CAAGAGTTGAGCCTGCCGCAGATTGCACCCACGGGAATCACGCATTTAAGCGCTTCGGTT
CAAGAGTTGAGCCTGCCGCAGATTGCACCCACGGGAATCACGCATTTAAGCGCTTCGGTT
CAAGAGTTGAGCCTGCCGCAGATTGCACCCACGGGAATCACGCATTTAAGCGCTTCGGTT
CAAGAGTTGAGCCTGCCGCAGATTGCACCCACGGGAATCACGCATTTAAGCGCTTCGGTT

R R

TGTCGATTAGCAGCTGAAAATGGCTGGCAGATTAAATTGCTCGCGCAGATTCAGCGACAC
TGTCGATTAGCAGCTGAAAATGGCTGGCAGATTAAATTGCTCGCGCAGATTCAGCGACAC
TGTCGATTAGCAGCTGAAAATGGCTGGCAGATTAAATTGCTCGCGCAGATTCAGCGACAC
TGTCGATTAGCAGCTGAAAATGGCTGGCAGATTAAATTGCTCGCGCAGATTCAGCGACAC

S

GGATCTGGTTTGTATTGTCGTGTGGCGCCAGTGGCCGTGCCGGTTGATCAACCCCTGAGT
GGATCTGGTTTGTATTGTCGTGTGGCGCCAGTGGCCGTGCCGGTTGATCAACCCCTGAGT
GGATCTGGTTTGTATTGTCGTGTGGCGCCAGTGGCCGTGCCGGTTGATCAACCCCTGAGT

GGATCTGGTTTGTATTGTCGTGTGGCGCCAGTGGCCGTGCCGGTTGATCAACCCCTGAGT
Kok ok ok ok kK k ok ok kkkk kA kkk kA hkk kA kk ok kkkk kA kkk ok kk kK kkkk ok kkok Kk kk k& xk Kk

CAGATCAATGGGGTCCAAAACGCTGTAGCTGTTCAAAGTGAAGCCATTGGTACCAGCTTG
CAGATCAATGGGGTCCAAAACGCTGTAGCTGTTCAAAGTGAAGCCATTGGTACCAGCTTG
CAGATCAATGGGGTCCAAAACGCTGTAGCTGTTCAAAGTGAAGCCATTGGTACCAGCTTG

CAGATCAATGGGGTCCAAAACGCTGTAGCTGTTCAAAGTGAAGCCATTGGTACCAGCTTG
ok k ok ok kK k ok ok kkk ok kA kkk kA kk kA kk ok kkkk ok ok kk ko kkk Kk kkk k& kkok Kk kkk k& kk Kk
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TATACCGGACCGGGTGCGGGAAGTACGGCGACGGCTAATAGTGTTCTAAATGACGTCTTA
TATACCGGACCGGGTGCGGGAAGTACGGCGACGGCTAATAGTGTTCTAAATGACGTCTTA
TATACCGGACCGGGTGCGGGAAGTACGGCGACGGCTAATAGTGTTCTAAATGACGTCTTA
TATACCGGACCGGGTGCGGGAAGTACGGCGACGGCTAATAGTGTTCTAAATGACGTCTTA

hkkkkkhkhkhkhkhkhkhkkkhkkkhkhkkkhkkkkkhkkkhkkhkkhkkhkkkkkkkkkkk*

GTAGCGGCCAAGCACCTTATCAATGGTTATCGAATGATTCGTAACCAGAAAAGAAGTGTC
GTAGCGGCCAAGCACCTTATCAATGGTTATCGAATGATTCGTAACCAGAAAAGAAGTGTC
GTAGCGGCCAAGCACCTTATCAATGGTTATCGAATGATTCGTAACCAGAAAAGAAGTGTC

GTAGCGGCCAAGCACCTTATCAATGGTTATCGAATGATTCGTAACCAGAAAAGAAGTGTC
ok ok ko K ok Kk Kk Kk ok K ok K ok Kk ok ok ok ok ok ok ok K ok ok ok k ok X ok kK k kK ok ok ok k kK ok Kk ok kK k

TCGTTAACGGTCACTCGATTTGACCAGTTACCACAAACATACTTAGGCATTGGTCCGGTC
TCGTTAACGGTCACTCGATTTGACCAGTTACCACAAACATACTTAGGCATTGGTCCGGTC
TCGTTAACGGTCACTCGATTTGACCAGTTACCACAAACATACTTAGGCATTGGTCCGGTC

TCGTTAACGGTCACTCGATTTGACCAGTTACCACAAACATACTTAGGCATTGGTCCGGTC
ok ok ko K ok Kk K ok Kk ok K ok K ok Kk ok ok ok K ok kK ok K ok ok ok ok ok X ok ok Kk ok K ok ok ok kK ok Kk ok k Kk

GCACCAGAAGCCGTGAAATATTACGCTAATGAAGCTGATTTCTCAGTAAAAACGATTGCC
GCACCAGAAGCCGTGAAATATTACGCTAATGAAGCTGATTTCTCAGTAAAAACGATTGCC
GCACCAGAAGCCGTGAAATATTACGCTAATGAAGCTGATTTCTCAGTAAAAACGATTGCC
GCACCAGAAGCCGTGAAATATTACGCTAATGAAGCTGATTTCTCAGTAAAAACGATTGCC

hkkkkkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkhkkhkkhkkhkkkkkkkkkkkk kK k&

GATGATTGTTATCAGATTACTGGATTAAGTGCGGTGAAACGCAAAAAGCTGCGTGCGAAC
GATGATTGTTATCAGATTACTGGATTAAGTGCGGTGAAACGCAAAAAGCTGCGTGCGAAC
GATGATTGTTATCAGATTACTGGATTAAGTGCGGTGAAACGCAAAAAGCTGCGTGCGAAC
GATGATTGTTATCAGATTACTGGATTAAGTGCGGTGAAACGCAAAAAGCTGCGTGCGAAC

hkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk k& k%

TTGCCACTGACTTTGATACCAATTGCCGGTACAACGGACTGGAAGCAAGTGACCGAAAAT
TTGCCACTGACTTTGATACCAATTGCCGGTACAACGGACTGGAAGCAAGTGACCGAAAAT
TTGCCACTGACTTTGATACCAATTGCCGGTACAACGGACTGGAAGCAAGTGACCGAAAAT
TTGCCACTGACTTTGATACCAATTGCCGGTACAACGGACTGGAAGCAAGTGACCGAAAAT

R

TCAATAACATCTCCCATAAATGTTGCAATTTGAAAAAGAATGCTCAGGTACAGTATACTG
TCAATAACATCTCCCATAAATGTTGCAATTTGAAAAAGAATGCTCAGGTACAGTATACTG
TCAATAACATCTCCCATAAATGTTGCAATTTGAAAAAGAATGCTCAGGTACAGTATACTG
TCAATAACATCTCCCATAAATGTTGCAATTTGAAAAAGAATGCTCAGGTACAGTATACTG

e R

TATCTGAGCGTCTTTTTTTGATGCTAAGTTCCCATGGGATATCCATGGCTAAGTGGATGA
TATCTGAGCGTCTTTTTTTGATGCTAAGTTCCCATGGGATATCCATGGCTAAGTGGATGA
TATCTGAGCGTCTTTTTTTGATGCTAAGTTCCCATGGGATATCCATGGCTAAGTGGATGA
TATCTGAGCGTCTTTTTTTGATGCTAAGTTCCCATGGGATATCCATGGCTAAGTGGATGA

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kK kk

GCTAATTGAAATGAGTTAGCGAGACGTGGCAGTTGGTTGACTGACACGATGAGGAGTGAA
GCTAATTGAAATGAGTTAGCGAGACGTGGCAGTTGGTTGACTGACACGATGAGGAGTGAA
GCTAATTGAAATGAGTTAGCGAGACGTGGCAGTTGGTTGACTGACACGATGAGGAGTGAA
GCTAATTGAAATGAGTTAGCGAGACGTGGCAGTTGGTTGACTGACACGATGAGGAGTGAA

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kK kk

ATTATGAAAATTGCGGTGGTGACCGAAAGTTCTGCTAATTTAAAAGCGCAGGCGGTGAAA
ATTATGAAAATTGCGGTGGTGACCGAAAGTTCTGCTAATTTAAAAGCGCAGGCGGTGAAA
ATTATGAAAATTGCGGTGGTGACCGAAAGTTCTGCTAATTTAAAAGCGCAGGCGGTGAAA
ATTATGAAAATTGCGGTGGTGACCGAAAGTTCTGCTAATTTAAAAGCGCAGGCGGTGAAA

R

GACTACCAAATTACGGTGGTGAACGACCCGATTATGTTCGGTAATCATGTTTACCACGAG
GACTACCAAATTACGGTGGTGAACGACCCGATTATGTTCGGTAATCATGTTTACCACGAG
GACTACCAAATTACGGTGGTGAACGACCCGATTATGTTCGGTAATCATGTTTACCACGAG
GACTACCAAATTACGGTGGTGAACGACCCGATTATGTTCGGTAATCATGTTTACCACGAG

R R

AACGTAGATATCACGACGGATCAATTTTACCGATTACTAAAAGTTGAAAAAGAAATTCCA
AACGTAGATATCACGACGGATCAATTTTACCGATTACTAAAAGTTGAAAAAGAAATTCCA
AACGTAGATATCACGACGGATCAATTTTACCGATTACTAAAAGTTGAAAAAGAAATTCCA
AACGTAGATATCACGACGGATCAATTTTACCGATTACTAAAAGTTGAAAAAGAAATTCCA

Kk ok kA kA kA kA kA kA kA kA kA kA kA kA kA kA hkk kA kA hkhkhkhkhkhkhkhkhkh Kk k &%

ACGATTTCTCAAATTTCAATGCCAGAGATGCAAGTCGTTTTTGATCAGCTGCAAGCGGCG
ACGATTTCTCAAATTTCAATGCCAGAGATGCAAGTCGTTTTTGATCAGCTGCAAGCGGCG
ACGATTTCTCAAATTTCAATGCCAGAGATGCAAGTCGTTTTTGATCAGCTGCAAGCGGCG
ACGATTTCTCAAATTTCAATGCCAGAGATGCAAGTCGTTTTTGATCAGCTGCAAGCGGCG

B R R R R R

GGCTATGACCAAATTCTAGTTATTGGGTTGAGTAGTGGTATCAGTGGCTGGATCAATAAT
GGCTATGACCAAATTCTAGTTATTGGGTTGAGTAGTGGTATCAGTGGCTGGATCAATAAT
GGCTATGACCAAATTCTAGTTATTGGGTTGAGTAGTGGTATCAGTGGCTGGATCAATAAT
GGCTATGACCAAATTCTAGTTATTGGGTTGAGTAGTGGTATCAGTGGCTGGATCAATAAT

B R R R
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TTGAAGACCTATGCGCCGTCAGTTGACGGTATTGACGTGCGGGTGTTTGATTCACGAACT
TTGAAGACCTATGCGCCGTCAGTTGACGGTATTGACGTGCGGGTGTTTGATTCACGAACT
TTGAAGACCTATGCGCCGTCAGTTGACGGTATTGACGTGCGGGTGTTTGATTCACGAACT
TTGAAGACCTATGCGCCGTCAGTTGACGGTATTGACGTGCGGGTGTTTGATTCACGAACT

Ak kkhkkhkhhhhhhhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

GCTTGCGCGGGGACGGCGAACATGGTGAAGCTGGCTGCGGCCATGGCATTGGCGGACTAT
GCTTGCGCGGGGACGGCGAACATGGTGAAGCTGGCTGCGGCCATGGCATTGGCGGACTAT
GCTTGCGCGGGGACGGCGAACATGGTGAAGCTGGCTGCGGCCATGGCATTGGCGGACTAT

GCTTGCGCGGGGACGGCGAACATGGTGAAGCTGGCTGCGGCCATGGCATTGGCGGACTAT
ok ok ok K ok K kK ok K ok K ok K ok ok ko K ok ok ok k ok K ok K ok K ok ok ok ok ok ok Kk ok K ok K ok ok Kk kK ok kK ko

ACCTTAGATGAAATTATTGCGCAACTGACGCGCTTGCGGGCGGCTACGACGACGGTCTTA
ACCTTAGATGAAATTATTGCGCAACTGACGCGCTTGCGGGCGGCTACGACGACGGTCTTA
ACCTTAGATGAAATTATTGCGCAACTGACGCGCTTGCGGGCGGCTACGACGACGGTCTTA
ACCTTAGATGAAATTATTGCGCAACTGACGCGCTTGCGGGCGGCTACGACGACGGTCTTA

R R R R R R R

ATCGTTAACTCGATGCGCCATCTAGTTAAAAATGGCCGGATTTATAACAATAGTAGTCTG
ATCGTTAACTCGATGCGCCATCTAGTTAAAAATGGCCGGATTTATAACAATAGTAGTCTG
ATCGTTAACTCGATGCGCCATCTAGTTAAAAATGGCCGGATTTATAACAATAGTAGTCTG
ATCGTTAACTCGATGCGCCATCTAGTTAAAAATGGCCGGATTTATAACAATAGTAGTCTG

hkhkkhkkhkhhhhhhhkhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

GCCGGAACGATGGTGTTGCGCAATAAGCCGATTATTACGTTCAATGGGCATGGGAAGATT
GCCGGAACGATGGTGTTGCGCAATAAGCCGATTATTACGTTCAATGGGCATGGGAAGATT
GCCGGAACGATGGTGTTGCGCAATAAGCCGATTATTACGTTCAATGGGCATGGGAAGATT
GCCGGAACGATGGTGTTGCGCAATAAGCCGATTATTACGTTCAATGGGCATGGGAAGATT

Ak kkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkhkkkk**

CAACTTTTAGGTAAGGAACGGACGCTTAAAAATGCACAACAGGCTGTTCAAGATGAATTT
CAACTTTTAGGTAAGGAACGGACGCTTAAAAATGCACAACAGGCTGTTCAAGATGAATTT
CAACTTTTAGGTAAGGAACGGACGCTTAAAAATGCACAACAGGCTGTTCAAGATGAATTT
CAACTTTTAGGTAAGGAACGGACGCTTAAAAATGCACAACAGGCTGTTCAAGATGAATTT

R R

AGTCAGTTTGTGATGAACAGTCAATTACCAGTTCGGCTGGACGTCATCAGCGCTAATGAC
AGTCAGTTTGTGATGAACAGTCAATTACCAGTTCGGCTGGACGTCATCAGCGCTAATGAC
AGTCAGTTTGTGATGAACAGTCAATTACCAGTTCGGCTGGACGTCATCAGCGCTAATGAC
AGTCAGTTTGTGATGAACAGTCAATTACCAGTTCGGCTGGACGTCATCAGCGCTAATGAC

R e R R R R R R

GCGCAGATTGCCGAAGATTGGGCGAGCGAACTACGTTATCAGTTTCCAGCAGTCCGGGTC
GCGCAGATTGCCGAAGATTGGGCGAGCGAACTACGTTATCAGTTTCCAGCAGTCCGGGTC
GCGCAGATTGCCGAAGATTGGGCGAGCGAACTACGTTATCAGTTTCCAGCAGTCCGGGTC
GCGCAGATTGCCGAAGATTGGGCGAGCGAACTACGTTATCAGTTTCCAGCAGTCCGGGTC

Kk kkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkhkkhkkhkkkkhkkkkkk**

AAGACTGGGGTTATCGGTCCAGTTTTAGGCGTCTTGACTGGAGACCATGCGCTCGGAATG
AAGACTGGGGTTATCGGTCCAGTTTTAGGCGTCTTGACTGGAGACCATGCGCTCGGAATG
AAGACTGGGGTTATCGGTCCAGTTTTAGGCGTCTTGACTGGAGACCATGCGCTCGGAATG
AAGACTGGGGTTATCGGTCCAGTTTTAGGCGTCTTGACTGGAGACCATGCGCTCGGAATG

Kk kkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkhkkkkkkx*

ATCTGGTCATTAGATTGGAAGCCATTGTTGACGACCCTCAATCAGGAGCAAAAACAATAG
ATCTGGTCATTAGATTGGAAGCCATTGTTGACGACCCTCAATCAGGAGCAAAAACAATAG
ATCTGGTCATTAGATTGGAAGCCATTGTTGACGACCCTCAATCAGGAGCAAAAACAATAG
ATCTGGTCATTAGATTGGAAGCCATTGTTGACGACCCTCAATCAGGAGCAAAAACAATAG

R R R R

GCCGTTGGGGTTGCCCGTGTGCGGTTTGCTGATGATACTGTCGTATACAGGCAGCTGGGT
GCCGTTGGGGTTGCCCGTGTGCGGTTTGCTGATGATACTGTCGTATACAGGCAGCTGGGT
GCCGTTGGGGTTGCCCGTGTGCGGTTTGCTGATGATACTGTCGTATACAGGCAGCTGGGT
GCCGTTGGGGTTGCCCGTGTGCGGTTTGCTGATGATACTGTCGTATACAGGCAGCTGGGT

R R

TTTAAAAAAGTTTTGCATCGAAGGTTGACATTTTACTAAAATGATATTATGGTTATAACA
TTTAAAAAAGTTTTGCATCGAAGGTTGACATTTTACTAAAATGATATTATGGTTATAACA
TTTAAAAAAGTTTTGCATCGAAGGTTGACATTTTACTAAAATGATATTATGGTTATAACA
TTTAAAAAAGTTTTGCATCGAAGGTTGACATTTTACTAAAATGATATTATGGTTATAACA

L

TTAAAACTTGATAAAAAGCTATAATGCTTTAAGGAGTAACTGACTTGTGATGCTCAGAAA
TTAAAACTTGATAAAAAGCTATAATGCTTTAAGGAGTAACTGACTTGTGATGCTCAGAAA
TTAAAACTTGATAAAAAGCTATAATGCTTTAAGGAGTAACTGACTTGTGATGCTCAGAAA

TTAAAACTTGATAAAAAGCTATAATGCTTTAAGGAGTAACTGACTTGTGATGCTCAGAAA
KoKk ok kK k ok ok kkk ok k Ak kk kA kkk kA kk ok kkkk kA kkk ok kk Kk k ok k& kkok Kk kkk K&k k Kk

GCGCCGTTGCTGTGAAGGTGTGATGACAAGTGAGTAAAAGTTAAAGGATTGGCGTGAATT
GCGCCGTTGCTGTGAAGGTGTGATGACAAGTGAGTAAAAGTTAAAGGATTGGCGTGAATT
GCGCCGTTGCTGTGAAGGTGTGATGACAAGTGAGTAAAAGTTAAAGGATTGGCGTGAATT

GCGCCGTTGCTGTGAAGGTGTGATGACAAGTGAGTAAAAGTTAAAGGATTGGCGTGAATT
Hok ok ok Kk Kk kK ok K ok Kk Kk kK kK ok ko k ok Kok K ok Kk ok k kK ok ok ko k kK ok K ok Kk Kk ok kK ok ok ko kK
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TTACGAGATTCACTGGTAGCACCCATTATTGTGCACGCGTTTAGTTGTTGTGAACGCGAT
TTACGAGATTCACTGGTAGCACCCATTATTGTGCACGCGTTTAGTTGTTGTGAACGCGAT
TTACGAGATTCACTGGTAGCACCCATTATTGTGCACGCGTTTAGTTGTTGTGAACGCGAT
TTACGAGATTCACTGGTAGCACCCATTATTGTGCACGCGTTTAGTTGTTGTGAACGCGAT

hkkkkkhkhkhkhkhkhkhkkkhkkkhkhkkkhkkkkkhkkkhkkhkkhkkhkkkkkkkkkkk*

GAGTAGCCGGATGTGAGTTCGGTTAGCAATAAGGTGGTACCGCGCGTAAGCGCCCTTTGG
GAGTAGCCGGATGTGAGTTCGGTTAGCAATAAGGTGGTACCGCGCGTAAGCGCCCTTTGG
GAGTAGCCGGATGTGAGTTCGGTTAGCAATAAGGTGGTACCGCGCGTAAGCGCCCTTTGG

GAGTAGCCGGATGTGAGTTCGGTTAGCAATAAGGTGGTACCGCGCGTAAGCGCCCTTTGG
ok ok ko K ok Kk Kk Kk ok K ok K ok Kk ok ok ok ok ok ok ok K ok ok ok k ok X ok kK k kK ok ok ok k kK ok Kk ok kK k

ATAATTTGATCGATTATTCAAAGGGCGCTTTTTCGTCAAGTGACACATAGCATTATTTTT
ATAATTTGATCGATTATTCAAAGGGCGCTTTTTCGTCAAGTGACACATAGCATTATTTTT
ATAATTTGATCGATTATTCAAAGGGCGCTTTTTCGTCAAGTGACACATAGCATTATTTTT

ATAATTTGATCGATTATTCAAAGGGCGCTTTTTCGTCAAGTGACACATAGCATTATTTTT
ok K Kk kK Kk ok ok Kk ok ok kK ok k ok ok Kk kK Kk ok ok Kk ok ok kK k ok ko k ok kK Kk ok ok Kk ok ok Kk ok kK ok k

TAGTTAACACATAGTAGTCATTATTTAGGTCGCGCATCGCGGTTAATCATCGTAAACACA
TAGTTAACACATAGTAGTCATTATTTAGGTCGCGCATCGCGGTTAATCATCGTAAACACA
TAGTTAACACATAGTAGTCATTATTTAGGTCGCGCATCGCGGTTAATCATCGTAAACACA
TAGTTAACACATAGTAGTCATTATTTAGGTCGCGCATCGCGGTTAATCATCGTAAACACA

hkkkkkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkhkkhkkhkkhkkkkkkkkkkkk kK k&

TAGTTGTTCGACATCACGTGACAGCACATAGTAGATCGTAAGCACGGGCCCGTTTATTGG
TAGTTGTTCGACATCACGTGACAGCACATAGTAGATCGTAAGCACGGGCCCGTTTATTGG
TAGTTGTTCGACATCACGTGACAGCACATAGTAGATCGTAAGCACGGGCCCGTTTATTGG
TAGTTGTTCGACATCACGTGACAGCACATAGTAGATCGTAAGCACGGGCCCGTTTATTGG

hkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

AAAAGCACTGAAGCGAGCGGGGAACATATACACATAGTGGGCAAGACGAAAGGATGGTTT
AAAAGCACTGAAGCGA-—————————— -~~~ ——— - ———
AAAAGCACTGAAGCGAGCGGGGAACATATACACATAGTGGGCAAGACGAAAGGATGGTTT
AAAAGCACTGAAGCGAGCGGGGAACATATACACATAGTGGGCAAGACGAAAGGATGGTTT

Kk Kk K kKKK KK KK KKK

TACTTATGAAATATGGCATTATTGGCGCAGGCGCAATGGGATATCGGTATGGTGTAATGT

TACTTATGAAATATGGCATTATTGGCGCAGGCGCAATGGGATATCGGTATGGTGTAATGT
TACTTATGAAATATGGCATTATTGGCGCAGGCGCAATGGGATATCGGTATGGTGTAATGT

TACAAGAAAACGCCGGTGTTGACGTTGATTTTATCGACACGTGGGAACCAAACGTCGCAA

TACAAGAAAACGCCGGTGTTGACGTTGATTTTATCGACACGTGGGAACCAAACGTCGCAA
TACAAGAAAACGCCGGTGTTGACGTTGATTTTATCGACACGTGGGAACCAAACGTCGCAA

AGGTCCGTGAGCAGGGCGGCGTTGATGTGGCGCGTGATCATCAAAATCACCATGTCGTTC

AGGTCCGTGAGCAGGGCGGCGTTGATGTGGCGCGTGATCATCAAAATCACCATGTCGTTC
AGGTCCGTGAGCAGGGCGGCGTTGATGTGGCGCGTGATCATCAAAATCACCATGTCGTTC

CAATTAATATTTATTATCCTGAAGAATATCAGGGTCATCCAGATGTTTGGATTGTTTTTA

CAATTAATATTTATTATCCTGAAGAATATCAGGGTCATCCAGATGTTTGGATTGTTTTTA
CAATTAATATTTATTATCCTGAAGAATATCAGGGTCATCCAGATGTTTGGATTGTTTTTA

AGAAGCAAATGCAGTTAGCCGATGAGCTCAAGCGCGATGCGTCGTTATTTCATGAGGACC

AGAAGCAAATGCAGTTAGCCGATGAGCTCAAGCGCGATGCGTCGTTATTTCATGAGGACC
AGAAGCAAATGCAGTTAGCCGATGAGCTCAAGCGCGATGCGTCGTTATTTCATGAGGACC

AGTACGTTTTCGCCGCAATGAACGGGATGGGGCACTTTGAAAAGATTGCACAATATTTCC

AGTACGTTTTCGCCGCAATGAACGGGATGGGGCACTTTGAAAAGATTGCACAATATTTCC
AGTACGTTTTCGCCGCAATGAACGGGATGGGGCACTTTGAAAAGATTGCACAATATTTCC

CGGAAAATCACATTATTGGTGGTACGGCGATGATTGCAACGGTCTTGAATGGTCCGGGTG

CGGAAAATCACATTATTGGTGGTACGGCGATGATTGCAACGGTCTTGAATGGTCCGGGTG
CGGAAAATCACATTATTGGTGGTACGGCGATGATTGCAACGGTCTTGAATGGTCCGGGTG

CGGTTGATTTTATGGGGCCTAAGGGTAGTGAGGCGATGCATATGAGTAAGTATGCAGGTC

CGGTTGATTTTATGGGGCCTAAGGGTAGTGAGGCGATGCATATGAGTAAGTATGCAGGTC
CGGTTGATTTTATGGGGCCTAAGGGTAGTGAGGCGATGCATATGAGTAAGTATGCAGGTC
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CCATTGATACGACTACTAAGCAAGTGATGGCCGATTTTAAGGCGGCTGATTTAAATCCGA
CCATTGATACGACTACTAAGCAAGTGATGGCCGATTTTAAGGCGGCTGATTTAAATCCGA
CCATTGATACGACTACTAAGCAAGTGATGGCCGATTTTAAGGCGGCTGATTTAAATCCGA

TTTGGTCTGATAATTTTATGGGCATGTGCATTTCCAAAGTTGTGTTTAACGCGGTCACCA
TTTGGTCTGATAATTTTATGGGCATGTGCATTTCCAAAGTTGTGTTTAACGCGGTCACCA
TTTGGTCTGATAATTTTATGGGCATGTGCATTTCCAAAGTTGTGTTTAACGCGGTCACCA

ATAGTTTGTGCACGATGTTCGAGATTCAGATGGGCCAATTCATCGAATATCCGGGCGTCA
ATAGTTTGTGCACGATGTTCGAGATTCAGATGGGCCAATTCATCGAATATCCGGGCGTCA
ATAGTTTGTGCACGATGTTCGAGATTCAGATGGGCCAATTCATCGAATATCCGGGCGTCA

AGGATATGGCGACTCAAATGTTCAACGAAGCCTATGATGCTTGCGAAAGGGCAGGCATCA
AGGATATGGCGACTCAAATGTTCAACGAAGCCTATGATGCTTGCGAAAGGGCAGGCATCA
AGGATATGGCGACTCAAATGTTCAACGAAGCCTATGATGCTTGCGAAAGGGCAGGCATCA

AACTCATTGAGACGCGGCAAGAAGAAATCGACTCGGTTGAAACGGTCAGTCGAGCCTATA
AACTCATTGAGACGCGGCAAGAAGAAATCGACTCGGTTGAAACGGTCAGTCGAGCCTATA
AACTCATTGAGACGCGGCAAGAAGAAATCGACTCGGTTGAAACGGTCAGTCGAGCCTATA

AGTACCATTATCCATCAATGTATCAAGACTTCTCAAAGGGACGGCCAACCGAAGTTGATT
AGTACCATTATCCATCAATGTATCAAGACTTCTCAAAGGGACGGCCAACCGAAGTTGATT
AGTACCATTATCCATCAATGTATCAAGACTTCTCAAAGGGACGGCCAACCGAAGTTGATT

ATATTAATGGCTATATTGCTAGGATTGGGCGGGAACATGACTACGTTTGTCGCGTGCATG
ATATTAATGGCTATATTGCTAGGATTGGGCGGGAACATGACTACGTTTGTCGCGTGCATG
ATATTAATGGCTATATTGCTAGGATTGGGCGGGAACATGACTACGTTTGTCGCGTGCATG

AGTTTGTGACTCACGAAGTCCATTTAGCAGAAATGATGCGGCAATACCGGCACCCGGAAA
AGTTTGTGACTCACGAAGTCCATTTAGCAGAAATGATGCGGCAATACCGGCACCCGGAAA
AGTTTGTGACTCACGAAGTCCATTTAGCAGAAATGATGCGGCAATACCGGCACCCGGAAA

TCCCCGTTGCTGAAAAATAAGATTATTAATGAAAAAGTTCTGAGTATTTTCAGAACTTTT
TCCCCGTTGCTGAAAAATAAGATTATTAATGAAAAAGTTCTGAGTATTTTCAGAACTTTT
TCCCCGTTGCTGAAAAATAAGATTATTAATGAAAAAGTTCTGAGTATTTTCAGAACTTTT

TTTGTGGGCGGAAAAACTTAATTTAGTAAGGTTGAAATCGGTTTCTTTGACATTGGTCTA
TTTGTGGGCGGAAAAACTTAATTTAGTAAGGTTGAAATCGGTTTCTTTGACATTGGTCTA
TTTGTGGGCGGAAAAACTTAATTTAGTAAGGTTGAAATCGGTTTCTTTGACATTGGTCTA

TACACTTAGATAACCTTGTAAACTTGCAATGAAAACATGTTGTGATAGGATTTATAACGT
TACACTTAGATAACCTTGTAAACTTGCAATGAAAACATGTTGTGATAGGATTTATAACGT
TACACTTAGATAACCTTGTAAACTTGCAATGAAAACATGTTGTGATAGGATTTATAACGT

GCTTAAAAAGAGAATGAGGAGAAATTGGTMMAAGACATATTTTCAGAAAATCGGTCAGT
GCTTAAAAAGAGAATGAGGAGAAATTGGTMM@AAGACATATTTTCAGAAAATCGGTCAGT
GCTTAAAAAGAGAATGAGGAGAAATTGGTMEAAGACATATTTTCAGAAAATCGGTCAGT

CATTGATGCTGCCGATTGCAACGTTGCCCGCAGCAGCGATTTTGGTTGGGATTGGTAATT
————————————————————————————————————————— TTGGTTGGGATTGGTAATT
CATTGATGCTGCCGATTGCAACGTTGCCCGCAGCAGCGATTTTGGTTGGGATTGGTAATT
CATTGATGCTGCCGATTGCAACGTTGCCCGCAGCAGCGATTTTGGTTGGGATTGGTAATT

KA KKK KKK KKK KKK KKKk K

ACCTGCCAAAACAGTGGCTGTTTGCAAATTACTTGATTCAGGGTGGTAACGTTGTCCTGA
ACCTGCCAAAACAGTGGCTGTTTGCAAATTACTTGATTCAGGGTGGTAACGTTGTCCTGA
ACCTGCCAAAACAGTGGCTGTTTGCAAATTACTTGATTCAGGGTGGTAACGTTGTCCTGA

ACCTGCCAAAACAGTGGCTGTTTGCAAATTACTTGATTCAGGGTGGTAACGTTGTCCTGA
Kok ok ok ok kK k ok ok ko k ok kA kkk kK hkk Ak kk ok kkk ok k kA kk ko kkk Kk kkkk &k kok Kk k ok k k& kk Kk
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ATAACTTAGCCTTGCTGTTTGCAGTCGGCTTAGCTATCGGGATGTCAGTCAATAAGGACG
ATAACTTAGCCTTGCTGTTTGCAGTCGGCTTAGCTATCGGGATGTCAGTCAATAAGGACG
ATAACTTAGCCTTGCTGTTTGCAGTCGGCTTAGCTATCGGGATGTCAGTCAATAAGGACG
ATAACTTAGCCTTGCTGTTTGCAGTCGGCTTAGCTATCGGGATGTCAGTCAATAAGGACG

hkkkkkhkhkhkhkhkhkhkkkhkkkhkhkkkhkkkkkhkkkhkkhkkhkkhkkkkkkkkkkk*

GCGCGGCAGCTATTGCTGGTTTGATCGCGTTTGAAGTTCCGGTGATGGTGTTAAAACCAG
GCGCGGCAGCTATTGCTGGTTTGATCGCGTTTGAAGTTCCGGTGATGGTGTTAAAACCAG
GCGCGGCAGCTATTGCTGGTTTGATCGCGTTTGAAGTTCCGGTGATGGTGTTAAAACCAG
GCGCGGCAGCTATTGCTGGTTTGATCGCGTTTGAAGTTCCGGTGATGGTGTTAAAACCAG

R R R R R R R

CGACATTAGCGACGATGCTGAATGTTAAAGTGAGTCAGATCAATCCAGCATTTAGCGCGT
CGACATTAGCGACGATGCTGAATGTTAAAGTGAGTCAGATCAATCCAGCATTTAGCGCGT
CGACATTAGCGACGATGCTGAATGTTAAAGTGAGTCAGATCAATCCAGCATTTAGCGCGT

CGACATTAGCGACGATGCTGAATGTTAAAGTGAGTCAGATCAATCCAGCATTTAGCGCGT
ok K Kk kK Kk ok ok Kk ok ok kK ok k ok ok Kk kK Kk ok ok Kk ok ok kK k ok ko k ok kK Kk ok ok Kk ok ok Kk ok kK ok k

TAGATAACAATGTGCTGATTGGGATCAGTGCTGGACTGATTGCGGCTGCGCTCTATAATC
TAGATAACAATGTGCTGATTGGGATCAGTGCTGGACTGATTGCGGCTGCGCTCTATAATC
TAGATAACAATGTGCTGATTGGGATCAGTGCTGGACTGATTGCGGCTGCGCTCTATAATC
TAGATAACAATGTGCTGATTGGGATCAGTGCTGGACTGATTGCGGCTGCGCTCTATAATC

hkkkkkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkhkkhkkhkkhkkkkkkkkkkkk kK k&

GGTTCCACGAAGTAAAATTACCAATGGCGCTCTCATTCTTTAGTGGTAAACGCCTAGTGC
GGTTCCACGAAGTAAAATTACCAATGGCGCTCTCATTCTTTAGTGGTAAACGCCTAGTGC
GGTTCCACGAAGTAAAATTACCAATGGCGCTCTCATTCTTTAGTGGTAAACGCCTAGTGC
GGTTCCACGAAGTAAAATTACCAATGGCGCTCTCATTCTTTAGTGGTAAACGCCTAGTGC

hkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

CAATTATGGCTGCTTTTGTGATGCTGATTGTGACGGCGGTATTGTACCTTGTTTGGCCGT
CAATTATGGCTGCTTTTGTGATGCTGATTGTGACGGCGGTATTGTACCTTGTTTGGCCGT
CAATTATGGCTGCTTTTGTGATGCTGATTGTGACGGCGGTATTGTACCTTGTTTGGCCGT
CAATTATGGCTGCTTTTGTGATGCTGATTGTGACGGCGGTATTGTACCTTGTTTGGCCGT

e R R R R

TTGTCTACGATGCCATTGTCCTCTTTGCAACGGGGATTTCAAAATTAGGTTTCGTGGGGG
TTGTCTACGATGCCATTGTCCTCTTTGCAACGGGGATTTCAAAATTAGGTTTCGTGGGGG
TTGTCTACGATGCCATTGTCCTCTTTGCAACGGGGATTTCAAAATTAGGTTTCGTGGGGG
TTGTCTACGATGCCATTGTCCTCTTTGCAACGGGGATTTCAAAATTAGGTTTCGTGGGGG

e R

CTGGTCTATATGGCTTTTTCAATCGTTTATTGATTCCAACTGGTTTGCACCACGCCTTAA
CTGGTCTATATGGCTTTTTCAATCGTTTATTGATTCCAACTGGTTTGCACCACGCCTTAA
CTGGTCTATATGGCTTTTTCAATCGTTTATTGATTCCAACTGGTTTGCACCACGCCTTAC
CTGGTCTATATGGCTTTTTCAATCGTTTATTGATTCCAACTGGTTTGCACCACGCCTTAA

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk ok k ok kkk k& k%%

ATTCCGTATTCTGGTATAACGTTGCTGGTATCAATGATATTGGCAATTTCTGGGCCAGCC
ATTCCGTATTCTGGTATAACGTTGCTGGTATCAATGATATTGGCAATTTCTGGGCCAGCC
ATTCCGTATTCTGGTATAACGTTGCTGGTATCAATGATATTGGCAATTTCTGGGCCAGCC
ATTCCGTATTCTGGTATAACGTTGCTGGTATCAATGATATTGGCAATTTCTGGGCCAGCC

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kK kk

ATGGTGTTAAAGGAATCACAGGGATGTATGAAGCTGGATTCTTCCCAATTATGATGTTTG
ATGGTGTTAAAGGAATCACAGGGATGTATGAAGCTGGATTCTTCCCAATTATGATGTTTG
ATGGTGTTAAAGGAATCACAGGGATGTATGAAGCTGGATTCTTCCCAATTATGATGTTTG
ATGGTGTTAAAGGAATCACAGGGATGTATGAAGCTGAATTCTTCCCAATTATGATGTTTG

R I R R R R R

GCTTGCCAGCTGGTGCGTATGCAATTTATCGTAATGCACGACCGGAACGAAAAAAAGAAG
GCTTGCCAGCTGGTGCGTATGCAATTTATCGTAATGCACGACCGGAACGAAAAAAAGAAG
GCTTGCCAGCTGGTGCGTATGCAATTTATCGTAATGCACGACCGGAACGAAAAAAAGAAG
GCTTGCCAGCTGGTGCGTATGCAATTTATCGTAATGCACGACCGGAACGAAAAAAAGAAG

R R

TGGGTTCATTGATGTTAGCGGGTGCGTTTGCGTCGTTCTTTACGGGGGTGACCGAACCGC
TGGGTTCATTGATGTTAGCGGGTGCGTTTGCGTCGTTCTTTACGGGGGTGACCGAACCGC
TGGGTTCATTGATGTTAGCGGGTGCGTTTGCGTCGTTCTTTACGGGGGTGACCGAACCGC
TGGGTTCATTGATGTTAGCGGGTGCGTTTGCGTCGTTCTTTACGGGGGTGACCGAACCGC

Kk ok kA kA kA kA kA kA kA kA kA kA kA kA kA kA hkk kA kA hkhkhkhkhkhkhkhkhkh Kk k &%

TTGAATTTTCATTCATGTTCGTGGCATGGCCGCTCTACTTATTACATGCCGTTTTTATGG
TTGAATTTTCATTCATGTTCGTGGCATGGCCGCTCTACTTATTACATGCCGTTTTTATGG
TTGAATTTTCATTCATGTTCGTGGCATGGCCGCTCTACTTATTACATGCCGTTTTTATGG
TTGAATTTTCATTCATGTTCGTGGCATGGCCGCTCTACTTATTACATGCCGTTTTTATGG

B R R

GACTATCATTAGGATTCGCCGCGTTAATGCACTGGACCGCCAGCTTTTCGTTTAGTGGCG
GACTATCATTAGGATTCGCCGCGTTAATGCACTGGACCGCCAGCTTTTCGTTTAGTGGCG
GACTATCATTAGGATTCGCCGCGTTAATGCACTGGACCGCCAGCTTTTCGTTTAGTGGCG
GACTATCATTAGGATTCGCCGCGTTAATGCACTGGACCGCCAGCTTTTCGTTTAGTGGCG

B R R R
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GGTTAGTCGATTATTTATTGAGTTTTCGGATGCCGTTAGCCAACCAACCCTATATGTTAC
GGTTAGTCGATTATTTATTGAGTTTTCGGATGCCGTTAGCCAACCAACCCTATATGTTAC
GGTTAGTCGATTATTTATTGAGTTTTCGGATGCCGTTAGCCAACCAACCCTATATGTTAC
GGTTAGTCGATTATTTATTGAGTTTTCGGATGCCGTTAGCCAACCAACCCTATATGTTAC

Ak kkhkkhkhhhhhhhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

TGGTTCAAGGGCTGGTGATGGCCGTCATTTATTACTTTGGTTTTGACTTTGCAATCAAGC
TGGTTCAAGGGCTGGTGATGGCCGTCATTTATTACTTTGGTTTTGACTTTGCAATCAAGC
TGGTTCAAGGGCTGGTGATGGCCGTCATTTATTACTTTGGTTTTGACTTTGCAATCAAGC

TGGTTCAAGGGCTGGTGATGGCCGTCATTTATTACTTTGGTTTTGACTTTGCAATCAAGC
ok ok ok K ok K kK ok K ok K ok K ok ok ko K ok ok ok k ok K ok K ok K ok ok ok ok ok ok Kk ok K ok K ok ok Kk kK ok kK ko

GGTTTAATTTGAAGACGCCTGGTCGTGAAGTTGTGTCTGCAGATGTCGATGGGGTGGGTG
GGTTTAATTTGAAGACGCCTGGTCGTGAAGTTGTGTCTGCAGATGTCGATGGGGTGGGTG
GGTTTAATTTGAAGACGCCTGGTCGTGAAGTTGTGTCTGCAGATGTCGATGGGGTGGGTG

GGTTTAATTTGAAGACGCCTGGTCGTGAAGTTGTGTCTGCAGATGTCGATGGGGTGGGTG
ok ok ok K ok K kK ok K ok K ok K ok ok ok K ok ok ok k ok K ok K ok ok ok ok ok K ok ok Kk ok K ok K ok Kk kK ok Kk ok Kk

CACCTGCTAGTCCAGCGGTGGCCGTTGCAGCAACGGATGATAAATATATGCGCCAAGCAA
CACCTGCTAGTCCAGCGGTGGCCGTTGCAGCAACGGATGATAAATATATGCGCCAAGCAA
CACCTGCTAGTCCAGCGGTGGCCGTTGCAGCAACGGATGATAAATATATGCGCCAAGCAA
CACCTGCTAGTCCAGCGGTGGCCGTTGCAGCAACGGATGATAAATATATGCGCCAAGCAA

hkhkkhkkhkhhhhhhhkhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

AGCAAATTTATGCGGCTATTGGTGGTCATGACAATATTAGTGTGATCAACAATTGTACGA
AGCAAATTTATGCGGCTATTGGTGGTCATGACAATATTAGTGTGATCAACAATTGTACGA
AGCAAATTTATGCGGCTATTGGTGGTCATGACAATATTAGTGTGATCAACAATTGTACGA
AGCAAATTTATGCGGCTATTGGTGGTCATGACAATATTAGTGTGATCAACAATTGTACGA

Ak kkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkhkkkk**

CGCGGCTGCGGTTACAACTTAAGGATACGGAAAAAGTTGATCAGCCGGCCGTAATGGCTG
CGCGGCTGCGGTTACAACTTAAGGATACGGAAAAAGTTGATCAGCCGGCCGTAATGGCTG
CGCGGCTGCGGTTACAACTTAAGGATACGGAAAAAGTTGATCAGCCGGCCGTAATGGCTG
CGCGGCTGCGGTTACAACTTAAGGATACGGAAAAAGTTGATCAGCCGGCCGTAATGGCTG

R R

CTGGCGTGCCTGGTTTGAACGTACTGGATGTTCATAACATCCACATTGTGATCGGTACGG
CTGGCGTGCCTGGTTTGAACGTACTGGATGTTCATAACATCCACATTGTGATCGGTACGG
CTGGCGTGCCTGGTTTGAACGTACTGGATGTTCATAACATCCACATTGTGATCGGTACGG
CTGGCGTGCCTGGTTTGAACGTACTGGATGTTCATAACATCCACATTGTGATCGGTACGG

R R R R R R R R

AAGTCCAGTTCGTTGCGGAGGCTTTACAAAAATTATTTTCTGGTCAGGTGGCGACGACCC
AAGTCCAGTTCGTTGCGGAGGCTTTACAAAAATTATTTTCTGGTCAGGTGGCGACGACCC
AAGTCCAGTTCGTTGCGGAGGCTTTACAAAAATTATTTTCTGGTCAGGTGGCGACGACCC
AAGTCCAGTTCGTTGCGGAGGCTTTACAAAAATTATTTTCTGGTCAGGTGGCGACGACCC

Kk kkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkhkkhkkhkkkkhkkkkkk**

CGGCATCTGATGCTGAATCAAAGGCCCCGCTTGAACCGCAAACTGCTACTGTAACGGAAG
CGGCATCTGATGCTGAATCAAAGGCCCCGCTTGAACCGCAAACTGCTACTGTAACGGAAG
CGGCATCTGATGCTGAATCAAAGGCCCCGCTTGAACCGCAAACTGCTACTGTAACGGAAG
CGGCATCTGATGCTGAATCAAAGGCCCCGCTTGAACCGCAAACTGCTACTGTAACGGAAG

Kk kkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkhkkkkkkx*

CGCCGGTGACAACGATTTTGCGGGCACCGGCAACGGGACAATTAATGCCGATTAGTGCGG
CGCCGGTGACAACGATTTTGCGGGCACCGGCAACGGGACAATTAATGCCGATTAGTGCGG
CGCCGGTGACAACGATTTTGCGGGCACCGGCAACGGGACAATTAATGCCGATTAGTGCGG
CGCCGGTGACAACGATTTTGCGGGCACCGGCAACGGGACAATTAATGCCGATTAGTGCGG

R R R R

TTGCGGATGAGACGTTTGCTGGTAAACTCTTAGGTGATGGTTACGCTGTTGAACCCGAAG
TTGCGGATGAGACGTTTGCTGGTAAACTCTTAGGTGATGGTTACGCTGTTGAACCCGAAG
TTGCGGATGAGACGTTTGCTGGTAAACTCTTAGGTGATGGTTACGCTGTTGAACCCGAAG
TTGCGGATGAGACGTTTGCTGGTAAACTCTTAGGTGATGGTTACGCTGTTGAACCCGAAG

R

ATGGTGAAGTCGTTGCTCCGGTTAGTGGGACAGTGACAAGTGTCTTTCCGACCAAACACG
ATGGTGAAGTCGTTGCTCCGGTTAGTGGGACAGTGACAAGTGTCTTTCCGACCAAACACG
ATGGTGAAGTCGTTGCTCCGGTTAGTGGGACAGTGACAAGTGTCTTTCCGACCAAACACG
ATGGTGAAGTCGTTGCTCCGGTTAGTGGGACAGTGACAAGTGTCTTTCCGACCAAACACG

L

CTATCGGTTTGAAGACGACGAGTGGTTTAGAAGTCTTATTACACATGGGGATCAATACCG
CTATCGGTTTGAAGACGACGAGTGGTTTAGAAGTCTTATTACACATGGGGATCAATACCG
CTATCGGTTTGAAGACGACGAGTGGTTTAGAAGTCTTATTACACATGGGGATCAATACCG

CTATCGGTTTGAAGACGACGAGTGGTTTAGAAGTCTTATTACACATGGGGATCAATACCG
KoKk ok kK k ok ok kkk ok k Ak kk kA kkk kA kk ok kkkk kA kkk ok kk Kk k ok k& kkok Kk kkk K&k k Kk

TGGAAATGAATGGTACGCCGTTCAAGTTACACGTGGCAACGGGTGATGAAATTGCGGCCG
TGGAAATGAATGGTACGCCGTTCAAGTTACACGTGGCAACGGGTGATGAAATTGCGGCCG
TGGAAATGAATGGTACGCCGTTCAAGTTACACGTGGCAACGGGTGATGAAATTGCGGCCG

TGGAAATGAATGGTACGCCGTTCAAGTTACACGTGGCAACGGGTGATGAAATTGCGGCCG
Hok ok ok Kk Kk kK ok K ok Kk Kk kK kK ok ko k ok Kok K ok Kk ok k kK ok ok ko k kK ok K ok Kk Kk ok kK ok ok ko kK
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GTACTGCGGTAGCGACGGTTGACTTGGCTGCTATCAAGTCAGCCGGTAAAGCGACAACCA
GTACTGCGGTAGCGACGGTTGACTTGGCTGCTATCAAGTCAGCCGGTAAAGCGACAACCA
GTACTGCGGTAGCGACGGTTGACTTGGCTGCTATCAAGTCAGCCGGTAAAGCGACAACCA
GTACTGCGGTAGCGACGGTTGACTTGGCTGCTATCAAGTCAGCCGGTAAAGCGACAACCA

hkkkkkhkkkhkhkhkhkkkkkhkkkhkkkkkkkhkhkhkkhkhkkhkkhkkhkkkkkkkkkk k&

TGATGGTCGTTATCACCAATATGGATCACGTTAACAAACTAACCCTTAATCCAACTGGTC
TGATGGTCGTTATCACCAATATGGATCACGTTAACAAACTAACCCTTAATCCAACTGGTC
TGATGGTCGTTATCACCAATATGGATCACGTTAACAAACTAACCCTTAATCCAACTGGTC

TGATGGTCGTTATCACCAATATGGATCACGTTAACAAACTAACCCTTAATCCAACTGGTC
ok Kk ok kK Kk k ok Kk ok ok kK ok k kR Kk ok kK ok ok ok kK k ok Kk Kk ok ok ok k k kK Kk k ok Kk k ok kK kK kK kK

ATGTGACTAGCGGTGATTTGATTGGCGCAGCTGAA
ATGTGACTAGCGGTGATTTGATTGGCGCAGCTGAA
ATGTGACTAGCGGTGATTTGATTGGCGCAGCTGAA GTTACGCGCTGTCGACGTTGGG

ATGTGACTAGCGGTGATTTGATTGGCGCAGCTGAA) GTTACGCGCTGTCGACGTTGGG
ok ok ko K ok Kk Kk Kk ok K ok Kk Kk ok ok ok ok Kk kK ok K ok ok ok k ok X ok ok kK k kK ok ok ok kK ok Kk Rk Kk

GTTACGCGCTGTCGACGTTGGG
GTTACGCGCTGTCGACGTTGGG

TTTATTGAAAAAGTTTCGTCTAAATCTTTTCGATTTAGGCGGAACTTTTTTTGTCGCATT
TTTATTGAAAAAGTTTCGTCTAAATCTTTTCGATTTAGGCGGAACTTTTTTTGTCGCATT
TTTATTGAAAAAGTTTCGTCTAAATCTTTTCGATTTAGGCGGAACTTTTTTTGTCGCATT
TTTATTGAAAAAGTTTCGTCTAAATCTTTTCGATTTAGGCGGAACTTTTTTTGTCGCATT

hkkkkkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkhkkhkkhkkhkkkkkkkkkkkk kK k&

GGTTATCGAGGCAACGGATGACAGCAAATGAACAACTTGATGCGGGGACAGTGCGTTTGA
GGTTATCGAGGCAACGGATGACAGCAAATGAACAACTTGATGCGGGGACAGTGCGTTTGA
GGTTATCGAGGCAACGGATGACAGCAAATGAACAACTTGATGCGGGGACAGTGCGTTTGA
GGTTATCGAGGCAACGGATGACAGCAAATGAACAACTTGATGCGGGGACAGTGCGTTTGA

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkhkkkkkkkkkkkkkk k& k*

TTGCTTCCCACTGACTCCCACGATATACTATTGGCATTATAGGGGGGCGGTAACATGATT
TTGCTTCCCACTGACTCCCACGATATACTATTGGCATTATAGGGGGGCGGTAACATGATT
TTGCTTCCCACTGACTCCCACGATATACTATTGGCATTATAGGGGGGCGGTAACATGATT
TTGCTTCCCACTGACTCCCACGATATACTATTGGCATTATAGGGGGGCGGTAACATGATT

R

GACGAAGTATTAGTATTGAACTCAACGCCAACGGGGATTTTACAGAATTCAGTTTCAGGA
GACGAAGTATTAGTATTGAACTCAACGCCAACGGGGATTTTACAGAATTCAGTTTCAGGA
GACGAAGTATTAGTATTGAACTCAACGCCAACGGGGATTTTACAGAATTCAGTTTCAGGA
GACGAAGTATTAGTATTGAACTCAACGCCAACGGGGATTTTACAGAATTCAGTTTCAGGA

e R

AGCATGGTGATTGACGCGGCACTTGATGCACGACTAGTCAAGCGACTAATGCAGGCGCTA
AGCATGGTGATTGACGCGGCACTTGATGCACGACTAGTCAAGCGACTAATGCAGGCGCTA
AGCATGGTGATTGACGCGGCACTTGATGCACGACTAGTCAAGCGACTAATGCAGGCGCTA
AGCATGGTGATTGACGCGGCACTTGATGCACGACTAGTCAAGCGACTAATGCAGGCGCTA

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kK kk

ACTCAATCGATGCTTAAGGTCAGGGTTGCAACCGCGGACGACTTACCGGTGACCGACCAC
ACTCAATCGATGCTTAAGGTCAGGGTTGCAACCGCGGACGACTTACCGGTGACCGACCAC
ACTCAATCGATGCTTAAGGTCAGGGTTGCAACCGCGGACGACTTACCGGTGACCGACCAC
ACTCAATCGATGCTTAAGGTCAGGGTTGCAACCGCGGACGACTTACCGGTGACCGACCAC

hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk k%

CAATTGCTGGTCGTCAGTCGACCAGTGGCAGCCGTGTTGGACTTACAAGCTAGTGCGCGA
CAATTGCTGGTCGTCAGTCGACCAGTGGCAGCCGTGTTGGACTTACAAGCTAGTGCGCGA
CAATTGCTGGTCGTCAGTCGACCAGTGGCAGCCGTGTTGGACTTACAAGCTAGTGCGCGA
CAATTGCTGGTCGTCAGTCGACCAGTGGCAGCCGTGTTGGACTTACAAGCTAGTGCGCGA

R

GTTCTGATTTATCCAGAAGCAACGGGACTGACAGCCGCTGGAATGACACAGCTAGCAGTG
GTTCTGATTTATCCAGAAGCAACGGGACTGACAGCCGCTGGAATGACACAGCTAGCAGTG
GTTCTGATTTATCCAGAAGCAACGGGACTGACAGCCGCTGGAATGACACAGCTAGCAGTG
GTTCTGATTTATCCAGAAGCAACGGGACTGACAGCCGCTGGAATGACACAGCTAGCAGTG

R R

CAGATTGATCAACGATTGACTAAAATATCCAGATAACGATCAAAAAACGCCCAGGGCAGT
CAGATTGATCAACGATTGACTAAAATATCCAGATAACGATCAAAAAACGCCCAGGGCAGT
CAGATTGATCAACGATTGACTAAAATATCCAGATAACGATCAAAAAACGCCCAGGGCAGT
CAGATTGATCAACGATTGACTAAAATATCCAGATAACGATCAAAAAACGCCCAGGGCAGT

Kk ok kA kA kA kA kA kA kA kA kA kA kA kA kA kA hkk kA kA hkhkhkhkhkhkhkhkhkh Kk k &%

TGTTCGCAAGTTACTGAACAGTTGCCCTGGGCGTTTTTAATGATTAGTCTTTGTGGTGTT
TGTTCGCAAGTTACTGAACAGTTGCCCTGGGCGTTTTTAATGATTAGTCTTTGTGGTGTT
TGTTCGCAAGTTACTGAACAGTTGCCCTGGGCGTTTTTAATGATTAGTCTTTGTGGTGTT
TGTTCGCAAGTTACTGAACAGTTGCCCTGGGCGTTTTTAATGATTAGTCTTTGTGGTGTT

Kok ok ok ok hkkhkhhkhhkhh kA hkhhhhhhh kA hh kA hhhhhhhhhhhkhkhkhkhkhkhkhkhk k&K

TTTTAATGATAGTTACTAATTTCAATCAAGTTGTTATCAGGATCACGAACATACAGTGAC
TTTTAATGATAGTTACTAATTTCAATCAAGTTGTTATCAGGATCACGAACATACAGTGAC
TTTTAATGATAGTTACTAATTTCAATCAAGTTGTTATCAGGATCACGAACATACAGTGAC
TTTTAATGATAGTTACTAATTTCAATCAAGTTGTTATCAGGATCACGAACATACAGTGAC

B R R R
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EV55 contig000014
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EV48_contig000009
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GTCAACTTTCCGTGGGCACCAGTTCTTTCAACCGGCCCGGCAATCACATCCACGAAATAA
GTCAACTTTCCGTGGGCACCAGTTCTTTCAACCGGCCCGGCAATCACATCCACGAAATAA
GTCAACTTTCCGTGGGCACCAGTTCTTTCAACCGGCCCGGCAATCACATCCACGAAATAA
GTCAACTTTCCGTGGGCACCAGTTCTTTCAACCGGCCCGGCAATCACATCCACGAAATAA

Ak kkhkkhkhhhhhhhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

CTCTTTAAGTGATGCTGAATATCATCAATATTATCCTTCGCAATCAAGCAAAGATCTGCA
CTCTTTAAGTGATGCTGAATATCATCAATATTATCCTTCGCAATCAAGCAAAGATCTGCA
CTCTTTAAGTGATGCTGAATATCATCAATATTATCCTTCGCAATCAAGCAAAGATCTGCA

CTCTTTAAGTGATGCTGAATATCATCAATATTATCCTTCGCAATCAAGCAAAGATCTGCA
ok Kk ok Kk ok ok ok Kk k kK Kk ok kK Kk ok ok Kk k ok ok k k ok kK ok ok kK Kk ok ok Kk ok ok Kk k kK Kk ok ok ok Kk kK

CTGCCGGGTGTCGGCTTAGCCGCAATGGGTTGGTGTGGCTGGTTAGTGGTCTGAAAGTTA
CTGCCGGGTGTCGGCTTAGCCGCAATGGGTTGGTGTGGCTGGTTAGTGGTCTGAAAGTTA
CTGCCGGGTGTCGGCTTAGCCGCAATGGGTTGGTGTGGCTGGTTAGTGGTCTGAAAGTTA
CTGCCGGGTGTCGGCTTAGCCGCAATGGGTTGGTGTGGCTGGTTAGTGGTCTGAAAGTTA

R R R R R

ATTTTTTGTTTACCCACTAAGACAGCTTGACGGTCACCATCGAAGGTCACAATGGGAAGG
ATTTTTTGTTTACCCACTAAGACAGCTTGACGGTCACCATCGAAGGTCACAATGGGAAGG
ATTTTTTGTTTACCCACTAAGACAGCTTGACGGTCACCATCGAAGGTCACAATGGGAAGG
ATTTTTTGTTTACCCACTAAGACAGCTTGACGGTCACCATCGAAGGTCACAATGGGAAGG

hkhkkhkkhkhhhhhhhkhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkk k& * %

TCAAATACTTCATGGTAAAACCGTAATGACCGTGCAATGTCAGTAACGGTTAGGGTCAAA
TCAAATACTTCATGGTAAAACCGTAATGACCGTGCAATGTCAGTAACGGTTAGGGTCAAA
TCAAATACTTCATGGTAAAACCGTAATGACCGTGCAATGTCAGTAACGGTTAGGGTCAAA
TCAAATACTTCATGGTAAAACCGTAATGACCGTGCAATGTCAGTAACGGTTAGGGTCAAA

Ak kkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkhkkkk**

TGATCGATATCGCGAATATTCACAAGCTCAAATCCCTTCAAAAATAATTCATTATTAAAC
TGATCGATATCGCGAATATTCACAAGCTCAAATCCCTTCAAAAATAATTCATTATTAAAC
TGATCGATATCGCGAATATTCACAAGCTCAAATCCCTTCAAAAATAATTCATTATTAAAC
TGATCGATATCGCGAATATTCACAAGCTCAAATCCCTTCAAAAATAATTCATTATTAAAC

R R

GTGTCGTACTCATCAGATTTGGCATGAACCATGATTAAAATGTACCAGTTAGATTGCTGT
GTGTCGTACTCATCAGATTTGGCATGAACCATGATTAAAATGTACCAGTTAGATTGCTGT
GTGTCGTACTCATCAGATTTGGCATGAACCATGATTAAAATGTACCAGTTAGATTGCTGT
GTGTCGTACTCATCAGATTTGGCATGAACCATGATTAAAATGTACCAGTTAGATTGCTGT

R R

TCGTCAGCCGTTGCGCGTCCTATGCCGACCTCCGGGGCTGGGTGCCAATTGCTGGAACGC
TCGTCAGCCGTTGCGCGTCCTATGCCGACCTCCGGGGCTGGGTGCCAATTGCTGGAACGC
TCGTCAGCCGTTGCGCGTCCTATGCCGACCTCCGGGGCTGGGTGCCAATTGCTGGAACGC
TCGTCAGCCGTTGCGCGTCCTATGCCGACCTCCGGGGCTGGGTGCCAATTGCTGGAACGC

Kk kkhkkhkkhkkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkkkkkk Kk k**

AGCCGACATCGATTTGAGCTAACGCATAACCCGCGTCATCTCAAATACGAGTCTTATTCT
AGCCGACATCGATTTGAGCTAACGCATAACCCGCGTCATCTCAAATACGAGTCTTATTCT
AGCCGACATCGATTTGAGCTAACGCATAACCCGCGTCATCTCAAATACGAGTCTTATTCT
AGCCGACATCGATTTGAGCTAACGCATAACCCGCGTCATCTCAAATACGAGTCTTATTCT

Kk kkhkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkhkkkkkkx*

AAGCCGGAAGCAGACCACTTCCAGCTTAGAATAATTTGGCTACTGAGCATTGTCACCCAG
AAGCCGGAAGCAGACCACTTCCAGCTTAGAATAATTTGGCTACTGAGCATTGTCACCCAG
AAGCCGGAAGCAGACCACTTCCAGCTTAGAATAATTTGGCTACTGAGCATTGTCACCCAG
AAGCCGGAAGCAGACCACTTCCAGCTTAGAATAATTTGGCTACTGAGCATTGTCACCCAG

R R R R

CCCCTCCAGTCTCAAGCCTGTGAGAGGCCACGGGTTGAAGCCGAGCATTGTCTAGCCAAC
CCCCTCCAGTCTCAAGCCTGTGAGAGGCCACGGGTTGAAGCCGAGCATTGTCTAGCCAAC
CCCCTCCAGTCTCAAGCCTGTGAGAGGCCACGGGTTGAAGCCGAGCATTGTCTAGCCAAC
CCCCTCCAGTCTCAAGCCTGTGAGAGGCCACGGGTTGAAGCCGAGCATTGTCTAGCCAAC

R R

GGATTAATGCGGTTTGGGCATTAG 7464
GGATTAATGCGGTTTGGGCATTAG 6179
GGATTAATGCGGTTTGGGCATTAG 7464
GGATTAATGCGGTTTGGGCATTAG 7464

EE
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Appendix 9  Phyre? Threading and Results

[ Job Description [T
I T 100.00% I st jun 7 04:34:32 BST 2014

Aligned

AT 14% [ Template [T
TR Chai PDB o
PNYITe -l
7 4 PDB info protsin, transport celloblose- component from the2 n,n'-

diacetylchitobiose-specific

G SR E phosphotransferase system

component;
I VY 5 29 A
[ IS R (.9l X:67.632 Y:87.857 Z:50.979

- Insertion relative to template
[ Deletion relative to template

DCatalytic residue from the CSA

Detailed help on interpreting your alignment

~AMMA AMMA A ARAAAARAA. AAM

Query Sequence KT YFQKI GQSLMLPI ATLPAAAILVGE GNYLPKQWL IMIIF ANYL| QGGNV VLN

Template Sequence QRHLLA ] RDGLVLTMPFLI I GSEFLI I STLPI PGYSEFMASLFGKNWNVALGYPVSATEFN

TR - ARARAARAARGGGT T AARARRARARRAT — TTTTT ARRAAT S - TTGG6GC AMAARAAT

Tempite Predicted Secondany suctire. - AARAAA ARARAAARLALARRAAARARARA ARARA— AR ARRARRRA
RGN AR AAAAARRAAAAAA  ARAARAAAARAARARARAR. . . . . . . ARRARAA

Query Sequence N L ALLF AVGLAI GMSV NKDGAAAI AGLI AFEVPVMYL K MESEP ATLAT MLNVKVSQ

Template Sequence | MALI AVFGI AY RLGEYYKVDALASGALSLVTFLLATPFQVAYl MPGTKESl LVDGVIPA

BT ETE T A AMAAARRARAARARAAT s - ARAAAARRARRARARS 525y

Template Predicted Secondary structure AAMAMAW—AMAMMAMM—MA—AW

T T ETETE A A AAAA A AAAA AAAA ARAAAA ARAA A AMAAA AAAR AAAA AAA A A RARAR ARAA A RAR

Query Sequence | NPAFSALDNNVLIGI SAGLI AAALYNRFHEVKLPMALSFFSGKRLVPI MAAFVMLI VTA

Template Sequence AL MGSQGLFVAMI | Al | STEI YRFLVQKKMI | KMPETVPPAVTRSFAALIPGFIVVTVVW

BT E e T T 77T T T ARAMARAARAARARARRRARATT S T T 5 AARAAAARARAARAARARARR

Tempite redicted Secondany ructire. AAR  AARARAARRARRRARARARAN = ARRARAAARARARAA

T predicted Secondary structure LY CLT Y SUR Y _ ARAAAAARAARAAAAAA  AARA . ARA

Query Sequence |V L Y LVWP F MMMV YDA | VLFATGI S KEBMLGFVGAGLYGFFNRLL| PTGLHHALNMSVF
Template Sequence | | RLI FEHTTFGS| HNVVGKLL QEPLS I LGAS LWGAVI AVI LVHVLWACGI HGATI VGGV
AAMATSSS*S AARAAAARAT TT AMAARRAAS AMAAARARARARAAAATTS —ARAAT AAR
Template Predicted Secondary structure AAMAWRNIWWII—AMRMNIRM ARRAARRN

1% 200 210 5 220 : 230 5 210 5 250

a1 20 200 20 20 270

T ETEIEE ARAAAAARARRAARAR — ARRARARAR . AMAMMAAAAM—AAAAM
Query Sequence WY NVAGI| NDI GNFWAS HGVKGI TGMYEAGF.F | MMFGLPAGAYAI| YRNARPERKKEVGS
Template Sequence MS P| WL S L MDQNRI AF QAGQDVPNTI TAQFFDLWI YMGGSGATLALVVGMLLFARSQQLK
O AL AR AAAAAARARAAARART T ——S —RARARAATS —S555S T ARAR A—s ARAR
Template Predicted Secondary structure AAMAMQWA—MAMMI AN
T TR A ARAAA A ARAAR — ARAAAARARAAARAAAR ARAARARRRRRRARAAR- AR
Query Sequence L MLAGAFASFFTGVTEPLEFSFMFVAWPLYLLHAVFMGLSLGFAALMHWTASFSFSGGLV
Template Sequence S L GRLS I APGI FNI NEMVTFEGMPI VMNPLLLI PFIVVPVVLTIVSYFAMEWGLVARPSGA
BT R ARAAAT S AARAT T—ARAARAT T—TT —T T T AAARARAAAARAARAAARRATTS S =
Template Predicted Secondary structure | ARARAAAAARAAR —AAARARAARRAAARARRARARAARARAARAAAARARAAR

319320 ER R b 30 . . . o i s amm s s sam

370 330

AN . MAMMAMWIAA—M

334

Predicted Secondary structure [ YEE.

Query Sequence D IMNIY LLSF RMPL ANQPY JMMML LV.QGLV MAVI YYFGFDFAI KRENLKTPGREVVSA
Template Sequence AV TWT TP | LFSGYLGSGGKI SGVI LQLVNFALAFVIYLPFLKH WDKQKIAEEKGEAAAE
Template Known Secondary structure TTS —RAKKARARTT TT—T T T AMARAARARARARRAAAAAAA . RAAA. AT

NYTRWY
Template Predicted Secondary structure —lMMAMMlAl MMMMAMMRMIM MIIMIMRRM—

379380 0 5 a0 420

ses
Predicted Secondary structure [

Query Sequence D

Template Sequence N

Template Known Secondary structure [
Template Predicted Secondary structure —
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# Template Alignment Coverage

1 c3qngD_ Alignment

2 Cc3bIyA_ Alignment

3 C2b6pA_ Alignment

4 c3hd6A_ Alignment

5 AdjiA, Alignment

6 c2kncA_ Alignment

7 c2b2hA_ Alignment_

8  c2hnhA Alignme:lt_l

9 ¢3a0hi Alignment B

10 d2axtil Alignment B

11 c2rddB_ Alignment o

12 c4j05A_ Alignment

13 cdapsB_ Alignment_
—

14  d2nr9al Alignment

3D Model

% i.d.

Template Information

PDB header:membrane protein, transport protein

Chain: D: PDB system, ¢ pecific iic

14 component;
PDBTItle: crystal structure of the transporter chbc, the iic
component from the2 n,n"-diacetylichitobiose-specific
phosphotransferase system
PDB header:transport protein

12 Chain: A: PDB Molecule:ammonium transporter family rh-like
protein;
PDBTitle: crystal structure of the nitrosomonas europaea rh protein|
PDB header:membrane protein

12 Chain: A: PDB Molecule:lens fiber major intrinsic protein;
PDBTitle: x-ray structure of lens aquaporin-0 (agp0) (lens mip) in an
open pore2 state
PDB header:membrane protein, transport protein

13 Chain: A: PDB Molecule:ammonium transporter rh type c;
PDBTitle: crystal structure of the human rhesus glycoprotein rhcg
PDB header:transport protein

10  Chain: A: PDB Mol
aminobutyrate antiporter;
PDBTitle: structure of glutamate-gaba antiporter gadc
PDB header:cell adhesion

17  Chain: A: PDB Molecule:integrin alpha-iib;
PDBTitle: platelet integrin alfaiib-beta3 transmembrane-
cytoplasmic2 heterocomplex
PDB header:transport protein

9 Chain: A: PDB Molecule:ammonium transporter;
PDBTitle: ammonium transporter amt-1 from a. fulgidus (as)
PDB header:transferase

36 Chain: A: PDB Molecule:dna polymerase iii alpha subunit;
PDBTitle: crystal structure of the catalytic alpha subunit of e. coli2
replicative dna polymerase iii
PDB header:electron transport

20  Chain: I: PDB Molecule:photosystem ii reaction center protein i;
PDBTitle: crystal structure of i-substituted photosystem ii complex
Fold:Single transmembrane helix

20  Superfamily:Photosystem Il reaction center protein I, Psbl
Family:Psbl-like
PDB header:membrane protein/transport protein

32 Chain: B: PDB Molecule:upf0092 membrane protein yajc;
PDBTitle: x-ray crystal structure of acrb in complex with a novel2
transmembrane helix.
PDB header:transport protein

8 Chain: A: PDB Molecule:phosphate transporter;
PDBTitle: crystal structure of a eukaryotic phosphate transporter
PDB header:transport protein

1 Chain: B: PDB Molecule:di-or tripeptide h+ symporter;
PDBTitle: crystal structure of a pot family peptide transporter in an
inward2 open conformation.
Fold:Rhomboid-like

21  Superfamily:Rhomboid-like

186

Family:Rhomboid-like



Appendix 10 Phyre2 homology based tertiary structure prediction of L. plantarum
ATCC 8014 PTS18CBA EIIC domain

Raw results of the threading is provided as electronic material on CD.

Appendix 11 Superpose of the RaptorX and Phyre? model of PTS18C threaded
into the structure of ChbC

Rank | P-value | Score | uGDT/GDT | uSeqlD/SeqID | ModelName Template

1 4.26-07 | 269 | 239/65 47113 3qngA-66985_1 | 3qngA

The predicted model by RaptorX (red) and Phyre? (yellow) were superposed with default
settings.
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Appendix 12 Plasmid map of pNZ5319
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Plasmid Map of pNZ5319

a) Schematic diagram of mutagenic plasmid pNZ5319 constructed by and obtained from
Lambert, J. M., et al. (2007). Cloning was performed at the Multiple cloning sites 1 (b) and 2
(c); annotated as a pink ribbon. Restriction enzyme recognition sites used in this study are
shown (dark blue). Two selectable markers chloramphenicol resistance (Cm®) and
erythromycin resistance (Em®) are encoded by the cat gene (dark green) and ery gene (dark
green) which are under the control of the Ps, promoter (light green). Plasmid replication is
controlled by the pACY C184-derived origin of replication, Ori (blue). Tpenn and T4 (Orange) are
Lactococcal transcription terminators. Cre recombinase recognition sites, lox66 and lox71
(grey), flank cat. Primers (brown) located flanking the MCSs were used during screening

experiments.

Appendix 13 Oligonucleotides used in this study

Name Sequence

81 AGGACCAGTACGTTTTCGCCGC

85 GTTTTTTTCTAGTCCAAGCTCACA
87 GCCGACTGTACTTTCGGATCCT
80_term TTACCGCAGCATCAATGACTGACC
82a GCGGATGAGACGTTTGCTGG

83b CAGTCCCGTTGCTTCTGGATAAATC
CAT_F TACCGAAACATAAAACAAGAAGGA
CAT_R CTGACAATTCCTGAATAGAGTTCA
F1_seq TAAGGGCGGGAGCAGAATGTCC
F2_seq AACTATAATAAAAAAGTCTGTTCATCGACAG
F8014 1 GGATTGTTTTTAAGAAGCAAATGC
lac_oprn NOT DISCLOSED

P1R GCTAGTCACATGACCAGTTG

pet_32_T7_term
pts18CBA_F_Ndel
pts18CBA_R_Notl
PTS18CBA_START

NOT DISCLOSED
GCTACGCATATGAAGACATATTTTCAGAAAATCG
CTATAGCGGCCGCTTCAGCTGCGCCAAT
ATGAAGACATATTTTCAGAAAATC

R8014_1_STP TTATGACTGACCGATTTTCTGAAAATA
TRKCmSeqF2 NOT DISCLOSED
TRKCmSeqR3 NOT DISCLOSED
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Appendix 14 Plasmid used in study

Plasmid Name Relevant Details Size Source/Reference
(kbp)
pNZ5319 Em®,Ccm", 35 NZIO
pNZ5319 F1 14917 Em®,Cm® 45 This Study
pNZ5319 F1_F2 14917 Em?,Cm" 5.5 This Study
pNZ5319 F1 F2 14917 Emr- | Cm® 4.427 This Study
pNZ5319 F1 8014 Em®,Cm® 45 This Study
pNZ5319 F2_ 8014 Em?,Cm" 45 This Study
pNZ5319 F1 F2 8014 Em®,Cm" 5.5 This Study
pTRK669 CMF, RepAl, ori 2.437 (Russell and
(pWVO01) Klaenhammer,
2001)
PRV613 Amp", Em® 8.69 (Crutz-Le Coq and
Zagorec, 2008)
PET-21b(+) Amp~, T7 promoter, ori 5.44 Novagen
(pBR322)
PET- Amp", T7 promoter, ori 7.362 This Study
21b(+) 8014 His6_pts18CBA | (pBR322), Hiss 8014
pts18CBA,
PET-21b(+)_14917 His6_ Amp®, T7 promoter, ori 7.362 This Study

pts18CBA

(pBR322),Hiss 14917
pts18CBA

Amp" is ampicillin resistance, Cm~ is chloramphenicol resistance, Hisg is a hex-histidine tag,
Emg is erythromycin resistance. NZI1O is Wageningen Centre for Food Science, Health and
Safety Department, P.O. Box 20, 6710 BA Ede, The Netherlands.
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Appendix 15 Organisms and strains used in this study

Organism/Strain Genotype Reference/Source

Lactobacillus plantarum

NC8 Wild-type (Aukrust and Blom, 1992)

NC8 Apts18CA Qpts18CBA::CmR;glycocin-FR: This study

ATCC 8014 Wild-type ATCC

ATCC 8014 LP8_1L purR(C825A); This study
pts18CBA(C610A); glycocin-FR

ATCC 8014 LP8 2H glycocin-F? This study

ATCC 8014 LP8_3H glycocin-F® This study

ATCC 8014 LP8_4H pts18CBA(A769-838); This study
glycocin-F*

ATCC 8014 LP8_5H pts18CBA(AM898); glycocin-FX  This study

WCFS1 Wild-type

Lactobacillus plantarum subsp.

plantarum

ATCC 14917 Wild-type ATCC

ATCC 14917 LP1_1H glycocin-F® This study

ATCC 14917 LP1_2H ApanE1;pts18CBA(Al- This study
72);glycocin-F®

ATCC 14917 LP1 3L pts18CBA(AB30C);glycocin-F*  This study

ATCC 14917 LP1_4H pts18CBA(G727A);glycocin-F*  This study

ATCC 14917 LP1_5L glycocin-F® This study

Escherichia coli

XLI Blue Endonuclease deficient Stratagene: CA, USA

EC100 RepAl MC1000 Lucigen; WI, USA

BI21 (DE3) Contains IPTG-inducible T7 Stratagene: CA, USA
polymerase,

glycocin FX is resistance to glycocin F, Cm~ is chloramphenicol resistance

Appendix 16 Sequence alignment of the expected L. plantarum NCS8 Apts18CBA to
sequenced colony 4 gDNA

CLUSTAL OMEGA (http://www.ebi.ac.uk/Tools/msa/clustalo/) multiple sequence alignment
performed with default settings.

PTS18CBA START 1 (reversed)  ——=——— oo oo
PTS18CBA_START_2 (reversed) = ——-——— oo oo o
CAT_F_(reversed) = So oo oo
PIR e
81 (reversed) = oo o
80_term S
85 T oo
CAT R e
87 _(reversed) S
expected_knockout AGGGCAACTGTTCAGTAACTTGCGAACAACTCGCCGTGGCGTTTTTTGATCGTTATCTGG
82a_(reversed) = mmm oo
83b e

CoOnO0O0OO0O0O0O0O0 OO0
o
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PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81_(reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

ATATTTTAGTCAATCGTTGATCAATCTGCACTGCTAGCTGTGTCATTCCAGCGGCTGTCA

GTCCCGTTGCTTCTGGATAAATCAGAACTCGCGCACTAGCTTGTAAGTCCAACACGGCTG

CCACTGGTCGACTGACGACCAGCAATTGGTGGTCGGTCACCGGTAAGTCGTCCGCGGTTG
AGTCGTCCGCGGTTG
GCGGTTG

CAACCCTGACCTTAAGCATCGATTGAGTTAGCGCCTGCATTAGTCGCTTGACTAGTCGTG
CAACCCTGACCTTAAGCATCGATTGAGTTAGCGCCTGCATTAGTCGCTTGACTAGTCGTG
CAACCCTGACCTTAAGCATCGATTGAGTTAGCGCCTGCATTAGTCGCTTGACTAGTCGTG

CATCAAGTGCCGCGTCAATCACCATGCTTCCTGAAACTGAATTCTGTAAAATCCCCGTTG
CATCAAGTGCCGCGTCAATCACCATGCTTCCTGAAACTGAATTCTGTAAAATCCCCGTTG
CATCAAGTGCCGCGTCAATCACCATGCTTCCTGAAACTGAATTCTGTAAAATCCCCGTTG

AATA
GCGTTGAGTTCAATACTAATACTTCGTCAATCATGTTACCGCCCCCCTATAATGCCAATA
GCGTTGAGTTCAATACTAATACTTCGTCAATCATGTTACCGCCCCCCTATAATGCCAATA
GCGTTGAGTTCAATACTAATACTTCGTCAATCATGTTACCGCCCCCCTATAATGCCAATA

GTATATCGTGGGAGTCAGTGGGAAGCAATCAAACGCACTGTCCCCGCATCAAGTTGTTCA
GTATATCGTGGGAGTCAGTGGGAAGCAATCAAACGCACTGTCCCCGCATCAAGTTGTTCA
GTATATCGTGGGAGTCAGTGGGAAGCAATCAAACGCACTGTCCCCGCATCAAGTTGTTCA
GTATATCGTGGGAGTCAGTGGGAAGCAATCAAACGCACTGTCCCCGCATCAAGTTGTTCA
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PTS18CBA_START 1 (reversed)
PTS18CBA_START 2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81_(reversed)

80_term

85

CAT R

87 _(reversed)
expected_knockout

82a_ (reversed)

83b

TTTGCTGTCATCCGTTGCCTCGATAACCAATGCGAC GTTCCGCCTAAATCGAA
TTTGCTGTCATCCGTTGCCTCGATAACCAATGCGACAARAARAAGTTCCGCCTAAATCGAA
TTTGCTGTCATCCGTTGCCTCGATAACCAATGCGACAARAARAAGTTCCGCCTAAATCGAA
TTTGCTGTCATCCGTTGCCTCGATAACCAATGCGACAAAAAAAGTTCCGCCTAAATCGAA

AAGATTTAGACGAAACTTTTTCAATAAACCCAACGTCGACAGCGCGTAACTTATTCAGCT
AAGATTTAGACGAAACTTTTTCAATAAACCCAACGTCGACAGCGCGTAACTTATTCAGCT
AAGATTTAGACGAAACTTTTTCAATAAACCCAACGTCGACAGCGCGTAACTTATTCAGCT
AAGATTTAGACGAAACTTTTTCAATAAACCCAACGTCGACAGCGCGTAACTTATTCAGCT

GCGCCAATCAAATCACCGCTAGTCACATGACCAGTTGGATTAAGGGTTAGTTTGTTAACG
GCGCCAATCAAATCACCGCTAGTCACATGACCAGTTGGATTAAGGGTTAGTTTGTTAACG
GCGCCAATCAAATCACCGCTAGTCACATGACCAGTTGGATTAAGGGTTAGTTTGTTAACG
GCGCCAATCAAATCACCGCTAGTCACATGACCAGTTGGATTAAGGGTTAGTTTGTTAACG

GGTTGTCGCTTTACCGGCTGACTTGATAGCA

TGATCCATATTGGTGATAACGACCATCATGGTTGTCGCTTTACCGGCTGACTTGATAGCA
TGATCCATATTGGTGATAACGACCATCATGGTTGTCGCTTTACCGGCTGACTTGATAGCA
TGATCCATATTGGTGATAACGACCATCATGGTTGTCGCTTTACCGGCTGACTTGATAGCA
TGATCCATATTGGTGATAACGACCATCATGGTTGTCGCTTTACCGGCTGACTTGATAGCA

GCCAAGTCAACCGTCGCTACCGCAGTACCGGCCGCAATTTCATCACCCGTTGCCACGTGT

GCCAAGTCAACCGTCGCTACCGCAGTACCGGCCGCAATTTCATCACCCGTTGCCACGTGT
GCCAAGTCAACCGTCGCTACCGCAGTACCGGCCGCAATTTCATCACCCGTTGCCACGTGT
GCCAAGTCAACCGTCGCTACCGCAGTACCGGCCGCAATTTCATCACCCGTTGCCACGTGT
GCCAAGTCAACCGTCGCTACCGCAGTACCGGCCGCAATTTCATCACCCGTTGCCACGTGT

ACGGTATTGATCCCCATGTGTAATAAGACTTCT
AACTTGAACGGCGTACCATTCATTTCCACGGTATTGATCCCCATGTGTAATAAGACTTCT

AACTTGAACGGCGTACCATTCATTTCCACGGTATTGATCCCCATGTGTAATAAGACTTCT
AACTTGAACGGCGTACCATTCATTTCCACGGTATTGATCCCCATGTGTAATAAGACTTCT
AACTTGAACGGCGTACCATTCATTTCCACGGTATTGATCCCCATGTGTAATAAGACTTCT
AACTTGAACGGCGTACCATTCATTTCCACGGTATTGATCCCCATGTGTAATAAGACTTCT

ARACCACTCGTCGTCTTCARACCGATAGCGTGTTTGGTCGGAAAGACACTTGTCACTGTC
AAACCACTCGTCGTCTTCAAACCGATAGCGTGTTTGGTCGGAAAGACACTTGTCACTGTC

ARACCACTCGTCGTCTTCAAACCGATAGCGTGTTTGGTCGGAAAGACACTTGTCACTGTC
ARACCACTCGTCGTCTTCAAACCGATAGCGTGTTTGGTCGGAAAGACACTTGTCACTGTC
AAACCACTCGTCGTCTTCAAACCGATAGCGTGTTTGGTCGGAAAGACACTTGTCACTGTC
ARACCACTCGTCGTCTTCAARACCGATAGCGTGT
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PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PI1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81_(reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

CCACTAACCGGAGCAACGACTTCACCATCTTCGGGTTCAACAGCGTAACCATCACCTAAG
CCACTAACCGGAGCAACGACTTCACCATCTTCGGGTTCAACAGCGTAACCATCACCTAAG

CCACTAACCGGAGCAACGACTTCACCATCTTCGGGTTCAACAGCGTAACCATCACCTAAG
CCACTAACCGGAGCAACGACTTCACCATCTTCGGGTTCAACAGCGTAACCATCACCTAAG
cc

AGTTTACCAGCAAACGTCTCATCCGCCTCATGCCCGGGCTGTACCGTTCGTATAGCATAC
AGTTTACCAGCAAACGTCTCATCCGCCTCATGCCCGGGCTGTACCGTTCGTATAGCATAC

AGTTTACCAGCAAACGTCTCATCCGCCTCATGCCCGGGCTGTACCGTTCGTATAGCATAC
AGTTTACCAGCAAACGTCTCATCCGCCTCATGCCCGGGCTGTACCGTTCGTATAGCATAC

ATTATACGAAGTTATGGGTCCCTAGCGGAATCGGCAACAGTTTAACGATTACTTCGGTAA
ATTATACGAAGTTATGGGTCCCTAGCGGAATCGGCAACAGTTTAACGATTACTTCGGTAA

ATTATACGAAGTTATGGGTCCCTAGCGGAATCGGCA
ATTATACGAAGTTATGGGTCCCTAGCGGAATCGGCAACAGTTTAACGATTACTTCGGTAA

TGATTCCTAACGTGCCTTCCGAACCAATCATCAATTGCGTTTAGGATCCA--AGTACAGT
TGATTCCTAACGTGCCTTCCGAACCAATCATCAATTGCGTTTAGGATCCA--AGTACAGT

TGATTCCTAACGTGCCTTCCGAACCAATCATCAATTGCGTTTAGGATCCGAAAGTACAGT

CGGCATTATCTCATATTATAAAAGCCAGTCATTAGGCCTATCTGACAATTCCTGAATAGA
CGGCATTATCTCATATTATAAAAGCCAGTCATTAGGCCTATCTGACAATTCCTGAATAGA

CGGCATTATCTCATATTATAAAAGCCAGTCATTAGGCCTATCTGACAATTCCTGAATAGA

GTTCATAAACAATCCTGCATGATAACCATCACAARACAGAATGATGTACCTGTAAAGATAG
GTTCATAAACAATCCTGCATGATAACCATCACAAACAGAATGATGTACCTGTAAAGATAG

GTTCATAAACAATCCTGCATGATAACCATCACAAACAGAATGATGTACCTGTAAAGATAG

CGGTAAATATATTGAATTACCTTTATTAATGAATTTTCCTGCTGTAATAATGGGTAGAAG
CGGTAAATATATTGAATTACCTTTATTAATGAATTTTCCTGCTGTAATAATGGGTAGAAG

ATGGGTAGAAG

CGGTAAATATATTGAATTACCTTTATTAATGAATTTTCCTGCTGTAATAATGGGTAGAAG
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PTS18CBA_START 1 (reversed)
PTS18CBA_START 2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81_(reversed)

80_term

85

CAT R

87 _(reversed)
expected_knockout

82a_ (reversed)

83b

,,,,,,,,,,,,,,, ATTGATATTTAAGTTAAACCCAGTAAATGAAGTCCATGGAATAAT

GTAATTACTATTATTATTGATATTTAAGTTAAACCCAGTAAATGAAGTCCATGGAATAAT
GTAATTACTATTATTATTGATATTTAAGTTARACCCAGTAAATGAAGTCCATGGAATAAT

AGAAAGAGAAAAAGCATTTTCAGGTATAGGTGTTTTGGGAAACAATTTCCCCGAACCATT
AGAAAGAGAARAAAGCATTTTCAGGTATAGGTGTTTTGGGAARACAATTTCCCCGAACCATT
AGAAAGAGAAAAAGCATTTTCAGGTATAGGTGTTTTGGGAAACAATTTCCCCGAACCATT

AGAAAGAGAAAAAGCATTTTCAGGTATAGGTGTTTTGGGAAACAATTTCCCCGAACCATT

AGAAAGAGAAAAAGCATTTTCAGGTATAGGTGTTTTGGGAAACAATTTCCCCGAACCATT

ATATTTCTCTACATCAGAAAGGTATAAATCATAAAACTCTTTGAAGTCATTCTTTACAGG
TCATAAAACTCTTTGAAGTCATTCTTTACAGG
ATATTTCTCTACATCAGAAAGGTATAAATCATAAAACTCTTTGAAGTCATTCTTTACAGG
ATATTTCTCTACATCAGAAAGGTATAAATCATAAAACTCTTTGAAGTCATTCTTTACAGG

ATATTTCTCTACATCAGAAAGGTATAAATCATAAAACTCTTTGAAGTCATTCTTTACAGG

ATATTTCTCTACATCAGAAAGGTATAAATCATAAAACTCTTTGAAGTCATTCTTTACAGG

AGTCCAAATACCAGAGAATGTTTTAGATACACCATCAAAAATTGTATAAAGTGGCTCTAA
AGTCCAAATACCAGAGAATGTTTTAGATACACCATCAAAAATTGTATARAGTGGCTCTAA
AGTCCAAATACCAGAGAATGTTTTAGATACACCATCAAAAATTGTATAAAGTGGCTCTAA
AGTCCA

AGTCCAAATACCAGAGAATGTTTTAGATACACCATCAAAAATTGTATAAAGTGGCTCTAA

AGTCCAAATACCAGAGAATGTTTTAGATACACCATCARAAATTGTATAAAGTGGCTCTAA

CTTATCCCAATAACCTAACTCTCCGTCGCTATTGTAACCAGTTCTAAAAGCTGTATTTGA
CTTATCCCAATAACCTAACTCTCCGTCGCTATTGTAACCAGTTCTAAAAGCTGTATTTGA
CTTATCCCAATAACCTAACTCTCCGTCGCTATTGTAACCAGTTCTAARAGCTGTATT—-—

CTTATCCCAATAACCTAACTCTCCGTCGCTATTGTAACCAGTTCTAAAAGCTGTATTTGA

CTTATCCCAATAACCTAACTCTCCGTCGCTATTGTAACCAGTTCTAAAAGCTGTATTTGA

GTTTATCACCCTTGTCACTAAGAAAATAAATGCAGGGTAAAATTTATATCCTTCTTGTTT
GTTTATCACCCTTGTCACTAAGAAARATAAATGCAGGGTAARATTTATATCCTTCTTGTTT

GTTTATCACCCTTGTCACTAAGAAAATAAATGCAGGGTAAAATTTATATCCTTCTTGTTT

GTTTATCACCCTTGTCACTAAGAAAATAAATGCAGGGTAAAATTTATATCCTTCTTGTTT

TATGTTTCGGTATAAAACACTAATATCAATTTCTGTGGTTATACTAAAAGTCGTTTGTTG
TATGTTTCGGTATAAAACACTAATATCAATTTCTGTGGTTATACTAAAAGTCGTTTGTTG

TATGTTTCGGTATAAAACACTAATATCAATTTCTGTGGTTATACTAAAAGTCGTTTGTTG

TATGTTTCGGTATAAAACACTAATATCAATTTCTGTGGTTATACTAAAAGTCGTTTGTTG
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45

572
689

71
641
1380
677
641

105

632
749

131
641
1440
677
641

165
32

692
809

191
641
1500
677
641

225
92

752
815

251
641
1560
677
641

285
152
809
815

311
641
1620
677
641

345
212
809
815

371
641
1680
677
641

405
272
809
815

431
641
1740
677
641



PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81_(reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

GTTCAAATAATGATTAAATATCTCTTTTCTCTTCCAATTGTCTAAATCAATTTTATTAAA
GTTCAAATAATGATTAAATATCTCTTTTCTCTTCCAATTGTCTAAATCAATTTTATTAAA

GTTCAAATAATGATTAAATATCTCTTTTCTCTTCCAATTGTCTAAATCAATTTTATTAAA

GTTCAAATAATGATTAAATATCTCTTTTCTCTTCCAATTGTCTAAATCAATTTTATTAAA

GTTCATTTGATATGCCTCCTAAATTTTTATCTACCTAGTATAGCATTTTGTGAAGTTTTT
GTTCATTTGATATGCCTCCTAAATTTTTATCTACCTAGTATAGCATTTTGTGAAGTTTTT

GTTCATTTGATATGCCTCCTAAATTTTTATCTACCTAGTATAGCATTTTGTGAAGTTTTT

GTTCATTTGATATGCCTCCTAAATTTTTATCTACCTAGTATAGCATTTTGTGAAGTTTTT

TTCTAGTCCAAGCTCACAAAAATCCAAAGTAACCGCTTTATTAAGCCATTCTTAAATAAA
TTCTAGTCCAAGCTCACAAAAATCCAAAGTAACCGCTTTATTAAGCCATTCTTAAATAAA

TTCTAGTCCAAGCTCACAAAAATCCAAAGTAACCGCTT

TTCTAGTCCAAGCTCACAAAAATCCAAAGTAACCGCTTTATTAAGCCATTC---————-——

AATAAAAAAAGATTAATAGCTAAAACTATTAATCTTATCATATCCCGAGGACCGAATTTA
AATAAAAAAAGATTAATAGCTAAAACTATTAATCTTATCATATCCCGAGGACCGAATTTA

AGGACCGAATTTA

TTATCATATCCCGAGGACCGAATTTA

AACTGCATGGTACCTTACTTAACTTCGCGACCATCGGCTAAAACGACCTTAACGCCTAAG
AACTGCATGGTACCTTACTTAACTTCGCGACCATCGGCTAAAACGACCT———————————

AACTGCATGGTACCTTACTTAACTTCGCGACCATCGGCTAAAACGACCTTAACGCCTAAG

AACTGCATGGTACCTTACTTAACTTCGCGACCATCGGCTAAAACGACCTTAACGCCTAAG

ACATTGTCATAACTTCGTATAGCATACATTATACGAACGG

ACATTGTCATAACTTCGTATAGCATACATTATACGAACGGTAGATTTAAATTGTTTACGG

ACATTGTCATAACTTCGTATAGCATACATTATACGAACGGTAGATTTAAATTGTTTACGG

CAGCATCAATGACTGACCGATTTTCTGAAAATATGTCTTCATACCAATTTCTCCTCATTC

CAGCATCAATGACTGACCGATTTTCTGAAAATATGTCTTCATACCAATTTCTCCTCATTC
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465
332
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815

491
641
1800
677
641

525
392
809
815

551
641
1860
677
641

585
452
809
815

589
641
1911
677
641

645
512
809
815

13
589
641
1937
677
641

705
561
809
815

73
589
641
1997
677
641

745
561
809
815

133
589
641
2057
677
641

745
561
809
815

193
589
641
2117
677
641



PTS18CBA_START 1 (reversed)
PTS18CBA_START 2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81_(reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout

82a_ (reversed)

83b

———————————————————————————————————————— CATTGCAAGTTTACAAGGTT
TCTTTTTAAGCACGTTATAAATCCTATCACAACATGTTTTCATTGCAAGTTTACAAGGTT

--AATGTCAAAGAAACCGATTTCAACCTTACTAAATTAAGTTTTT
ATCTAAGTGTATAGACCAATGTCAAAGAAACCGATTTCAACCTTACTAAATTAAGTTTTT
ATCTAAGTGTATAGACCAATGTC. G. CCGATTTCAACCTTACTAAATTAAGTTTTT

ATCTAAGTGTATAGACCAATGTCAAAGAAACCGATTTCAACCTTACTAAATTAAGTTTTT

CCGCCCACAAAAAAAGTTCTGAAAATACTCAGAACTTTTTCATTAATAATCTTATTTTTC
CCGCCCACAAAAAAAGTTCTGAAAATACTCAGAACTTTTTCATTAATAATCTTATTTTTC
CCGCCCACAAAAAAAGTTCTGAAAATACTCAGAACTTTTTCATTAATAATCTTATTTTTC

CCGCCCACAAAAAAAGTTCTGAAAATACTCAGAACTTTTTCATTAATAATCTTATTTTTC

AGCAACGGGGATTTCCGGGTGCCGGTATTGCCGCATCATTTCTGCTAAATGGACTTCGTG
AGCAACGGGGATTTCCGGGTGCCGGTATTGCCGCATCATTTCTGCTAAATGGACTTCGTG
AGCAACGGGGATTTCCGGGTGCCGGTATTGCCGCATCATTTCTGCTAAATGGACTTCGTG

AGCAACGGGGATTTCCGGGTGCCGGTATTGCCGCATCATTTCTGCTARATGGACTTCGTG

AGTCACAAACTCATGCACGCGACAAACGTAGTCATGTTCCCGCCCAATCCTAGCAATATA
AGTCACAAACTCATGCACGCGACAAACGTAGTCATGTTCCCGCCCAATCCTAGCAATATA
AGTCACAAACTCATGCACGCGACARACGTAGTCATGTTCCCGCCCAATCCTAGCAATATA

AGTCACAAACTCATGCACGCGACAAACGTAGTCATGTTCCCGCCCAATCCTAGCAATATA

GCCATTAATATAATCAACTTCGGTTGGCCGTCCCTTTGAGAAGTCTTGATACATTGATGG
GCCATTAATATAATCAACTTCGGTTGGCCGTCCCTTTGAGAAGTCTTGATACATTGATGG
GCCATTAATATAATCAACTTCGGTTGGCCGTCCCTTTGAGAAGTCTTGATACATTGATGG

GCCATTAATATAATCAACTTCGGTTGGCCGTCCCTTTGAGAAGTCTTGATACATTGATGG

ATAATGGTACTTATAGGCTCGACTGACCGTTTCAACCGAGTCGATTTCTTCTTGCCGCGT
ATAATGGTACTTATAGGCTCGACTGACCGTTTCAACCGAGTCGATTTCTTCTTGCCGCGT
ATAATGGTACTTATAGGCTCGACTGACCGTTTCAACCGAGTCGATTTCTTCTTGCCGCGT

ATAATGGTACTTATAGGCTCGACTGACCGTTTCAACCGAGTCGATTTCTTCTTGCCGCGT
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745
561
809
815

20
253
589
641
2177
677
641

745
561
809
815
43
80
313
589
641
2237
677
641

745
561
809
815
103
140
373
589
641
2297
677
641

745
561
809
815
163
200
433
589
641
2357
677
641

745
561
809
815
223
260
493
589
641
2417
677
641

745
561
809
815
283
320
553
589
641
2477
677
641

745
561
809
815
343
380
613
589
641
2537
677
641



PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81_(reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

CTCAATGAGTTTGATGCCTGCCCTTTCGCAAGCATCATAGGCTTCGTTGAACATTTGAGT
CTCAATGAGTTTGATGCCTGCCCTTTCGCAAGCATCATAGGCTTCGTTGAACATTTGAGT
CTCAATGAGTTTGATGCCTGCCCTTTCGCAAGCATCATAGGCTTCGTTGAACATTTGA-~

CTCAATGAGTTTGATGCCTGCCCTTTCGCAAGCATCATAGGCTTCGTTGAACATTTGAGT

CGCCATATCCTTGACGCCCGGATATTCGATGAATTGGCCCATCTGAATCTCGAACATCGT
CGCCATATCCTTGACGCCCGGATATTCGATGAATTGGCCCATCTGAATCTCGAACATCGT

CGCCATATCCTTGACGCCCGGATATTCGATGAATTGGCCCATCTGAATCTCGAACATCGT

GCACAAACTATTGGTGACCGCGTTAAACACAACTTTGGAAATGCACATGCCCATAAAATT
GCACAAACTATTGGTGACCGCGTTAAACACAACTTTGGAAATGCACATGCCCATAAAATT

GCACAAACTATTGGTGACCGCGTTAAACACAACTTTGGAAATGCACATGCCCATAAAATT

ATCAGACCAAATCGGATTTAAATCAGCCGCCTTAAAATCGGCCATCACTTGCTTAGTAGT
ATCAGACCAAATCGGATTTAAATCAGCCGCCTTAAAATCGGCCATCACTTGCTTAGTAGT

ATCAGACCAAATCGGATTTAAATCAGCCGCCTTAAAATCGGCCATCACTTGCTTAGTAGT

CGTATCAATGGGACCTGCATACTTACTCATATGCATCGCCTCACTACCCTTAGGCCCCAT
CGTATCAATGGGACCTGCATACTTACTCATATGCATCGCCTCACTACCCTTAGGCCCCAT

CGTATCAATGGGACCTGCATACTTACTCATATGCATCGCCTCACTACCCTTAGGCCCCAT

AAAATCAACCGCACCCGGACCATTCAAGACCGTTGCAATCATCGCCG-=========——=
AAAATCA

AAAATCAACCGCACCCGGACCATTCAAGACCGTTGCAATCATCGCCGTACCACCAATAAT

GTGATTTTCCGGGAAATATTGTGCAATCTTTTCAAAGTGCCCCATCCCGTTCATTGCGGC
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403
440
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589
641
2597
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745
561
809
815
463
500
671
589
641
2657
677
641

745
561
809
815
523
560
671
589
641
2717
677
641

745
561
809
815
583
620
671
589
641
2777
677
641

745
561
809
815
643
680
671
589
641
2837
677
641

745
561
809
815
690
687
671
589
641
2897
677
641

745
561
809
815
690
687
671
589
641
2957
677
641



PTS18CBA_START 1 (reversed)
PTS18CBA_START 2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT_R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

PIR

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

PTS18CBA_START_1 (reversed)
PTS18CBA_START_2 (reversed)
CAT_F_(reversed)

P1R

81 (reversed)

80_term

85

CAT R

87_(reversed)
expected_knockout
82a_(reversed)

83b

AATATTAATTGGAACGACATGGTGATTTTGATGATCACGCGCCACATCAACGCCGCCCTG

CTCACGGACCTTTGCGACGTTTGGTTCCCACGTGTCGATARAATCAACGTCAACACCGGC

GTTTTCTTGTAACATTACACCATACCGATATCCCATTGCGCCTGCGCCAATAATGCCATA

TTTCATAAGTAAAACCATCCTTTCGTCTTGCCCA
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745
561
809
815
690
687
671
589
641
3291
677
641

745
561
809
815
690
687
671
589
641
3017
677
641

745
561
809
815
690
687
671
589
641
3077
677
641

745
561
809
815
690
687
671
589
641
3137
677
641

745
561
809
815
690
687
671
589
641
3197
677
641

745
561
809
815
690
687
671
589
641
3257
677
641



Appendix 17 Multiple alignment of PTS22CBA

CLUSTAL OMEGA (http://www.ebi.ac.uk/Tools/msa/clustalo/) multiple sequence alignment
performed with default settings on PTS22CBA from L. plantarum NC8, L. plantarum ATCC
8014 and L. plantarum subsp. plantarum ATCC 14917

8014 —--MKNYLQRMGRSLQLPVAVLPAAALLVGIGNWWASASNDIVAHFLOAGGNAVLSQLPLL
14917 —--MKNYLQRMGRSLQLPVAVLPAAALLVGIGNWWASASNDIVAHFLOAGGNAVLSQLPLL
NC8 MYMKNYLOQRMGRSLQLPVAVLPAAALLVGIGNWWASASNDIVAHFLOAGGNAVLSQLPLL
R R R R R R R R R R R
8014 FAVGLALGMSKDKDGAAALAGLVAFELPTNVLKPESVATLLNIKVATVNPAFGQIGNVFEI
14917 FAVGLALGMSKDKDGAAALAGLVAFELPTNVLKPESVATLLNIKVATVNPAFGQIGNVFI
NC8 FAVGLALGMSKDKDGAAALAGLVAFELPTNVLKPESVATLLNIKVATVNPAFGQIGNVFI
hokkkkhkkk kA KAk kkhhhkhkhkhkhk kA Ak KKKk kkkkkhkhkhk kA Ak kXA Kk kkkkhkhkhkhkkkk*k %
8014 GIISGLIAAALYNRFHETKLPMALSFFSGKRLVPILAALTMLLVSVALLIVWPPVYDALV
14917 GIISGLIAAALYNRFHETKLPMALSFFSGKRLVPILAALTMLLVSVALLIVWPPVYDALV
NC8 GIISGLIAAALYNRFHETKLPMALSFFSGKRLVPILAALTMLLVSVALLIVWPPVYDALV
hokkkkkkk kA Ak kkkkkkhkhkhkk kA Ak kA Ak kkkkkkhkhkhk kA kA Xk kkkkkkkkhkkkkkk* %
8014 TFGKFIVGLGAVGAGLYGFFNRLLIPTGLHQALNSVFWEFDVAGINDIGKFLAHKGIKGVT
14917 TFGKFIVGLGAVGAGLYGFFNRLLIPTGLHQALNSVEFWEFDVAGINDIGKFLAHKGIKGVT
NC8 TFGKFIVGLGAVGAGLYGFFNRLLIPTGLHQALNSVEFWEFDVAGINDIGKFLAHKGIKGVT
hokkkkkkkkk Ak kkkkkkkhkhkk kA Ak KAk kkkkkkhkhkhk kA kA Xk kkkkkkkkhkhkkkkk* %
8014 GMYQAGFFPVMMEFGLPAGAYAIYRNALPERKVETASLMMAGAFASFFTGVTEPLEFSFMFE
14917 GMYQAGFFPVMMFGLPAGAYAIYRNALPERKVETASLMMAGAFASFFTGVTEPLEFSEME
NC8 GMYQAGFFPVMMFGLPAGAYAIYRNALPERKVETASLMMAGAFASFFTGVTEPLEFSEFME
Kok ok ok kA kAR AR ARk Ak hh ok hhk kAR AR AR A Ak hhhhhh kA AR KKK XA Kk hhhkhkhkhk Ak k* %
8014 VAWPLYVLHAIFTGLSLAFAAFMHWTAGFAFSAGLVDYILSLKNPIANQPLMLILQGLVL
14917 VAWPLYVLHAIFTGLSLAFAAFMHWTAGFAFSAGLVDYILSLKNPIANQPLMLILQGLVL
NC8 VAWPLYVLHAIFTGLSLAFAAFMHWTAGFAFSAGLVDYILSLKNPIANQPLMLILQGLVL
Kok ok ok kA A kKKK Kk hhhhhhhk kA AR KKK KAk hhhhhh kA AR KKK KKKk hhhhhkhkhkhkk* %
8014 AVIYYFGFDFAIKKFHLMTPGREPVTADDADDLAIATDADDDKYTRQAKQIYAALGGADN
14917 AVIYYFGFDFAIKKFHLMTPGREPVTADDADDLATATDADDDKYTRQAKQIYAALGGADN
NC8 AVIYYFGFDFAIKKFHLMTPGREPVTADDADDLATATDADDDKYTRQAKQIYAALGGADN
Kok ok ok kA kA KA KAk hhhhhhhk kA AR KKK KKk hhhhhhk kA AR KKK KKKk hhhhhkhkhkhkk* %
8014 LTVVDNCTTRLRLQLADTSTINEAAIKHSGAAGINKLDDHNLQITIIGTEVQFVADVLSHL
14917 LTVVDNCTTRLRLOQLADTSTINEAATIKHSGAAGINKLDDHNLQITIIGTEVQFVADALSHL
NC8 LTVVDNCTTRLRLOQLADTSTINEAATIKHSGAAGINKLDDHNLQIIMGTEVQFVADALSHL
KKK KKK A KKK KA KK AR K AR K A A KA XK AA KA XK AR K AXKAA KA XK s Ak kXK A XKk Kk x K
8014 KLTNAPITKTTTSDEAIATAPTATNITSGVTTDEFYSVANGQYVDIENVADNTFAKKMLGD
14917 KLTNAPITKTTTSNEAVATAPTATNITSGVTTDEFYSVANGQYVDIENVDDDTFAKKMLGD
NC8 KLTNAPITKTTTSNEAVATAPTATNITSGVTTDEYSVANGQYVDIENVDDDTEFAKKMLGD
KKK KKK KA KKK e hk e KA KK AR KARKARKAR KA A KA XK AR KA XK AR K * ok * KA K& * K
8014 GFAIDPADGTITTPVDGTVSTVFPTKHAIGFKTDSGLEILLHMGIDTVELNGAPFEVLVQ
14917 GFAIDPADGTITAPVDGTVSTVEFPTKHAIGFKTDSGLEILLHMGIDTVELNGAPFEVLVQ
NC8 GFAIDPADGTITAPVDGTVSTVEFPTKHAIGFKTDSGLEILLHMGIDTVELNGAPFEVLVQ
R R P R R
8014 TGQPVHHGEVVAKADLAAIKAAGKATTMMVIITNMDAVNLMKFKMLTNQVKVSDEIMLVT
14917 TDQPVHHGEVVAKADLAAIKAAGKATTMMVIITNMDAVNLMKEFKMLTNQVKVSDEIMLVT
NC8 TDQPVHHGEVVAKADLAATIKAAGKATTMMVIITNMDAVNLMKFKMLTNQVKVSDEIMLVT
hokkkk kA kKKK Kk khhhhhkhkh kA kKKK KKk hhhhkhhkhk kA A kKKK Kk kkhhhkhkhkhhkkk* %
8014 TK
14917 TK
NC8 TK

* *
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Appendix 18 Plasmid map of expression vector pET-21b(+)

Notl (167)
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a) Schematic diagram of Novagen® T7 expression plasmid pET-21b(+) (EMD Millipore;
Billerica, USA). Restriction enzyme recognition sites used in this study are shown (dark blue).
The selectable marker ampicillin resistance (Amp®) encoded by amp (dark gray) is under the
control of the amp promoter (light green). b) Multiple cloning site where cloning was
performed. Restriction digestion with Notl and Ndel result in the loss of the T7 tag and eleven
downstream codons. This allows the pts18CBA coding sequence to be cloned directly into the
vector start codon (position 238) and results in a five amino acid gap between the C-terminus of
the PST18CBA and the histidine tag.
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Appendix 19 Results of Mascot Database Search

The two replicates are provided in two folders in electronic material. Replicate 1 with the
peptide score greater than the threshold is folder 'KD_InGel_1L_(Mascot_Search_Results)'

Appendix 20 Amino acid sequence of rPTS18CBA

> _plantarum_8014 PTS18CBA_hex_histag_c_term|pred_pl_6.46_|pred_avg_Mw_71601.63

MKTYFQKIGQSLMLPIATLPAAAILVGIGNYLPKQWLFANYLIQGGNVVLNNLALLFAVGLAIGMSVNKDGAAAIAGLIAF
EVPVMVLKPATLATMLNVKVSQINPAFSALDNNVLIGISAGLIAAALYNRFHEVKLPMALSFFSGKRLVPIMAAFVMLIVT
AVLYLVWPFVYDAIVLFATGISKLGFVGAGLYGFFNRLLIPTGLHHALNSVFWYNVAGINDIGNFWASHGVKGITGMYEA
GFFPIMMFGLPAGAYAIYRNARPERKKEVGSLMLAGAFASFFTGVTEPLEFSFMFVAWPLY LLHAVFMGLSLGFAALMH
WTASFSFSGGLVDYLLSFRMPLANQPYMLLVQGLVMAVIYYFGFDFAIKRFNLKTPGREVVSADVDGVGAPASPAVAVA
ATDDKYMRQAKQIYAAIGGHDNISVINNCTTRLRLQLKDTEKVDQPAVMAAGVPGLNVLDVHNIHIVIGTEVQFVAEALQ
KLFSGQVATTPASDAESKAPVEPQTATVTEAPVTTILRAPATGQLMPISTVADETFAGKLLGDGYAVEPEDGEVVAPVSGT
VTSVFPTKHAIGLKTTSGLEVLLHMGINTVEMNGTPFKLHVATGDEIAAGTAVATVDLAAIKSAGKATTMMVVITNMDH
VNKLTLNPTGHVTSGDLIGAAEAAALEHHHHHH

Appendix 21 Nucleotide sequence of pts18CBA from L. plantarum ATCC 8014

> actobacillus_plantarum_ATCC_8014 EV52_01314|1989 bp

ATGAAGACATATTTTCAGAAAATCGGTCAGTCATTGATGCTACCGATTGCAACGTTGCCCGCAGCAGCGATTTTGGTT
GGGATTGGGAATTACCTGCCAAAACAGTGGCTGTTTGCAAATTACTTGATTCAGGGTGGTAACGTTGTCCTGAATAAC
TTAGCCTTGCTGTTTGCAGTCGGCTTAGCTATCGGGATGTCAGTCAATAAGGACGGCGCGGCAGCTATTGCTGGTTTG
ATCGCGTTTGAAGTTCCGGTGATGGTTTTAAAACCAGCGACATTAGCGACGATGCTGAATGTTAAAGTGAGTCAGAT
CAATCCAGCATTTAGCGCGTTAGATAACAATGTGCTGATTGGAATCAGTGCTGGACTGATTGCGGCTGCGCTCTATAA
TCGGTTCCACGAAGTAAAATTACCAATGGCGCTCTCATTCTTTAGTGGTAAACGCCTAGTGCCAATTATGGCTGCTTT
TGTGATGCTGATTGTGACGGCGGTATTGTACCTTGTTTGGCCGTTTGTCTACGATGCCATCGTCCTCTTTGCAACGGGA
ATTTCAAAATTAGGTTTCGTGGGGGCTGGTCTATATGGCTTTTTCAATCGTTTATTGATTCCGACTGGTTTGCACCACG
CCTTAAATTCCGTATTCTGGTATAACGTTGCGGGGATCAATGATATTGGCAATTTCTGGGCCAGCCATGGTGTTAAAG
GAATCACAGGGATGTATGAAGCTGGATTCTTCCCAATTATGATGTTTGGCTTGCCAGCTGGTGCGTATGCAATTTATC
GTAATGCACGACCGGAACGAAAAAAAGAAGTGGGTTCATTGATGTTAGCTGGTGCGTTTGCGTCGTTCTTTACGGGG
GTGACCGAACCGCTTGAATTTTCATTCATGTTCGTGGCATGGCCGCTCTACTTATTACATGCCGTTTTTATGGGACTAT
CATTAGGATTCGCCGCGTTAATGCACTGGACCGCCAGCTTTTCGTTTAGTGGCGGGTTAGTCGATTATTTATTGAGTTT
TCGGATGCCGTTAGCCAACCAACCCTATATGTTACTGGTTCAAGGGCTGGTGATGGCCGTCATTTATTACTTTGGTTTT
GACTTTGCAATCAAACGGTTTAATTTGAAGACGCCTGGTCGTGAAGTTGTGTCTGCAGATGTCGATGGGGTGGGTGCA
CCTGCTAGTCCAGCGGTGGCCGTTGCAGCAACGGATGATAAGTATATGCGCCAAGCAAAGCAAATTTATGCAGCTAT
TGGTGGTCATGACAATATTAGTGTGATCAACAATTGTACGACGCGGCTGCGGTTACAACTTAAGGATACGGAAAAAG
TCGATCAGCCGGCCGTAATGGCTGCTGGCGTGCCTGGTTTGAACGTACTGGATGTTCATAACATTCACATTGTGATCG
GCACGGAAGTCCAGTTCGTCGCGGAGGCTTTACAAAAATTATTTTCTGGTCAGGTGGCGACGACCCCGGCATCTGAT
GCTGAATCAAAGGCCCCGGTTGAACCGCAAACTGCTACTGTAACGGAAGCGCCGGTGACAACGATTTTGCGGGCACC
GGCAACGGGACAATTAATGCCGATTAGTACGGTTGCGGATGAGACGTTTGCTGGTAAACTCTTAGGTGATGGTTACG
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CTGTTGAACCCGAAGATGGTGAAGTCGTTGCTCCGGTTAGTGGGACAGTGACAAGTGTCTTTCCGACCAAACACGCT

ATCGGTTTGAAGACGACGAGTGGTTTAGAAGTCTTATTACACATGGGGATCAATACCGTGGAAATGAATGGTACGCC
GTTCAAGTTACACGTGGCAACGGGTGATGAAATTGCGGCCGGTACTGCGGTAGCGACGGTTGACTTGGCTGCTATCA
AGTCAGCCGGTAAAGCGACAACCATGATGGTCGTTATCACCAATATGGATCACGTTAACAAACTAACCCTTAATCCA
ACTGGTCATGTGACTAGCGGTGATTTGATTGGCGCAGCTGAATAA

Appendix 22 Amino acid sequence of L. plantarum ATCC 8014 PTS18CBA

>L_plantarum_ATCC_8014|MGS_EV52 01314

MKTYFQKIGQSLMLPIATLPAAAILVGIGNYLPKQWLFANYLIQGGNVVLNNLALLFAVGLAIGMSVNKDGAAAIAGLIAF
EVPVMVLKPATLATMLNVKVSQINPAFSALDNNVLIGISAGLIAAALYNRFHEVKLPMALSFFSGKRLVPIMAAFVMLIVT
AVLYLVWPFVYDAIVLFATGISKLGFVGAGLYGFFNRLLIPTGLHHALNSVFWYNVAGINDIGNFWASHGVKGITGMYEA
GFFPIMMFGLPAGAYAIYRNARPERKKEVGSLMLAGAFASFFTGVTEPLEFSFMFVAWPLYLLHAVFMGLSLGFAALMH
WTASFSFSGGLVDYLLSFRMPLANQPYMLLVQGLVMAVIYYFGFDFAIKRFNLKTPGREVVSADVDGVGAPASPAVAVA
ATDDKYMRQAKQIYAAIGGHDNISVINNCTTRLRLQLKDTEKVDQPAVMAAGVPGLNVLDVHNIHIVIGTEVQFVAEALQ
KLFSGQVATTPASDAESKAPVEPQTATVTEAPVTTILRAPATGQLMPISTVADETFAGKLLGDGYAVEPEDGEVVAPVSGT
VTSVFPTKHAIGLKTTSGLEVLLHMGINTVEMNGTPFKLHVATGDEIAAGTAVATVDLAAIKSAGKATTMMVVITNMDH
VNKLTLNPTGHVTSGDLIGAAE

Appendix 23 Nucleotide sequence of pts18CBA from L. plantarum subsp.
plantarum ATCC 14917

>L_plantarum_subsp_plantarum_ATCC_14917 EV48 02088|1989_bp

ATGAAGACATATTTTCAGAAAATCGGTCAGTCATTGATGCTGCCGATTGCAACGTTGCCCGCAGCAGCGATTTTGGTT
GGGATTGGTAATTACCTGCCAAAACAGTGGCTGTTTGCAAATTACTTGATTCAGGGTGGTAACGTTGTCCTGAATAAC
TTAGCCTTGCTGTTTGCAGTCGGCTTAGCTATCGGGATGTCAGTCAATAAGGACGGCGCGGCAGCTATTGCTGGTTTG
ATCGCGTTTGAAGTTCCGGTGATGGTGTTAAAACCAGCGACATTAGCGACGATGCTGAATGTTAAAGTGAGTCAGAT
CAATCCAGCATTTAGCGCGTTAGATAACAATGTGCTGATTGGGATCAGTGCTGGACTGATTGCGGCTGCGCTCTATAA
TCGGTTCCACGAAGTAAAATTACCAATGGCGCTCTCATTCTTTAGTGGTAAACGCCTAGTGCCAATTATGGCTGCTTT
TGTGATGCTGATTGTGACGGCGGTATTGTACCTTGTTTGGCCGTTTGTCTACGATGCCATTGTCCTCTTTGCAACGGGG
ATTTCAAAATTAGGTTTCGTGGGGGCTGGTCTATATGGCTTTTTCAATCGTTTATTGATTCCAACTGGTTTGCACCACG
CCTTAAATTCCGTATTCTGGTATAACGTTGCTGGTATCAATGATATTGGCAATTTCTGGGCCAGCCATGGTGTTAAAG
GAATCACAGGGATGTATGAAGCTGGATTCTTCCCAATTATGATGTTTGGCTTGCCAGCTGGTGCGTATGCAATTTATC
GTAATGCACGACCGGAACGAAAAAAAGAAGTGGGTTCATTGATGTTAGCGGGTGCGTTTGCGTCGTTCTTTACGGGG
GTGACCGAACCGCTTGAATTTTCATTCATGTTCGTGGCATGGCCGCTCTACTTATTACATGCCGTTTTTATGGGACTAT
CATTAGGATTCGCCGCGTTAATGCACTGGACCGCCAGCTTTTCGTTTAGTGGCGGGTTAGTCGATTATTTATTGAGTTT
TCGGATGCCGTTAGCCAACCAACCCTATATGTTACTGGTTCAAGGGCTGGTGATGGCCGTCATTTATTACTTTGGTTTT
GACTTTGCAATCAAGCGGTTTAATTTGAAGACGCCTGGTCGTGAAGTTGTGTCTGCAGATGTCGATGGGGTGGGTGCA
CCTGCTAGTCCAGCGGTGGCCGTTGCAGCAACGGATGATAAATATATGCGCCAAGCAAAGCAAATTTATGCGGCTAT
TGGTGGTCATGACAATATTAGTGTGATCAACAATTGTACGACGCGGCTGCGGTTACAACTTAAGGATACGGAAAAAG
TTGATCAGCCGGCCGTAATGGCTGCTGGCGTGCCTGGTTTGAACGTACTGGATGTTCATAACATCCACATTGTGATCG
GTACGGAAGTCCAGTTCGTTGCGGAGGCTTTACAAAAATTATTTTCTGGTCAGGTGGCGACGACCCCGGCATCTGATG
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CTGAATCAAAGGCCCCGCTTGAACCGCAAACTGCTACTGTAACGGAAGCGCCGGTGACAACGATTTTGCGGGCACCG
GCAACGGGACAATTAATGCCGATTAGTGCGGTTGCGGATGAGACGTTTGCTGGTAAACTCTTAGGTGATGGTTACGC

TGTTGAACCCGAAGATGGTGAAGTCGTTGCTCCGGTTAGTGGGACAGTGACAAGTGTCTTTCCGACCAAACACGCTA

TCGGTTTGAAGACGACGAGTGGTTTAGAAGTCTTATTACACATGGGGATCAATACCGTGGAAATGAATGGTACGCCG
TTCAAGTTACACGTGGCAACGGGTGATGAAATTGCGGCCGGTACTGCGGTAGCGACGGTTGACTTGGCTGCTATCAA

GTCAGCCGGTAAAGCGACAACCATGATGGTCGTTATCACCAATATGGATCACGTTAACAAACTAACCCTTAATCCAA
CTGGTCATGTGACTAGCGGTGATTTGATTGGCGCAGCTGAATAA

Appendix 24 Amino acid sequence of L. plantarum subsp. plantarum ATCC 14917
PTS18CBA

>L_plantarum_subsp_plantarum_ATCC_14917 PTS18CBA| MGS_EV48 02088

MKTYFQKIGQSLMLPIATLPAAAILVGIGNYLPKQWLFANYLIQGGNVVLNNLALLFAVGLAIGMSVNKDGAAAIAGLIAF
EVPVMVLKPATLATMLNVKVSQINPAFSALDNNVLIGISAGLIAAALYNRFHEVKLPMALSFFSGKRLVPIMAAFVMLIVT
AVLYLVWPFVYDAIVLFATGISKLGFVGAGLYGFFNRLLIPTGLHHALNSVFWYNVAGINDIGNFWASHGVKGITGMYEA
GFFPIMMFGLPAGAYAIYRNARPERKKEVGSLMLAGAFASFFTGVTEPLEFSFMFVAWPLY LLHAVFMGLSLGFAALMH
WTASFSFSGGLVDYLLSFRMPLANQPYMLLVQGLVMAVIYYFGFDFAIKRFNLKTPGREVVSADVDGVGAPASPAVAVA
ATDDKYMRQAKQIYAAIGGHDNISVINNCTTRLRLQLKDTEKVDQPAVMAAGVPGLNVLDVHNIHIVIGTEVQFVAEALQ
KLFSGQVATTPASDAESKAPLEPQTATVTEAPVTTILRAPATGQLMPISAVADETFAGKLLGDGYAVEPEDGEVVAPVSGT
VTSVFPTKHAIGLKTTSGLEVLLHMGINTVEMNGTPFKLHVATGDEIAAGTAVATVDLAAIKSAGKATTMMVVITNMDH
VNKLTLNPTGHVTSGDLIGAAE

Appendix 25 Nucleotide sequence of purR from L. plantarum ATCC 8014

>L_plantarum_ATCC_8014_EV52_02355/837_bp

ATGAAAGTACGTAGAAGCGAACGTTTAATAGATATGACGCGCTATTTGTTGGAACGTCCCCATACATTAGTTTCATTG
ACATACTTCGCGGAACGGTACGCATCCGCAAAGTCGTCAATCAGTGAAGATTTAACGATTTTGAAGAAAGTATTTCA
GGCTCGGGGAACAGGAATCTTGGAAACCATTCCCGGTGCTGCTGGTGGTGCGCGGTTTATTCCTTATATTTTAAAGGA
AGAGGCCCAAGAATTTATTGACGAGATGACCACCAAGGTTGCCGACAAGAGTCGGGTGTTACCGGGTGGCTATGTTT
ATTTATCTGATATTTTAGGCCAACCAGATATTTTGCGCCAAGTGGGTCGGGTGATTGCGACTCAGTACTTGAATCAAA
AAATCGACGCTGTTATGACCGTTGCAACTAAAGGAATTCCGATTGCCCAAAGTGTTGCGACTTATTTAAACGTGCCGT
TTGTGATTGTCCGCAATGATTCTAAAATTACGGAAGGCTCGACCGTTAGTGTGAACTATGTCTCGGGTTCTTCAGAAC
GGATCAAGAAGATGGAACTTTCCAAGCGAAGCCTAACGGAAGGCGCCAACGTGCTCATCGTGGATGATTTCATGAAG
GGCGGCGGCACAATCAACGGGATGAAGACCTTGATTGAAGAATTTGATGCTAATTTAATTGGCATCACCGTTTTTGCC
GAAGCCAGTTTTGTTGGCAATCGTTTAATCGATGACTACACGTCGTTATTACGAGTAACCAACGTGAGTGATAGTGAC
AAGGCGATTAAAGTCGTTGCTGGTAACTATTTGGAGAAGGTTTTCGGTGCGGAAGTCTAG
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Appendix 26 Amino acid sequence of PurR from L. plantarum ATCC 8014

>L_plantarum_ATCC_8014-PurR| MGS_EV52_02355

MKVRRSERLIDMTRYLLERPHTLVSLTYFAERYASAKSSISEDLTILKKVFQARGTGILETIPGAAGGARFIPYILKEEAQEFI
DEMTTKVADKSRVLPGGYVYLSDILGQPDILRQVGRVIATQYLNQKIDAVMTVATKGIPIAQSVATYLNVPFVIVRNDSKI
TEGSTVSVNYVSGSSERIKKMELSKRSLTEGANVLIVDDFMKGGGTINGMKTLIEEFDANLIGITVFAEASFVGNRLIDDYT

SLLRVTNVSDSDKAIKVVAGNYLEKVFGAEV

Appendix 27 List of chemicals and enzyme used in this study

Name

Source

3-(N-morpholino) propanesulfonic acid
(MOPS)

Fisher Scientific: New Jersey USA

Acetic acid (glacial)

RCI Labscan; Bangkok, Thailand

Acetonitrile

Fisher Scientific: New Jersey USA

Acrylamide:Bis 29.1:0.9, 40 % (v/v)

Merck; Darmstadt

Agar Bacteriological (Agar No. 1)

Oxoid Ltd; Basingstoke, England

Ammonium bicarbonate

Sigma; Auckland, NZ

Ammonium persulfate

Sigma; Auckland, NZ

Ampicillin USB; Ohio, USA
Boric acid BDH ProLabo
Bromophenol blue USB; Ohio, USA

Calcium Chloride dihydrate (CaCl,.2H,0)

Ajax UNIVAR; VIC, Australia

Chloramphenicol

Fisher Scientific: New Jersey USA

Coomassie Brilliant Blue R-250

Sigma; Auckland, NZ

Deoxyribonucleate 5'-
oligonucleotidohydrolase (DNAse I)

Sigma; Auckland, NZ; #DN-25

Dithiothreitol (DTT)

Goldbio; St Louis, USA

Ecl136ll Fisher Scientific: New Jersey USA
EcoRV Invitrogen™; Wilmington, DE, USA
EMSURE?® ethanol Merck Millipore; Billerica, USA
Erythromycin Fisher Scientific: New Jersey USA
Ethanol Ajax UNIVAR; VIC, Australia

Ethidium Bromide (EtBr)

USB; Ohio, USA

Ethylenediaminetetraacetic acid (EDTA)

Sigma; Auckland, NZ

Formic acid

Laboratory BDH Reagents; Poole, England

Glucose Sigma; Auckland, NZ

Glycerol Fisher Scientific: New Jersey USA
Glycine Pure Science Limited
Hydrochloric Acid (HCL) Merck; Darmstadt

HyAgarose™ HydraGene Co, Ltd
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Invitrogen™ 1 kb Plus DNA Ladder

Invitrogen™; Wilmington, DE, USA

lodoacetamide

GE

iProof™ High-Fidelity DNA Polymerase

Bio-Rad Laboratories; USA

Isopropanol

Scharlau; Sentmenat, Spain

Isopropyl-B-thio-galactoside (IPTG)

Goldbio; St Louis, USA

K,;HPO,

Ajax UNIVAR; VIC, Australia

KH,PO,

Ajax UNIVAR; VIC, Australia

Lactobacilli de Man, Rogosa & Sharpe (MRS)
broth

Acumedia® Neogen Corporation; Lansing,
Michigan, USA

Lauria broth base

Invitrogen™; Wilmington, DE, USA

Lithium Acetate (LiAc)

Ajax UNIVAR; VIC, Australia

Magnesium Chloride (MgCl,,

Ajax UNIVAR; VIC, Australia

Manganese Chloride tetrahydrate

May and Baker Ltd; England

(MnCl,.4H,0)

Methanol Ajax UNIVAR; VIC, Australia
N-acetylglucosamine (GIcNACc) Sigma; Auckland, NZ

Ndel New England Biolabs®; MA, USA

Orange G dye

Unknown Source

Phusion High Fidelity Polymerase

Thermo Scientific; Wilmington, DE, USA

Pmel

New England Biolabs®; MA, USA

Polyethylene Glycol 1500 (PEG-1500)

BDH ProlLabo

Potassium Acetate (CH3CO2K)

Merck; Darmstadt

Roche® Pstl

Roche®; Basel, Switzerland

Roche® Tag DNA Polymerase

Roche®: Basel, Switzerland

Rubidium chloride (RbCI2)

Sigma; Auckland, NZ

Sacll

Invitrogen™; Wilmington, DE, USA

Smal

Roche®: Basel, Switzerland

Sodium Chloride (NaCl)

Ajax UNIVAR; VIC, Australia

Sodium Dodecyl Sulfate (SDS)

Gibco BRL; Cergy Pontoise, Frace

Sucrose

Ajax UNIVAR; VIC, Australia

Tetramethylethylenediamine (TEMED)

Sigma; Auckland, NZ

Tris-Base

Pure Science Limited; Porirua, NZ

B-D-fructose

Sigma; Auckland, NZ
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