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ABSTRACT

Commercial strains of Pediococcus acidilactici are incorporated into food safety
cultures that are used to inhibit the proliferation of foodborne pathogens. We employed
comparative genomics and molecular biology to characterize Pediococcus acidilactici
D3, an industrial food safety strain provided by the company Guardian Food
Technologies. The objective of this research was to develop strain-specific molecular
probes at unique genomic targets to uniquely identify P. acidilactici D3. The
antimicrobial activity of P. acidilactici D3 was examined in this study. In addition, a
carbohydrate utilization profile was prepared for this strain, from which it was observed
that sucrose was readily metabolized by P. acidilactici D3. In order to identify the
genes responsible for the observed antimicrobial activity and sucrose utilization, a draft
sequence of the P. acidilactici D3 genome was generated. The genes putatively
responsible for the expression of an antimicrobial peptide (pediocin) and the sucrose
utilization loci were annotated. Using a combination of the two operons as genomic
targets, strain-specific probes were successfully developed and validated with

quantitative-PCR.
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CHAPTER1

INTRODUCTION

INTRODUCTION
Biopreservation

The most widely used traditional preservatives are the chemical preservatives
propionates, sorbates, and benzoates (21, 45). Alternatively, there is a growing trend of
consumer demand for natural preservatives. In 2010, 39% of consumers cited chemicals
in foods as the most important food safety issue (42). Food developers are investing
effort into improving the quality and shelf life of foods with natural preservatives.

Biopreservation or biologically based preservation technologies is the use of
lactic acid bacteria (LAB) and their metabolic products to improve the safety and quality
of foods (28). In situ acidification by the production of lactic acid, the production of
diacetyls, hydrogen peroxide, and bacteriocins by LAB are all widely recognized
methods for biopreservation. Bacteriocins in particular have been studied to be highly
beneficial in inhibiting food spoilage pathogenic bacteria that are otherwise less

susceptible to traditional inhibitory/food preservation techniques.

Food Safety Cultures
Last year, it was estimated that 31 major pathogens cause 9.4 million cases of
food-borne illnesses in the United States alone (38). Such astonishing statistics appeals

for the improvement of food safety technologies.



The microbial quality of a product plays a valuable role in the modification of
several characteristics such as nutritional value, taste, texture, etc., that can influence the
shelf life of foods. In addition, certain antimicrobial compound producer strains of
LAB can prolong the shelf life of food products by reducing the load of food-borne
pathogenic and/or spoilage bacteria (28).

Lactic acid bacteria have been used previously to control pathogens such as E.
coli O157:H7, Salmonella and Listeria. The effectiveness of a Lactobacillus-based
intervention strategies was studied by using a combination of 4 strains of lactic acid
bacteria (Lactiguard, Guardian Food Technologies, Kansas City, MO) for the reduction
of Salmonella in turkey products (9). Both bacteriostatic and bacteriocidal activity was
observed when the competitive inhibition of L. monocytogenes at refrigeration (5°C)
temperatures by lactic acid bacteria, isolated from commercially available ready-to-eat

meat products, was studied (2).

Bacteriocins

Bacteriocins are antimicrobial proteins produced by bacteria to inhibit the growth
of other species of bacteria that are competing for the same nutrients. This heterologous
group of proteins varies in its size, mode of action and effectual concentration.

The genetic organization of the bacteriocin operon generally appears as a
contiguous set of open reading frames, responsible for bacteriocin synthesis and
transport. Genes transcribing accessory proteins for modifying or cleaving a pre-

bacteriocin, and those coding for immunity proteins, which are usually membrane



proteins that prevent bacteriocins from causing self-lysis, are also a part of the
bacteriocin operon.

Since proteins responsible for the modification, export and regulation of
bacteriocin production are often encoded in the same operon as the bacteriocins.
Bacteriocin production related genes are among those that are often transferred
horizontally. Horizontal gene transfer is very common in LAB due to the presence of

mobile genetic elements, insertion elements, and conjugative and mobilizable plasmids.

Pediococcus acidilactici

Pediococcus acidilactici is a gram positive homofermentive lactic acid bacteria
that belongs to the family Lactobacillus. This species has a long history of safe use as a
starter culture in mean and vegetable fermentation. A few strains of P. acidilactici
produce bacteriocins; and these bacteriocins produced by Pediococcus are called

pediocins (18).

Genomics

In simple terms, genomics is the study of genes and their functions. Functional
genomics is the characterization of these genes and their interaction with the
environment or other genes. Genome sequencing and functional genomics has provided
a molecular basis for important traits in LAB such as sugar metabolism, flavor
formation, stress response, etc. Bioinformatics has been an essential tool in handling

and analyzing the huge volume of data generated by genomic sequencing (40).



PROJECT OBJECTIVES

We employed comparative genomics and molecular biology to characterize
Pediococcus acidilactici D3, an industrial food safety strain provided by the company
Guardian Food Technologies. The three central deliverables of the project include: (i)
the generation of a partial draft genome sequence, (ii) the characterization of the
phenotypic profile, and (iii) the development strain-specific molecular diagnostics to
detect and quantify P. acidilactici D3, a component of LactiGuard.

Figure 1 describes the project outline and the approach used to attain the
deliverables. The phenotypic study was used to identify functional traits: bacteriocin
production, carbohydrate utilization, and exopolysaccharide production, that would later
serve as gene targets for probe development: Each phenotypic study was done in
comparison with related strains, including the ‘Type’ strain for each species of
Pediococcus. Once these characteristics were confirmed, and determined to be exclusive
targets, they were selected as genomic targets for strain-specific probe design. This
included a detailed study of the operons putatively involved in the expression of these
phenotypes. The P. acidilactici D3-encoded genes/operons were examined for single
nucleotide polymorphisms (SNPs) and other larger-order genetic changes in comparison
to other closely related strains. Diagnostic regions on the genome were used as targets
for the design of primers/probes, which were then tested for strain-specific amplification
compared to other strains. Following probe design, quantitative-PCR was developed to

screen for specificity and quantification.



THESIS STRUCTURE

Chapter 11 (Expression of antimicrobials by Pediococcus acidilactici:
Functional genomics in food safety) includes two main sections of the research: (i)
strain verification and genome sequencing, and (ii) the study of antimicrobials produced
by P. acidilactici D3. The initial verification tests were conducted to confirm the
speciation of our target strain. These tests included light microscopy to observe shape
and clustering, gram staining to attest that the strain was gram positive, 16S rRNA for a
molecular level confirmation and. scanning electron microscopy to observe the size and
shape of P. acidilactici D3 in closer detail. Whole genome sequencing of the strain was
carried out with the Ion Torrent Personal Genome Machine. The sequence data obtained
was used to explain the genomic basis for pediocin production, which was
phenotypically observed by bacteriolytic zymograms. Annotation of the pediocin
operon of P. acidilactici D3 was accomplished in this chapter.

Carbohydrate utilization studies using the OMNILOG (BIOLOG phenotypic
microarray plates) and Analytical Profile Index (API) strips were conducted to
characterize P. acidilactici D3 phenotypically in Chapter III (Strain-specific molecular
diagnostics for Pediococcus acidilactici).  Sucrose metabolism was an interesting
phenotype observed because previous work has cited plasmid-linked sucrose utilization
in P. pentosaceus (17). Similar to Chapter II, the sucrose operon, consisting of six open
reading frames, was annotated. The sucrose operon contained several single nucleotide

polymorphisms which provided ideal strain-specific targets for probe design, which



concluded the final deliverable of the project — strain specific diagnostics to detect P.
acidilactici D3. In this chapter, the method for primer/probe design is outlined.
Validation of the probes by quantitative PCR (qPCR) and successive band detection on
agarose gels is described. A combination of probe pairs to be used for detection of P.
acidilactici D3 in a strain-specific manner is listed, thereby accomplishing the objectives
of this research.

Chapter IV (Summary) briefly describes the result of each aspect of the project

and summarizes the overall project conclusion.



CHAPTER 11
EXPRESSION OF ANTIMICROBIALS BY Pediococcus acidilactici:

FUNCTIONAL GENOMICS IN FOOD SAFETY

INTRODUCTION

Strains of Pediococcus acidilactici have long been incorporated into starter
cultures designed to drive the commercial fermentation of plant materials (e.g.,
cucumbers, olives) and meats (e.g., fermented sausages, fresh and marinated fish).
When used in this capacity, a few strains of Pediococcus acidilactici act preserve the
product and to inhibit spoilage microorganisms such as gram-negative bacteria:
Escherichia spp. (5) and Salmonella spp. (9, 36), gram-positive spore-formers: Bacillus
spp. and Clostridium spp. (30), nonstarter lactic acid bacteria, and foodborne and
feedborne pathogens: Listeria spp. (2, 31). Much of the preservative and protective
activities are due to the expression of diffusible, low-molecular weight factors including
byproducts of metabolism and antimicrobial peptides.

Ribosomally-encoded bacteriocins are antimicrobial peptides that are typically
effectual against a narrow range of target microorganisms (10). A universal system for
bacteriocin taxonomy, based on the foundations of previously proposed schemes (6, 23),
categorizes bacteriocins into four main classes (19). Class 1 bacteriocins are
‘lantibiotics’, post-translationally modified peptides with atypical amino acids like
lanthionine residues; Class II bacteriocins are ‘unmodified peptides’, and are subdivided

into Ila: ‘pediocin-like’, IIb: ‘miscellaneous’, and Ilc: ‘multicomponent’. Bacteriolytic



and non-lytic ‘large proteins’ are Class III bacteriocins, and Class IV antimicrobials are
‘cyclic peptides’. Regardless of their classification, antimicrobial factors are typically
more effective in combination (synergism) (13), which parallels the hurdle concept for
food safety and stability (24). Bacteriocins produced by bacteria of the genus
Pediococcus are termed pediocins (Class Ila) and are small membrane-permeabilizing
peptides (22) (Figure 2) that are effectual bacteriolytics at low concentrations (32) and
are the subject of this study.
The pediocin-encoding operons are located on a 9.6 kb plasmid (18) and an 11.4
kb plasmid (34) in Pediococcus acidilactici PAC1.0 and Pediococcus acidilactici H,
respectively. In these two strains, the four genes responsible for pediocin production and
transport are: pedA (bacteriocin, Uniprot: P29430), pedB (immunity protein, Uniprot:
P36496), pedC (protein biosynthesis, Uniprot: P37249), and pedD (transport and ATP-
binding, Uniprot: P36497) (Figure 3). Although the genes for bacteriocin production
are among some features found in Pediococci in a strain-specific fashion, these genes
could serve as biomarkers for the identification of food safety strains. The utility of food
safety strains, especially bacteriocin-producing strains, is highly significant and could
confer an extended shelf-life and an improved spoilage-prevention strategy in consumer
foods.
We studied the functional genomics of pediocin production in P. acidilactici D3
by studying the strain’s capability to produce antimicrobial peptides after identifying the
presence of pediocin producing genes in the P. acidilactici D3’s genome. Further

analysis of these genes led to the annotation of the pediocin operon.



MATERIALS AND METHODS
Bacterial Strains and Cultivation Conditions

All of the strains (12, 15, 29, 41, 43) used in this study are listed in Table 1. P.
acidilactici D3 was provided by Guardian Food Technologies (Overland Park, KS).
Additional P. acidilactici strains, and strains of related species, were also acquired from
various sources to enable phenotypic, genetic, and genomic comparisons to the strain
provided by Guardian Food Technologies.

All lactic acid bacteria were streak purified three times on de Man-Rogosa-
Sharpe (MRS) agar (Difco Laboratories, Detroit, MI, USA) and cultivated at 37°C.
Stocked cultures were maintained at —80°C in MRS broth supplemented with 20% (v/v)

glycerol. Strains were passed 2X before being used.

Colony and Cell Morphology

Because a butyrous consistency might suggest the expression of complex
extracellular polysaccharides (e.g., exopolysaccharides like homopolysaccharides), P.
acidilactici D3 colonies were observed for shape, size, color, margin type, and
consistency. Strains were also observed under a light microscope in order to identify the
shape of the cells, and determine if the cells were found singly, in pairs or tetrads.

The gram-stain was used to assay the physiochemical properties of P. acidilactici

D3’s cellular envelope, especially the abundance of peptidoglycan. The strain



Escherichia coli K-12 BW25113 was used a gram-negative control and the strain L.

amylovorus ATCC 33620" served as the gram-positive control.

Scanning Electron Microscopy (SEM)

An overnight broth culture of P. acidilactici D3 was observed at up to 50,000X
using the TOPCON Aquila Scanning Electron Microscope (Microscopy & Imaging
Center, Texas A&M University). Preparation of the broth culture for observation was
carried out over four days with four main steps: sample fixing, sample dehydration,
sample coating, and final imaging. Fixing the sample consisted of mixing and equal
volume of the fixative (2% gluteraldehyde, 2% paraformaldehyde and 1X of minimal
media buffer containing sodium acetate, potassium dihydrogen-phosphate, manganese
sulphate, magnesium sulphate, ammonium citrate, and dipotassium phosphate) to the
broth culture. This was followed by pelleting the cells and storing them in 1% (w/v)
osmium tetroxide (OsO4) in hydroxyethyl piperazineethanesulfonic acid (HEPES), pH
7.4. The sample was then stored at 4°C overnight. On the second day, samples were
dehydrated by microwave processing with an ascending grade of methanol (10 a 100%
in 5% increments), 1 or 6 minutes in each step, and finally washed with hexamethyl
disitizane (HMDS) for three cycles of 30 minutes each on the rotator, and finally left
overnight. The samples were then splutter coated with ruthenium vapor and finally

observed under scanning electron microscope.
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16S ¥RNA Gene Sequencing and Taxonomy

Universal primers/ oligonucleotides (Invitrogen) (Table 2) were selected for
PCR amplification of the 16S rRNA region of the P. acidilactici D3 genome using a
gradient cycler (Eppendorf Gradient Cycler). Each 25uL reaction contained 1.5ng/pL of
template bacterial DNA, 1X (1.5mM MgCl,) of Optimized DyNAzyme EXT Buffer,
200uM of each dNTP, 0.5uM of each primer and 0.5U of DyNAzyme EXT DNA
Polymerase. With the primers 27F and 1522R, the PCR conditions were an initial
denaturation cycle for 2 min at 94°C, 30 cycles of denaturation for 0.5 min at 94°C,
annealing for 0.75 min at 56°C, and extension for 2 min at 72°C. This was followed by
a final extension for 7 min at 72°C and cooling to 4°C, at which temperature the
products were maintained. The PCR products were loaded on a 0.8% agarose mini gel
and run at 80V. 3uL of each sample was taken, mixed with 2uL of 50% (v/v) 6X gel
loading dye (New England BioLabs) in glycerol, and 1.43X of Sybergold DNA stain.
The gel was visualized under a light cabinet (Alpha Innotech Multi Image Light Cabinet)
under transilluminance UV.

A pure genomic DNA sample of P. acidilactici D3 was sent to Eton Bio for 16S
rRNA sequencing to confirm taxonomy of the strain. The Basic Local Alignment
Search Tool (BLAST) was used to conduct 16S rRNA sequence comparison to verify
the nomenclature of P. acidilactici D3 as Pediococcus acidilactici. A homology search
of the 16S rRNA sequence was performed using BlastN to determine the closest known

relatives of the Pediococcus acidilactici D3 strain. In addition, the genomic DNA

11



sample was sent to Accugenix for identification of the strain based on 16S rRNA
analysis with the vendor’s database and primer set.

A phylogenetic tree based on 16S rRNA sequence from Accugenix for P.
acidilactici D3 against related type strains (Table 3) for the species in the Pediococcus
cluster (11) by using BLAST pairwise alignments and by applying the neighbor joining

algorithm with a bootstrap analysis using 100 replicates was completed.

Whole Genome Sequencing and Bioinformatics

In order to achieve a total DNA yield of 10-20pg of high quality DNA (OD
A260/280 purity ratio ~ 1.8) for sequencing, DNA extraction, precipitation and
purification was optimized using a combination of the Masterpure Gram Positive DNA
Purification Kit (Epicenter Biotechnologies), phenol chloroform precipitation, and the
DNeasy Blood Purification Kit (Qiagen) spin protocol.

In brief, to extract genomic DNA from the gram-positive Pediococcus cells, SmL
of bacterial culture, grown overnight (OD ~ 2), was pelleted in a swing bucket centrifuge
(Eppendorf centrifuge 5810 R). The pellet was resuspended in 750uL of TE buffer
(EpiCentre Biotechnologies) and lysozyme (Ambresco) was added to give a final
concentration of 30mg/mL. The solution was incubated for 3 hours at 37°C. 5SuL of
Proteinase K (50pg/ul) was diluted into 750 pL of lysis buffer (EpiCenter
Biotechnologies) to yield a 140pg/mL enzyme concentration.  This was followed by
incubation for 15 mins at 67°C with intermittent vortexing every 5 mins. The samples

were then cooled to 37°C and placed on ice for 5 mins. A half volume of MPC Protein

12



Precipitation Reagent (EpiCenter Biotechnologies) was added and vortexed for 10 secs.
The proteinaceous debris was pelleted by centrifugation at 4,000 rpm for 15 mins at 4°C.
An RNase blend of SuL RNase A (EpiCenter Biotechnologies), 5 uL of Riboshredder
(Epicenter Biotechnologies) and 5 pL of Purelink RNase A (Life Technologies) was
added to the supernatant and incubated at 37°C for 30 mins. A 1:1 Phenol chloroform
precipitation and subsequent 24:1 chloroform isoamyl alcohol wash was conducted to
remove any contaminants. An equal volume of isopropanol was added to the
supernatant obtained from the above steps to precipitate the DNA by inversion of the
sample tubes 30-40 times. At this point, filamentous DNA was pelleted by
centrifugation at 4,000 rpm for 10 mins at 4°C and the isopropanol was removed. Once
the pellet was rinsed with 70% ethanol, the DNA was resuspended in 150uL of sterile
deionized water. The resuspended DNA was then divided into two spin columns
(DNeasy Spin Kit for Blood, Qiagen) such that each column contained 75uL of sample
or ~48-57ng of DNA, and the DNeasy spin protocol was followed.

The extracted DNA was primed for sequencing by carrying out the Ion Xpress
Template kit preparation protocol. =~ Whole genome sequencing of Pediococcus
acidilactici D3 was conducted partially using the lon Torrent Personal Genome Machine
and the Illumina GAII sequencer.

Sequencing conducted on the Ion Torrent Personal Genome Machine was
performed by real-time measurement of hydrogen ions produced during DNA replication

on the surface of ion spheres distributed on the 316D lon chip. The sequencing,

13



including base calling, in conjunction with measurement, was carried out on the Torrent
Server.

The CLC Genomics Workbench 4.7.2 software was used to assemble the partial
genome sequence of P. acidilactici D3 by de novo assembly. Two runs of Ion Torrent
and two runs of [llumina GXII high-throughput sequencing were carried out sequentially
to increase coverage of the genome. The results of all four runs were combined and
mapped against the reference genome sequence of Pediococcus acidilactici DSM
20284" contigs: NZ_AEEG01000001.1, NZ_AEEG01000002.1, NZ_AEEG01000003.1,
NZ AEEGO01000004.1, NZ _AEEGO01000005.1, NZ _AEEG01000006.1,
NZ AEEG01000007.1, NZ _AEEGO01000008.1, NZ _AEEG01000009.1,

NZ AEEG010000010.1, NZ AEEG010000011.1 and NZ AEEG010000012.1.

Spot-on-agar Antimicrobial Activity Assay

Samples for antimicrobial screening were prepared as described in Figure 4.
Briefly, the supernatant of an overnight culture of Pediococcus acidilactici D3 was
ultrafiltered in the Amicon 3K centrifugal filter unit (Millipore). The ultrafiltration
cartridge separated the filtrate, containing low molecular weight compounds (<3000 Da,
e.g. lactic acid) from the retentate, containing peptides >3000 Da (e.g. bacteriocins).
Different fractions of this culture (the cell pellet, supernatant, retentate and the filtrate)
were then spotted onto MRS agar plates overlaid with 9mL of MRS soft agar seeded
with 500uL of an overnight culture of the pediocin-sensitive indicator strain,

Pediococcus acidilactici DSM 20284, In order to control for the antimicrobial

14



properties of lactic acid (to account for acid inhibition), uninoculated control fractions
(supernatant, filtrate and retentate acidified with lactic acid, made comparable to the
final pH of the inoculated filtrate and retentate, respectively) was also prepared.
Fractionated control suspensions were similarly assayed for antimicrobial activity.
Spotted plates were incubated at 37°C overnight and then observed for zones of
inhibition. If present, zones of inhibition suggest the presence of antimicrobial

compound(s) that may have caused the lysis of the indicator strain.

Bacteriolytic-zymogram

In order to estimate the size of the antimicrobial(s) expressed by the strain, the
retentate obtained by ultrafiltration was analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Since the expected size of the
bacteriocin is of the range 4,000 Da (4), the NuPage Bis Tris gel (Life Technologies)
was used with the NuPage MES SDS Running Buffer (Life Technologies).

The amount of protein in the retentate was determined by the Quant-IT Protein
Assay Kit (Invitrogen), methodology followed according to the given protocol. The
retentate was then diluted with the uninoculated control retentate for comparable
analysis with the 10ng/uL of commercial pediocin (Sigma-Aldrich).

Following electrophoresis, half the SDS gel (containing the marker, a
commercial pediocin-positive control, and the retentate of P. acidilactici D3) was
washed three times for 1 hour each and was overlaid on MRS soft agar (0.75% w/v

agarose) seeded with the indicator strain, P. acidilactici DSM 20284". For band-size

15



comparison, the other half of the gel (containing the marker and the retentate of strain
D3) was stained with SimplyBlue SafeStain (Invitrogen) and was then washed
thoroughly with distilled water. The size of the band corresponding to the antimicrobial

activity (a zone of inhibition) was used to estimate the size of the bacteriocin.

Mapping of the Pediocin Operon

The preliminary genome sequence data for P. acidilactici D3, generated from the
Ion Torrent sequencing run, was assembled by de novo assembly using the CLC Bio
Genomics Workbench. Sequence data was mapped using the Pediococcus acidilactici
H plasmid pSMB74 (GenBank: U02482.2) as a scaffold, which is known to encode a
pediocin operon. For the pediocin D3, a draft sequence of the operon was generated.
Using multiple sequence alignment and comparative genomics, primers were designed in
the conserved regions to amplify various regions of the pedABCD operon. These PCR
products were then sequenced by Sanger Sequencing in order to fill gaps in the pediocin
operon sequence (Figure 5).

It is well known that these genes encoding pediocin production share highly
conserved regions within the pediocin operon. Based on sequence similarity to P.
acidilactici MTCC 5101 plasmid pCP289 ped operon (GenBank: GQ214404.1), the
presence of the pediocin operon was once again validated.

Genomic sequence data from Illumina GAIIx sequencing was mapped against
Pediococcus acidilactici strain K10 pediocin operon (GenBank: AY705375.1). The

mapped reads were extracted, reassembled by de novo and then once again aligned with
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the P. acidilactici strain K10 pediocin operon. Identification of the pediocin operon in
P. acidilactici D3 plays an important role in not only identification of the strain P.

acidilactici D3, but also utilization of the strain in food safety cultures.

Pediocin Operon

The pediocin operon was annotated by identifying the start codons (ATG, GTG,
TTG, ATT, CTG), the stop codons (TAG, TAA, TGA), the ribosome binding site
(GGAG) upstream of each gene, and the -10 regulatory signal with consensus TATAA.
The nucleotide sequence of the pediocin-encoding P. acidilactici PAC 1.0 plasmid

pSRQ11 fragment was used as a reference for annotation (27).

RESULTS AND DISCUSSION
Cell and Colony Morphology

P. acidilactici D3, the P. acidilactici type strain DSM 20284" and the other
pediococci, including P. pentosaceus type strain DSM 20336 were cocci and generally
observed singly or in pairs, although a few tetrads and short chains were also perceived
(20). Light microscopy captures are illustrated in Figure 6.
P. acidilactici D3 retained the purple-iodine complex in the gram reaction. Thus, they
are gram-positive. The gram-negative assay control strain (Escherichia coli K-12
BW25113) stained pink/red in color (3), whereas the gram-positive assay control strain

(L. amylovorus ATCC 33620") stained dark purple/blue.
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When grown on an agar plate, colonies were opaque and circular in form with
entire, slightly translucent margins. The colony surfaces were typically smooth and
slightly convex in elevation. Interestingly, Pediococcus acidilactici D3 had a butyrous
and viscid consistency, which might suggest the expression of complex extracellular

polysaccharides (e.g., exopolysaccharides, capsular polysaccharides) (47).

Scanning Electron Microscopy

Scanning Electron Microscopy revealed that the size of each P. acidilactici D3
cell was approximately 700nm in diameter. In different fields, P. acidilactici D3 was
predominantly found in singles, pairs, or clustered. Representative micrographs of P.

acidilactici D3 are shown in Figure 7.

16S rRNA Identification

Taxonomic classification schemes have evolved over time. Currently, a variety
of genotype-based methods are routinely used to classify microorganisms into different
taxonomic groups. The 16S rRNA gene is well conserved within bacteria, including
species of the same genus. Therefore, the evaluation of this gene has become a standard
method for species determination.

Nomenclature for Pediococcus has often been revised. P. acidilactici DSM
20284 was proposed as the neotype or ‘Type’ strain for P. acidilactici by rejecting the

previous neotype strain P. acidilactici ATCC 33314 (IFO 3884=DSM 20333=NCDO
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1859). P. acidilactici ATCC 33314 was replaced by DSM 20284" due to P. acidilactici
ATCC 33314’s high DNA homology with the strain P. pentosaceus DSM 20336" (16)
The 16S rRNA sequence for P. acidilactici D3 1is illustrated in Figure 8. The
identification reports from Accugenix based on similarity search against their private
database reported P. acidilactici D3 to be P. lolli. However, a BlastN of the Accugenix-
generated 16S rRNA sequence against available databases resulted in a 99% identity and
99% coverage with P. acidilactici (GenBank: AJ305320.1) and a 98% identity with 96%
coverage with P. lolli (GenBank: AB362985.1). In 2009, P. lolli was proposed as a new
species of Pediococcus based on similarity of 16S rRNA gene sequencing results to P.
acidilactici DSM 20284" (98.2%), P. pentosaceus DSM 20336" (96.9%), and P. stilesii
LMG 23082" (96.3%) and DNA-DNA relatedness (8). DNA-DNA relatedness between
the strain P. lolii NGRI 0510Q" and P. acidilactici DSM 20284" and P. pentosaceus
DSM 20336" was found to be lower than the recommended DNA-DNA relatedness
threshold for a species (70%) (49) and hence was recommended as a new species for
Pediococcus.

However, based on previous nomenclature (7, 33) and by BlastN of the 16S
rRNA sequence against the available public database, we have determined our strain to
be P. acidilactici. The phylogentic tree depicting 16S rRNA relatedness of the

Pediococci is shown in Figure 9.
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Whole Genome Sequencing

A distribution of read lengths from the preliminary Ion Torrent run, after
mapping against the reference is shown in Figure 10. The average read length for reads
that mapped against the reference and reads that did not map against the reference was
approximately 100 base pairs long. A larger volume of data, 20,979,013 reads, each of
length 106 base pairs, was generated in the first run with the Illumina GAIIx sequencer.
The reads were mapped against the previously assembled contigs of the type strain P.
acidilactici DSM 20284". The assembled reference sequence length was 1,926,844 base

pairs long, to which 16,546,761 Illumina reads mapped to.

Antimicrobial Activity Assay

In contrast to the uninoculated controls, the cell pellet, supernatant, and retentate
after ultrafiltration, of P. acidilactici D3 created zones of inhibition (Figure 11) on a
lawn of the type strain, P. acidilactici DSM 20284". These results suggest that one or
more antimicrobial substances were produced.

As shown in Figure 12, the antimicrobial spot assay of P. acidilactici D3 on soft
agar seeded with a sensitive indicator strain P. acidilactici DSM 20284" demonstrated
the efficiency of P. acidilactici D3 in causing cell lysis (illustrated by the zones of

inhibition) over the commercial pediocin (Sigma-Aldrich).

20



Bacteriolytic Zymogram

The bacteriolytic zymogram demonstrated that at least one of the antimicrobials
was a protein, approximately 4,000 Da in size (Figure 13). The approximate length of
the commercial pediocin was 30-55 amino acids, or approximately 4,000 — 5,000 Da in

size.

Pediocin Operon

Besides the above phenotypic studies, we have identified the potential for
Pediococcus acidilactici D3 to produce pediocins based on sequence homology to
pediocin operons on other bacteriocin producing strains.

The four genes of the pediocin operon: pedA, pedB, pedC, and pedD are shown in
Figure 14.

We have demonstrated that P. acidilactici D3 causes antimicrobial activity and
this 1s due to the production of proteins (bacteriocins called pediocins) of approximately
4Da in size. It is also likely that the pediocin operon is linked to this antimicrobial
activity. Pediocin production in Pedioccous 1s unique to few strains and is an essential
trait in its ability to act as a food safety culture. In assessment of our ultimate goal in
producing strain-specific probes, a molecular probe within the pediocin operon region
could serve the purpose of eliminating non-pediocin producing related strains and hence

more easily distinguish P. acidilactici D3 from a mixed culture.
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CHAPTER III
STRAIN-SPECIFIC MOLECULAR DIAGNOSTICS FOR

Pediococcus acidilactici

INTRODUCTION

Previous studies explain that certain strains of Pediococcus damnosus cause
ropiness in wine due to exopolysaccharide (EPS) production (26, 48). Integral EPS can
help to bind the cell to the surface, while sloughed EPS and substrate-bound cells can be
used to disrupt biofilms (37) and/or inhibit the adhesion of microorganisms involved in
spoilage, pathogenesis, or both (25, 46). In addition, EPS production has been known to
augment the ability of producer strains to co-aggregate with harmful microorganisms,
thus presenting a barrier that could inhibit the colonization of pathogenic bacteria (35).

Many substrates are known to regulate EPS production in bacteria. For instance,
sucrose is the major substrate for glycosyltransferases (39) that are necessary for the
synthesis of homopolysaccharides (HoPS) (44), a desirable attribute in food-grade starter
cultures. Thus, sucrose metabolism could also be an important trait linked to the
efficacy of food safety cultures (14).

There are six genes, expressed as an operon, required for sucrose transport and
utilization: scrK (fructokinase), agaS (a-galactosidase), scrA (PTS EII transport protein),
scrB (sucrose 6-phosphate hydrolase), scrR (sucrose regulator), and ag/ (a-glucosidase)

(Figure 15). The proteins encoded by these genes are responsible for the regulation of
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uptake and metabolism of sucrose into the cell. The genes associated with sucrose
utilization are plasmid encoded on P. acidilactici PAC1.0 (18) and P. pentosaceus (17).
Our objective in this study was to identify interesting phenotypes demonstrated
by P. acidilactici D3 (such as sucrose utilization) and use these phenotypes to identify
genes that are responsible for these phenotypes. These genes could then be used as

targets for probes for strain-specific diagnosis.

MATERIALS AND METHODS
Carbohydrate Utilization

Phenotypic data from API CHL 50 strips (BioMeriux) and Biolog Phenotype
Microarray (1) plates framed a platform for probing for genes involved in biosynthetic

and catabolic pathways.

Phenotype Microarray Analysis

Phenotype microarrays were used in order to determine the uptake and utilization
of selected sugar substrates, including sucrose. Briefly, P. acidilactici D3 was streak
purified on MRS agar plates incubated at 37°C overnight. A sterile cotton swab was used
to inoculate an individual colony into the inoculating fluid, containing minimal media, at
a cell density of T=65%. 100uL of this inoculating fluid was dispensed into a 96 well
PM plate, each well containing a single substrate. Utilization of the substrate was
determined by a redox reaction that caused a color change in the medium, which was

detected and recorded by the OMNILOG PM during incubation at 37°C for 48 hours.
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Analytical Profile Index (API)

For comparison, carbohydrate utilization profiles will also be verified based on
the API 50 CHL test kits (bioM¢érieux, France). The API CHL medium was used for the
identification of lactobacilli. The procedure was followed in accordance to the
manufacturer’s instructions. A positive reaction was scored when a color change from
blue (lack of fermentation, pH ~ 6.2) or green (pH ~ 5.2) to yellow (below
approximately pH 4) at 37°C after 48 hours of incubation was observed. A colorimetric
reference (Figure 16) based on the pH dependent colour change of bromocresol purple
(0.017% w/v), which is used in the API CHL media, was developed to standardize the

scoring of API strips.

Sucrose Operon

The P. acidilactici D3 genomic sequences were queried for the sucrose operon
genes by mapping all generated sequences (Ion Torrent and Illumina data) to the
raffinose and sucrose operon of Pediococcus pentosaceus (GenBank: L32093.1). The
mapped sequence reads were then extracted and reassembled by de novo assembly.
BlastN of each contig generated with the P. pentosaceus reference determined the
location of each contig on the operon.

The sucrose operon was annotated by identifying the start codons (ATG, GTG,
TTG, ATT, CTG), the stop codons (TAG, TAA, TGA), the ribosome binding site

(GGAG) upstream of each gene, and the -10 regulatory signal with consensus TATAA
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using the CLC Genomics Workbench. The nucleotide sequence of the P. pentosaseus

raffinose and sucrose operon was once again used as a reference for annotation.

Probe Development

To conclude our research, the final deliverable of strain-specific diagnostics was
initiated. Previously, we identified pediocin production and sucrose utilization as key
phenotypes of interest. These two features are distinguishing to P. acidilactici as
typically, P. acidilactici does not ferment sucrose and only a few strains produce
pediocins.

Once the sequence data was assembled, each operon of interest (pediocin operon
and the sucrose utilization operon, in particular) was identified by mapping the P.
acidilactici D3 sequence reads to similar operons/genes/sequences submitted into the
NCBI (National Center for Biotechnology Information) database up to that time. The
genomic DNA sequence reads of P. acidilactici D3 were extracted after mapping against
a reference. These sequences were then re-assembled by de novo assembly into contigs,
which were mapped again to the reference. The putative regulatory signals (-35, -10
promoter regions), ribosome binding sites, start codons, stop codons, and restriction sites
in the operons were predicted. After annotation of the operons, regions with unique
nucleotide changes were used to design forward and reverse primers (approximately 18-
22 bases in length); PCR conditions for these primers were optimized and tested on P.
acidilactici D3 and closely related strains. Since the goal of the primers/probes was to

facilitate strain-specific identification, the assembled sequences were examined for
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single-nucleotide polymorphisms and larger-order differences in sequence. Thereafter, a
variety of primer pairs were used to preferentially detect P. acidilactici D3 and thereby

constrain the PCR amplification.

SNP Detection

SNPs or single nucleotide polymorphisms are single nucleotide base differences
from reference sequences. Once the sucrose operon for P. acidilactici D3 was
assembled and annotated, the operon was aligned with the raffinose and sucrose operon
of P. pentosaceus (GenBank: L32093.1). Conflicting bases were identified by means of
the SNP detection tool in the CLC Genomics Workbench software. The SNP detection
table, containing information about the position of the SNP in relation to the reference,
the frequency of occurance of the SNP across all the generated reads, the number of
reads containing the SNP, the base pair change (and any allele variations, if present) and
coverage (the number of reads at the particular SNP region) was generated. SNPs with
frequencies > 95% (counts of reads with the SNP by the total coverage) were chosen as

regions for probe design (Figure 17).

Primer Design

For the unique identification of Pediococcus acidilactici D3 by the isolation of
DNA (from a product supplemented with the strain, for example) and subsequent qPCR
detection with molecular probes, the probes were designed at two operons, the pediocin

operon and the sucrose operon, which either provided constraints to enable unique
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detection, or contained strain-specific changes in the genome, which together, identified
P. acidilactici D3 when compared to other related strains.

Regions containing SNPs were identified and used to design primers. Forward
and reverse primers (with an annealing temperature between 58.5°C to 60°C) were
designed to amplify an approximate 500 base pair region, with at least one SNP in either
the forward or reverse primer. In addition, primer probes were redesigned to ensure
specific binding by choosing primers with SNPs on the 3’ end of the primer. In Figure
18, screenshots of probe design on the CLC Genomics Workbench is illustrated. The
highlighted regions on the consensus show SNPs in comparison to the P. pentosaceus

raffinose and sucrose operon.

Quantitative-Polymerase Chain Reaction and Gel Electrophoresis
Quantitative-Polymerase Chain Reaction (QPCR) was optimized for the selected
probes with the final conditions as shown in Figure 19. With each probe pair, the gPCR
run was repeated at least twice, with triplicate samples in each run, for each of the
previously selected related strains of P. acidilactici D3 (Figure 20). Detection was
executed on the Bio-Rad 1Q5 Real-Time PCR Detection System with the Fast SYBER
Green Master Mix (Applied Biosystems). Each 20uL reaction tube of the 96-well PCR
contained 10uL of the Fast SYBER Green Master Mix (2X), Ing of template, 0.75-1uL
of 10pmol forward and reverse primer working solution, and make up to 20uL with

nuclease-free water. The plate was centrifuged briefly before each run. Agarose gel

27



electrophoresis of the samples was carried out after each run to confirm amplification of

the targeted 500bp region.

RESULTS AND DISCUSSION
Carbohydrate Utilization

The phenotypic study of the effect of various substrates and conditions on the
growth of P. acidilactici D3 is shown in Figure 21. The array shown in the figure is a
collection of growth signals using the BIOLOG protocol A and CI1, the BIOLOG

phenotype microarray plates P1 and P2, and the API strip trials 1 and 2.

API Strip Analysis

P. acidilactici D3 metabolized a wide range of carbohydrates using the API strip
analysis. Pentoses (such as L-arabinose, ribose and D-xylose), hexoses (such as
galactose, glucose, fructose, and mannose), modified hexoses (such as N-acetyl
glucosamine) and disaccharides (like cellobiose, saccharose, trehalose and gentibiose) all
showed a positive signal. As per the API CH 50 identification table, P. acidilactici does
not ferment sucrose. However, P. acidilactici D3 did metabolize sucrose (D-saccharose)
within 24 hours. This positive result was likely due to the presence of the sucrose
operon in the genome of P. acidilactici D3.

Differences in fermentation pattern were also observed as a function of time (24h
vs. 48h). Of the 49 sugars tested for their ability to be fermented by P. acidilactici D3

and P. acidilactici DSM 20284 strain, 14 sugars (L-arabinose, D-ribose, D-xylose, D-
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galactose, D-glucose, D-fructose, D-mannose, N-acetyl glucosamine, arbutine, esculine
ferric citrate, salicine, D-cellobiose, D-saccharose, gentibiose) showed a positive
fermentation profile for both strains after a 48 hour incubation. The sugars D-trehalose
and D-tagatose exhibited an intermediate color standard (green) when fermented by P.
acidilactici D3. 1In contrast, P. acidilactici DSM 20284" fermented both sugars within

24 hours.

BIOLOG Phenotype Microarray Analysis

Comparable to the results of the API analysis, several carbohydrates that showed
a positive signal using the API strips also exhibited a positive signal with the BIOLOG
PM analysis. The well containing sucrose had a high growth signal, once again
suggesting the expression of the sucrose operon. In addition, P. acidilactici D3
displayed strong (signal >100) metabolism of compounds such as dihydroxy acetone,

tween 40, and pectin.

Sucrose Operon

Five contigs (Figure 22, panels A-E) were generated from de novo assembly of
the extracted reads (initially mapped to the P. pentosaceus sucrose and raffinose
operons). In contrast to the P. pentosaceus sucrose and raffinose operons that are
contiguous with each other, P. acidilactici D3 contains only the sucrose operon, as
illustrated in Figure 23. Contig 5 is represented in the figure because it was the longest

contig and contained genes scrK to the initial sequence of the agl/ gene. The green
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(forward) and red (reverse) lines show millions of reads that were generated from
[llumina and Ion Torrent sequencing data.

The sucrose operon for P. acidilactici D3 was annotated (Figure 24). It consists
of six contiguous genes, of with the three upstream genes are reverse. The genes scrK,
agas, scrA are reverse on the plus strand. The genes scrB, scrR, and agl are forward on
the minus strand. Figure 25 represents a consolidated sucrose operon of P. acidilactici

D3.

Verification by Amplification

When PCR was conducted for P. acidilactici D3 and related strains for
amplification of the pedA-B region on the pediocin operon, it was found that several
strains were eliminated from the screening process. These pediocin probes could
therefore be used to specifically target P. acidilactici D3. However, the strains P.
acidilactici PS and P. pentosaceus DSM 20336" also showed amplification at this
region. Since the pediocin operon is highly conserved among strains, the sucrose
operon, containing SNPs was chosen as a second target to constrict the molecular
diagnostic to P. acidilactici D3.

Quantitative - PCR amplification of P. acidilactici D3 with probe pair ‘pedjmsF’
and ‘pedjmsR’ is shown in Figure 26. The experiment was done in technical triplicates.
1 ng of genomic DNA was amplified for all three replicates of P. acidilactici D3. This
concluded that the primer pair could be used as a probe for our strain. At cycle 30, the

non-template control (light green) started showing non-specific amplification which
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could be due to the production of primer-dimers. Similarily, Figure 27 depicts the
results of qPCR for P. acidilactici D3 using the probes pair ‘1SUCD3F’ and
‘ISUCD3R’. Using this probe pair, all replicates of our strain showed amplification,
signifying optimal qPCR conditions.

We expected the related strains to behave similar to the non-template control to
validate strain-specificity of the probe. When qPCR was conducted for the related
strains, only the three replicates for reactions containing the P. acidilactici D3 template
showed amplification up until cycle 30 (Figure 28); therefore verifying strain-
specificity.

The products of amplification were observed on agarose gel electrophoresis as
distinct band of size 500bp. The combination of probes was determined to specifically
identify P. acidilactici D3 from related strains. Figure 29, Panel A, describes the PCR
products generated using primers ‘pedjmsF’ and ‘pedjmsR’ for P. acidilactici D3 and
related strains. When the pediocin operon was used as a target, amplification was
observed in a few related strains due to high sequence conservation of the pediocin
operon. In Panel B, PCR products generated using primers ‘1SUCD3F N’ and
‘ISUCD3R’ for P. acidilactici D3 and related strains is shown. P. acidilactici D3
showed amplification when both the pediocin and sucrose probe targets were used. In
contrast, the related strains showed specific amplification, represented by a bright band
on the gel, for either the pediocin target, sucrose target, or neither target.

Based on the above data, the diagnostic probes chosen for strain-specific

diagnosis of P. acidilactici D3 is shown in Figure 30.
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CHAPTER IV

SUMMARY

Biopreservatives not only prevent spoilage and extend the shelf life of a product,
but they are also perceived as a natural and healthier option to chemical preservatives.
The food safety bacterial culture P. acidilactici D3, provided by Guardian Food
Technologies, was determined to produce antimicrobial peptides called pediocins,
demonstrated by both phenotypic and genomic studies. These pediocins are effective
antimicrobials, previously identified to inhibit the growth of food spoilage bacteria.

In order to develop molecular probes to specifically identify P. acidilactici D3,
whole genome sequencing was carried out. The combination of Ion Torrent Next
Generation Sequencing and Illumina Sequencing provided sequence data to probe for
unique genes that related to characteristic phenotypes such as bacteriocin production and
sucrose utilization. Sucrose utilization was identified by carbohydrate utilization
studies, including phenotype microarrays, a high-throughput method to identify possible
phenotypes of interest.

Single nucleotide polymorphisms on the genome of P. acidilactici D3 were used
to design probes in unique regions of the genome (verified by comparative genomic
analysis). Amplification of target genes were confirmed by qPCR and PCR and
compared to strains related to Pediococcus acidilactici. The methodology followed in
this project resulted in the successful identification of strain-specific probes, unique to

the strain P. acidilactici D3.
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Species Strain GenBank Accession
Pediococcus acidilactici D3 -

DSM 20284T AJ305320.1
Pediococcus pentosaceus DSM 203367 AJ305321.1
Pediococcus stilesii LMG 230827 AJ973157.1
Pediococcus claussenii DSM 148007 AJ621555.1
Pediococcus inopinatus DSM 20285T AJ271383.1
Pediococcus damnosus DSM 203317 AJ318414.1
Pediococcus parvulus - D88528.1
Pediococcus cellicola Z-8 AY956788.1
Pediococcus etanolidurans 7-9 AY956789.1

Table 3. List of Pediococcus cluster type strains used for neighbor joining tree

analysis and their GenBank Accession numbers
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APPENDIX II

FIGURES

Strain ID

Plasmid Profile and Sequence Whole Genome Sequencing

Areas of Interest Pediocin Production cﬂgﬁgg;ite EPS Production

3
Phenotypic Study Zymogram BIOLOG & API > Autoaggghe'\gation

. Pediocin
Genomic Study Operon %)L;:c;:::

. Amplification Related Amplificati Related '

; plification elate

Probe Design of ped for D3 Coi:raaﬂ:on g S
P Comparison

Validation

(1 X 2] DESCRIPTION OF STRAIN GENOTYPE FIELD TEST
OO0 PHENOTYPIC PROFILE
QPCR/STRAIN-SPECIFIC DETECTION
DELIVERABLES

Figure 1. Project outline and description of deliverables.
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Figure 2. Schematic of the mode of action of pediocin. In the figure, the pediocin
peptide is shown as the helix, the N-terminus in gray and the C-terminus in red.
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Figure 3. The pediocin operon. It consists of four open reading frames coding for four
genes involved in pediocin biosynthesis, transport and antimicrobial immunity.
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Figure 4. Schematic depicting the preparation of samples for the spot-on-agar
antimicrobial activity assay and bacteriolytic zymograms.
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P. acidilactici H plasmid pSMB74

3000 4500 6000 7500
Pediocin A B C D A
| § ' J ]

2862bp

pedBCD -Control Standards s
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. -
. = [ |
. 800 PedimsA3 AGTTTTTACTACAGARGCACGATACTATCGAACCTTACCAGTACGTTTTTGATATT
iy
~3 OOObp e M Low QuaLTy Score
J N b L
TN | o B Y TS TR
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BO0 Pedyme-Al TTCTGGAGACTGGTATCAGTARRACTARACATAACCAGCAAACGCCTGAACGACAA
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Figure 5. Sequence alignment and gene confirmation. Panel A. A sequence
alignment of Ion Torrent reads with the P. acidilactici H plasmid pSMB74
revealed the presence of the pediocin operon. Panel B. In this example, the region
pedBCD, which had an expected size of 2,862 bp was amplified. The product was
run on an agarose gel and the band size of approximately 3,000bp was observed.
Panel C. The amplified region was then sequenced by Sanger sequencing.
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ATCC12697 DSMZ 20284

DSMZ 18001

Figure 6. Light microscope captures of few Pediococcus strains
Panels A, B, C and E are P. acidilactici. Panel E is P. stilesii. Samples were unstained
and fields were at 100X magnification
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Acc Voltage: 20kV
Spot Size: No3 x7,500(View angle:1deg)

Acc Voltage: 20kV
Spot Size: No3 x50,000(View angle:1deg)

Acc Volitage: 15kV
»%10,000(View.angle:58deg) Spot Size: No3 x20,000(View angle:58deg)

Figure 7. Scanning Electron Microscopy. Panels A-D, representative fields of Pediococcus
acidilactici D3.
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Figure 9. Tree view by neighbor joining method for Pediococcus cluster type strains
and P. acidilactici D3.
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Figure 10. Distribution of read lengths
Panel A, distribution of read lengths that matched the reference and Panel B, distribution

of read lengths that did not match the reference.
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MRS

Fraction Tested . P. acidilactici
(uninoculated)

SUPERNATANT -~

CELL PELLET

FILTRATE -
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Figure 11. Antimicrobial spot assay with various ultrafiltration fractions. Spot
assays demonstrate no antimicrobial activity in the uninoculated MRS media and P.
acidilactici D3 filtrate. In the inoculated fraction (supernatant, cell pellet and retentate)
a zone of inhibition (antimicrobial activity) is observed.



PEDIOCIN SPOT-ON-AGAR (CONCENTRATION)

COMMERCIAL PEDIOCIN - SIGMA-
ALDRICH #P0098

(10ng/pl)

RETENTATE OF
P. ACIDILACTICI D3

(~10ng/pl)

RETENTATE OF
P. ACIDILACTICI D3

Figure 12. Bacteriocin spot-on-agar assay demonstrating relative bacteriocin
activity by Pediococcus acidilactici D3. Bacteriocin spot assay of P. acidilactici D3 on

T
soft agar seeded with a sensitive indicator strain Pediococcus acidilactici DSM 20284
demonstrated the efficiency of P. acidilactici D3 in causing cell lysis (illustrated by
zones of inhibition) over the commercial pediocin (Sigma-Aldrich).
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Ladder Commercial Retentate of
Pediocin P, acidilactici D3

Figure 13. SDS-PAGE and bacteriolytic zymogram demonstrating relative size of
bacteriocin produced by Pediococcus acidilactici D3. SDS-PAGE was used to resolve
the proteins (> 3,000 Da) present in the Pediococcus acidilactici D3 culture retentate
into separate bands. The size of the band corresponding to antimicrobial activity on a
bacteriocin-sensitive indicator was determined to be ~4,000 Da.
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pedA pedB pedC pedD

Figure 14. The pediocin operon of Pediococcus acidilactici D3. 1t consists of four open
reading frames coding for four genes involved in pediocin biosynthesis, transport and
antimicrobial immunity. The upstream -35 signal (purple), the -10 (blue), the ribosome
binding site (RBS), the start codon (green), and the stop codon (29) are shown for the gene
pedA.
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Continued: Figure 14. The pediocin operon of Pediococcus acidilactici D3.
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GCCGTGTGTA ATTAACTAGA TCACGGAAAT AACTAATTTG TTTTTTCTAA TTAACCTGAT TAATAATGGC GTCGTCGATA TTGTTGTAAT

pedD

1a00 1090 2 qun LR = asn

ATCAGTATTG CTGGTGCATA TTTCTTTCAG TTAATTATCG ATACTTATTT GCCGCACTTG ATGACTAATA GGCTTTCACT AGTTGCCATT
TAGTCATAAC GACCACGTAT AAAGAAAGTC AATTAATAGC TATGAATAAA CGGCGTGAAC TACTGATTAT CCGAAAGTGA TCAACGGTAA

pedD

ann 2090 oan fen

GGTCTGATTG TAGCTTATGC TTTCCAAGCA ATTATCAACT ATATACAAAG TTTTTTTACG ATTGTATTAG GACAACGTCT CATGATCGAC
CCAGACTAAC ATCGAATACG AAAGGTTCGT TAATAGTTGA TATATGTTTC AAAAAAATGC TAACATAATC CTGTTGCAGA GTACTAGCTG

pedD

Zamn 00 2120 21an 2 10p

ATCGTTTTAA AATACGTTCA CCATCTTTTT GATTTACCAA TGAATTTTTT TACTACCCGT CATGTCGGTG AAATGACCTC ACGCTTTTCT
TAGCAAAATT TTATGCAAGT GGTAGAAAAA CTAAATGGTT ACTTAAAAAA ATGATGGGCA GTACAGCCAC TTTACTGGAG TGCGAAAAGA

pedD

1ap oo o ”

GATGCAAGCA AAATTATTGA TGCACTTGGA AGTACAACGC TCACCCTTTT TTTAGACATG TGGATTTTAT TAGCAGTAGG GTTATTTTTG
CTACGTTCGT TTTAATAACT ACGTGAACCT TCATGTTGCG AGTGGGAAAA AAATCTGTAC ACCTAAAATA ATCGTCATCC CAATAAAAAC

padD

GCCTATCAAA ACATCAATTT ATTTTTATGC TCGTTAGTTG TGGTTCCAAT TTACATCTCG ATTGTTTGGC TATTTAAAAA AACTTTTAAT
CGGATAGTTT TGTAGTTAAA TAAAAATACG AGCAATCAAC ACCAAGGTTA AATGTAGAGC TAACAAACCG ATAAATTTTT TTGAAAATTA

Continued: Figure 14. The pediocin operon of Pediococcus acidilactici D3.
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pedD

2 aan

CGTTTAAATC AAGATACAAT GGAAAGCAAT GCAGTTCTTA ATTCTGCTAT TATTGAAAGT CTCAGTGGCA TAGAAACCAT TAAATCACTA
GCAAATTTAG TTCTATGTTA CCTTTCGTTA CGTCAAGAAT TAAGACGATA ATAACTTTCA GAGTCACCGT ATCTTTGGTA ATTTAGTGAT

pedD

a 2 a0 2 gan

2

ACTGGTGAAG CAACTACAAA AAAAAAGATT GACACACTAT TTTCTGACTT ATTGCATAAA AACTTGGCTT ATCAAAAAGC TGATCAAGGA
TGACCACTTC GTTGATGTTT TTTTTTCTAA CTGTGTGATA AAAGACTGAA TAACGTATTT TTGAACCGAA TAGTTTTTCG ACTAGTTCCT

pedD

" s e £

CAACAAGCTA TCAAAGCAGC TACTAAATTA ATCCTAACTA TTGTTATCCT TTGGTGGGGT ACTTTITTTTG TTATGCGACA CCAACTGTCT
GTTGTTCGAT AGTTTCGTCG ATGATTTAAT TAGGATTGAT AACAATAGGA AACCACCCCA TGAAAAAAAC AATACGCTGT GGTTGACAGA

pedD

- . o P 2oy

TTAGGTCAGC TGTTAACTTA TAATGCTTTG CTCGCTTACT TCTTGACCCC ATTAGAAAAT ATTATTAATT TACAGCCTAA ACTACAAGCT
AATCCAGTCG ACAATTGAAT ATTACGAAAC GAGCGAATGA AGAACTGGGG TAATCTTTTA TAATAATTAA ATGTCGGATT TGATGTTCGA

pedD [Xba]

2720 e 2260 aran

GCCAGAGTGG CTAATAATCG ATTAAATGAG GTTTATCTAG TAGAGTCTGA ATTTTCTAAA TCTAGGGAAA TAACTGCTICT AGAGCAACTA
CGGTCTCACC GATTATTAGC TAATTTACTC CAAATAGATC ATCTCAGACT TAAAAGATTT AGATCCCTTT ATTGACGAGA TCFCGTTGAT

pedD

g 820 o 0 2800

AATGGTGATA TTGAGGTTAA TCATGTTAGT TTTAACTATG GCTATTGTTC TAATATACTT GAGGATGTTT CTCTAACAAT TCCACATCAT
TTACCACTAT AACTCCAATT AGTACAATCA AAATTGATAC CGATAACAAG ATTATATGAA CTCCTACAAA GAGATTGTTA AGGTGTAGTA

pedD

ann 2000 4 ann

CAGAAGATTA CTATTGTAGG CATGAGTGGT TCGGGGAAAA CGACCCTAGC CAAGTTGCTA GTTGGTTTTT TTGAGCCTCA AGAACAGCAC
GTCTTCTAAT GATAACATCC GTACTCACCA AGCCCCTTTT GCTGGGATCG GTTCAACGAT CAACCAAAAA AACTCGGAGT TCTTGTCGTG

pedD

o o 2 o

GGTGAAATTC AGATTAATCA TCACAATATA TCTGATATTA GTCGCACAAT TTTACGCCAA TATATTAATT ATGTTCCTCA AGAACCTTTC
CCACTTTAAG TCTAATTAGT AGTGTTATAT AGACTATAAT CAGCGTGTTA AAATGCGGTT ATATAATTAA TACAAGGAGT TCTTGGAAAG

pedD [Hincii]

200 3400 1 2140

ATTTTTTCGG GCTCTGTATT AGAAAATTTA TTGTTAGGTA GCCGTCCTGG AGTAACTCAA CAAATGATTG ATCAAGCTTG TTCCTTTGCT
TAAAAARAGCC CGAGACATAA TCTTTTAAAT AACAATCCAT CGGCAGGACC TCATTGAGTT GTTTACTAAC TAGTTCG C AAGGAAACGA

pedD

2 30 2 an 2 200 4 20 4 5an

GAAATCAAAA CTGATATAGA AAATTTGCCT CAAGGTTATC ATACTAGATT AAGTGAAAGT GGATTCAACT TATCTGGTGG GCAAAAACAG
CTTTAGTTTT GACTATATCT TTTAAACGGA GTTCCAATAG TATGATCTAA TTCACTTTCA CCTAAGTTGA ATAGACCACC CGTTTTTGTC

pedD

a2an 2 26 - 2

CGGTTATCAA TAGCTAGAGC ATTATTGTCT CCGGCACAAT GTTTCATTTT TGACGAATCA ACCAGTAATT TAGACACCAT TACTGAACAT
GCCAATAGTT ATCGATCTCG TAATAACAGA GGCCGTGTTA CAAAGTAAAA ACTGCTTAGT TGGTCATTAA ATCTGTGGTA ATGACTTGTA

pedD

EET 280 23an EFL 1490

AAAATAGTCT CTAAGCTATT ATTCATGAAA GACAAAACGA TAATTTTTGT AGCACATCGT CTCAATATTG CGTCTCAAAC CGATAAAGTT
TTTTATCAGA GATTCGATAA TAAGTACTTT CTGTTTTGCT ATTAAAAACA TCGTGTAGCA GAGTTATAAC GCAGAGTTTG GCTATTTCAA

pedD

2460 3 sh0 Py 2600

GTCGTTCTTG ATCATGGAAA GATTGTTGAA CAGGGATCAC ATCGACAATT GTTAAATTAT AATGGGTATT ATGCACGGTT AATTCATAAT
CAGCAAGAAC TAGTACCTTT CTAACAACTT GTCCCTAGTG TAGCTGTTAA CAATTTAATA TTACCCATAA TACGTGCCAA TTAAGTATTA

D Stop
‘:h i i

CAAGAATAGC CTGACAAGAA CCAGTCTGCT ATTGATAGAC TATTCTTGTC CGTGAAATCC TCGC
GTTCTTATCG GACTGTTCTT GGTCAGACGA TAACTATCTG ATAAGAACAG GCACTTTAGG AGCG

Continued: Figure 14. The pediocin operon of Pediococcus acidilactici D3.
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Figure 15. Sucrose operon and metabolic pathway. There are six open reading frames
in the sucrose operon and each open reading frame codes for a gene that acts in the
metabolic pathway for the uptake and degradation of sucrose, ending in the glycolytic

pathway.
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pH

0.000 0.026 0.052 0.104 0.208 0416 0.830 1.667

Lactic Acid (%)

Figure 16. Colorimetric reference standard for API 50 research strip. Graph
of pH change based on lactic acid percentage. Lactic acid dissolved was in
aqueous bromocresol purple (0.017% w/v) (BCP) at different concentrations
(from left to right: 0.026%, 0.052%, 0.104%, 0.208%, 0.416%, 0.830%, to
1.667%). The pH (y-axis) of the colorimetric reference as a function of lactic acid
concentration (%) (x-axis), including deionized water (0.00% lactic acid). Each

reading was taken thrice.
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SNPs on Sucrose

C ion Type Reference Allele Frequencies Counts. Coverage
Position Position Variatons
10185 023| SNP 1T TIc 56.0/44.0 2465/1035 4401
10217 975| SNP 16 GIC 55.8/44.2 2343/1856 4201
10226 084| SNP 1A AIC 56.0/44.0 232811827 4153
10367 1125| sNP 16 AG 51.1/48.8 215012054 4205
10843 1402 SNP 16 T 100.0 2000 2000
10850 1400| SNP 1A c ) 1987 1088
10075 1734| SNP 1T c %7 1874 1879
11140 1008 | SNP 16 A 100.0 1841 1841
11305 2154| sNP 16 c 0.0 1721 1723
11842 2601| SNP 1c G %07 1951 1057
11843 2602| SNP 16 c X 043 1046
11900 2650| SNP 1T G 100.0 /vm 2177
11901 2680 SNP 1c T 100.0 2184 2184
119085 2744 SNP 1T c 100.0 2153 2154
12027 2788 SNP 1c T 100.0 2003 2004
12321 3080| SNP 16 A ) 1732 1734
12350 3100| SNP 16 A 0.0 1782 1783
12380 2128 1c T ) 1767 1768
12405 3164| SNP 16 A 100.0 1842 1842
13538 4205 SNP 1|7 G X 2022 2025
13888 4847 | SNP 1A T 100.0 1002 1002
13907 4688 | SNP 1|7 G 0.0 2043 2046
14228 4985| SNP 1A c 0.0 1858 1660
14317 5076| SNP ic T 100.0 1880 1880
15022 5781| SNP 16 A 0.0 1881 1882

Figure 17. SNP detection table. The SNP detection table was generated
after alignment of the sucrose operon of P. acidilactici D3 to the
raffinose operon genes of P. pentosaceus (GenBank: 1L32093.1). SNPs

with frequencies > 95 were chosen for probe design.
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Figure 19. Optimized qPCR conditions for amplification of P. acidilactici D3.
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r’ Nuclease- free water ACGTAAGTCAAATGCACCC)
N\

SYBER Green <&V / Eocrrcacaroamancana

gPCR

/I\

lg.‘ B \ \ | | L | -/

Template 3 10697 8oa2 8081 20284 PS 25744 33314 20333 20336 18001 NTC

P. acidilactici P. pentosaceus P, stilesii

Figure 20. Methodology for qPCR to quantify P. acidilactici D3 in comparison to
related strains. For each strain, 1ng of DNA was tested for amplification; Fast SYBER
Green MasterMix (Applied Biosystems) was used for detection; NTC (non-template

control).
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Carbon Source / Phenotype

BIOLOG Protocol

APICHL
30

2,3-Butanone

2-Deoxy-D-Ribose

3-0--D-Galactopyranosyl Arabinose

5-Keto-D-Gluconic Acid

Acetoacetic Acid

Amidon

Amygdalin

Arbutin

Aztreonam

Butyric Acid

Chondroitin Sulfate C

D-Arabinose

D-Cellobiose

Dextrin

D-Fructose

D-Galactose

D-Glucosamine

Dihydroxy Acetone

D-Lactose

D-Maltose

D-Mannose

D-Raffinose

D-Ribose

D-Saccharose / Sucrose

D-Serine

D-Tagatose

D-Trehalose

Dulcitol

D-Xylose

Esculin ferric citrate

Fusidic Acid

Gelatin

Centiobiose

Clyeyl-L-Clutamic Acid

Guanidine HCI

L-Arabinose

Lincomycin

Lithium Chloride

A ClIJPl P2

Signal Type

Strong (Above 100)

APl positive

Weak (Below 100)

Below negative control/Doubtful
No data

Carbon Source /Phenotype BIOLOG Protocol API___EHL
A _Cl]PL P21 2

L-Lyxose

[Valtitol

|Mannan

|Minocyc|ine

[N-Acetyl-D_Glucosamine
[NaCl (1%)

[NaCl (4%)

[NaCl (8%)

[Nialidixic Acid
|Niaproof4

Oxamalic Acid
|Palatinose

[Pectin

pH5

pH6
p-Hydroxy-Phenylacetic Acid
Potassium Tellurite
Propionic Acid
Rifamycin SV

Salicin |
SodiumBromate
SodiumButyrate
SodiumLactate (1%)
Sorbic Acid
TetrazoliumBlue
Tetrazolium Violet
Troleandomycin

Tween 40

Vancomycin
0-D-Glucose
o-Hydroxy-Butyric Acid
o-Keto-Butyric Acid
y-Amino-Butryic Acid

Figure 21. BIOLOG and Analytical Profile Index data.
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= an ()

1 [} |
ATCATGATGGTATTGGTGACTTAAAGGGGATCACGGCCCACCTAGACTACTTAAAGCAATTAGGA
TAGTACTACCATAACCACTGAATTTCCCCTAGTGCCGGGTGGATCTGATGAATTTCGTTAATCCT

L 00 120

1 1 1
ATCGACGTCATTTGGCTCAATCCCATTTATCGTTCACCCAACGATGATAATGGTTATGATATTAG
TAGCTGCAGTAAACCGAGTTAGGGTAAATAGCAAGTGGGTTGCTACTATTACCAATACTATAATC

140 150 180
1

| 1
TGATTATCAACAAATTGCGGCCGACTTTGGCACTATGGCTGATTTTGATGAACTATTGCAAGCCG
ACTAATAGTTGTTTAACGCCGGCTGAAACCGTGATACCGACTAAAACTACTTGATAACGTTCGGC

200 zm 240 L

1 I I 1
CCCATGACCGGGGCTTAAAGATCATCATGGACTTGGTTGTTAACCATACCTCTGATGAGCATCCA
GGGTACTGGCCCCGAATTTCTAGTAGTACCTGAACCAACAATTGGTATGGAGACTACTCGTAGGT

80 a00 ann

20
TGGTTCAAACGCAGTCGCCAGGACCGCACCAATCAATATCGTGATTTCTACTTTTGGCGC TCAGE
ACCAAGTTTGCGTCAGCGGTCCTGGCGTGGTTAGTTATAGCACTAAAGATGAAAACCGCGAGTCC

aan aso aso

1 [} 1
TAACGGCAAAAAGGCGCCCAATAATTGGGATGCGGCTTTTGGTGGTTCAGCATGGCAATATGATG
ATTGCCGTTTTTCCGCGGGTTATTAACCCTACGCCGAAAACCACCAAGTCGTACCGTTATACTAC

ana w0 &40
| 1 1

AGCAGACCCAGCAGTATTATTTACACACGTTTTCAACAAAACAACCTGATTTAAACTGGGAGAAT

TCGTCTGGGTCGTCATAATAAATGTGTGCAAAAGTTGTTTTGTTGGACTAAATTTGACCCTCTTA

) ED so0 sz0

[} | | 1
CCGACCTTACGAGAGTCAGTTTATACGATGATGACCTGGTGGCTGAACAAGGGTGTTGACGGTTT
GGCTGGAATGCTCTCAGTCAAATATGC TACTACTGGACCACCGACTTGTTCCCACAACTGCCAAA

=g ] (3]

1 1 I
TCGAATGGACGTCATTAACCAAATCTCTAAGTTACCCGGATTACCAGATGGTTCACTGAAACCGC
AGCTTACCTGCAGTAATTGGTTTAGAGATTCAATGGGCCTAATGGTCTACCAAGTGACTTTGGCG

Ecoi)

; GT:J u:l':n
ACAGTCAGTTTGGCGATG CGAGTAACGAACGGACCGCGAGTTCATGAATTCTTGCAAGAAATG
TGTCAGTCAAACCGCTACGAGCTCATTGCTTGCCTGGCGCTCAAGTACTTA AACGTTCTTTAC

6ED BEO ron

1 + 1
AACCAAGAAGTGTTGTCACAGTTTGATIMTCATGACGGTTGGTGAGACCCACGGGGTGACACCAGC
TTGGETTCTTCACAACAGTGTCAAACTATAGTACTGCCAACCACTCTGGGTGCCCCACTGTGGTCGE

L

ran TAD ran T80

1 I I 1
GGATGCGCTGAAGTATGCGGGCGCTGATCAGCACGAATTAGATATGGTCTTTGAATTTCAACATC
CCTACGCGACTTCATACGCCCGCGACTAGTCGTGCTTAATCTATACCAGARACTTAAAGTTGTAG

A

Figure 22. Contigs of the sucrose operon. Panel A: Contig 1; Panel B: Contig 2; Panel
C: Contig 3; Panel D: Contig 4; Panel E: Contig 5
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20 20 &0

| | 1
AGTTTTTTAGCGCGCGGCGACCACTTGGCCCACGTGAGGCTCATCTAGTCGTTGGTGACCTTGAA
TCAAAAAATCGCGCGCCGCTGGTGAACCGGGTGCACTCCGAGTAGATCAGCAACCACTGGAACTT

a0 100 120

| | |
TGAAGCCCGTGAGGTTAAACGGTAGTTGTTCATCGATCGTCGTGACCAATTGACCAGTATCTAGC
ACTTCGGGCACTCCAATTTGCCATCAACAAGTAGCTAGCAGCACTGGTTAACTGGTCATAGATCG

140 160 180
1 1 ]

AACTTGAATAGTAAT TGTAAGGCGGCTTGATCAGAAATCACTTCGGTCGGTTGGATTGCTTGGAA

TTGAACTTATCAT TAACATTCCGCCGAACTAGTCTTTAGTGAAGCCAGCCAACCTAACGAACCTT

200 220 240 260
1 ] | 1
ACGAATTGATTTACTGTTGGC TGGCAAGTGACGGGLCGAATGAAGCGATGGTCGCATCAAATTTGG

TGCTTAACTAAATGACAACCGACCGTTCACTGCCCGCTTACTTCGCTACCAGCGTAGTTTAAACC

280 300 320

| | 1
CCATTGCTAAGTCATCTTTGCTACCAACGCCATCGATAGCGACATTGATTACGACGTCACCGCGG
GGTAACGAT TCAGTAGAAACGATGGTTGCGGTAGC TATCGCTGTAACTAATGCTGCAGTGGCGCC

340 360 aan

| | |
TCTGGGTC TGGATGTAAGC TGATTCCTGAGACAACTTTTAAGAGAGGGTATAATGAATAAATCGT
AGACCCAGACCTACATTCGACTAAGGACTCTGTTGAAAATTCTCTCCCATATTACTTATTTAGCA

£00 420 4‘|13
ATTCAAACAAANMCATTAT
TTTGTTTTGTAATA

I I
CTCTCAAAAGAAAGGAATTTTTACATGCCAACTCGTTACGACAAAG
GAGAGTTTTCTTTCCTTAAAAATGTACGGTTGAGCAATGCTGTTTCTTAA

4ED 480 500 520
I I I 1
CAACCTATATAAGCAAGGCGAATCAGCTGCCCAACTGGCCAGAGAATATGGCATTGGCTATTCAA

GTTGGATATATTCGTTCCGCTTAGTCGACGGGTTGACCGGTCTCTTATACCGTAACCGATAAGTT

BamH¥

540 560 5680

1 1 1
CAGTTCATAAGTHGATCCAGGGCCAGGCCAAAACTCAATCCGGTAAATCGCCAGACGAAATCAAA
GTCAAGTATTCACCTA TCCCGGTCCGGTTTTGAGTTAGGCCATTTAGCGGTCTGCTTTAGTTT

600 620 a0

|
GCGATAGAAAAGCGACTGGCTTCGCTGTCTGAGGAGAACGAAATCCTAAAAAAAGCCCTGGGCTT
CGCTATCTTTTCGCTGACCGAAGCGACAGACTCCTCTTGCTTTAGGATTTTTTTCGGGACCCGAA

&&0 a0 700

| | |
CCTTGCGCAGAAGTAACCAATATCTTTGATTACATTCACCAAGAAAGCCATCACCACCAGGTAAC
GGAACGCGTCTTCATTGGTTATAGAAACTAATGTAAGTGGTTCTTTCGGTAGTGGTGGTCCATTG

20 740 FE0 TEO

1 1 1 1
CAAGATGTGCCGAATCCTCGGTGTTTCCAGAGCTCAGTATTATCGTTATCGATCCCCCAAACCTT
GTTCTACACGGCTTAGGAGCCACAAAGGTCTCGAGTCATAATAGCAATAGCTAGGGGGTTTGGAA

B

Continued: Figure 22. Contigs of the sucrose operon.
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a00 820 B40
I

I I
CAAAACGCCGGGCCGAAGATGCGGACTTGAAACAACGGATTCTGCGGATCTTTGCGGAATTTAAG
GTTTTGCGGCCCGGCTTCTACGCCTGAACTTTGTTGCCTAAGACGCCTAGAAACGCCTTAAATTC

BED 860 200
|
CAGCGATACGGTGTTATGAAGATCCACCATGAATTGAATCTGGAACTTCAACCACTGCAIGCTTCG

GTCGCTATGCCACAATACTTCTAGGTGGTACTTAACTTAGACCTTGAAGTTGGTHACGTCGAAGC

[EcoR V]
a20 240 950
1 |

|
GTGCAGTCCACGACGGATTTCCCGGCTCATGAAGGAACTGGATIATCCACTCCGTTACCGTCAATA
CACGTCAGGTGCTGCCTAAAGGGCCGAGTACTTCCTTGACCTATAGGTGAGGCAATGGCAGTTAT

9?3 1.?50 |.D|20 |.D4|0
AGTGGAAAGCGGCTTCGGCTTCCAAAACCAAGGTTGAACAGCGTCCCAACTTGCTTAAGCAGGAT

TCACCTTTCGCCGAAGCCGAAGGTTTTGGTTCCAACTTGTCGCAGGGTTGAACGAATTCGTCCTA

1,060 1,080 1,100
| | |

TTCTCGACCACTGGTTTAAATCAAAAATGGACCGCTGATATGACCTATATTCAAACGAAGCGTAA
AAGAGCTGGTGACCAAATTTAGTTTTTACCTGGCGACTATACTGGATATAAGTTTGCTTCGCATT

1,120 1.140 1,160
| | |
TGGCTGGTGTTACTTATCAACCATCATGGACCTGCACTCACGACGGATTATCGGCTATTCGTTCT

ACCGACCACAATGAATAGTTGGTAGTACCTGGACGTGAGTGCTGCCTAATAGCCGATAAGCAAGA

1180 1,200 1,220
| 1 ]
CAAAAAAGATGGATACTGAT TTAGTCTTAAAGACCCTGGAAAGCGCGGTTAAAAATCGAACCATT

GTTTTTTCTACCTATGACTAAATCAGAATTTCTGGGACCTTTCGCGCCAATTTTTAGCTTGGTAA

1,240 1.260 1.280 1,300

] ] ] |
ACTGGGGACCTGATTATCCACACAGACTTAGGATCACAGTATACCAGCGATGATTACAATCAACG
TGACCCCTGGACTAATAGGTGTGTCTGAATCCTAGTGTCATATGGTCGCTACTAATGTTAGTTGC

1,320 1,340 1.380
1 1
TTTAACTGAACTACATATCCGCCACTCATACAGCCGTAAGGGTTGTCCGTATGATAATGCGCCAA
AAATTGACTTGATGTATAGGCGGTGAGTATGTCGGCATTCCCAACAGGCATACTATTACGCGGTT

1,380 1,400 1,420

I I I
TGGAATCTTTTCATGCTTCCCTCAAAAAGGAATGGGTTTATCCAGGGCCGGTCTTTGAGAATTAT
ACCTTAGAAAAGTACGAAGGGAGTTTTTCCTTACCCAAATAGGTCCCGGCCAGAAACTCTTAATA

1,440 1,460 1,480
| 1

1 =
GAAACTGCCGCTGCCGTCCTTTTTGAATATGTGCATGCTTTCTACAATAGGAAGAGAATTCATAG

1.5|CC 1_57|c
TTCACTGGGCTACCAGACCCCCTTA

AAGTGACCCGATGGTCTGGGGGAAT

Continued: Figure 22. Contigs of the sucrose operon.
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20 40 a0
| | |
TCAACTTTATCGTACTCTAAAATTAGTTCTCATGATATAGATTGTACACAATTTGGATGTAAGCT
a0 100 120
| | |
GATTCCTGAGACAACTTTTAAGAGAGGGTATAATAAATAAATCGGCTCTCAAAAGGAAGGAATTT
140 180

|
TTACATGCCAACTCGTTACGACAAA

&

200 220 240 260
| | | |
AATCAGCTGCCCAACTGGCCAGAGAATATGGCATTGGCTATTCAACCGTTCATAATAGGGAGGCT

T 7

TAGATGCCTTTTTTGTACTGAATTGATGATAGTGGCTGTCATG

C

Continued: Figure 22. Contigs of the sucrose operon.
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20 40 &0

1 | 1
TAACGGTCACAGCCTCTCCAGGACGTGTCCTGACTATTTTTTCAAAATTTIGTCGGTAGATTGCAA
ATTGCCAGTGTCGGAGAGGTCCTGCACAGGACTGATAAAAAAGTTTTAAACAGCCATCTAACGTT

a0 100 120

I I I
ATTTAATCCGAATTTTTGGACAAATTTGTCAGCATAACCTGATACGGTGTTTGCCAGTCGAGTAT
TAAAT TAGGC TTAAAAACCTGTTTAAACAGTCGTATTGGACTATGCCACAAACGGTCAGCTCATA

120 160 180

| 1 ]
TTTAAGCGGTCGCTGGTTAATTTIGGAGTAATGTCGTCGTTAAATCTTIGAGCACTAATGTGCTCAA
AAATTCGCCAGCGACCAATTAAACCTCATTACAGCAGCAATTTAGAACTCGTGATTACACGAGTT

200 2z0 240 260

I ] | |
AACGAGTCCCTTTAGGATAAAAATAACGTAAATTCCGATTAAAGCGTTCATTACTACCACGTTCA
TTGCTCAGGGAAATCCTATTTTTATTGCATTTAAGGCTAATTTCGCAAGTAATGATGGTGCAAGT

280 300 320

1 | ]
GCTGGAGTATAAGCATGGCAGTAATAGGTCTTAATACCATATTGTGATTCAAGTGATACTAGCCC
CGACCTCATATTCGTACCGTCATTATCCAGAATTATGGTATAACACTAAGTTCACTATGATCGGG

340 360 aan
I I

I
ACTAAACTCAGTGCCACGGTCCACAGTAAAGCTGTGCACCGGACCATTAAAAGTGGT TAGGAACT
TGATTTGAGTCACGGTGCCAGGTGTCATTTCGACACGTGGCCTGGTAATTTTCACCAATCCTTGA

400 420 440

| | |
TAGTTAGTGCTTCATTAACAGTCGCTGTCGTCCGATCTTTTAACCGGTAGGCCCAAAGGAACCGT
ATCAATCACGAAGTAATTGTCAGCGACAGCAGGC TAGAAAATTGGCCATCCGGGTTTCCTTGGCA

ABD 480 s00 820

| ] 1 |
GATTTTCAATCGATTAAAGTTAATAAAACTGTCTTACTATGCCCACGAGGACCAACGACTGTATC
CTAAAAGT TAGCTAAT TTCAATTATT T TGACAGAATGATACGGGTGCTCCTGGTTGCTGACATAG

540 550 580
] | ]
TAGTTCAAAATCGTCGATGCGATTACGT TGATTAATCATCATGGGACGCTGTTCAATTGATCGCC
ATCAAGTTTTAGCAGC TACGCTAATGCAACTAATTAGTAGTACCCTGCGACAAGTTAACTAGCGG

&00 G20 G40

| ] |
CCAAAGATTGATTATATTTGGATCGTTGGTCAACGTTACGCCGTTGGCGTATGCCATGTTCAGGT
GGTTTCTAACTAATATAAACCTAGCAACCAGTTGCAATGCGGCAACCGCATACGGTACAAGTCCA

&80 880 700

I I I
AGATCATTCAAGGAGAAACCAATTCTCCCCTGATTTAGCCAATTATAAATAGATTTAGTCGCTAG
TCTAGTAAGTTCCTCTTTGGT TAAGAGGGGACTAAATCGGTTAATATTTATCTAAATCAGCGATC

720 40 30 780
TTTAAATTCGTGAGCAATCATTCCTGGTGACCAGCTTAGACGTAAATGGTTGAGAATTTTITITIGCT

AAATTTAAGCACTCGTTAGTAAGGACCACTGGTCGAATCTGCATTTACCAACTCTTAAAAAACGA

800 B30

1 I
TTAACTCATCGCTCAGC TTAGTTTTCCGACCACATTIGTGATCGCTTGTATTCGGCATCT
AATTGAGTAGCGAGTCGAATCAAAAGGCTGGTGTAACACTAGCGAACATAAGCCGTAGA
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20 40 a0

I I I
CTGCCATAATTACGAT TAACTCCTTAGTTACGCGGTAAGGCCCTTGATGAGC TTAACTGGTAACG
GACGGTATTAATGCTAAT TGAGGAATCAATGCGCCATTCCGGGAACTACTCGAATTGACCATTGC

a0 100 120

I I I
TATATTTTGATTCCAGTGTACAATTCGCATCCTCAATCCGCTGCAATAGTAGAGAAACCAGT AAC
ATATAAAACTAAGGTCACATGTTAAGCGTAGGAGTTAGGCGACGTTATCATCTCTTTGGTCATTG

120 160 180

| | ]
GTGCTAATATCCGCTAACGGTTGTTCTACTGTTIGTTAATTCAGAATAATAATCACGTATGAGCGC
CACGATTATAGGCGATTGCCAACAAGATGACAACAATTAAGTCTTATTATTAGTGCATACTCGCG

200 2z0 240 260
|
CGTGCCATCATAACCAACAACGCGTAATTGC TCAGGAACCGTTAATGACAGTTGTCGCGCGACGT

GCACGGTAGTATTGGT IGTTGCGCAT TAACGAGTCCTTGGCAATTACTGTCAACAGCGCGCTGCA

280 300 320

| | ]
TGAGCACTAGTAAAGCGGTCAAATCATCACTACAAAAAATACCATCATACTGATGTTGTGTCATA
ACTCGTGATCATTTCGCCAGT TTAGTAGTGATGTTTTTTATGGTAGTATGACTACAACACAGTAT

340 360 aan
I I

I
ATCGTCTTAATTTCCATCATCTTCAGCGCAGGGGTCAATTCAAACGGTAATTCATGGACATGGGGE
TAGCAGAATTAAAGGTAGTAGAAGTCGCGTCCCCAGTTAAGTTTGCCATTAAGTACCTGTACCCC

400 420 440
| I
TGTTAGCTGTTGGGCAGTCAAGTAGGCTTCATATCCTTCACGGCGACCATTCGTTGGCGAACCAG

ACAATCGACAACCCGTCAGTTCATCCGAAGTATAGGAAGTGCCGCTGGTAAGCAACCGCTTGGTC

460 480 s00 520
| ] 1 |
CGTGTGACTTACCAGT AAAAATAGCCACGTTAGTCGCCCCCGCCTGATGCAATGTCTGGGTTGCT

GCACACTGAATGGTCATTTTTATCGGTGCAATCAGCGGGGGCGGACTACGTTACAGACCCAACGA

540 560 580

| 1 1
AGCCAGCCCCCCTGGTAATTATCCGAACTAACGATGGGAATATTGTCGGATAAGTACCGGTCAAA
TCGGTCGGGGGGACCAT TAATAGGCTTGATTGC TACCCTTATAACAGCCTATTCATGGCCAGTTT

B0O 620 G40

] | |
TGAAATAATCGGAAGACCATATTGTTGATATTCTTCAATACCTAAATTGTGGGCACCAGCAATAA
ACTTTATTAGCCTTCTGGTATAACAACTATAAGAAGTTATGGATTTAACACCCGTGGTCGTTATT

&60 &80 TO0
1 ] ]
CGACCTGATTAGCCATCAACATTTGTAAGTAGTCGCGTTCCTTTTIGCGGATCATCCGCA
AGGGCAGC GACTAATCGGTAGTTGTAAACATTCATCAGCGCAAGGAAAACGCCTAGTAGGCGT

Tz20 740 780 T80

| |
CTATTACATAAAATCACCTTATAATTTTTAGCAAATAAGATTTTTTCAATCCGGGACACCAGTTC
GATAATGTATTTTAGTGGAATAT TAAAAATCGTTTATTCTAAAAAAGTTAGGCCCTGTGGT CAAG

a0 820 540

I
ACCAAAGAACGGATTACTAATATCTGAAAAGATGACGCCAATTAAGCGCGTATTCTTTCCTTGCA
TGGTTTCTTGCCTAATGATTATAGACTTTTCTACTGCGGTTAATTCGCGCATAAGAAAGGAACGT

E
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860 880 =00

I I I
GTGAGCGTGCCATATTATTCGGCTGATAATGCAGTTCTCGCATCGCCGCGAAAACTTTTTCTTTA
CACTCGCACGGTATAATAAGCCGACTATTACGTCAAGAGCGTAGCGGCGCTTTTGAAAAAGAAAT

aa0 840 880
I | |
GTCTGACTACTCAGGTAGCCATGGTTATTAATAACCCGAGAAACGGTTGTCGCTGAGACCCCCGC

CAGACTGATGAGTCCATCGGTACCAATAATTATTGGGCTCTTTGCCAACAGCGACTCTGGGGGCG

o0 1.000 1020 1.040
TAGCTTCGCAACATCATTTAATTTTIGGTTTCATTGTTATCGACTCCAGTATGCTCTGATTGGCGC

ATCGAAGCGTTGTAGTAAATTAAAACCAAAGTAACAATAGCTGAGGTCATACGAGACTAACCGCG

1.060 1,080 1,100
| | |
CATTCCCAGACTTTACCGGTAACTGCCGTAGTGTCACCTTIGAACGT TAAGACGACTCGGGGTAGC
GTAAGGGTCTGAAATGGCCATTGACGGCATCACAGTGGAACTTGCAATTCTGCTGAGCCCCATCG

1,120 1,140 1,160
| | |

GTTTAAGAAGAAACGGCCGGTCATCACGGAATAGCCGTTATCAATATAGCATTCAAAGACTGACA

CAAATTCTTCTTTGCCGGCCAGTAGTGCCTTATCGGCAATAGTTATATCGTAAGTTTCTGACTGT

1,180 1,200 1,220
| |
CATCTATGATTAGCCGGATTTTTATCGTCTTATGGGCCGTTAACTCAACTTGACGAGTCTGACCA

GTAGATACTAATCGGCCTAAAAATAGCAGAATACCCGGCAATTGAGTTGAACTGCTCAGACTGGT

1,240
]

TAATCTTCAGCAAAC

|,2leo |_2|BU 1.30|0
AATTCCCCGTATGCCGCCGATCAATCATAACCTGACCATGGTTGGCATC
GGGCATACGGCGGCTAGTTAGTATTGGACTGGTACCAACCGTAG

1,320 1,340 1,380
1 |
AACAGTCACCTGCAGCTGGCCACTTTCCTGCTGATCAGCAATGTTAACCGTGACCGTTTTATCAG

TTGTCAGTGEACGTCGACCGGTGAAAGGACGACTAGTCGTTACAATTGGCACTGGCAAAATAGTC

1,380 1400 1,420
1 | I
CGGGAACCGTCAGTAAGAGTTCAAAGCTGCCATTCAAAGCGGCCACCGTCGCCCGTTGTTGCTCA

GCCCTTGGCAGTCATTCTCAAGTTTCGACGGTAAGTTTCGCCGGTGGCAGCGGGCAACAACGAGT

1,440 1,280 1,480
I I I
AAGACTAGGTCATGCGCCGTCGTCCGCAAATCATCCACCGCTGCCACTGGATTTTGATAGAGGTG

TTCTGATCCAGTACGCGGCAGCAGGCGTTTAGTAGGTGGCGACGGTGACCTAAAACTATCTCCAC

1,500 1.520 1,540 1,560
I I I I
CCCATCTTTAAGCGTTAGTTCCTTAACTAAGCTCAAACAATGGGCCCAATTTTCACGATCAGTTG

GGGTAGAAATTCGCAATCAAGGAATTGATTCGAGTTTGTTACCCGGGTTAAAAGTGCTAGTCAAC

1.580 1,600 1,820
| | ]

GATAGGAAATTTCAGGTAACCCAATCCAGCTGACGGCTAACGCGCGGCCATCCGGCGCATTGATT
CTATCCTTTAAAGTCCATTGGGTTAGGTCGACTGCCGATTGCGCGCCGGTAGGCCGCGTAACTAA

Continued: Figure 22. Contigs of the sucrose operon.
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1 - L

GCCTOCETRECATACACETCAAAGCSCETCATOCAAT TGCSA TS ASGECETIGHEPET TCAGT GAAT TS
COGACOCACCOTATGTGCAST TTOGGCAGTASRETT AACGCASGTOCCGCACCCCAAGTCACTTAALD

LN, *TEh LT
1
THCCTOGAGCTASETTCAATTIRATCGECAACTAAATACATGTTOSFGATAAATAT TCTEATACOHIERA
ACGEAC TC A TCCAAGT TAAC TAGCCAT TOATTTATGTACAAGCCTAT T TATAASACTATACCCT

o -l_"lt.ai: ljl\:rl ..a\:l;:-
TCETTACTTSORATAACCCT TEEEACADAACAAT ASGACEHOERC TO T T EATOOA T OO SIEACCARA
AGCAACOAACCTAT TOGOAACCCCTAGTCTTETTATTCTACC ORACAAC TASC TAGETCTAAGTCT

-,aln l_.ailu lji.m
TTTEAACACTCAATCATATAACCCCECOCAT TTEC BT TCAACT TTRACACATOOA
AAACCTATAASTTAGTATAT TSI GECACATAAACGCCCT TACAAGT TRAGCS GRAACTOGTATAGET

" - 2 Lmas

1 1 1
GETEATCAATCCT T TOAGAAATAAACC AABATAGCACCOATCTCAGTAGTCETCOTECEC ACCOA
A AT TA A AAC TCTTTAT TTAGTTCTATCETAAC TASAGT CATCAGE ABACECATASET

s - Er
1 1 1
TCAGCOCATASTAGCCATASTCAT TCCAOATCAAGTCCOOAT CACGAAACOAACTOOTET ACCCA
AGTCOCACATCATCOGC ACCASTAAGGCCTASTTCAGGCC TASGTOGC T TTAC TTRAGCACATOEET

SRS Fad L 20wy

1 1 1 1
GOCEAAGCATSCECAAT TASTCCOGaACASCTTTTTAATSTRAT TATCCOTETOCATCS AGIC
T CaATACR AT TAATCACCEECCC TATORAAAAAT TACACTAATAGOCACAGETAQOTIOOD

zrea L] = pan
1 1 1
ACCTAATTGATACGATTCACOT TECCAATC S CAGTACOOACATTACCCATATACATAATAAATA
TEHEAT T A TATEC TAAGTC AACGETCAGC OO TCATACC T TAATGEACATATEITATTATTITAT

1 1 1
ACTEATCATCAATTGATAGTSCTETACCCATATACGCACCATRCRAGTCATACSBRCETAT S TOIT
TEACTAGTASTTAACCATCACGACATGAGCACATECGCAGCACEHC T CAGCATGOCGE AT AGASTEA

FE-C FEC Fr
1 1 1
COAATCOC TAACCCTCATCATGCCAATCCACCAAGTTCTTASAGETCACATSTTGCCATOGACTT
GETTAGCESAT TEGESAGTASTACGET TAGATGET TCAAGAAT CTOC &0 TASAC AACEHE T AS TA A

S S04 paem R

1 1 1 1
CAGTCCATOTACCHEACCOAACIEAAAGACT IZGT ABGAACAGETEGC CACTOACCATCAAAGTATS
BTCaAGGCACs TGS TGS T TGCC T TE TEAACCATCETTA TS CACGE TAEAC THETAGT T TSATAL

Zoma e Tam

1 1 1
AR CACAREEETCATTTAACAGACC TOATOTAGGCTOAATATEATATTEGCATCCOGCCACTTA
TTT I Caa T T AT AL T TG T ETAGAC TACAT CCAAC TTATAC TACAACGTAGGCEATAAAT

FATE ERTT 2mms

1 1
GACTOGCATECCTHRGC AGCRASC TETAGTASCTTAGTTGC TS CCACTATTCATAAGROOTATA
T EACCaGC AR AC AT TOEACACCAT ORAATCAACSACCEGETOACAAGTATTCCCCATAT

Continued: Figure 22. Contigs of the sucrose operon.
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ama EECS] X

1 1 1
A AT T T TAC AT TCCATATCATRACOATRASC TCCTT TTTAACGT TCAAC T TAAT TGTCACTA
TECCCAAAATGCT AAGATATAGTACTAGC TAC TOGAGGAAAAATTEC AAGCTOAATTAACAGTGRAT

s-.iln:r s.iI- =Jlt|- L—Ic-
TTATAARACCOCTTACACC A TATETCAATCOTTTBACATTTTTATATTATATTTTCATAT TADD
AATATTTT S CEAATGTGSC TATACAGT TASCAAACTOGTAAAAATATAATATAAAAGTACARATCE

e o e
1 1 1
BT T T AT T ST T T T TAACAA AT TATCAAGC AATCCAATTTTETATCAAACGC TTGACATA
CAAAGT TTAASCCEAAAAAT TETTCTAATASTTCOT TAGAT TAAAACATAGTT THCOAACTOTAT

o arom ares

1 1 1
TTT TS AARA TTECTAT TAT TG TCTATAAAGCECTTGCATTATT AAATTALAAAAT AAT TT TAS
ARG T T T T AAC AT A AT AACCC ABACAT T TEGCEGAACATAATAAT T TAATTTTTAT TAAAALTC

area e ms

1
ACTCAGOOASTERAAT TAT TATGAATCATCAAGAAGT TACCOACCOCETACTTAATGCAAT TODTA
T AT S T AT TAAT AATACTTAGTAGTTCTTCAACOGOGS THRCGCATSAAT TACOGTTAACSCAT

b el s Ebs
AAAACRACAT TCAAGCCAC GO ACTATEACGACACGCCETECSTTTEGTCATCAAGGATGAATSC
TTTTGTTATAAST TCOGCOECREETEACACSCTETBCOGAGSCAAACCAGTASTTOC TAC T TADD

Loow eI SRR
1 1 1
AAGATTGATC AACAAGCCS TTASATGASSACGOEHACET TAAGREGRACST TCRAAAC T AACOOCSA
TTETARAACTAGTTGTTCOGAATCTAC TGS TAC G CCTECAATTCOOCTOOAASGC T TTOAT TACOSOET

ER ER R

1 1 1
ATACCAAATCATTATTGACCC THECOATATCRATAAAGTC TATGACECSC T T LA T OG0 CAS AT A
TATESET TTAGTAAT AAC COBACCECTACAGCTAT TTCAGATACTECESAAT T AGCEET T TTOTOS

aca o ]
1 1

GTCTTAAAGA AGCEGACCCCCOATRACATCAAGRCAGTTACCRCTACGAATCAAAARARAAATOCA

CAGAATTTST TOGS T GGGt TACTETAGTTCOGT CAACOOCRATGCCCSAGTTTTCT T T T TAGET

S S 108 FRE
TTAATGGAC T TEC TCARAGTE TTATCETGATATTTTTATTECAATOG TESE T AC TAGT TGS TS
AATTACCTRAASEAGT T TCAGAAT ABACTAT AAAAAT T TAGE BRSO T@RATC BC

ERL AR B AN
1 1 1
BEETCTAT TAA TGS A TAAACAACEGT T TTSACTECCOAGCATCTT TTTATGHOERAAGT CAGT TS
CCCASATAAT TACCOGTOATTTETTECAAAAC TRACGECTCATASAAAAATACCOHCTTCAGTCAAD

B e A2am
1 1 1
TTEAAGTTTACCCTEGC C TCAAAGETATCOCORAAATOGTTAACGOOATAGC TASTECECCATTT
AACTTCAAATGEGACCEGAST TTCCATAGCGSICTT TACCAAT TEOECTACSC @A TCACES GOC AL A

e nTma B
1 1 1

ACTT T T TG CAATEETETTAGRAT T TTCASCAACEASGOEE TTOGE T A AL CCEE TATE T

TEHAASGAACEEITTAGGASAATCC T AAAAGTCET TGS TTCOGS RAAGE CASCO T THRRGEATAGACSTC

Continued: Figure 22. Contigs of the sucrose operon.
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= T R 2,

1 1 1 1
T TACOAT G CATOATCATGRTC T TACCATCACTAGT TAACOOGC TATAGCOT TECAACOACCA
ACEGATGC TACCCGTACTAGTACCAGAATAATASTEATCAAT TG CCGATATC R AACGT TGS TOET

Bl A Er
1 1 1
TS TOC e AAGATOO TTTACTERAACATCTTTOGAT T TACACOGT TOCACAAGOOGOCTATCAA
ACCEACAaCCaTTCTACCAAATRACCTTACABAAACCAAATATECAACATATTOIGCCOATASTT

LA s s

1 1 1
AR T TECCTaAT T T T e TTAE TTATAT TTTEAC TACT T TOQASAASTTCTTCCACAA
COGETTCACOASGEACAARAC CECAACOAATATAAARACCOATRAAACC TCTTCAAGAAGATITT

waa W N e
1 1 1
ACATATCAA T ECAT TTRACT T TACATTTACCCCOATATT TECCATTATRATTACTGATTITSO
TETATAGTTCOCACOTAAAC TRAAATOCAAATOROOCTACAAACOOTAACACTAATOACT AAADDE

e Ey 3= amaa

1 1 1 1
TAACTT TTACAAT COTTaaTCCCGTC T TACBAACGETAAGCRATGCATTAACTAACGEGT T TASTA
ATTOAAAATGT TAGCAACC A C AGAATAC TTECCACTCAC TACGTAATTRATTOGCCAAATCAT

e 5 e
G TTATATAACAGCACCOAOC TGRATTAATATEEGAATC TTTSETTTAT TATATTCTECAATTST
COBAATATAT TAT CETAAS S AT C TAACCATACCC TTAGAAACCAAATAATATAAGACGT TAAC A

Lkt Bran el

1 1 1
TATTAC TAGTCTCCATCAAAC TTTCCCAOQCAATCRAAAC CCASTTATTAACCAATET TGS SAAAA
ATAATGACCAGAGETAGT TTRAAAGGATCAT TAGCTTTEAATCAACAACEOGOT TACAACOGATTTT

nrea nam N

1 1 1
CTEETAE T TCCTT TATC T TCC CAGTCAC S TCRATGGCCAACATTOORCAAGITRCCORCCACTTTA
GACCACCAARRAAATAGAAGIITC AGCASASCTACCGAT TATAACCCET TCCACHEGCGOT OALAT

e 3 mar 3 mas a0

I 1 I 1
BCTATTTTCTTTECCAC TAAGAGC CAAAAOCAAAAARCCCTRACTTCT T CAGD OGERETC TOADDT
CRATAAAASAAACGETAATTCTOGETTITTCETTTT TCAAGAC TRAARAAQTOIRICCCCAQAR TN

:.‘]btl L'DIIICI J\.?-Cl
GTTACTCAGAATT ACOGAACC TEC TAT T TTCEETCAACC TCAAGATAAAATTTCCATT TATST
CAATAAGCCT TAATGCC T T RACGATAAAAGCCCCAGTTAAASTTCTAC T TTAAAGE TAS AT AGA

s LN & e

1 1 1
TTECAGCAAT T CCTCAGOAATTECTTCAGC TTTCTTAGGAC TATTCCACATTCOTET CCOTaMIE
AACETCACTAACGERAGTCCTTAACGAAATCRAAAGAATCC TRAT AAGET ACAABRACAREC ACTOCT

a3 e om0
ATEEATCC S AT CAGTCATC A TTCATTTCRAT TGS T TCAAAGT COATTCCAGCATTCATECT
TACCCAGOCGTAGTCAGTASCCTAAGT AAASCTAACOAAGTTTCAGC T AAGETCGET AADTAC A

- AT [ TRr]

AT TATCATCTCaAT T T TR CA T TTAT TCCAAC TTTTATC TATACCAAACOAAC AT TOOH
GTCACOACASTAGARCAAGCASCAGCAT AAATAAGETTGALAATAGATACOST TTEGC T TATAADC

Continued: Figure 22. Contigs of the sucrose operon.
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= e ] E

1 1
BTGACOATCOTGATCAAGTAAAATCACCAGC ACCAACOAGTACCGETCATCAATET TAATGATRAD
CACTOCTASCACTAGTTCATTTTAGTAGAGTCSTEGT TECTCATS S CAGTAGTTACAAT TACTAS TS

EEe A A
1 1 1
ATTATCAGTSCACCAGT AAC I IGECTAGCBAAAGTCTCAAACAAGT TAACBACCAAGTTTTSTS
TAATAGTCACOGTGETCATTCCCCCEATCAC TTTCAGAGTTTESTTCAAT TACTOET T CAS AACRAT

e R ] e

1 1 1
AGCCAAAATCATGHEEAAAASICICCHECAATCOTECCAAGCAC TRATCAGATCITOGCACCAGT TS
TEGEC T TTASTACCCCT TTCCCGECAT TASCACGET TCASBACTAGTCCS A ASCETOG TOERAT

i e “a08 asan
ACEEAATCATCACTEGTCAC TTAT GATAGCCATCATECTTATG R CATCAAAACAACTECTOO TSRO O
TECCCCAGTAGTEACAGTEAATACTATCAGTASTACCGAATACCEITAGT T TTST TRACESC S &S OE

a3 u A Frr
1 1 1

BAAATTCTRATTCACTTAGEBAT TAGATACASTCAATTITAAAT IR TEAACACTTCACT ACT AACGT

CTTTAAGAC TAAGTEAA TCC TAATC TATACCASTTAAAT TTACCACTTATAAASTOATOAT TG A

- S LR 45ea
1 1 1
TCAGAAGGPCEAT ACCATTCATCAAGGTAATCTACTCAGAACSTTTGACATOIC TGO CT T AARLD
AGTCTTCC O TATEGCAASTAGT TCCAC TASATEAGCC TTSCAAACTAT A RACBEAATTTTL

=0 Rt ] -

1 1 1
B TAAC TATRATCCAACCOTCATECTAATCOTCACAAATACHECCAATTACERC TAATAT TRAA
ECEAT TAATACT AGAT TABCAGTACAA T TASCAGTET T TATSCCGETTAATIORAT TACAACTT

o o amen ama
CEACTCAAAGTCACEAATETCCAAGCTAETRAACCECTCATTSCAT TEAC T ACCEECAGT TAD
BCTEAGTTTCASTGC TTACAGERT TCEACCAC TTEECOAGCAACECAACTOACOTSGCCETCOATC

s Ea ] g
1 1 1

CTCAGT TACTEC T ACAACTATCTAAACT TTAT TAGGAGRACOTCATGCCTATTRAAT ATAGASTOC

AT CAACOACBATOTTGACAGAT T TAAAATAATCCTCC TACASTACOOACAACT TATAC TOMD

o 4.0 4.
1 1 1
AR A T TAATCAATC TTCATAATAACC AAAT TAGC TATSTTATTCARAT TTTAGC TCATCO
TTT T OO A AT T AT T AL TAT TACTART TTAATCOATACAAT AAGTTTAAAAT COAQTADD

LE tpl Er ] o

1 1 1
TTACCCAG T CAT CEATAT T TTEGACAT TACTTTTCAAAACAACCETACTTTRASCCGATGCCAT
AATEOATCACOTAGCTATAAAACCTECAATRAAAAGT T TTAT TSECATAAAAS TOGECTACOGIETA

s .o oxon ama
e TAGC AT T T T TG C TAATGACCCAAC AGAACOCT TTCCATATTICCATRACTTCAC TGOCA
BECCATCOOTACGAALACOAT TACTEGATTETCTTECAAAAGOTAT AAGOCAC TRAAG T OASOET

Le ] u o
T AR TAT T CCACTAT TO A TR TOAC TATCRCCAGCCAGCTTACOTTAT TAAGEAT QO TAA
AT TATAAGOGTEATAACCOTCACCAC TAATAGCEETCOATORAATOCAATAATTCCTACOATT

Continued: Figure 22. Contigs of the sucrose operon.
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1 I 1
CAATCAAT TACTECCCAT T T TACAATATACTGETTTITICTATRAATOAT CAGECAAT CAAC TOOE
BTTAGT TAATRACGEOT ALAATCT TATATAGACCAAAAAGACACTTACTAGTS ST TAGT TEASIS

o) & nd 51 o
1 1
AR T TACCACC CACCAT TASCAAACACACCC TETAACAACCC TAGTCATTCATT TEACSCTOAT
CHEETTAACETGGETOGCAATCET TTGTATEOFGACAT TATTIEFGATCAGTAASTAAACTGECTA

AT OAC AT TACAGA T AT C T TAAC TACAC TAT T TTTRAAAATCAQCCRCTTATCS T TGS
CETCAC TGS T TCAATATC TACCTAGAAT TAATETEATAAAAACTTT TAGTCEFOIAATAGAAD IO

LR ] e
1 1 1
AAECAC AR TCTECECCATCACEETACTACTAATT TECAAGT AACAGCCCTATCOCARCECS TCASC
TToGTaGT TaASACGCOa TASGTECCATAATAGATTAAACAT TCATTGTCGAGATASITOGCIASITTS

1 1 1
T ATCTACCAAC TEAC CAATATACTACOC TRACAT TAAGC BITACCCATOACACAT EAASC TAAT
ATCTA TEET TEACTAATTATATGACOGCGACTGT AAT TCACCATEGGGTACOTITACTTCGATTA

B il & Dbl & e
1 1 1
CCATCaAT T TAACCET T TACACCCAGERAT TACAAACGET TCACASTC TECOCS G CAC T A T OasSC
FETAGCAAAT TEECAAATATR R TCCCAATETT TECCAAGCETCAGACACACCOITOATCACCTOO

d-\.ll-\'.lﬂl B-\.iIH: Iil-ll !-u--II!
ACAACACCAACCETTCATARC TCT AGCAGAACC TAACACOAC ABAATTAGC TR RACTET TATTD
TETTAGTOGaT T CAAOGT ACCBASATCATCTTSGRAT TGTAGCTETCTTAATCOGACCCTOGACAATAARD

1 1 1
BTTETACACTASCATOGAG TR ETAACT TCOACAGTACTATCRAAGT TEACCAATATCASD ATADC
CAACACOT A TCETACC TCACCAT TEAAGC TETCATEACAGC TTCAACTAGATTATAGTTATATSS

1 I 1
CECCTAACAATCOGETC T TEASGCCOOBACACAT TCOAATOGCAGC TCAAACCARATAGC AETTTTOSA
FCEGEEAT TAT TASC CAGAAC TC B EGCTATATAAS C TTACCATCRAGT T TAGTTTATOGTCAAAASDT

b L ) S
1 1 1
AT TaAA T TAAC TT A EACAAATACTEET T T TAACHRCATATOGCAAGT ATT TCASD
CTEAGOGAC T TCEECACOAT TEAACCTAT TTATEACCAAAATTZCCEGTACASCITTCATAAAGT IO

L L B0 T

1 1 1 1
ACTTTAGC TATCAGC TAATC CCTCCCAQAC TAACATTCCAASTOTECT TAST ACT T0E 0 AL LT &
TRAAATCOATAST CEAC TAC B P FAGEATC TRAT TETAAGATTICACACEAATTETRAACCCS TTTST

'A.rli'| ﬁ.rll" ﬂ-\.:'-:l
T EACATT T CET T TCaGASGTCT AAAG T TCAACACTTAATCRAACACOCCCACCART TASGITT
RACTaATAAAC R C AAAGCC TCASATTITCAASTTAGTEAAT TASCTTETECOOITRETCAS T SO DA

1 1 1
ACAAATACTTGTC T TAGACRACEECTAAT TTETCAACCATAACHICEASAAT I AAT T AGOTE
TET TTACOAACAGAATC TAC TR CCEBACCARACAGT TEGCATTSGCCECT T TTACCCEGT TAA TS AC

Continued: Figure 22. Contigs of the sucrose operon.
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o nEm £l

I 1
ACTEATTTST TRACCCCAT TAAG T TTCC TAATOGTCTAAACCCOCT TRCCCAACAAGCCCATCAT
TGACCAAACAACTOGGOATAAT TCAAAGOAT TACCAGACT TGRFFGAACOOATTSTTOGEA TAITA

ﬂ-\.llad:- III-I: I.Th L‘hICI
CATCOAATRAAAT TCAGTCTC THGETAGAAC CARAGATOATCACCACTAACAGTCAGCTC TACCA
BTAGCTTACT TTAASCCAGAGACCCACC TTOOTCTCTACTAGTGATAAT TATCASTCOAGATOOT

LR OB LT

1 1 1
ACAACATCC TRACTEAA TAT TACAATATATTRATCGGACACCCATCACAGC TORCCACCAGTTAD
TETTAT A A C TEACCCATAATOT TATACAACTAGCCTATARSITAGTETCAASCIGTEATCOATC

LT L] LW
1 1 1

TCTTAGACCT TTCOCAGOCC G CTGTCCATAACCACTTAATCACTACTCTOGACRAACT TGO TTCAA

AGAATCTORAAASCETCCO AL AGGCAC TR TOAATTAGTRATOASAC TS TTOAACCARATGTT

(RE ] ERr -

1
AATAACCAAC TCEATTATCTTAAATGOGATATSAATCACCATCTTACACAGOT TEGCAGCACATA
TTATTAATTRASC TAATAGAATTTACCC TATACTT AGCAATASAATATATCCAACCATCATATOT

6\.':-5- IJIC: I_P l.bli\:l
CTTACCAAC TOCACAAC A AACTATATTATCGCTATATCTETGRACTTTATGATATTCTCA
RAATAS A TETTaATCCC O T TRACATAATAGCEAT ACABACACCTOAAATACT ATAAGADT

L ] Lt ] LE )

1 1 1
CACGCT TAAASCOCOCC TAC S CCAABC TAAT TATCGAAAATTETTCASC TASGTSETHACSCSAATTT
GTECAAACTTORCECAaAC ST TCAAC TAATAGC T T T TAACAAGTCAACCACCAC CEOCTARAA

LEE eaun e
1 1 1
BATTTTOATATEC TACCATACACCAATCAGACOTRRATAAGCRATT TEACTRATOCA COACTO
CTAAAACCATACGATOGTATEGTGAGTTAGTCTRCACCTAT TCOCTAAACTOGAC TAGET CAGT L=
uma wama e

1 1 1
AGCAACCATC AR AATTTAGTTATCTATTTCCACCACRATATTCAGCAACCATAT AACTO
TEET A TAC TE T TAC C TAAATCAATAGATAAAGGTAATACCTATAAGTCOT TRETATAT TOIC

ﬂvr!t- [ TE .-II'. l.!l:ICl
CATCACCCAATOCOCAAAAT R CCOAATAAC ACCATTTOAAACTOGATTACAAT TAGCCTAZATC
GTAGTAAATTACGCETT TTACCGC T TAT TS TOAT AAAC T TTRAGC TAATATTAATCGERACATAD

I.!il‘:l -&\.ﬂiﬁ? ﬂ-ulil:l
GEECAACTARRAT TEAAAC TTAATCCTAAACAACT TECTCCTASTAAACAGCAACTTCT T COADD
CCCGTTGATCCTAACCT TAAAT TAGEAT TTETTGAACGAGOATCACTTGTSOT TEAAGAAGCSTSC

[y nmon nErE

1 1 1
AT TOAT TAAATATCAOCAAC TEAAATCTACTT T TATCAAGRCCCACTTITTATCGTC T ACCAA
T AR TAATTTATAGTCOAT TRACT T TAGATRAAAATAGTTCCOOOOTOAAAATAGCAGATAOSTT

g s -

1 1
CAACAAQACACETTGTTACOTAST TACTAATAACGGCASATAAAAARCAGOCAATTTEGCTATTAC
BTTETTC T TR AACAACOCACCAATAATCATTGCCATC TATTTTTCATCCOT TAAACEACAATS

Continued: Figure 22. Contigs of the sucrose operon.
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L] [ B ram 11
TTAARATOOC TTAATTCTAC TS TCAARAAC TCASCACCCATTACCAT TACACTATCTCEA TS T&A

AATTTACCCBAAT TAAGAC A CAGTTTTGASTCOTGEATAATSETAATATAAT ARAGCTACOGACTT

& T Er) sty

1 1 1
ATTAGCATAT AGCEATTCATCGOOTAATCAC TATACOOOGCATCAGTTAAACACBATOOOOATTS
TAATCACATATCECTAAGTAGCCCATTAGCBATATECCCCATASTCAATTTATSCTACCCO TAAD

L s L8 LB ]

1 1 1
CACTTAAAC e CAC AR TRATT TCAC TAGTCAGCTAATTTATTTATATCAAAATTAATOTAAT
GTEAAT TT R TGS T TG aAC TAAAGTOATCASTOGAT TAAATAAATACAGTTTTAATTACATTA

LE =] el L

1 1 1
T TAA AR AT T T OA AT TAA A A TAT AT TATTATTAAATAAGACTACATTTTTAACT ACAGDA
BCAATTAT T T TAAAGC T TAAT TCT TATATAATAAT AAT T TATTCTGATATAAAAATTGATATCCT

[ & m=r ER roEm

1 I I |
B ACAC TAT A CTT T TAGATECAAT TAAAGC TOETGETACAAAATTTGT TTOTSOCACGAACEIT
G TATGATACEAAAAT CCACOTTAACT TCRACCACCATAT T TTAAACAASCACEETECCOOET GA

Foa L= ] (i k]
1 1 1
GAAAACOGICAAGT TAGCGACCIAATTTICAATCOCCACOACAACCCCCATTRAAACCAT GAC TG
CTTTTGCCCaRTTCAATCAC T CT TAAAGCTASGEETACTAT TEOEEGECAACTTTOETAC TEATD

T T B
1 1 1
GETAGACOAC TATTTITACGAC TCATCCCATTRACGCEAT TASTATCGG T TCATTTGECCCSATSS
CCATCTACTRATAAAAT OGS TRAST AGGACAACTOCECTAACCATAGCCAASTAAACCGEAGOTASCT

r.iea T.IEa Tae

1 1 1
GG TTAATCCORATGATCCOAAAT ATAGGTTACATTACCACOACTOCCAAACCOSICTEHEAATRAL
CECAAT TAGR M TACTAGGE TTTATACCAATETAATGATAC TRAGGET T TERICCOACCSCACTS

IT‘ 17- :T- UT
TTEEAC T TT T TAGGCCATC T TAAAAGTCAAT TCAACATCCCACTCTACTAGACCACTGATAGTTAA

AAGCTOAAAA AT CCOaT AT TTTCAGTTAASTTATAGOATRASATOACSC TOOTOACTACAATT

LR LE= ] e

1 1 1
CEAAGCEaC T TATGGCSAATCAATSAT TAGAATCGCTAAGOACETCCCTAACAGCATCTACATGA
GCT T A A TACCOC TTAGT TACTAACC T TAGCGAT FEC TOCAGOOATTOTOSTASATATACT

T e 0

1 1 1
CEATTaa TAC GG TG T TS G C TS CATCAT TAGT CAGAACCACATTTT TAATGETCOGCASTTAT
SGCTAACCATE I CCACAACCOCGACCECAGTAATCAGTCT TASTETAAAAAT TACCAGCGETOAATA

naza T TaBo
1 1 1

ACTEAGCETTEGESTCACATASGAC TCAASCAAT TACC TEGSGAC AT T TCAAGTECAACTEGTESTTA

TEACTCOAAC CAGTETACOCTRAGT TOGCCAATOGACCCCTOCTAAAGT TCAGIT THACAOSAAT

T o EF roeea

1 I 1 1
CCATOACATCTET I TAGAAGETTTAGC TAC TOSGCCAQCAGT TEOAAAACOAACEROOAAADC TS
GETACTATAGACARATC TTCCAAATCOGACOACCOGETCATCAACCTTITTGCTTOCOCCT T TOOAT

Continued: Figure 22. Contigs of the sucrose operon.
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L] rama T
GOAAAOATAT TCCCOTTGACBATCCOATC T CCAATCATCCTRACTACATOSCACAGOCATOT
COTTTCTATAASGECAACTOC TAGOCCAQACORET TAGT AGCRACTEATATASCEITATCCATAT A

L= ¥ g Fomdd
1 1 1
BT CAACCTCACCETCACC T T CACCTOATAAAAT TATTCTTAACGETAATIT TATGAAT CAACS
CAGTTAGASTOC AGCASAASCETEEAC TAT TTTAATAAGAAT TGCCACCACAATACTTAGTTOC

bl ) T TR0
1 1 1
AT T T T CATGATTC R TRAAAAGTTTSCCECCTATC TAAATGEC TACBAAGAAGT OO AT
CoOTCOASAAA O TACTAAGC ACT I TTICAAACOEGCGEATASATTTACCOATGE TTCT TCAGOOTE

T e v ]

1 1 1 1
CACTOOATRACTATATCATTCCOGS TAGACTRRGT AACAATTCTGOCAT TAC OB THGESCTATTS
GTOACCTACTRATATAGCAAGRCOACC TOAACCCATTAT TAASACCETAACBCCACCOOAT AL

Fooa T T -
1 | 1

TTAGC T CAGCTOC T T T AAAAACOC T TAACACCTIGCAAAA AAGT COOCC A TACGTOT TTALA

AATCAAGTCCRACEGARATTTCTTOCGAAT TR TR RAACAT TTT TTCAGESCAAC TATGCACAAATTT

¥ i ¥ Foid
1 1 1
CETATTAGC O AC T T T TAGTTTACAGTCAAT TTEGTCATTCOBTTAATGAATATATACGET TaAAALA
AT AATC R CTEAAAA TCARAT T CAG T TAAACAGTAAGCCAATTACT TATATATECCAATTTT

P S raa0

1 1 1
CAGTOATAAATCOCCAARAATCACCD GOAACATTTHAAATAATAACGEACCAATOCT TATAASTC
GTCACTATTTASGTTTT TAST I CCTTOTAAACTTTATTATTECCCOATTASGAATA T TS AD

= par. nE LETL] L]

1 1 1 1
TTEAACCAGE AT AACCAGTCCAT AATATCCCATTAATCATTGCCACGASTEET TET AGCAGCEA
AACTTGATC G CATTAaTCAGETATTAT A TAATTAGTAACEATOCTCACC AACATCODCOET

L ] a1 LRE -]

1
TACTOOGTCACCTOAGAAATTORAAATGAT T TECOOAATATACRACACOTACATGET AGATTITA
ATEACC AT RACTCT TTAAGC T T TAC TAAACGCCTTATATSCTETECATETACCATCTASCAT

LR [ & [&
1 1 1
AAATTAATCCRACEGCTAT T RAC AAAAAGATCAGCTTCCTT TAAAATAATST TTACCACARADC
TTTAAT TAGOC TG A AR CTEGTTTT TCTAGTCGAAGOAAATTTTACCACAAATGETETT Ta:E

L) SN L

1 1 1
TATCT T T TA A GCTEATCTTT TG TCTAGTATAACCTAT TCCRAACGAAT TAAAATCGAABRCSCTT
ATAGAAAATCCTCOAC T AOAS AACAQATCATATTGOATAAGGCTTOCTTAATT TTAGCT T TOAA

H«.II'-:" l-\.lill l:lql
TTETGAACTAGRGCTATCCAATATCCAAATGBERCETTCAGE TRAACCHATOAD S
AACACTTAATCOCEACAGOTTATAGOGT T TACCCOCAAQCCOACT THOS T AO T O

Continued: Figure 22. Contigs of the sucrose operon.
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Figure 23. Contig 5 of the Pediococcus acidilactici D3 sucrose operon mapped
against the raffinose and sucrose operon of Pediococcus pentosaceus (GenBank:

L32093.1).
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(SIS Toouet AARTC AT AR PR T T TEARE TG P T T TS C ARG T ALY P TARGCARFICT TR TCCARTATY

FFTOAN TEE T TEAGCCHARCUEDCAT T A TAT TOuA CETAagT TEAC TTTCOATTITAATTICOT ITOOARTAGOT TATAC
[T [
I
AT TP T AR TCaASEA FT T T FA TOCANACACCA T TP TR TAARR T F FCCTFCOAC TR A RRNACASICT TETCOCASCCTART PN
TRBRACARRIGA TCAGC TS P ARARGA TAFEIFT TR TOUTAR BT AQCTEREAFCTT TR PR POCOAACAGUU TCOOA TTANT
= na £ £
1 1 1 1
ARERFUTTAGA TR TACATECACAFCATATASNUDE! P TAST A FTARAGAN TOTAC IO TER P ]
T AR TS FACCA T TACO P TS FATA T FELECARATCAF T TCOMATT TC FEASS F TAT T FoMTEICA
i [ Frs = .

1 1 1 1 1
TACFART TACCCTAFAR TACE TR AR TOC RIS T FCTUA R FAT T FARDIOUOCAA TRA TAARS TP FACAAGUODICCAC TANS
AT TARFOUEE TAT TATOUACTOOT TACOUC Tl FTCAAGACT TATAREIA T TICCDE T FATTAF FTCARATUT TCCOPSIO TR I T

0 T T T
ARRCC FRAR T AN TR AR AT TP A TA TA TANTAN P T T TACTOT TTAACTEACA T TTONT TT TCAFCOA T TR TOCARAT I THTOCA
TTEAT T TA AT TOT T T TANC R TATATAT TECATFTARCCOMNA PRACARA T TUACTO T ARACTARAAD TP T AR TACUT T TAARCACDT

e P e Fe)

1
TR P OARR RN CH T FCCACTEA T ICOC AR T T TS TEFIAC TR PR T FA TS TRRFCC O T TACOU TS FAR LR PRI
ATCOUCEFRAC T TT I P TR TEE FARFCOT TET P FAARGCAUCC FUAMPEC T AR ALY rrETrACCCagT

i . . Loe

IO P T A AT A AN CALCACCE TR AU ARGCA TOOS TARA FE TATCC RSO T PRAN AR TOC T TAG FACLS T P TR TC0N
DCAGCUFRANDEE TATASTCATOCAG TS TOUUACTT FCT TOOTASCCATT TANA TAOOCURCNAACTF FTCACOAR TCATORSA ARG T

L1 e . =

DERECARC T AT T PO TS PR FTE T TAT TARAN T AP CC A T TODIC TEOCA C TOCAAC TR F AT ACOOACACOC TREA FOASTCO
OO T PRAT FEATANCALTACOE T MAAMAR TR T T PA TGN MFCOARPFF AT MUATI M TUATACA TR TUTOCHA T AN ICag T

sk i = = ™

ETAC FRACTON IT TONC L TARE AT FRDOCTTAT re RECAARRGD T MESCORDTO0M IO FEMA T T FFRLAD N
HETOATTEICEARAC R P W TRICFT TR T T P T T T AR T Tt C A F AN TAS AT T
ﬂ" ] P dig K

T FETACAN TACC AT TCE FUTCASCE THANET TR TEEATT PRI TACAC P T FENAETCATAT FCALSECTH

REACAUATO FOATOGTARSIACAST FOLRCT TOARS FORTOCCCAGETARICOO TTONS TEOCA TH TONACCARGE TCRAGTA TANG TEIOAC

=]
P

HTAATTT I TACATTANA T TUAT TACTHCOO TEWCOu T TR U T T TARCAFTACATOTADRACAA TOIC TUCNOU AR TOOL TGy
ER TP ARARE P T P T T A T AR MO AP AR A TACE AR TCU IO T TAGN THE T M T A RA L TEC T TAGCUAT FCC

A

Figure 24. The Sucrose Operon of Pediococcus acidilactici D3. Panel A is the
annotated sucrose operon with genes scrK to the introduction of agl. Panel B
contains the minus strand of the agl/ gene after a 66bp gap from the other

contiguous genes.
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ma e . = » g

TTAG FRAC T ARF OO T AT TEU AR P T T A FE AT AT CA TE T A TACAAT T FARCTOARARAT FCTACCHNATFF T ITAGE
BLICATTEAF TEEC A TRAOCUSC T FEMT TASCA TCAN TSI FECAG AR TUUEATO T FEAA T FEAC FT TTASNA TOOCE TANSA AFTCU

i ‘e e ) ) T

T oA I T AR L T AN AT A T TACA T T P A TR AN TAN T A TAA F T I C TAC TS T FTAC T FOMC AT
AL AT AFC TN T T TR TEM T TR T TAACTA TAT T O A TOO A T TAADEIC O T ST RN RN TR T A D

ki F — o e -

HTTAUCECAG I T TACTCRFCAT T TTAFCAFTAUA T EICH ITAG TACTAARS T FOCCC I AR CAGURADT I T AFC T T TRAGUL AFION
EAE PO CARATISUA T RN TEE P AR AL TSN TR FCTAD IO AR TCA TSN M T EARCUFEIS T MR TS TFEIOA oA MR T TEOU ToaC T

TS S F AR T TN R Tl T E T P T T T PAA R A TR TOU TS S T TAS U TOOA TT T FCHTAF AR T FRNCA TTAN T
AR P T T T T I A R S T AT AN ARS FT T T FACCACCA L FEARAT FTHCACC TARAA LA TAG THTOCC TEC IO T AET T A

L LT r1m TS - e

i a Hors, AT
1 1 1
TTITACATCHUAR THART TAFTATTATATANUARTE P T AR P TAL P TAR P TARRAC TR TAN T TAT I TRATCORC TOAT
ALAA TUTAD FE TTAF T TAAT AR TAAFATATFCTTANTTY ATTTFUT TAACHAT FACAT TAATTITORCAT ANATANNT TAQU RATTA
el e e - [

AT P TASICUERACCA T AR AT FCALT T PN FAFCACR AL T FTUACTACIFFFICA TR TCUL TAS FIRFECTALT TAMLIEA TS FCOA T
T A TR T T Tl T T TR T A TELC AT TTAAC TR PO IO TA TAGCUA T FACCCON TR PO TA FALEIT A

gt %] i L

TR P T A T TR TEACA P TATCA T TAC AL TR AR IO FCHT S FAR T FCFE TAAR T TCAT TP CHTT TAA DR U LA N
ATTCANCA FCHMAER FANTE I AA T FARTOOU TS PR T P I THACA U AN T TARGCCTA P T TARD FARCAGCALR FTHECIOETIRET

LT ="
TRRN CRFFC RN TR TN T T TS T T A AN A A A A A T o T T T T AT TR TAT T T TCA TS THANE TCAA AT T
AT r FACTAG TA R A FCANCRACO THTCF FHT TP TR TA LA LSS FRARAAG T C T TS FARRAG TREAT T TEAG F T TOAN

aje® » 1ol K L5

ATAAATTAD FTECONDUASC FTET FCARCOACA RS FUA TOCFCUT TCARCAAN TEC TN T TOA MRS T P AUSL FCARCOOULE TACO T OCOA T
TR FRA T SRS TCL TCOA NG T IO T T O T AN ARG T TS T P FAFEA T TR FTE RS FUCTAG T THICCUA TOCATECT &

e L L - -
TR AT T A TSN T T T A AN TR R TN A Al TR AR P A AN TA TAC RO T P TR AL CACC T TTAR D
ATTOFRRTCASET TFCRRA T T EA TTOONICCAT FT T OEAT TN TS FUCE P TATATHE T TOC TRLAT A TOCO TR TOOA KL T AR

agpd e L e e o

TR FHAT T R s A L A AL 1A T A TG P T TR AR T AU TFCAAC TAAC AT TARTCA T T PRI R P T
ATASCTRARFLLET FET LW FUFET FOC TOO0 T ERA PR TR T O AR T O T TATCCAC PO A f P TO P T PN CA TS C RN

Continued: Figure 24. The Sucrose Operon of Pediococcus acidilactici D3.
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RETF PR el TR T oA T TO FTARASUCTAT PR T CA R I CN TC N F OA N T TCHE AT TETPA TAETAT TTOA O EF T
A A AT T T AT MUAR AR TT T PR TAN T CAGE T M G AU CF T TR AN T WAL T S AT AR RS PO AT AN

il

UTAFCUCTAFTATS FCRAFIULFERL AR CRID T DR CA T TN ACHA D f PERAC A T FCTACC O TRAG TA TAGUL TANAT TTRAT

R AR A A T A T T e T P T T AT T ARG P TR 1O TR AT PO T T AAA TR T FCATATCEEAT FPARRAT N

Eard

TR PR AR T AN AT P T T AR A T T A P AT AR T T O A T E T FE TR CEC P T TOTAMA T TC THA TG CTAC T
AT s T T TR P TR ARG T TC AT T A TR PN TCA R CA NI CC TFCOAA RV PO TAAGN T AGC T T Ou

i

B T HA LR A A AR PR T P T AT A AT 1A P A I T TA AN AR A TE T T AL TR CAR TCACEAT FA L T R AT DA N

AT TF TOATFF FU TOCOA TERACA TR T T TALTACCCAG TEAGOA TE T P T e T ARG C THAC T T TAD PN TOA TEATC T T T T

e

B TN T T e TRAAD PR AL T AL TR AR AL P TE LS CA RS FC TR TANTOOT F MR T TROCC RS T FaT T 1aat
ECACCE ARG CTOAA T T ICA T TCOM TR TO& T T 1 T FUREFCA SFFEI T T AN AT TAFEN AR T FAS T O TEASCARATT A

k. " a5 Lii
CR AT AR T RS FECAA TR AR TO P T T PO A T TE T T TON TASA CAT FOSRA T THACC AL DI, LG
A T A TR AT T TR R F T ASS T TRAC AR MDA B ET FCl T F ARG CA SRS T T TR TAARCS T AAC TOGTBRECATHTFCR

- - - - =

Y
TAAF PR AR T TS AR T TR FEC I T T CU T T TACA S TCA AL AU T TCACRA T FEMTO PR AST FTACAA T ILI.E*EI.'I.'V:':I.‘FILI.qI_

ATTASNTET FTHARC T T TASAC TECOAA AT CAAATUTCAG FUTT TCCC ARG PR T TASMERTACT TOEIAN T FANTCTUFRAGOULATCA

A PR T COA T T T CARCACT FTATOAR L T T AU AR T T T TCA TAANC AT M TEAA TCU T O PO TTAMACT I T MRaTON
ATAFCTARAD TCM TR TAC T TS OA CA T U T TAARACTTAMTAT I TR IOCAAMT TANCACTOOL T TOARLAD M MRS TOCT

Fea]

agi® LLiE L LR i L

TR R T RN T AL T TACA A A FTC TG TR AC AR TIPSR AC TR TASCL AN FURAGC THTTA FUATAGE
ATTFEMT TP TOCEA T FEMAR PO T T O TCAR AT TOT TAICFEC TA THT TOATAT PO TCAAC T TCOSCAS T A TEICH

ap® Lk 3 1 L

A T A FE TA A TCAFE T P TR T P A T TR AR P T P AR AR N IO A ATOA TET T TR P THECA A TN

ARAEF FACCAC TECA PO TAD PR AR oA TARA AN T DO TAA T TE TS PR TS P T A P TE TR FARAGCCA TOAACFE T PR 1O T

L5 L L] 1 L 5

ERIC A TON TS FE TR T T ALS A T TOUA T I AR T P PSRN T TTOC TACTTAR TCOA SN TAC K TACCLA F oW
T P A A T S AN AT T MR AT T P TR IO T T AN CF F TR O TSN P TR TEA T T HEE FOS TACE

Continued: Figure 24. The Sucrose Operon of Pediococcus acidilactici D3.
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. s

e FTACAG TP IO T A TA FARDTAN MICANCLA PR TR IO AC C T AT MR T, AU T T FAN T AN AT EICAL T ACT
BT FTAA TS ICAFCOCAUTATAT T FEAE T FUNTAGHE T AT TR TOUA TAGUULTO P TACT FOCALET T TAN TATCO ML FOU

Eaid
B TR A R T T TR PO s TRAS ST TR FTRAT AR T CAA T TCTANNTADSCA T FORARCTAN MEACH TRAECCRE T T A
AT FO T I T AR T A AT TP PR AR TR P TS FAREA T LA T THT AR T N FEAT TOC AT TR T

= 1

ET AR R T I AR L L LA PR AT IO TR T TR T AR IO TAG FARFETOTET I P P IS CA
HEEFUACTAGEST TOT TRACANUDSE P OTUT T FUCTANCS TOOU NMEIC AL T TOUDFIOMU TTOMN T DEC FUA TN T DORC N LA, N TR

il

TR AR TR Il T A FARAC T AR A T T AGUART I T AT TEEA S SA T U TATCAS TOO RAT U T TATCALTT PR TARGT
ARTAF FETALSA IO AE TAA T TR T T T TACA T CC T TR PR AT FARFC U T TN TEACCAC TOC AL TAN TFRN A TRT PO

L 1L

A T A T A T PR T AL T T T C O AR AR AT AN T T P P T FAC A PN AL F T A TSN TT TN TEOTA N
AR TOUC AR I OARFE TCADFRAA TATOOARRGCU T TSI T TG TR T PSRN SO P T CLEERS FFC AN O D P CARRD A T T

_u- id Ll I

CRR T AT TS P T TA A T AU TR AT P TR FCUAT P P TAARC T TR T FU TATCOA TTANNDCAG T AR TEACT PTFAN

BT I PR TR AR TAT LA T A TN TA AU TN TANAR T T FOAR TAN CATAGC TARAT T T TCA T TAT QR ASEAT T

el . pag a1 oy =.....'. . -

ETAS FICEICEAR RS CE AN TATAND T 1Y FOW TAC [P ARSI TR P FCAAR P TR TCAACA O IC FTRAT PR TCOA T
BATFAAFOIOUTT T FRFFFICATAT FCARTAUDLCAT EEICETOC AR TANSN T T FAMACTED ] TF TN FEAPIANT TON ML T LG TFOT0

Rl

AR PO T 1O T AR Ol oA A T FA R A TR S T A ARG P T HTAN T WA P TAL SO A P AR THC T AN
PECAN T R R A T T A A T T T T o A T P THARTCH T TCANCA T TR T AA T TOOCEE TAT TTEI AR CEA T T

Bl

A T AR L TAN TATCAR T OO DR AR T TCCH TS TACAG T TTECARFFLTCATCTAN T FIAAC TACT FOCA T A PRGN
ARFCA TR T NI A TR AN T 1A T F T TRAGU A IO T AR RO P TEC UMM TAG CACC F MR PO RGO TR TCOCEET P

ETTOCAR T CATEAC I TEACAAN T TARL I FTARCTRNCATAMAT TABNATICACTFAR TS T FARASFC N TED MO TOANCRALN &L TATOW
HERCUTTAG FAN TOAAN TS FEACCAT TTASAT T A CEE TATC TAEATCLTANU NEAA FCREEN T TTCOOLEATCTANCAG FTHT TP FRATOCC

L] e 1 L L

TE T A FAL T A T AE AN TR T T A T A TR O | A CA L MU T T A [ I aaA DT T T A DO O e Ly L
ARTASUCATOATFFCMTATEATARF TOMCAE 10N |m:umr:@ IO ER T THE AN F I FCACHL T T ORI FC

Continued: Figure 24. The Sucrose Operon of Pediococcus acidilactici D3.
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L] Ars MY L Sk

A T A A Os C TET P P I e AR CAN T TR AR B TETON ARF IO T DI AS THA T A F TOMAC TR T PAAS A TR T
ot THAT F P THASAAS AT PO TC P TAAC T FET T FOAMAT P T TR PRI T FAC T FTHCAT THATAN TETCA AT T AN

L L LU Lk 3 FE 1

A T A P A TN A A A R T AR A A AN T T AN A P T AR AR R U TATC TAT TP TEARACC T TAF F T
R AT A TAC T T P T TN TOA TTT TAC T TEAFCACOA TS TCACCEAG THT TCH T T TOOLEA TAGA TRRE ST TOGRA TANA

L1 LI = FE FE1

A T T T I T A T T S PR T L TA T PR T TR THARSC T TCa P TAEC P T TAC T T SEC A TONC T ACOC L TOO
FEiONCEL T A AT oAU T ENCAFCAC THAGC A TS T TOOR A TCOAC T T FHARECAN TCOA AR TSNS TECON TR T P A T ORI

gl L AT FETT] Lo

T T T T T A T TAF A P TET T FOMACF FEHT TAAFRAC PO FACOSCHT I FETET I FALCTT P T A ARG PR T
A OO A N T AR T AT T TN A ARSI TS F T T FFCAS T FC TUCARN A RS T IFERAS T T TCA T T FOA

L] L3 FF Ll reTe

A I T T I P T I ARG A T TA A PR T T AT T T C R AT T TET TEAN T AR RS SR SR DTN TTA
BT PRI AR [ A AT T ol TR P TS T AR O A T U TN AR A TSI T TP F TSI R T M P T TAG T

ekl

o I TET P I TATCOET T TEAL IO M A A T A A O AN TC N TOA ST T FCTAT FFECT PO M FER RSO LE T P OT
AN LSS TR AR P O AT T I THL T AR TS FUBCTA TS AU E A T P UL U A TN SRR TR T TN T T T PO AT s

Ed

AR T TG T R R T AR R T T T T A S T A T T TR T AT TP PR O FETTATATTAT FTEET FTETAS GRS TATY
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Figure 25. Condensed illustration of the sucrose operon. The genes are: scrK (29),
agas (pink), scrA4 (blue), scrB (green), scrR(yellow), and agl (brown). The 66bp gap in

the agl/ gene is shown in orange.
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Figure 26. qPCR amplification of P. acidilactici D3 with probe pair ‘pedjms’. The
experiment was done in technical replicates. 1 ng of genomic DNA was amplified for
all three replicates of P. acidilactici D3. At cycle 30, the non-template control (light
green) started showing non-specific amplification which could be due to the production

of primer-dimers.

94



4

g

g

PCR Base Line Subtracted Curve Fit RFU

g

164916

Figure 27. qPCR amplification of P. acidilactici D3 with probe pair 1ISUCD3F and
1SUCD3R. 1 ng of genomic DNA was amplified for all three replicates of P. acidilactici

D3 (blue, purple, brown). The non-template control is shown in pink.
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Figure 28. qPCR amplification with probe pair ‘1SUCD3F_N and 1SUCD3R’.
qPCR amplification of P. acidilactici D3 (orange, light green and dark blue). Related
strains and non-template controls — each done in triplicates (all other colors). At cycle
30, only the P. acidilactici D3 operon is amplified. Cycles > 30 show non-specific

amplification.
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A Pediococous acidilactici Pediococous pentosaceus : g‘;w Comral | Marker

ATCC | ATCC : ATCC : DSM PS ATCC : ATCC DSM DSM DSM NEG | 1KB

D3

12697 ; 8042 : 8081 :@ 20284 25744 . 33314 @ 20333 @ 20336 : 18001

P.
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Figure 29. A combination approach using probe pairs to detect the pediocin and
sucrose-utilization operons enabled the identification of P. acidilactici D3. Panel A,
PCR products generated using primers pedjmsF and pedjmsR for P. acidilactici D3 and
related strains. When the pediocin operon was used as a target, amplification was
observed in a few related strains due to high sequence conservation of the pediocin
operon. Panel B, PCR products generated using primers 1SUCD3F N and 1SUCD3R
for P. acidilactici D3 and related strains. P. acidilactici D3 showed amplification when
both the pediocin and sucrose probe targets were used (green). In contrast, the related
strains showed specific amplification, represented by a bright band on the gel, for either

the pediocin target, sucrose target, or neither target (red, orange, and yellow).
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pedA pedB [ pedc | [ pedD |
Primer Name 5 to 3’ Sequence Target/Specificity
pedjms_F ATTCCTGCTCTGTTGACT pedA
pedjms_R | CTTAGACAACTACAATATCCCC ‘ pedB
A1 ——
[scre | [scrr ]

Primer Name 5’ to 3’ Sequence Target/Specificity
1SUCD3F CGTAAGTCAAATGCACCCT scrA (PTS Ell transport)

1SUCD3F N | ACGTAAGTCAAATGCACCC | scrA (PTS Ell transport)

1SUCD3R CGCTACGGGTCAAAAGAAAA SCrA
2SUCD3F AGTAACCACGCAACAACG agaS (a-galactosidase)
2SUCD3R TTACACAGGTTGGCAGCAC agaS

Figure 30. Final list of primers and their target gene. Nucleotides shown in red are
SNPs.
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