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ABSTRACT

The brewing industry has considerable economic impact worldwide; therefore,
demand exists for a better understanding of the organisms that cause beer-spoilage. Low
nutrient levels, depleted oxygen levels, high alcohol levels, and the presence of
antimicrobial hop compounds all play a role in making beer an inhospitable environment
for most microorganisms. Nonetheless, there are bacteria that are resistant to all of these
selective pressures. The most common beer-spoilage bacteria are the Gram-positive
lactic acid bacteria Lactobacillus and Pediococcus. 1t is currently believed that hop-
resistance is the key factor(s) permitting Lactobacillus and Pediococcus bacteria to grow
in beer. However, it is likely that in addition, ethanol-tolerance and the ability to acquire
nutrients also play roles in the beer-spoilage ability of Lactobacillus and Pediococcus
isolates. The ability of Lactobacillus and Pediococcus to grow in beer was assessed and
correlated to the presence of previously described beer-spoilage related genes, as well as
with the presence of novel genes identified in this study. Molecular and culture-based
techniques for detection and differentiation between Lactobacillus and Pediococcus
isolates that can and cannot grow in beer were established and described in detail.
Interestingly, beer-spoilage related proteins were often found to share homology with
multi-drug transporters. As such, the presence of these beer-spoilage associated genes
was also compared to the ability of isolates to grow in the presence of a variety of
antibiotics and, unexpectedly, beer-spoiling bacteria were found to be more susceptible to
antibiotics than were non beer-spoiling isolates of the same genus. Additionally, it was
found that isolates of Lactobacillus and Pediococcus that can grow in beer do not group
phylogenetically. In order to fully appreciate the relationship of speciation with beer-
spoilage, phylogenetic and whole genome/proteome studies were conducted to clarify the
taxonomy of the Lactobacillus and Pediococcus genera. Through the research in this
thesis, a greater understanding of the mechanism(s) enabling bacteria to grow in beer has
been gained and taxonomy of the genera Lactobacillus and Pediococcus has been

clarified.
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CHAPTER 1

LITERATURE REVIEW, INTRODUCTION, AND OBJECTIVES

Literature Review and Introduction

1.1 General overview

Because each chapter of this thesis is presented as a published manuscript or manuscript
in preparation, the relevant literature review and introduction are provided within each chapter.
The purpose of this general literature review/introduction chapter is therefore to give a brief
overview of the subject matter that will be covered in the context of the thesis as whole. As this
chapter is written from the perspective of the research environment at the onset of the thesis
work, chapters of this thesis are referred to where results are necessary to clarify the continuity

and progression of the work.

1.2 Beer-spoilage bacteria

The brewing industry has considerable economic impact worldwide. Therefore, demand
exists for better understanding of the organisms that cause spoilage and fiscal losses. Only
certain bacteria can survive the antibacterial hop-compounds, acidic pH, low levels of nutrients
and oxygen, and high alcohol levels found in beer [1, 2]. While many aspects of various beers
have been studied in hopes of determining the causes of susceptibility to spoilage, the most
reliable measure is alcohol content and hop-concentration [3]. However, it is likely that in
addition to hop-resistance and ethanol-tolerance, the ability to acquire nutrients may also play a
role in the beer-spoilage ability of Lactobacillus and Pediococcus isolates. Figure 1.1 shows a
schematic representation of this concept and the interplay of factors that may be required by a
bacterium to grow in beer.

Despite the presence of multiple inhibitory pressures in beer, some bacteria have emerged
that are resistant to all of the selective pressures, including hop-compounds. These so called
“beer-spoilage bacteria” fall into four main categories: wort spoilers, acetic acid bacteria,
anaerobic Gram-negative bacteria, and the Gram-positive lactic acid bacteria (LAB). The most
commonly occurring beer-spoilers belong to the LAB genera Lactobacillus and Pediococcus [1,

21.
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Nutrient
acquisition

Hop-resistance

Ethanol
tolerance

Figure 1.1 - Hypothesized basis for ability of Lactobacillus and Pediococcus isolates to grow in
beer. A combination of hop-resistance, ethanol-resistance, and nutrient acquisition mechanisms
are required to permit an organism to grow in beer. A combination of only two categories would

result in an uncertain phenotype, as indicated by the question marks.
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1.2.1 Beer-spoilage Lactobacillus and Pediococcus

The genera Lactobacillus and Pediococcus contain organisms that are Gram-positive,
usually non-motile, non spore-forming, and facultatively anaerobic, and that are found in a wide
range of environments. The bacteria used in this study grow readily in an oxygen-reduced
environment in de Man-Rogosa-Sharpe (MRS) broth at 30°C [4-6].

During the brewing process, one mole of glucose is broken down into two moles of
ethanol and two moles of carbon dioxide. However, in the presence of LAB, glucose is
metabolized into one mole of ethanol and one mole of lactic acid, producing not only an oft-
taste, but also lower ethanol and CO, yields. Some LAB can also produce diacetyl which, like
lactic acid, confers an abnormal smell and taste to the beer. While some isolates of Lactobacillus
and Pediococcus are beneficial in numerous settings (e.g., starter cultures for yogurt and cheeses,
immunomodulators/stimulators, probiotics, and possible anti-ulcer treatments [7]), their presence
in breweries is ultimately detrimental to the brewing industry, with the exception of the unique

production method used for lambic beers [2].

1.3 Antimicrobial mechanism of hop-compounds

There are six traditional reasons for the addition of hop-compounds during the brewing
process: (i) to impart bitterness and hoppy character, (ii) to act as a filter-aid, (iii) to assist in the
sterilization of wort, (iv) to promote foam lacing, (v) to enhance and stabilize beer foam, and (vi)
to confer antibacterial properties to beer [8]. The active antimicrobial form of the hop-
compounds is iso-0-acid in the trans form of the isomer (i.e., trans-isohumulone). Simpson [9]
and Sami et al. [10] have both reported that moderate frans-isohumulone concentrations can
exert a bacteriostatic effect on both Lactobacillus spp. and Pediococcus spp., with growth of the
bacteria resuming after the organisms are transferred to fresh medium. The trans-isohumulone
acts by penetrating the cell membrane disrupting the ionic flow and thus destroying the trans-
membrane pH gradient [1, 10]. It is important to note that while some papers claim that there is
no relationship between resistance to trans-isohumulone and bacterial ability to spoil beer, it is
the concentration of undissociated acid that must be determined (calculated based on

concentration and pH) in order to establish the correlation [3, 11].
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1.4 Hop-resistance

Mechanisms of hop-resistance have the common feature that they must permit the
organism to maintain a trans-membrane pH gradient in the presence of hops. While beer-
spoilage LAB constitutively express hop-resistance, they are not invariably able to grow in beer
— a further induction is required for growth [12]. This is achieved through the passaging and
growth of the organism in medium containing a sub-inhibitory concentration of hops before
being subcultured to beer. It may be that this induction step is required to provide the cell with a
stimulus that causes the cell to increase the transcription of a gene or genes involved in hop-
resistance. Resistance to the hop compound trans-isohumulone by a given LAB could be

accomplished by one or more of the mechanisms discussed below.

1.4.1 Enzymatic inactivation of trans-isohumulone
While there are currently no known hop-resistance mechanisms of this type, it must
remain as a consideration that bacteria may be capable of inactivating hop-compounds by

enzymatic means.

1.4.2 Target alteration and/or inhibition of influx

It is through the cell membrane that frans-isohumulone enters the bacterial cell, and as
such, it is possible that altered lipid composition could change the permeability, or a switch to
extra long-chain fatty acids could prevent the entrance of trans-isohumulone into the cytoplasm.
These two mechanisms of target alteration have not been investigated beyond the initial report
[1]. Inhibition of influx could also be accomplished by the formation of an impermeable barrier
around the bacterial cell. Some LAB are capable of producing exopolysaccharide. In the
brewing industry, the ability to produce this exopolysaccharide is referred to as a “ropy”
phenotype [13]. A ropy phenotype results in a substantial increase of viscosity of liquid culture
and wet looking colonies when grown on solid agar. While it is known that many beer and wine
spoilage organisms possess this phenotype, studies have not been performed to establish a
correlation between its presence and the ability to grow in beer. While it is likely that a ropy
biofilm would permit bacteria to establish a permanent infection that may persist during cleaning
of brewing equipment, it is unknown whether the rope could act as a physical barrier to entry of

the cell and thereby confer hop-resistance.
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1.4.3 Active efflux

In this scenario of hop-resistance, trans-isohumulone is allowed to enter the cell and is
then actively pumped out of the cell before a large amount of damage is caused. A known
example of this mechanism is the product of the multi-drug resistance gene horA. The horA
gene is thought to confer hop-resistance to the bacterium, having previously been found in
isolates of Lactobacillus brevis [10], Lactobacillus casei [14], and Lactobacillus lindneri [14],
and more recently in isolates of Lactobacillus paracollinoides [15] and Pediococcus damnosus
[16]. The horA gene codes for what appears to be a trans-membrane protein with an ATP-
binding cassette (ABC) domain consensus sequence [10]. The HorA protein shares significant
homology with known ABC multi-drug resistance (ABC MDR) type transporters which are
primary-type multidrug transporters. It is hypothesized that HorA acts to restore the pH gradient

by transporting trans-isohumulone out of the cell [1].

1.4.4 Over expression of H+ ATPase

It is possible that the over expression of existing H+ ATPases to pump out protons
released by frans-isohumulone could also confer resistance to hop-compounds. In this situation,
uncharged frans-isohumulones enter the cytoplasm where they dissociate and remain in the cell,
but their activity is counteracted by pumping protons out of the cell to maintain a trans-
membrane pH gradient. This method would be unlikely to result in sufficient levels of
resistance, however, as it would require large amounts of energy to be expended by the bacterial

cell while living in a low-nutrient environment.

1.4.5 Divalent cation transporters

It has been hypothesized that divalent cation transporters could counteract the activity of
mobile-carrier ionophores (i.e., the activity of frans-isohumulone) by transporting cations such as
magnesium into the bacterial cell [17]. The hitA gene (hop-inducible cation transporter) was
discovered in L. brevis by Hayashi et al. [17]. The hitA gene has a significant level of similarity
to the natural resistance-associated macrophage protein family of divalent-cation transporters
which are secondary type multi-drug transporters. Hayashi ef al. [17] also demonstrated with
Northern hybridization that transcription of this gene is induced by the presence of hop bitter

acids. It is unknown whether hit4 is plasmid- or chromosomally located. The hit4 gene
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previously was only described in L. brevis and prior to this thesis work, there were no
publications that elaborate upon the prevalence of the gene or whether it correlates with the

ability of organisms to grow in beer.

1.4.6 Genes of interest with unknown function(s)

In addition to those genes described above which have inferred function based on
homology, there are genes that may have a role in hop-resistance in LAB, but possess no
significant percentage of similarity to any other known gene. Two such genes that may play a
role in the ability of bacteria to grow in beer are the #orC and ORF5 genes that code for proteins
of unknown function (i.e., they have no homology to known proteins). In this thesis, 2orC and
ORF5 genes were selected for Polymerase Chain Reaction (PCR) screening for association with
beer-spoilage based on their hypothetical membrane localization, similarity to other membrane
proteins, and their potential correlation with hop-resistance as suggested previously by Suzuki et
al. [18, 19]. Independent studies identified two unique plasmids that both harbored #orC and
ORF5 [18, 20], with horC corresponding to ORF2 and ORF9 as described by Suzuki et al. [18]
and Fuji ef al. [20], respectively, while ORF5 corresponds to ORF5 and ORF2, respectively, in

the same two articles.

1.5 Antimicrobial resistance of Pediococcus isolates

As pediococci are also used as beneficial microbes in the context of food microbiology
and animal husbandry (e.g., wine, cheese, and yogurt industries as well as for the production of
silage), the emergence of hop-resistant Pediococcus isolates in the brewing industry is of broader
interest. These isolates frequently harbour one or more ABC MDR genes, suggesting that
resistance to hop-compounds may also confer resistance to other antimicrobial compounds [10].

Antimicrobial susceptibility testing of Pediococcus isolates has been attempted by several
methods, many of which are performed using some variety of agar diffusion [21-23, 25]. More
recently, dilution methods have been preferred over diffusion tests as the former allow for
determination of minimum inhibitory concentrations (MICs) which is a more accurate indicator
of resistance [21, 22]. However, as many pediococci have special nutritional requirements for
growth, conventional antimicrobial-sensitivity testing media have been shown to be ineffective

for testing of Pediococcus isolates for antimicrobial resistance [21, 22, 24]. The enriched media
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that are commonly used to permit growth of pediococci might be inhibitory to some of the
antimicrobial compounds under investigation. For these reasons, LAB susceptibility test broth
medium (LSM; [22]), is now considered the new testing standard when assessing the
antimicrobial resistance spectra of LAB. Despite the effectiveness of LSM having been shown
for two species of Pediococcus, namely, P. acidilactici, and P. pentosaceus [22], it has not been
used to study the prevalence and spectrum of antimicrobial resistance among other members of
the Pediococcus genus. Additionally, the use of antimicrobial compounds by some industries to
combat Pediococcus contaminants (e.g., hop-compounds, Penicillin, Virginiamycin) is long-
standing, yet knowledge about the resistance of pediococci to antimicrobial agents is minimal

[24].

1.6 Historical methods for detection of beer-spoilage bacteria

The approaches used to detect beer-spoilage bacteria can be divided into two types of
methodologies. These are methods for detecting the whole organism (or its metabolic by-
products) and methods for detecting microbial DNA. A number of classical methodologies have
been used or proposed to detect beer-spoilage organisms. A comprehensive description and
comparison of such methodologies is provided by Priest and Campbell [2]. Included are direct
methods of detecting bacterial growth in beer, such as cell counts through plating or microscopy,
and indirect methods, such as pH change of the media and ATP bioluminescence. Currently,
methods for detection of whole organisms are slow (taking >30 days) and the more rapid

methods for detecting microbial DNA lack sensitivity and/or specificity [10, 13-20].

1.7 Phylogenetics

Phylogenetics is the area of systematics which examines the evolutionary relationships
among living organisms based on their genetics. The study of these relationships is pursued in an
effort to clarify taxonomic classifications and the causes for such relationships. The evolutionary
history of organisms is usually represented as tree-like diagrams that depict an estimated degree
of the evolutionary relationships among molecules (i.e., DNA), organisms, or both. The main
idea of phylogenetics is that a set of organisms descends from a single ancestor and the more
closely related a group of organisms is the more related to each other they are compared to

members of other phylogenetic groups.

[~



In order for phylogenetic analyses to be performed, three basic assumptions must be
made. These are that every organism is related to a common ancestor, there is a bifurcating
pattern, and changes in characteristics (e.g., DNA or protein sequence) occur over time. As
numerous different types of data and sizes of datasets exist, the type of phylogenetic algorithm to
be used for each particular situation should be determined on a case-by-case basis. However,
data selection and the alignment of this data has greater influence over the output tree than the
method of phylogenetic inference itself. Although the outputs from different methods of
phylogenetic inference will possess a degree of variation in comparison to one another, there
cannot be confidence in any of the outputs unless there is confidence in the input data.
Considering DNA or amino acid sequences as the input data, care must be taken that the region
of sequence to be used contains sufficient amounts of variation and conservation, and that the
dataset does not contain inappropriate sequences such as sequences present in reverse
orientation. The length of sequence chosen for the dataset must also be taken into consideration,
as the sequence must be of sufficient length to be informative. The same is true for the size of
the dataset, for example, comparison of three sequences will provide less information than a
phylogenetic tree of the same loci containing 50 sequences.

In order to construct a phylogenetic tree, the sequences must first be aligned. To align
sequences, an appropriate multiple sequence alignment (MSA) algorithm must be used. For
example, for protein sequences, an amino acid substitution matrix must be used that is
appropriate for the organism(s) in question. One must also be mindful to manually inspect a
MSA before use for phylogenetic inference. As many MSA programs assume amino acid input
by default, they do not take into account the coding frame of nucleic acid sequences, thereby
introducing gaps and creating alignments which would not likely be encountered in reality due to
creation of stop codons and frame shifts. Ultimately, the type and size of the dataset will
determine the reliability and practicality of the phylogenetic algorithms to be used. There are
advantages and disadvantages to all methods and programs utilized for phylogenetic analysis.

The three main methods of phylogenetic inference are evolutionary distance, maximum
parsimony (MP), and maximum likelihood (ML); however, the method of phylogenetic inference
must be properly chosen according to the dataset [29]. For example, evolutionary distance
methods rely explicitly on a measure of genetic distance between the sequences being classified

and, therefore, require a MSA. Conversely, MP methods assume a constant rate of evolution
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and, therefore are not appropriate for use with genes or protein sequences that are believed to be
under the influence of external selective pressures [30].

With the development of molecular tools such as 16S rRNA gene sequencing, new
groups of bacteria have been identified and genera have been created from species formerly
considered to be lactobacilli (e.g., Carnobacterium, Leuconostoc, Oenococcus, and Weissella [6,
31, 32]). With further genetic characterization, whole genome sequencing, and the curation of
genetic databases, a more accurate classification of bacteria currently placed in the genus
Lactobacillus is possible in order to reflect the evolutionary relationships between species. It has
been speculated that the wide range of phenotypic diversity seen amongst Lactobacillus isolates
is due to an exceptionally high level of genome degradation and horizontal gene transfer [33-36].
As such, using phenotypic categorization for bacteria within this genus will not work. Although
16S rRNA gene sequencing is used extensively in bacterial systematics, there is a growing call
from the scientific community to strengthen, or refute, the conclusions drawn from the study of
only one gene. As such, multilocus sequence analysis (MLSA) is the preferred method to assess
the relationship of bacterial isolates, species, and genera. In addition to the full-length 16S
rRNA gene, portions of several housekeeping genes may be analyzed. The most commonly used
being portions of the cpn60 (552 bp), recA (531 bp), pheS (455 bp), and rpoA (533 bp) genes and
the corresponding protein sequences. The usefulness of these five regions in assessing
phylogenetic relationships has previously been shown [37-46]. Data obtained through a MLSA
approach creates a solid representation of the phylogenetic relationships among the bacterial

species analyzed.

1.8 Taxonomic status of the genus Lactobacillus

Members of the genus Lactobacillus are extremely varied in phenotype, G-C content,
morphology, and 16S rRNA gene percent identity. The number of species within the genus
Lactobacillus has been growing exponentially, currently encompassing 121 validly described
species and an additional nine subspecies [47] (a complete list is provided in Chapter 11).
Moreover, the genus Lactobacillus is polyphyletic, encompassing the genera Paralactobacillus
and Pediococcus. A phylogenetic tree of the genus is provided in the following pages, but due to
the large size of the genus, the tree had to be presented by major clades (Figures 1.2-1.5). In
these figures, the discrepancy between ability of lactobacilli to spoil beer and phylogeny is

NO
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least one isolate that is known to spoil beer. Conversely, all isolates of a species outlined by an
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tested for ability of isolates to grow in beer. Bar indicates 1% divergence.
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highlighted, with the ability of most organisms to grow in beer determined in Chapter 2. While
the ability of many of these isolates to spoil beer was elucidated through the work in the
following chapters, it is important to make note of the range and discontinuity of beer-spoiling
species to appreciate the diversity of these beer-spoiling microbes.

As the number of Lactobacillus species has increased, the definition of the genus has
become increasingly diffuse. There are no criteria for the inclusion or exclusion of new species
within the genus Lactobacillus, leading to confusing situations where new genera (such as
Paralactobacillus [48]) can be described that actually belong amid the current span of
lactobacilli (See Chapter 11). Also, some phenotypic markers can undergo lateral gene transfer,
making their use in nomenclature unstable. As such, the use of phenotypic properties for the
classification of Lactobacillus isolates has resulted in a confusing classification scheme that has
contributed to the present disorder. In its current state, the Lactobacillus genus is extremely
heterogeneous and there is a need for a stable system of nomenclature to ensure that all members

of the genus can be clearly identified, facilitating further classification and study.

1.9 Taxonomic status of the genus Pediococcus

At the onset of this study, the genus Pediococcus consisted of 8 species, including
Pediococcus acidilactici, Pediococcus claussenii [37], Pediococcus damnosus, Pediococcus
dextrinicus, Pediococcus inopinatus, Pediococcus parvulus, Pediococcus pentosaceus, and
Pediococcus urinaeequi. Since beginning this thesis work in 2004, five additional species have
been described, namely, Pediococcus argentinicus [49], Pediococcus cellicola [50], Pediococcus
ethanolidurans [51], Pediococcus siamensis [52], and Pediococcus stilesii [53], and P.
urinaeequi was reclassified to the genus Aerococcus [54]. At the point of assembling the thesis
(April 25, 2009), the genus Pediococcus consisted of 11 species as the species P. dextrinicus was
reassigned to the genus Lactobacillus as a result of the work described in Chapter 9. For the
purposes of this introduction, however, the genus Pediococcus will be discussed in the context of
containing all currently validly described pediococci, and also including P. dextrinicus.

Pediococci are homofermentative and produce DL-lactate from glucose; the exceptions
being P. claussenii and P. dextrinicus which produce only L(+)-lactic acid [53]. The
Pediococcus genus forms a distinct taxonomic group, with the exception of P. dextrinicus which

is a distant outlier to the genus, instead falling phylogenetically within the Lactobacillus genus



(Figure 1.2). A phylogenetic tree in Figure 1.6 expands the compressed Pediococcus clade from
Figure 1.2 and highlights the ability of isolates to grow in beer. As with the lactobacilli, the
ability of many of these isolates to spoil beer was elucidated through the work in the following
chapters, but is presented here as it is important to make note of this feature to appreciate the
diversity of these beer-spoiling microbes.

The species P. dextrinicus was included within the genus Pediococcus based upon
morphology, cell wall composition, homofermentative lactic acid production, and nutritional
requirements [55]. It should be noted, however, that many of these characteristics are also
shared by other LAB, including the related Aerococcus, Lactobacillus, and Tetragenococcus
genera [6, 32, 56]. In Chapter 9, the species P. dextrinicus is reclassified as Lactobacillus

dextrinicus, resulting in a more cohesive taxonomy of the genus Pediococcus.

1.10 Whole genome analysis

The phylogenetic trees in Figures 1.2-1.6 make it apparent that the phenotype of being
able to grow in beer does not abide by the boundaries of speciation or follow the same
evolutionary path as predicted by housekeeping genes. Historically, taxonomic analyses have
been performed using a diverse and often arbitrary selection of morphological and phenotypic
characteristics. These characteristics are now considered unsuitable for generating reliable and
consistent taxonomies, as there is no rational basis for choosing which morphological or
phenotypic characteristics should be examined, and the extent that individual phenotype or small
collection of phenotypes consistently represent true phylogeny is generally considered to be
minimal. This situation holds true in the context of brewing microbiology as shown by the
diverse taxonomy of beer-spoilage Lactobacillus and Pediococcus species (Figures 1.2-1.6).

While 16S rRNA gene sequence analysis and MLSA have proven to be effective tools for
phylogenetics, one deficiency inherent in these techniques is that only a small amount of
information is used to represent the entire organism. This practice has largely been accepted due
to restraints such as the cost, time, and complexity involved in genome sequencing. However,
there are now hundreds of sequenced genomes that are available in publicly accessible databases.
As a result, there is the opportunity to explore the use of whole genomes in analyzing
evolutionary relationships. As more genomes have become publicly available, numerous

different approaches to determining genomic relatedness have been attempted, including
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dinucleotide frequencies, [57-59], genomic G+C content [45], codon usage [60, 61], gene order
[62], and amino acid k-mer composition [63]. These methods, as well as a number of others, are
reviewed by Coenye and colleagues [64]. Earlier, Coenye ef al. [61] performed a comparison of
some of these methods and showed that the phylogenetic trees derived from these characteristics
are usually quite consistent with each other, as well as with the tree derived from comparing 16S
rRNA gene sequences. As these comparisons were performed on relatively small, related groups
of bacteria, it remains unclear whether these results generalize to all organisms or even to all
bacteria.

Another approach to whole-genome phylogenetics is the comparison of gene content.
This technique involves the identification of predicted orthologues in pairs of organisms and then
assigning a “distance” between that pair based on the putative number of shared genes. This
technique was originally proposed by Snel ef al. [65] and has subsequently been revisited with
larger groups of organisms [66, 67]. Compared to other whole-genome techniques for
phylogeny, this method seems particularly attractive, as differences in gene content among
organisms are readily explicable both in terms of their evolutionary meaning (adaptation to its
environment) and the mechanisms behind the evolutionary events (gene duplication, gene loss,
horizontal gene transfer).

Some of the most useful information from an evolutionary standpoint is genome content
or protein composition. For this reason, several methods have been developed to compare
protein profiles of organisms. One such method that has been developed is Clusters of
Orthologous Groups (COGs) of proteins [68]. This method classifies proteins into COGs based
on sequence similarity via a best-hit gapped-BLAST approach [69]. The end result is clusters of
proteins that are supposed orthologs and therefore are proposed to have the same or similar
functions. Unfortunately, the COG database currently consists of a list of COGs that were
developed in 2003 with the use of 66 genome sequences [70]. The COG database website states
that a newer version is said to be in development, which will include 261 genomes
(http://ncbi.nlm.nih.gov/COG/; accessed April 5™, 2009). However, this is less than half of the
microbial genome sequences available through NCBI’s Entrez Genome Project Database which,
as of April 5™, 2009, consisted of 862 sequenced microbial genomes. On this same date, the
NCBI database also indicates that an additional 1565 bacterial genomes are currently being

sequenced. With the already overwhelming amount of genomic information available, coupled



with the exponential growth rate of genetic information, the ability to efficiently include all
genomic information in a comparative COG analysis is going to be increasingly difficult. The
creation of COGs is time-consuming and labor-intensive, requiring a large amount of manual
analysis. This is so much so that including all of the presently available genome sequences in the
development of COGs would appear to be unfeasible. Therefore, COGs have been created for
smaller groups of organisms [33, 71, 72], but these COGs cannot be applied for analysis or
comparisons of other organisms. In light of this problem, COGs should only be used for
comparison of entire protein profiles of organisms that were originally used (or very closely

related to those used) to create the given COG database.

1.11 General hypotheses and objectives

There were seven hypotheses providing the foundation for this thesis research. (i) Ability
for lactobacilli and pediococci to grow in beer is multifactorial and requires factors such as
ethanol-tolerance and nutrient acquisition in addition to hop-resistance. (ii) The presence of
specific genes can be used to predict the ability of lactobacilli and pediococci to grow in beer.
(ii1) Phyla can be detected and identified using conserved regions of the 16S rRNA gene. (iv)
The horA gene exists outside of the brewery environment and that additional, as of yet unknown,
beer-spoilage associated genes must exist. (v) The presence of antimicrobial compounds should
have some correlation to the presence of beer-spoilage associated genes, hop-resistance, and
ability to grow in beer. (vi) Insights can be gained into the genetic basis of beer-spoilage by
developing a better understanding of the taxonomy of lactobacilli and pediococci. (vii) Lastly,
genomes and/or proteomes can be grouped and added/subtracted from one another in order to
determine core and unique proteomes which can then be associated to phenotypic information.

From these hypotheses, general objectives were developed. While specific objectives are
given in the brief introduction to each Chapter, the objectives as presented here are intended to
be an overview of the goals of this thesis as a whole. There were four general objectives. Figure
1.7 shows a schematic diagram of how the components of the thesis tie together. The four
general objectives and the research directions taken in each case were as follows.

My first objective was to develop a PCR-based method to detect beer-spoiling bacteria.

Here I focused on developing an internal positive PCR control, determining which isolates can



grow in beer (for statistical analysis), testing for the presence of currently known putative beer-
spoilage associated genes, and identifying additional beer-spoilage associated genes. Chapters 2
through 6 relate to this objective (Figure 1.7).

My second objective was to develop a method to detect beer-spoiling bacteria that is
independent of genetic background. This involved investigating the effects and usefulness of
varying concentrations of hop-compounds, ethanol, nutrients (as hypothesized in Figure 1.1), and
using an agar or broth medium to yield the most accurate detection method. Chapter 7 relates to
this objective (Figure 1.7).

My third objective was to gain insights into the implications of the uses of antimicrobial
compounds (i.e., hop-compounds) on beer-spoiling bacteria. Here I compared the presence of
genes putatively associated with hop-resistance with degree of resistance to antibiotics and I
statistically determined whether it is plausible that genes associated with hop-resistance also
confer resistance to other antibiotics. Chapter 8 relates to this objective (Figure 1.7).

Lastly, my fourth objective was to contribute to the taxonomic understanding of
lactobacilli and pediococci that are able to spoil beer. Here I conducted a phylogenetic analysis
of the Lactobacillus and Pediococcus genera, identified and reclassified an inappropriately
named species, and suggested reorganization or restructuring where needed in order to clarify the
relationships of species within these and neighboring genera. Additionally, genomic and
proteomic relatedness of lactobacilli in comparison to 16S rRNA gene similarity and other
genera were investigated and a novel method for elucidation of genes putatively related to
phenotypic groups is explored using proteomic comparisons. Chapters 9 through 11 relate to this

objective (Figure 1.7).
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BRIEF INTRODUCTION TO CHAPTER 2

In order to effectively detect beer-spoilage associated genes by PCR, a positive internal
control is needed. The Lactobacillus and Pediococcus genera belong to the Phylum Firmicutes
which also contains nearly all beer-spoiling bacterial genera. It is estimated that bacteria from
the Firmicutes Phylum are responsible for >90% of beer-spoilage incidents. There is currently
no method that allows for detection of Firmicutes as a group. A multiple sequence alignment of
Lactobacillus and Pediococcus 16S rRNA gene sequences was used to identify a putative
Firmicutes-specific region of this gene. The region identified was then evaluated by in silico and
in vitro methods to determine the range and specificity of the Firmicutes-specific real-time PCR

probe.

Reprinted with permission from The International Journal of Food Microbiology 125:236-

241, 2008.

Erratum: in this manuscript the sequence of the Firmicutes probe is incorrectly given as

CTTGCTGCCTCCCGTAG and should be CTGCTGCCTCCCGTAG.
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Members of the bacterial Phylum Firmicutes occupy a wide range of habitats and can be either beneficial or
detrimental in diverse settings, including food- and beverage-related industries. Firmicutes are responsible
for the vast majority of beer-spoilage incidents and, as such, they have a substantial financial impact in the
brewing industry. Rapid detection and identification of a bacterium as a Firmicutes is difficult due to
widespread genetic transfer and genome reduction resulting in phenotypic diversity in these bacteria. Here

g?::;;isiiage bacteria we describe a real-time multiplex PCR to detect and differentiate Firmicutes associated with beer-spoilage
Firmicutes from non-Firmicutes bacteria that may be present as benign environmental contaminants. A region of the 16S
Phylum-specific detection rRNA gene was identified and predicted to be highly conserved amongst, and essentially specific for, Fir-
Real-time PCR micutes. A real-time PCR assay using a hydrolysis probe targeting this region of the 16S rRNA gene was

experimentally shown to detect ten genera of Firmicutes known to be beer spoilers, but does not cross-react
with eleven of twelve non-Firmicutes genera which can periodically appear in beer. Only one non-Firmicutes
species, Zymomonas mobilis, weakly reacted with the Firmicutes probe. This rPCR assay has a standard curve
that is linear over six orders of magnitude of DNA, with a quantitation limit of DNA from <10 bacteria. When
used to detect bacteria present in beer, the assay was able to detect 50-100 colony forming units (CFU) of
Firmicutes directly from 2.5 cm membranes used to filter 100 ml of contaminated beer. Through
incorporation of a 4.7 cm filter and an overnight pre-enrichment incubation, the sensitivity was increased
to 2.5-10 CFU per package of beer (341 ml). When multiplexed with a second hydrolysis probe targeting a
universal region of the 16S rRNA gene, the assay reliably differentiates between Firmicutes and non-Firmi-
cutes bacteria found in breweries.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The bacterial Phylum Firmicutes contains the three Classes Bacilli,
Clostridia, and Mollicutes which include a total of 235 genera and all
species of lactic acid bacteria. Members of this Phylum are highly
diverse in morphology, physiology, and Gram-staining characteristics
(Sneath et al., 1986), making phenotypic properties unsuitable for
detection or identification of Firmicutes. Firmicutes occupy a wide
variety of habitats, and can be either useful or problematic in various
food- and beverage-related industries (Bjorkroth et al., 1996;
Fernandez et al., 1996; Llauberes et al., 1990; Sakamoto and Konings,
2003; Stiles and Holzapfel, 1997), in the fuel alcohol industry (Skinner
and Leathers, 2004), and in human and animal health (Carr et al.,
2002). It is believed that numerous industrial applications of Firmi-
cutes remain to be exploited (Teusink and Smid, 2006).

Firmicutes are responsible for the majority of beer-spoilage
incidents and, as such, have a substantial financial impact for brewers.
Current detection methods for beer-spoilage bacteria rely largely upon
species-specific identification (DiMichele and Lewis, 1993; Asano

* Corresponding author. Tel.: +1 306 966 4330; fax: +1 306 966 8049.
E-mail address: b.ziola@usask.ca (B. Ziola).
! Current address: CanBiocin, #1015-8308 114 Street, Edmonton AB, Canada T6G 2E1.

0168-1605/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijfoodmicro.2008.04.002

et al., 2008), which can miss certain subspecies, as of yet undescribed
species, or isolates possessing variant phenotypic properties. A
method by which all Firmicutes within a sample could be detected
would greatly improve the turn-around time and effectiveness of
quality control decision making in breweries. However, due to
widespread genetic transfer, there are no reliable biochemical
methods which can identify bacteria as belonging to Firmicutes
(Makarova et al., 2006). Inclusion of bacteria in the Phylum Firmicutes
is based on 16S rRNA gene sequence as this is the only Firmicutes gene
that has been shown to ascribe to a molecular clock (Makarova et al.,
2006). Attempts thus far at generating Firmicutes-specific (or lactic
acid bacteria-specific) PCR primers are predicted to amplify numerous
species from other phyla, and are lacking in depth, range, and
specificity (Neeley et al., 2005). Furthermore, current methods of
detecting Firmicutes rely upon post-PCR techniques such as differ-
ential gradient gel electrophoresis which are time consuming and
subject to human interpretation (Lopez et al., 2003; Walter et al.,
2001). As such, a more rapid, precise, and reproducible screening
method for Firmicutes is desirable.

Here we describe a Firmicutes real-time PCR (rPCR) detection
system. By using a single set of universal eubacterial PCR primers
(Muyzer et al., 1993; Relman, 1991) along with hydrolysis probes that
recognize opposite strands of the PCR-amplified DNA, we assembled a
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Table 1
In silico prediction of probe and primer binding specificities

Name Sequence Location® Beer-spoilage Firmicutes” All Firmicutes All other bacteria
8F AGAGTTTGATCCTGGCTCAG 8-27 117° (100%) 4439 (99.1%) 985° (97.3%)
534R ATTACCGCGGCTGCTGG 534-518 348f (100%) 13282 (99.1%) 37675 (98.5%)
357R probe CTTGCTGCCTCCCGTAG 341-357 348" (100%) 1328¢ (99.1%) 37641 (98.5%)
Firmicutes probe CTGATGGAGCAACGCCGCGT 386-405 348f (100%) 12488 (93.1%) 1093" (28.6%)

2 16S rRNA gene location is based on Escherichia coli numbering.

b Contgins the genera Bacillus, Enterococcus, Lactobacillus, Megasphaera, Pectinatus, Pediococcus, Selenomonas, Streptococcus, and Zymophilus.
cdefehi Number of 16S rRNA gene sequences of “good” quality for type strain, cultured isolates in the RDPII as of April 2, 2008. These regions of the 165 rRNA gene had 117, 447,

1012, 348, 1340, 3824, and 3823 respective sequences from which to search.

multiplex PCR containing a Firmicutes probe with a second probe
targeted to a universal region of the 16S rRNA gene (i.e., a non-
competitive internal control). Impetus for development of the Firmi-
cutes rPCR was the need to rapidly detect potential spoilage bacteria in
the brewery environment, with the assay nonetheless being applic-
able to any setting in which rapid and accurate detection of a Firmi-
cutes microbe is desired. As filtration of beer is a step commonly used
for concentration of contaminating microbes in the brewery (Dreier
and Kleesiek, 2006; Priest and Campbell, 2003; Reid et al., 1990; Roche
et al,, 1990; Satokari et al., 1998), the Firmicutes rPCR was assessed not
only using quantified DNA, but also using known numbers of spoilage
Firmicutes filtered from artificially inoculated, commercially available
beer.

2. Materials and methods
2.1. Development of the Firmicutes probe

A Multiple Sequence Alignment (MSA) of the first three variable
regions of the 16S rRNA gene (Neefs et al., 1993) was constructed as
described by Dobson (2001). The MSA consisted of 30 lactobacilli and
pediococci species (135 isolates), four Staphylococcus aureus isolates,
and one Leuconostoc mesenteroides isolate. A consensus sequence of

Table 2

Multiple sequence alignment of consensus sequences
Genera Consensus sequence Number of

from MSAs* sequences"

Firmicutesprobe CTGATGGAGCAACGCCGCGTGA

Firmicutes
Bacillus CTGACGGAGCAACGCCGCGTGA 113
Enterococcus CTGACCGAGCAACGCCGCGTGA 36
Lactobacillus CTGATGGAGCAACGCCGCGTGA 103
Leuconostoc CTGATGGAGCAACGCCGCGTGA 15
Megasphaera CTGACGGAGCAACGCCGCGTGA &
Pectinatus CTGACGGAGCAACGCCGCGTGA Z
Pediococcus CTGATGGAGCAACGCCGCGTGA 6
Selenomonas CTGACGGAGCAACGCCGCGTGA 9
Streptococcus CTGACCGAGCAACGCCGCGTGA 66
Zymophilus CTGACGGAGCAACGCCGCGTGA 1

Non-Firmicutes
Acetobacter CTGATCWAGC. CCGCGT! 13
Acinetobacter CTGATC®AGC] CCGCGTG| 18
Alcaligenes CTGATC®AGC] CGCGT! 4
Citrobacter CTGATG®AGC CCGCGTG| 9
Enterobacter CTGAT:! GC CCGCGT! 10
Gluconobacter CTGATCEAGC. CCGCGT! 4
Klebsiella CTGATGEAGC] CCGCGT! 1
Micrococcus CTGATGEAGC] CCGCGTGA 4
Obesumbacterium CTGATGEAGC] CCGCGTG| 1
Proteus CTGATG®AGC CCGCGT! 2
Pseudomonas CTGATC®AGC CCGCGT! 83
Zymomonas CTGATC®AGC. CCGCGTGA 2

*Nucleotides highlighted in grey indicate a mismatch that does not affect binding of the
Firmicutes probe, while those highlighted in black indicate mismatches that prevent the
Firmicutes probe from binding. The sequence shown corresponds to bases 386-407 of
the E. coli 16S rRNA gene.

PNumber of type-strain sequences of “good” quality, accessible through the RDPII database
and used to create the MSA and consensus sequence.
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the MSA was generated using GeneDoc software (Nicholas et al., 1997),
and was inspected for highly conserved regions. The Firmicutes probe
was designed to one such region of the consensus sequence and
paired for use with a set of universal eubacterial primers 8F and 534R
(Muyzer et al., 1993; Relman, 1991) and eubacterial probe 357R, the
reverse sequence of a previously described primer (Muyzer et al.,
1993). The sequences of PCR primers and probes are given in Table 1.

2.2. In silico testing

The range and specificity of the Firmicutes probe and universal
eubacterial primers were tested in silico using the Ribosomal Database
Project 11 (RDPII) probematch tool (Cole et al, 2007) with default
parameters for type strain 16S rRNA gene sequences and allowing for a
maximum of 2 bp to be mismatched. The matches were divided into the
categories beer-spoilage Firmicutes (Priest and Campbell, 2003), all Fir-
micutes, and all other bacteria (Table 1).

To determine the specificity of the putative Firmicutes-specific
region, the corresponding region of the 16S rRNA gene for all known
beer-spoilage associated genera (Firmicutes and non-Firmicutes) were
assembled from the RDPII, limiting the search to type isolates with
“good” sequences. The number of type-strain sequences satisfying these
requirements for each genera are listed in Table 2. MSAs were created
from these sequences using ClustalX 1.81 on default settings (Thomson
etal,, 1997). Consensus sequences were created from the MSAs using the
European Molecular Biology Software Suite v2.2.0 “cons” program (Rice
et al., 2000), using the threshold settings of “required number of
identities at a position” equal to one greater than half the number of
sequences in the MSA, and “threshold above which the consensus is
given in uppercase” equal to three quarters the number of sequences in
the MSA. The resulting consensus sequences were then aligned using
the ClustalX 1.81 software on default settings (Thomson et al., 1997)
(Table 2).

Cross-reactivity of the primers and probes with brewer's yeast
(Saccharomyces cerevisiae) was assessed using the NCBI GenBank BLAST
search tool for short, nearly exact matches on all primers and probes. The
eubacterial primers 8F and 534R were predicted to create an amplicon
(approximately 526 bp) from the yeast 18S rRNA gene, while the 357R
probe was predicted to bind weakly (due to mismatches) to a region
within this amplicon. Most importantly, the Firmicutes probe was not
predicted to bind to any region of the S. cerevisiae genome.

2.3. rPCR parameters

The Firmicutes probe was labeled with a 5’ 6-FAM (fluorescein) and
a 3’ Black Hole Quencher I molecule (Integrated DNA Technologies,
Coralville IA). PCR amplification of the 16S rRNA gene was performed
with the forward and reverse primers 8F and 534R (Muyzer et al.,
1993; Relman, 1991). A universal eubacterial probe (357R probe) was
designed using the primer sequence 341 as described by Muyzer et al.
(1993), however, the sequence was used in reverse complement to
bind to the strand opposite of the strand recognized by the Firmicutes
probe (Table 1). The 357R probe was labeled with a 5’ Cy3 and 3’ Black
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Table 3
Detection of Firmicutes associated with brewery contamination

Beer-spoilage Genera® Species Tested” rPCR results

Firmicutes
Bacillus 3 spp + (all spp)
Enterococcus faecalis +
Lactobacillus 23 spp + (all spp)
Leuconostoc mesenteroides +
Megasphaera cerevisiae +
Pectinatus 2 spp + (both spp)
Pediococcus 7 spp + (all spp)
Selenomonas lacticifex +
Streptococcus viridans +
Zymophilus 2 spp + (both spp)
Non-Firmicutes

Acetobacter aceti -
Acinetobacter calcoaceticus -
Alcaligenes faecalis -
Citrobacter freundii -
Enterobacter agglomerans -
Gluconobacter oxydans -
Klebsiella pneumoniae -
Micrococcus luteus -
Obesumbacterium proteus -

Proteus mirabilis -
Pseudomonas aeruginosa -
Zymomonas mobilis +

2 As listed by Priest and Campbell (2003).
> A comprehensive list of the species and origins of isolates tested is provided in the
table provided as Supplementary data.

Hole Quencher II molecule (Integrated DNA Technologies, Coralville,
IA).

DNA extractions were performed using 10 pl of culture with 100 pul
of the BioRad Instagene DNA Matrix Kit (BioRad, Mississauga, ON), as
directed by the manufacturer. Cultures were grown in de Man Rogosa
Sharpe (MRS) broth at 30 °C as described in Haakensen et al. (2007),
except for anaerobes which were grown as described by Chaban et al.
(2005). At the final step, 90 pl of supernatant were removed and
stored at -20 °C. Each reaction contained 2 U of Invitrogen Platinum®
Taqg DNA polymerase, 1x PCR buffer (Invitrogen, Burlington ON),
1.5 mM of MgCl,, 0.2 mM of each of the four deoxynucleotide tri-
phosphates, 0.4 uM of primers 8F/534R and 0.2 uM of each of the
Firmicutes and 357R probes. Template DNA was added (2.5 pl) and the
volume was brought to 25 pl with water. The rPCR program consisted
of a denaturation step of 5 min at 95 °C, followed by amplification
cycles of 95 °C for 15 s, 52 °C for 30's, 72 °C for 30 s. Amplification and
monitoring of fluorescence after each cycle was performed in a
Cepheid Smart-Cycler I (Cepheid, Sunnyvale CA). Cycle threshold (Ct)
values of 30 and 10 fluorescence units for FAM and Cy3, respectively,
were used as cut-offs for determining positive and negative results. If
the threshold value had not been reached by 45 cycles of amplifica-
tion, the sample was deemed to be negative for that rPCR-target.
Binding specificity of the Firmicutes probe and multiplex rPCR system
was confirmed with at least one species belonging to each genus
known to be associated with beer-spoilage (Priest and Campbell,
2003) (Table 3). A comprehensive list of the species and origins of
isolates tested is provided in the Supplementary data. The multiplex
PCR was also tested on S. cerevisiae DNA to confirm in silico predic-
tions. rPCR results were confirmed by agarose gel electrophoresis.

To ensure that beer components (possibly including live or dead S.
cerevisiae or free-floating DNA from bacteria or yeast) did not produce
false-positive results or increased background fluorescence in the rPCR,
four different tests were performed using a pasteurized 5% v/v alcohol
beer, pH 4.8, containing an average of 11.0 bitterness units. The first test
was to use beer instead of template DNA in the PCR reaction. The second
and third tests involved centrifuging 341 ml of beer (the volume of one

standard size bottle) for 20 min at 10,000 g. The supernatant was
removed, and the pelleted material was either directly used as the
template DNA in a PCR reaction, or subjected to the Puregene Genomic
DNA purification kit (Inter-Medico, Markham ON), using the DNA
extraction protocol for 0.5 ml of yeast culture. Lastly, 341 ml of beer was
filtered through 0.45 nm HVLP type Durapore filters (Millipore, Billerica
MA). The filter was placed in a tube with MRS media and vortexed at top
speed for 30 s. The filter was removed and the DNA extraction protocol
was performed on the MRS media.

2.4. rPCR standard curve

A standard curve was constructed using serially diluted DNA from
Pediococcus claussenii ATCC BAA-344T (American Type Culture Collec-
tion; see Supplementary Data). The OD,g of the DNA was 0.046, giving a
concentration of 2.3 pg/ml The DNA was diluted in 10-fold increments in
water to a final concentration of 2.3 pg/ml and 2.5 ul of each dilution was
used per PCR reaction. DNA was amplified as per the conditions
described above. The cycle number at which the fluorescence produced
crossed the threshold (threshold cycle, Ct) were plotted against the Logyo
fg DNA per PCR reaction and the standard curve was constructed. The
correlation coefficient (R?) was calculated as previously described
(Higuchi et al., 1993).

2.5. Determining threshold detection limit

The threshold detection limit for bacteria artificially inoculated
into beer was determined by membrane filtration and the number of
colony forming units (CFU) in each case was determined by plating on
MRS agar. Serially diluted P. claussenii ATCC BAA-344" was inoculated
into 100 ml of beer (commercially available pasteurized 5% v/v alcohol
beer, pH 4.8, containing an average of 11.0 bitterness units). Artificially
contaminated and control (uncontaminated) beer were passed
through 0.45 pm Durapore membrane filters (Type HV, 2.5 cm;
Millipore, Billerica MA) using a vacuum manifold. DNA was extracted
from the filter membranes using the PureGene DNA Purification
System DNA (Gentra Systems, Minneapolis MN). Filters were placed in
a 1.5 ml microfuge tube, filtration-side to the inside, and 300 pl of cell
suspension solution was added. Tubes were vigorously vortexed and
then centrifuged for 5 min at 16,000 g in an angle rotor centrifuge at
room temperature. After the filter was then removed from the side
of the tube, the bacterial pellet was processed according to the
manufacturer's protocol for Gram-positive organisms.

Alternatively, an overnight incubation (16 h) in MRS broth after
filtration, but prior to DNA extraction, was used as a pre-enrichment
step. Lactobacillus brevis CCC1202 (Molson Coors Culture Collection;
see Supplementary data) as well as P. claussenii ATCC BAA-344" were
used and tests were performed on both 100 ml and 341 ml volumes of
beer. For the 341 ml volume (equivalent to a package unit of beer), a
larger diameter filter membrane (4.7 cm) was used to allow for a more
rapid filtration. At the beginning of the DNA extraction procedure, the
MRS broth was vigorously vortexed with the filter and, after the filter
was removed, centrifugation was used to produce a bacterial pellet.
The resuspended pellet was then transferred to a 1.5 ml microfuge
tube and the DNA extraction procedure was continued.

3. Results
3.1. Predictions

In silico assessment of the Firmicutes probe predicted that the
probe would bind to 100% of beer-spoilage Firmicutes (Priest and
Campbell, 2003), and 92.9% of all Firmicutes (Table 1). Of the Firmi-
cutes species that were not predicted to bind to the probe, 95%
are from the Classes Mollicutes and Clostridia, namely, the families
Eubacteriaceae and Syntrophomonadaceae which do not contain any
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known beer-spoilage organisms. When allowing for a 2 bp mismatch,
approximately 94% of all non-Firmicutes species that might match the
probe belong to the Phylum Actinobacteria. However, all of these
potentially reactive microbes had 16S rRNA genes mismatched to the
Firmicutes probe at bases seven and thirteen, namely, those bases
apparently critical for effective binding of the probe (Table 2).

3.2. Experimental confirmation

Experimental testing of isolates from 22 beer-spoilage associated
genera confirmed in silico predictions of binding for the Firmicutes
probe (Table 3). Simultaneously, the universal eubacterial primers
amplified any bacterial DNA present, which was confirmed by the Cy3
fluorescence signal given by the universal 357R probe. Only one of the
twelve non-Firmicutes beer-spoilage genera (Zymomonas) produced a
weakly positive result (Universal probe Cy3 Ct-value of 21.4 and Fir-
micutes probe FAM Ct-value of 35.7 using approximately 5 ng of DNA
in the reaction) and this species was one of the few non-Firmicutes
that were predicted by the RDPII search to be capable of binding the
probe. The much lower Ct-value for the Firmicutes probe compared to
the Universal probe suggests inferior binding of the Firmicutes probe,
likely due to mismatches. When S. cerevisiae DNA was directly used as
the rPCR template, the universal 16S rRNA primers amplified a
segment of the yeast 18S rRNA gene. However, the amplicon produced
only reacted weakly with the 357R probe (Ct-value of 29.8 with
approximately 12 ng of DNA in the reaction) and, as expected, did not
react with the Firmicutes probe. In the tests run to determine if beer
components produce false-positive results or increased background
fluorescence in the rPCR, negative results were obtained for both the
357R probe and Firmicutes probe. Most importantly, the Firmicutes-
specific rPCR accurately detected all Firmicutes tested in this study
(Table 3 and Supplementary data).

3.3. Standard curve and threshold detection limit in beer

Using P. claussenii as a representative Firmicutes, a standard curve
was constructed to test the accuracy of the Firmicutes rPCR. Based on
serial DNA dilution experiments, as little as 5.75 fg of DNA could be
reproducibly detected (Fig. 1). The linearity range of the rPCR covered
six orders of magnitude and produced a high R? value of >0.993. In

consensus with published data (Dreier and Kleesiek, 2006), and based
upon the average size of known Lactobacillus and Pediococcus
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Fig. 1. Standard curve showing average of three trials (with range indicated by bars)
using serially diluted DNA from P. claussenii ATCC BAA-344". The straight line
corresponds to the regression of Log;, fg DNA/reaction; R?>0.993.
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Fig. 2. Standard curve showing average of three trials (with range indicated by bars)
using DNA extracted from overnight cultures grown from filters of P. claussenii ATCC
BAA-344" serially diluted and artificially inoculated into beer. The straight line
corresponds to the regression of CFU/341 ml of beer (one standard bottle); R*>0.966.

genomes, 5.75 fg of DNA corresponds to DNA from fewer than 10
bacterial cells. However, when DNA was directly extracted from
bacteria trapped on filters in the artificially spiked beer procedure, the
detection limit for P. claussenii ATCC BAA-344" using the rPCR assay
was 50-100 CFU per 100 ml of beer. Incorporation of an overnight pre-
enrichment incubation of the filter allowed for a greater than 30-fold
increase in sensitivity, reducing the detectable number of bacteria
detectable to 2.5-10 CFU when 100 or 341 ml of beer were filtered
(Fig. 2). This far exceeds the 50 CFU/250 ml set as a standard to aim for
when doing microbiological assessment in breweries by Reid et al.
(1990).

4. Discussion

The Firmicutes detection system uses a set of universal eubacterial
primers and probe, together with a novel Firmicutes probe, all
targeting the 16S rRNA gene. To our knowledge, this is the first
description of a DNA-based detection system that accomplishes
Phylum-specific identification through the use of a single probe. As
discussed by Reid et al. (1990), there is surprisingly little published on
the standards required for microbiological stability for beer, but the
only safe standard should be zero microorganisms. Inspite of this
desired target, a more realistic goal of detecting contaminated beer
with more than 50 CFU per 250 ml was set (Reid et al., 1990). In
combination with filtration concentration of bacterial cells, the Fir-
micutes rPCR gives brewers a screening assay which can detect as few
as 2.5-10 CFU of Firmicutes per packaged 341 ml bottle or can of beer
(Figs. 1 and 2). This detection sensitivity is some 300-fold better than
methods previously described for detecting Firmicutes in beer by PCR
(Bischoff et al., 2001) or in situ hybridization techniques (Yasuhara et
al., 2001), and comparable to the detection limit accomplished by
chemiluminescence which requires the production of bacteria-
specific monoclonal antibodies and specialized visualization equip-
ment (March et al.,, 2005). In addition to the sensitivity achieved, the
Firmicutes rPCR is unique in that simultaneous detection of all bacteria
associated with post-wort beer-spoilage is accomplished.

Deployment of this Firmicutes detection system allows the user to
concurrently obtain two critical pieces of information. The PCR primers
amplify a portion of the 16S rRNA gene from all bacteria present in a
sample, as reported by the universal probe, while the Firmicutes-specific
probe reports whether there is a Firmicutes bacterium present in the
sample. As such, the rPCR indicates whether Firmicutes bacteria are
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present, or whether any bacteria are present at all. Because the vast
majority (>90%) of beer-spoilage incidents are caused by Firmicutes, the
timely detection and differentiation of these organisms from non-Fir-
micutes (which are unlikely to grow in beer) by brewery quality control
laboratories is important. S. cerevisiae DNA directly added to the PCR
reaction produced an amplicon of the yeast 18S rRNA gene, but only
weak fluorescence was seen with the universal 357R probe and no cross-
reactivity occurred with the Firmicutes probe. Moreover, all tests for
cross-reactivity of this PCR system with beer and “free” DNA in beer were
negative. As such, background yeast DNA present in beer does not
appear to pose a problem for the assay.

While several of the consensus sequences for Firmicutes genera have
mismatches at bases five and six (highlighted in grey in Table 2), these
mismatches do not sufficiently alter the binding affinity of the probe to
affect the reporting of a Firmicutes bacterium. Since the probe functions
as areporter molecule during the 72 °C elongation step of the rPCR, only
three key mismatches are apparently required for destabilization of the
probe (highlighted in black in Table 2). These mismatches appear to
require periodic spacing along the span of the probe in order to prevent
binding. To prevent binding, mismatches are required at bases seven and
thirteen, with at least one additional mismatch at either base eleven
and/or twenty-two. The Firmicutes rPCR accurately detected all Firmi-
cutes tested in this study (Table 3), and all 42 species from the ten beer-
spoilage associated Firmicutes genera were rPCR-positive (Supplemen-
tary data). The Class Mollicutes contained the majority of the Firmicutes
species that were not predicted to bind to the Firmicutes probe, however,
there are no species within this Class known to be capable of growing in
beer. The Class Clostridia contained the second greatest number of Fir-
micutes species not predicted to bind to the Firmicutes probe, however,
Acidaminococcaceae, the only family within Clostridia known to contain
beer-spoilage genera (i.e., Megasphaera, Pectinatus, Selenomonas and
Zymophilus) was predicted and confirmed experimentally to bind the
Firmicutes probe.

While the majority of non-Firmicutes predicted to bind the probe
by in silico analysis belonged to the Class Actinobacteria, the only
genera of this class known to be capable of growing in beer is Mi-
crococcus. When tested empirically, Micrococcus was rPCR-negative.
All of the Actinobacteria (including Micrococcus) that were predicted
to be similar to the probe within a 2 bp mismatch had a mismatch at
bases seven and thirteen, both of which appear to be critical in the
binding of the probe (Table 2).

The Firmicutes rPCR described here is the first method by which a
bacterium can be accurately identified as belonging to the Firmicutes
Phylum, thus providing a key piece of information for the triaging of
quality control decision making within the brewery setting. This rPCR
can be used as a stand-alone detection system (i.e., a screening assay)
for determining the presence of Firmicutes versus non-Firmicutes
bacteria in a sample, thus serving as a starting point for species
identification. Alternatively, the Firmicutes rPCR can serve as an
internal control when incorporated with primers targeted to genes of
interest (e.g., hop-resistance genes relevant to beer-spoilage by Fir-
micutes; Haakensen et al., 2007, 2008) in a multiplex rPCR. With such a
multiplex PCR, the Firmicutes probe would confirm the presence of a
Firmicutes bacterium, thereby allowing both positive and negative
results for genes of interest to be accepted with certainty. Overall, the
Firmicutes rPCR effectively addresses the issue of rapid detection, with
concurrent accurate identification of Firmicutes in breweries as well as
in other settings where confirmation of the presence of a Firmicutes
bacterium is of interest.
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BRIEF INTRODUCTION TO CHAPTER 3

At the onset of the research for this thesis, it was widely believed that hop-resistance
could be attributed solely to the presence of the antimicrobial resistance gene hor4. However,
previous studies were limited in scope and did not examine a variety of Lactobacillus and
Pediococcus species from different environmental origins, including non-beer spoiling isolates.
The purpose of this study was to determine the potential of the #or4 gene to be used as a genetic
marker for assessing the beer-spoilage potential of lactobacilli and pediococci in the brewing
industry. In order to achieve this goal, it was also necessary to perform a large scale study on the
ability of Lactobacillus and Pediococcus isolates to grow in beer. A method for assessing ability
of these bacteria to grow in beer was developed and 133 isolates were tested for their ability to
grow in beer. This growth data serves as a basis for statistical analysis used for work in Chapters

5,6,and 7.
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ABSTRACT
J. Am. Soc. Brew. Chem. 65(3):157-165, 2007

Beer-spoilage bacteria have long been a problem for brewers. Among
the most problematic beer spoilers are several species of the Gram-posi-
tive genera Lactobacillus and Pediococcus. Current methods of detecting
and identifying these organisms are time-consuming and do not differen-
tiate between bacteria capable of spoiling beer and benign bacteria. The
horA-specific real-time polymerase chain reaction (rPCR) described here
identifies beer-spoilage organisms based not on their identity, but on the
presence of a gene that we show to be highly correlated with the ability of
an organism to grow in beer. The horA hop-resistance gene has been shown
to be associated with beer spoilage by isolates from four Lactobacillus
spp. and one Pediococcus sp. We document the presence of the horA gene
in one additional genus and 11 additional species, with many of these
bacteria commonly found as beer spoilers. The use of horA-specific rPCR
allows for a substantial reduction in the time required for detection of po-
tential beer spoilage bacteria and efficiently discriminates between those
organisms that have the horA gene (highly likely to spoil beer) and those
organisms that do not have the gene (much less likely to spoil beer).

Keywords: Beer spoilage, Hop resistance, horA, Lactic acid bacteria,
Real-time PCR

RESUMEN

Las bacterias dafiinas a la cerveza han sido un problema para cerveceros
por mucho tiempo. Entre la mds problematica organismos dafinas a la cer-
veza son varias especies Gram-positiva del género Lactobacillus y Pedio-
coccus. Los métodos actuales de detectar y de identificar estos organismos
son desperdiciadores de tiempo y no distinguen entre las bacterias capaces
de deteriorar la cerveza y bacterias benignas. La horA-especifica reaccion
en cadena de la polimerasa en tiempo real (rPCR) descrita aqui identifica
los organismos daiiinos a la cerveza basada no en su identidad, sino en la
presencia de un gene que demostremos para ser correlacionados fuertemen-
te con la capacidad de un organismo de crecer en cerveza. El gene horA de
lipulo-resistencia se ha demostrado para ser asociado con la deterioracién
de cerveza por los aislados de cuatro especies de Lactobacillus y una es-
pecie de Pediococcus. Documentamos la presencia del gene horA en un gé-
nero adicional y 11 especies adicionales, con muchas de estas bacterias en-
contradas cominmente como bacterias dafiinas a la cerveza. El uso del rPCR
horA-especifico permite una reduccion substancial en el tiempo requerido
para la deteccion de las bacterias con potencial a deteriorar la cerveza y
discrimina eficientemente entre esos organismos que tengan el gene horA
(altamente probable estropear la cerveza) y esos organismos que no tie-
nen el gene (mucho menos probable estropear la cerveza).

Palabras claves: Bacterias dcido-lacticas, Deterioracion de la cerveza,
horA, PCR en tiempo real, Resistencia de lipulo

Spoilage of beer by microorganisms is a significant problem for
the brewing industry. Although most microorganisms fail to grow
in beer due to the presence of hop compounds, ethanol, reduced oxy-
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gen, and low nutrient levels, some organisms possess this ability
(11,18). The most common beer spoilers are lactic acid bacteria
(LAB), namely selected species within the genera Lactobacillus
and Pediococcus (12). Bitter acid compounds derived from hop
extract a-acids (i.e., frans-isohumulone) act as mobile carrier pro-
tonophores to dissipate the transmembrane pH gradient of poten-
tially harmful microbes (18). Many beer-spoilage bacteria have
developed mechanisms by which they can maintain or restore the
transmembrane pH gradient when grown in the presence of hop
compounds (19).

The horA gene has been associated with the beer-spoilage abil-
ity of some isolates of Lactobacillus brevis (16), Lactobacillus
casei (17), Lactobacillus lindneri (17), Lactobacillus paracollinoides
(23), and Pediococcus damnosus (24). horA is believed to func-
tion by allowing the organism to maintain a pH gradient in the
presence of hops (13,14). The strength of the correlation between
the presence of horA and the ability of bacteria to grow in beer
has not yet been documented. Should a significant correlation ex-
ist, the presence of horA would serve as a predictor of the beer-
spoilage potential of bacteria found in breweries.

Lactobacilli and pediococci occupy a variety of niches and can
be either beneficial or detrimental to various food- and beverage-
related industries (3,7,9,12). It is unknown whether horA is unique
to bacteria associated with the brewing industry or whether this
gene is also present, perhaps with a different phenotypic impor-
tance, in bacteria found in other settings. There presently is no in-
formation available as to the distribution or presence of horA in
LAB found in nonbrewery environments.

Sami et al (17) described a polymerase chain reaction (PCR) de-
signed to amplify a portion of the ATP-binding cassette (ABC) re-
gion of horA. This region is highly conserved in multiple drug-re-
sistance genes in many bacteria (15) and, therefore, is not specific
to horA. The horA PCR primers described by Sami et al (17) are
not optimal, and a low PCR cycle number must be used to avoid
nonspecific amplification of non-horA, ABC-containing genes. In
addition, the primers have an undesirably high melting tempera-
ture (>70°C) caused by high GC content (24). In 2006, Suzuki et al
(24) attempted to improve on the horA primers of Sami et al (17).
The primers designed by Suzuki et al (24) span a 543-bp region
of horA that has 246 bp in common with the region amplified by
Sami et al (17). In fact, 71% of the region amplified by Sami et al
(17) also was amplified by Suzuki et al (24), and the improved
specificity was more likely caused by a greater stringency imple-
mented by the PCR amplification program than by the sequence of
the targeted region. Because a highly sensitive and specific horA-
PCR is necessary to establish the distribution of horA across mul-
tiple genera and environments, we have designed primers and a
hydrolysis probe for real-time PCR (rPCR) amplification of a
specific (non-ABC) region of horA.

EXPERIMENTAL

Bacteria

Bacterial strains used are listed in Table I. All cultures were
grown in 15-mL capped tubes containing de Man, Rogosa, Sharpe
(MRS) broth as described previously (4). Two beers were used in
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with Tween 80 excluded [20]) combined with incremental con-
centrations of beer. Initially, tubes containing 50% beer 2 and
50% 2xMMRS (50/50 medium) were inoculated in duplicate with
100 pL of log-phase culture from the initial MRS culture. All bac-
terial strains, except Lactobacillus fermentum (ATCC 149317), were
capable of growing (i.e., visible turbidity compared with control

growth experiments. Beer 1 was a filter-sterilized 4% vol/vol alcohol
beer, pH 4.2, containing an average of 9.8 bitterness units (BU;
determined using ASBC Methods [1]). Beer 2 was a pasteurized
5% vol/vol alcohol beer, pH 3.8, containing an average of 11.0 BU.

Bacteria were induced to grow in the presence of hops through
serial passaging in double-strength modified MRS (2xMMRS,

TABLE I
Bacterial Strains, Presence of horA Gene, and Ability to Grow in Beer
Growth (days)©
Isolate? Origin horAP Beer 1 Beer 2
Lactobacillus acetotolerans
ATCC 435787 Rice vinegar - - -
Lactobacillus acidophilus
ATCC 521 Unknown - - -
ATCC 43567 Human - - -
CCC B1209 Brewery - - -
Lactobacillus amylovorus
ATCC 33198¢ Hog intestine - - -
ATCC 336207 Corn silage - - -
Field isolate® Unknown - - -
Ingledew I1° Fuel alcohol - - -
Ingledew 12 Fuel alcohol ++ +(2) +(3)
T-138 Poultry - - -
Lactobacillus brevis
ATCC 4006 Unknown - - -
ATCC 8007 Kefir grains + - -
ATCC 148697 Human feces - - -
BSO 31h Brewery ++ +(5) +(5)
CCC96S1L Brewery ++ +(5) +(5)
CCC 96S2AL Brewery +/+ +(5) +(5)
CCC B1202 Brewery ++ +(5) +(5)
CCC B1203 Brewery +/+ +(5) +(5)
CCC B1206 Brewery ++ +(5) +(5)
CCC B1204 Brewery ++ +(5) +(5)
CCC B1300 Brewery ++ +(2) +3)
ETS.1 Wine - - -
ETS.2 Wine - - -
Lactobacillus casei
ATCC 3342 Cheese - - -
ATCC 49138 Unknown - - -
ATCC 25598T Milking machine /- +(8) +(11)
CCC 95G1L Brewery —/— +(8) +(10)
CCC 95G2L Brewery —/+ +(5) +(5)
CCC B9657 Brewery —/+ +(9) +(9)
CCC B1205 Brewery —/+ +(2) +(2)
CCCBI1241 Brewery —/+ +(27) -
Ingledew I3 Fuel alcohol - - -
Ingledew 18C Fuel alcohol +/+ +(27) -
Lactobacillus delbrueckii
ATCC 4797 Corn mash - - -
ATCC 96497 Sour grain mash - - -
ATCC 118427 Bulgarian yogurt - - -
ATCC 123157 Cheese - - -
CCC95G3L Brewery - - -
CCC B1044 Brewery - - -

(continued on next page)

4 Isolate identity as determined by C. M. Dobson (5), with type strains indicated. ATCC = American Type Culture Collection, Manassas, VA; CCC = Coors Brew-
ing Company, Golden CO; BSO = beer spoilage organism; ETS = ETS Laboratories (T. Arvik), St. Helena, CA; and Molson = Molson Breweries of Canada
Limited, Montreal, PQ, Canada.

b Determined by horA real-time polymerase chain reaction. For bacterial isolates capable of growing in beer, this was recorded as pre- or post-growth in beer.

¢ + = visible turbidity in beer and upon subsequent subculture to 85% beer 2 and 15% double-strength modified de Man, Rogosa, Sharpe medium (85/15 medium);
— = no visible turbidity in beer and not capable of growing upon subculture to 85/15 medium; static = no visible turbidity in beer, but capable of growing upon
subculture to 85/15 medium. Numbers in parentheses indicate the number of days required to attain visible growth in beer.

d A. Estrada, College of Agriculture, University of Saskatchewan, Saskatoon, SK, Canada.

¢ D. Korber, College of Agriculture, University of Saskatchewan, Saskatoon, SK, Canada.

f'W. M. Ingledew, College of Agriculture, University of Saskatchewan, Saskatoon, SK, Canada.

¢ G. Reid, Lawson Research Institute, London, ON, Canada.

h B. Kirsop, Institute for Biotechnology, Cambridge, England.

I R. Wheatcroft, Agriculture and Agri-food Canada, Guelph, ON, Canada.

i Ropy (R) phenotype.

k Nonropy (NR) phenotype.

! K. Fernandez, Gipuzko, Spain.



tubes) in this concentration of beer. Once visible growth was at-
tained in 50/50 medium (18-72 hr), the bacteria were passaged
into duplicate tubes containing 85% beer 2 and 15% 2xMMRS
(85/15 medium). Once visible growth occurred (18-168 hr), the
bacteria were inoculated in duplicate into tubes of beer 1 and beer 2.

Inoculated beer was incubated at 30°C.

horA and Beer Spoilage by Lactic Acid Bacteria / 159

Once turbidity was seen in beer, 500 pL from each tube was in-
oculated into fresh 85/15 medium to confirm that turbidity was
the result of bacterial growth. This step also was performed on those
tubes of beer that did not produce visible turbidity after 21 days to
ensure that no viable cells persisted in stasis. Those tubes of beer
showing no visible turbidity after 21 days of incubation but show-

TABLE I
(continued from preceding page)
Growth (days)©

Isolate® Origin horA® Beer 1 Beer 2

CCC B1240 Brewery - - -

CCC B1262 Brewery - - -
Lactobacillus ferintoshensis

ATCC 11307 Brewery - - -
Lactobacillus fermentum

ATCC 93382 Unknown /- +(9) +(11)

ATCC 149317 Fermented beets - - -

ATCC 149328 Saliva - - -
Lactobacillus fructivorans

ATCC 8288T Unknown - - -
Lactobacillus helviticus

ATCC 150097 Cheese - - -

CCC B1186 Brewery +/+ + (6) + (static)
Lactobacillus hilgardii

ATCC 82907 Wine - - -

ATCC 27305 Wine /- +(4) +(8)

ATCC 27306 Wine - - -
Lactobacillus homohiochii

ATCC 154347 Spoiled sake - - -
Lactobacillus jensenii

ATCC 252587 Human + - -
Lactobacillus kefiri

ATCC 354117 Kefir grains - - -
Lactobacillus kefirgranum

ATCC 516477 Kefir grains - - -
Lactobacillus kefironofaciens

ATCC 437617 Kefir grains - - -
Lactobacillus paracollinoides

ATCC 8291 Brewery —/— +(7) +(11)
Lactobacillus plantarum

ATCC 8014 Unknown - - -

ATCC 8041 Corn silage +/+ +(2) +(3)

ATCC 11305 Brewery - -

ATCC 12706 Cured meat - - -

ATCC 14431¢ Grass silage - - -

ATCC 149177 Pickled cabbage - - -

BSO 92 Brewery +/+ +(2) +(2)

CCC 96M2BL Brewery ++ +(12) +(12)

CCC B1301 Brewery +/+ +(5) +(12)
Lactobacillus reuteri

ATCC 19371 Silage - - -

ATCC 25744 Plants - - -

ATCC 31282 Unknown /- +(13) +(13)

ATCC 43200 Cucumbers - - -

RC-14¢ Unknown - - -
Lactobacillus rhamnonsus

ATCC 74697 Unknown - - -

ATCC 7469a¢ Derived from ATCC 7469 - - -

ATCC 85308 Unknown —/—- +(7) +(10)

ATCC 15820 Corn liquor - - -

ATCC 210528 Human feces + - -
Lactobacillus sakei

ATCC 155217 Moto - - -

ATCC 15578 Moto ++ +(6) +(7)
Lactobacillus zeae

ATCC 393 Cheese - - -
Lactobacillus unspeciated

ATCC 4005 Tomato pulp - - -

ATCC 27054 Apple juice - - -

ATCC 27304 Wine must ++ +(3) +3)

CCC L86 Brewery +/+ +(4) +(11)

(continued on next page)
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ing growth when subcultured to 85/15 medium were incubated for
an additional 3 weeks, after which they were again subcultured to
85/15 medium to determine whether cells were in stasis or grow-
ing at a slow rate in beer.

Isolates that grew in 85/15 medium when subcultured from beer
also were subcultured into a second set of tubes containing beer.
This was done to ensure that growth or stasis seen in the initial beer

cultures was not due to carryover of 2xMMRS nutrients from the
preceding growth of bacteria in 85/15 medium. This second set of
beer cultures was assessed for bacterial growth as before. Bacte-
rial isolates producing visible turbidity in the second subculture in
beer (and subsequent subculture from beer to 85/15 medium) were
considered hop-resistant and capable of growing in beer. Isolates
producing no visible turbidity in the second subculture of beer (or

TABLE I
(continued from preceding page)
Growth (days)©
Isolate® Origin horA" Beer 1 Beer 2
Leuconostoc mesenteroides
CCC 98G3 Brewery ++ +(11) +(18)
Oenococcus oeni
ETS.10 Wine - - -
Pediococcus acidilactici
ATCC 8042 Brewery +/+ +(8) -
ATCC 12697 Unknown - - -
ATCC 25740 Plant - - -
BSO 54 Brewery - - -
BSO 77" Brewery - - -
Molson B77b Brewery - - -
Pac 1.0¢ Unknown - - -
Pediococcus claussenii
CCC B962A Brewery /- +(9) +(10)
CCC B1056RI Brewery ++ +(14) +(14)
CCC B1056NR¥ Brewery ++ +(13) -
CCC B1098R Brewery /- +(7) +(7)
CCC B1098NR Brewery ++ +(8) +(13)
CCC B1099R Brewery /- +(12) +(14)
CCC B1099NR Brewery /- +(7) +(7)
CCCBI1100 Brewery /- +(8) + (static)
CCC B1208 Brewery - - -
CCC B1260R Brewery /- +(8) +(13)
CCC B1260NR Brewery /- +(6) +(6)
ATCC BAA-344TR Brewery ++ +(8) +(8)
ATCC BAA-344TNR Brewery ++ +(6) +(6)
Pediococcus damnosus
ATCC 11308 Brewery —/—- +(27) -
ATCC 25248 Brewery - - -
ATCC 25249 Brewery + - -
ATCC 25249a Brewery - - -
ATCC 29358T Brewery - - -
Molson B48 Brewery +/+ +(7) +(7)
Molson 49 Brewery +/+ +(10) +(13)
Molson B76 Brewery +/+ +(11) +(12)
Pediococcus dextrinicus
ATCC 330877 Silage - - -
Pediococcus inoptinatus
ATCC 499027 Brewery - - -
Pediococcus parvulus
ATCC 43013 Wine /- +(13) +(13)
ETS.3 Wine - - -
ETS.4 Wine - - -
ETS.5 Wine - - -
ETS.6 Wine - - -
ETS.7 Wine - - -
ETS.8 Wine - - -
ETS.9 Wine - - -
ETS.11 Wine - - -
ETS.12 Wine - - -
ETS.13 Wine - - -
ETS.14 Wine - - -
Spain 2.6R! Cider - - -
Spain 2.6NR! Cider - - -
Pediococcus pentosaceus
ATCC 8081 Milk - - -
ATCC 10791 Cucumber - - -
ATCC 11309 Unknown - - -
ATCC 29723 Horse urine - - -
ATCC 33314 Sake mash - - -
ATCC 333167 Brewery - - -




upon subsequent subculture to 85/15) were considered hop-sensi-
tive and incapable of growth or stasis in beer.

DNA Extractions

DNA was extracted from bacteria grown in MRS medium prior
to exposure to beer. DNA also was isolated from bacteria growing
in 85/15 medium after the second subculture in beer. DNA extrac-
tions were performed using 10 pL of culture with 100 pL of the
Instagene DNA matrix kit (BioRad, Mississauga, ON, Canada), as
directed by the manufacturer. At the final step, 90 uL of super-
natant was removed and stored at —20°C. Each DNA extraction was
confirmed by PCR using primers to housekeeping genes (16S rRNA
gene or cpn60), as described previously (6), to ensure that DNA
was present and intact. The identity of all organisms capable of
growing in beer was confirmed after growth in beer by sequenc-
ing the first three variable regions of the 16S rRNA gene.

Primer Design

The h198F2/R primers and corresponding hydrolysis probe (Fig.
1) were designed to a specific region of horA gene, based on con-
sideration of rPCR requirements (Invitrogen, Burlington, ON, Can-
ada). The hydrolysis probe (h198probe) was labeled with a 5" FAM
reporter molecule and 3" Black Hole Quencher (Sigma Genosys,
Oakville, ON, Canada).

Primer set h297 was designed to a conserved sequence of the
ABC region of horA, with the forward primer identical to primer
LbHC-1 described by Sami et al (17). A new reverse primer (bind-
ing to bases 1621-1601 of L. brevis horA; GenBank Accession
No. AB005752) was designed to obviate the problems of self-com-
plementarity and high melting temperature inherent in the Sami et
al (17) reverse primer LbHC-2. The h297 primer set spanned a
region 87% identical to the region amplified by the primers de-
scribed earlier by Sami et al (17) and 45% identical to the region
amplified by the primers recently described by Suzuki et al (24).

rPCR

Each reaction contained 2 U of Invitrogen Platinum 7ag DNA
polymerase, 1x PCR buffer (Invitrogen), 1.5mM MgCl,, 0.2mM
each of the four deoxynucleotide triphosphates, 0.4uM h198F2/R
primers, and 0.2uM probe. Template DNA was added (2.5 pL),
and the volume was brought to 25 puL with water. The rPCR pro-
gram consisted of a denaturation step of 5 min at 95°C; followed
by 40 cycles of 95°C for 15 sec, 55°C for 30 sec, and 72°C for
30 sec; and a final extension step of 8 min at 72°C. Fluorescence
after each cycle of amplification was measured in a Smart-Cycler [
(Cepheid, Sunnyvale, CA). A cycle threshold (Ct) value of 30 fluo-
rescence units was used as a cut-off for determining positive and
negative results. A Ct value of zero indicates that the threshold
had not been crossed after 40 cycles of rPCR amplification, and the
sample was deemed to be horA rPCR negative. rPCR amplifica-
tion was verified by agarose gel electrophoresis on 1.0% agarose
gels containing ethidium bromide at 0.5 mg/mL. Sequencing and
sequence analysis were performed as described previously (3).

Determining Threshold Detection Limit

Pediococcus claussenii ATCC BAA-344T was used to determine
the threshold detection limit of the horA rPCR. Serial dilutions of
bacteria were inoculated into 100 mL of beer 2. The number of
CFU inoculated was determined by streaking for isolated colonies
on MRS agar. Artificially contaminated and control beers were
passed through 0.45-pm Durapore membrane filters (type HV,
20 mm) using a vacuum manifold. DNA was extracted from the
filter membranes using the PureGene DNA purification system
(Gentra Systems, Minneapolis, MN). Membranes were placed in
a 1.5-mL capped microfuge tube, and 300 pL of cell suspension
solution was added. After vortexing for 5 min, tubes were centri-
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fuged for 5 min at 16,000 x g in an angle rotor microfuge at room
temperature. The filter then was removed from the side of the tube,
and the bacterial pellet was processed according to the manufac-
turer’s protocol for Gram-positive organisms.

Determining Potential Cross-Reactivity

The h198 primer set was tested against all bacterial genera known
to be capable of growth in beer (11). A nucleotide BLAST search
was used to determine the potential cross-reactivity of the h198
primers with all known DNA sequences deposited in the Na-
tional Center for Biotechnology Information (NCBI) GenBank
database.

RESULTS AND DISCUSSION

PCR Detection of horA

We examined two PCR primer sets for their ability to discrimi-
nate between bacterial isolates that possess the horA gene and those
that do not. Despite optimization of the reverse primer in the h297
primer set, false-positive and inconclusive PCR results still were
obtained (data not shown). In contrast to the h297 primer set, our
second primer set (h198) was designed to amplify a region of the
horA gene that does not share significant identity with genes in
the NCBI GenBank database (initially determined in May 2003
and still valid as of November 2006), including potential homolo-
gous genes (Fig. 1). The h198 primer set did not amplify any
nonspecific (i.e., non-horA) DNA from any of the bacteria tested
(data not shown). All nucleotide comparisons with the NCBI
GenBank database supported the prediction that the h198 primers
would be unable to bind to any known DNA sequences (bacterial
or fungal) other than horA (data not shown). The h198 primer set

h1S8F2
'Y
L
520 = 540
L. brevis TGGGATAAAATCTTAACCCTGCCGGTGGGETT
P. damnosus : TGGGATAARRATCTTAACCCTGCCGGTGGGTT
L. lactis TGEEGATRARAATGATTCATTTGCCTGTARARAT
0. oeni TGGGATAAATTGATTATTTTCAAAATGCCGT
E. coli TTTGGTCACATGATGGGAATGCCAGTTTCAT
hlSBprobe
b
= 620 .
L. brevis CRARAGGRACTGTTGECCRAATTCGGTTCCCARR
P. damnosus : CAAGGARACTGTTGGCCAATTCGGTTCCCAAR
L. lactis TAAARARACTTAATCGCAAATAGTATTCCTCARA
0. ceni TARAACATTAGTTGCTAATACATTGCCRARC
E. coli TGCTTCTTCTTCTTCCGGCGCACTGATTACT
h1%8R
44
* 720 *
L. brevis TATCATTATGTTTATCGCCGTTCCGCTCGTC
P. damnosus : TATCATTATGTTTATCGCCGTITCCGCTCGTC
L. lactis : CCTTGCCATGATTATTGCGETTCCGATTGTC
0. oeni : AATTTGGATATTTATTGCTGTACCGGTTACA
E. coli ! GATCATTTTGATTGTGCTGGECACCGATTGETT

Fig. 1. Location of the h198 real-time polymerase chain reaction primers
and hydrolysis probe on the horA gene and comparison with homologous
genes. Shading indicates consensus with the horA gene. Numbering is
from the start codon of Lactobacillus brevis horA sequence AB005752. L.
brevis (horA gene ABO005752); Pediococcus damnosus (horA gene
AB218963); Lactococcus lactis (ImrA gene U63741); Oenococcus oeni
(omrA gene AY249862); Escherichia coli (msbA gene Z11796).
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reproducibly identified those isolates that possessed the horA gene
and produced clean negative results, as shown by rPCR Ct values
(Fig. 2A) and agarose gel electrophoresis of rPCR-amplified
product (Fig. 2B). Use of the h198 primer set with a hydrolysis
probe (i.e., horA rPCR) (Fig. 1) allowed detection of the horA gene
in 100-200 CFU of LAB per 100 mL of beer in under 2 hr. This
detection sensitivity was sufficiently low to bypass the need for a
lengthy growth enrichment step for beer-spoilage LAB prior to
detection, allowing detection of spoilage bacteria in a time frame
that would enable more effective brewery quality control deci-
sions to be made.

A

Presence and Distribution of horA in LAB Species

In all, 135 LAB isolates were screened for the presence of the
horA gene and the ability to grow in beer (Table I). Our analysis
included isolates from 22 Lactobacillus spp., four putative new Lac-
tobacillus spp., one Leuconostoc sp., one Oenococcus sp., and seven
Pediococcus spp. Previously, horA was detected in isolates of L.
brevis (16), L. casei (17), L. lindneri (22), L. paracollinoides (22),
and P. damnosus (24), findings that were confirmed here, except
for L. paracollinoides (Table I). In addition, we detected horA in
isolates of Lactobacillus amylovorus, Lactobacillus helviticus, Lac-
tobacillus jensenii, Lactobacillus plantarum, Lactobacillus rham-
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Fig. 2. horA real-time polymerase chain reaction (rPCR). A, Fluorescence graph for a horA rPCR. Vertical lines indicate the cycle during which isolates
crossed the assigned threshold (Ct) value of 30. 1 = Pediococcus claussenii ATCC BAA-344T NR; 2 = Pediococcus damnosus ATCC 29538T; 3 = Lacto-
bacillus brevis CCC B1202; 4 = Lactobacillus brevis ATCC 14869T; 5 = negative control containing all horA rPCR reagents but no DNA template.
B, Agarose gel electrophoresis of #orA rPCR products corresponding to the samples in A. The right lane contains a 100-bp DNA ladder, with 100-

600 bp shown.



nosus, Lactobacillus sakei, two putative new Lactobacillus spp.,
Leuconostoc mesenteroides, Pediococcus acidilactici, and P. claus-
senii (Tables I and II; identities of all isolates containing horA
were confirmed by sequencing of the 16S rRNA gene after bacte-
rial growth in beer). As such, horA now has been detected in iso-
lates from three genera of LAB, including 16 different species.

Interestingly, four L. casei isolates were initially horA rPCR neg-
ative after growth in MMRS media; however, after subsequent pas-
sage in beer, they were positive for horA. This suggests that previ-
ous studies (17,24) may have incorrectly identified some bacterial
isolates as being horA negative by not screening for the presence
of the horA gene after growth in beer. If true, this means there is a
stronger association between the presence of horA and the ability
of an organism to grow in beer than previously was appreciated
(17,22,24). Because horA is located on a plasmid, continual pas-
saging in laboratory media can lead to loss of the plasmid (22,
24,25). Therefore, it is important to look for the gene after a small
or extremely small subset of bacteria harboring the plasmid have
been amplified preferentially by growth in a beer environment.
Support for this conclusion is provided by our finding that a sig-
nificant correlation exists between the origin of a LAB isolate (brew-
ery versus nonbrewery) and the presence of the horA gene (3> P <
0.0001). This finding supports the idea that the horA gene is posi-
tively selected for the brewery environment, reaffirming that the
presence of horA enhances the beer-spoilage potential of a LAB.
Thus, supposedly harmless LAB introduced into a brewery could
become devastating beer spoilers should even a few bacteria among
the original population harbor the horA gene.

Previously, the horA gene had been found only in LAB derived
from brewing environments. A question remains—where did the
horA gene originate? If horA only exists in LAB isolated from
breweries, the role of horA may be very specific to resistance in
this environment, indicating a gene duplication event as its evolu-
tionary origin. In an attempt to answer this question, we looked for
the horA gene in LAB isolated from other environments. Not sur-
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prisingly, we found the horA gene in LAB isolated from diverse
environments (Table I). There were eight isolates of Lactobacillus
of nonbrewery origin that possessed the horA gene (Tables I and
II). The isolates were Lactobacillus spp. ATCC 27304, L. amylo-
vorus Ingledew 12, L. brevis ATCC 8007, L. casei Ingledew 18C,
L. jensenii ATCC 25258%, L. plantarum ATCC 8041, L. rhamnosus
ATCC 21052, and L. sakei ATCC 15578 (Table I). This finding
has three major implications. The first is that there are selective
pressures in some nonbrewery environments that result in bacteria
maintaining the horA plasmid. The second is that horA may have
come into the brewery from another environmental source. Last,
and alternatively, it is possible that sorA-harboring LAB may have
originated in a brewery and spread elsewhere.

We have found horA in the isolates L. amylovorus Ingledew 12
and L. casei Ingledew 18C, both of which originally were isolated
from yeast cultures used to produce fuel alcohol. Both of these
bacteria were rapid growers at high alcohol concentrations. Find-
ing horA in LAB detected in the fuel alcohol process may indicate
that attempts at using hop compounds as antimicrobial agents in
the fuel alcohol industry will have to take into account emergence
of bacteria with the horA gene. Moreover, because horA has been
associated with wide-spectrum antibiotic resistance (15), it is pos-
sible that horA may function as a resistance mechanism to antibiotics
already used in the fuel alcohol industry to combat LAB contami-
nation, e.g., penicillin G (2,21) and virginiamycin (8). Overall, this
means that spread of LAB harboring horA through the fuel alcohol
industry would have a major economic impact due to lowered alco-
hol production (10). Further heightening this concern, we have found
that horA is present not only in LAB from many diverse environ-
ments but also in LAB isolated from widespread geographic loca-
tions such as Canada, Japan, and the United States (Table I).

Sequence Homology
We sequenced the region of the horA gene spanned by the h198
primers for 15 isolates of various origins, locations, and beer-spoil-

TABLE II
horA and Ability to Grow in Beer
horA = horA +
Bacteria Growth+ Growth-  Growth+  Growth- pb PPV® NPV Sens.® Spec.f
Beer 1
All (n=135) 16 83 32 4 <0.0005 0.89 0.84 0.67 0.95
Lactobacillus (n = 83) 7 51 22 3 <0.0005 0.88 0.88 0.76 0.94
Pediococcus (n = 50) 9 31 9 1 <0.0005 0.90 0.78 0.50 0.97
All nonbrewery origin (n = 64) 3 54 4 3 <0.0005 0.57 0.95 0.57 0.95
All brewery origin (n = 54) 10 16 27 1 <0.0005 0.96 0.62 0.71 0.94
Brewery origin Lactobacillus (n = 26) 2 7 17 0 <0.0005 1.00 0.78 0.89 1.00
Brewery origin Pediococcus (n = 27) 8 9 9 1 <0.013 0.90 0.53 0.53 0.89
Leuconostoc (n=1) 0 0 1 0
Oenococcus (n=1) 0 1 0 0
Beer 2
All (n=135) 15 84 28 8 <0.0005 0.78 0.85 0.65 0.91
Lactobacillus (n = 83) 7 51 20 5 <0.0005 0.80 0.88 0.74 0.91
Pediococcus (n = 50) 8 32 7 3 <0.001 0.70 0.80 0.47 0.91
All nonbrewery origin (n = 64) 3 54 3 4 <0.0005 0.43 0.95 0.50 0.93
All brewery origin (n = 54) 9 17 24 4 <0.0005 0.86 0.65 0.73 0.81
Brewery origin Lactobacillus (n = 26) 2 7 16 1 <0.0005 0.94 0.78 0.89 0.88
Brewery origin Pediococcus (n = 27) 8 9 7 3 <0.074 0.53 0.70 0.47 0.75
Leuconostoc (n=1) 0 0 1 0
Oenococcus (n=1) 0 1 0 0

2 Determined by horA real-time polymerase chain reaction (rPCR). Growth + = visible turbidity (or stasis) in beer and growth upon subsequent subculture to 85%

beer 2 and 15% double-strength modified de Man, Rogosa, Sharpe medium (85/15 medium); growth —

upon subculture to 85/15 medium.

no visible turbidity in beer and not capable of growing

b %2 analysis of the correlation of a horA rPCR-positive result with growth in beer and a negative result with no growth in beer.
¢ Positive predictive value = the probability that an isolate with a horA rPCR-positive result will spoil beer.

d Negative predictive value = the probability that an isolate with a horA rPCR-negative result will not spoil beer.

¢ Sensitivity = the ability of horA rPCR to detect organisms capable of spoiling beer.

f Specificity = the accuracy of horA rPCR in detecting only organisms capable of spoiling beer.
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age ability and compared the sequences with the GenBank entries
for horA (L. brevis AB005752, L. paracollinoides AB178589, and
P. damnosus AB218963). The horA region sequenced was identical
for nine of our isolates (L. brevis BSO 31, L. brevis CCC B1202,
L. brevis CCC B1300, L. jensenii ATCC 252587, L. rhamnosus
ATCC 21052, L. rhamnosus ATCC 7469", P. claussenii CCC B1056,
P. claussenii ATCC BAA-344", and P. damnosus ATCC 25249).
L. amylovorus Ingledew 12, L. casei Ingledew 18C, L. plantarum
ATCC 8041, Lactobacillus sp. ATCC 27304, and Leuconostoc
mesenteroides CCC 98G3 all possessed the same 1-bp mismatch,
whereas L. brevis ATCC 8007 had four unique mismatches. No
correlation was found between the presence of base-pair changes
and the inability of a horA-positive isolate to grow in beer. This
level of conservation suggests that the horA region spanned by the
h198 primers codes for a portion of horA containing a structure
critical to the function of the protein. Because the nucleic acid se-
quence in the h198 region is not divergent in the wobble base
(third position of the coding frame), this indicates a very recent
and common origin for the horA gene. Because the evolutionary
divergence of horA differs from the evolutionary trees of these spe-
cies, horizontal transfer of horA must be occurring freely among
LAB.

Correlation of horA with Ability of An Isolate to Grow in Beer

When the 135 bacterial isolates were assessed for the ability to
grow in beer, we found three distinct growth patterns. The first cate-
gory was composed of those bacteria capable of growing in both
beer 1 and beer 2, indicating that these organisms possessed the
highest hop resistance. Organisms in the second category were
capable of growing in beer 1 but were either static or unable to
grow in beer 2, showing a lower resistance to hop compounds. The
third category consisted of organisms that produced no visible tur-
bidity when incubated in beer. They were not capable of returning
to active growth when removed from beer and inoculated into a
permissive nutrient media.

The horA rPCR had a very high specificity for detecting organ-
isms capable of growing in beer (Table II). When horA was de-
tected in a LAB, there was an 84% probability the organism would
be able to grow in beer 1 and a 78% probability the organism would
be able to grow in beer 2 (P < 0.0005 in both cases). The overall
sensitivity for horA rPCR detection of organisms capable of spoil-
age in beer 1 was moderate (67%), despite a low false-positive (horA
positive and inability to grow in beer) incidence. This reflected a
situation where the proportion of isolates that were horA negative
and unable to grow in beer was low compared with the number of
isolates that were horA negative and able to grow in beer. For beer 2,
the opposite situation created a similar moderate sensitivity (65%).

Thus, horA rPCR was highly accurate in identifying LAB ca-
pable of beer spoilage. With positive predictive values (PPV) of 88%
for beer 1 and 80% for beer 2, there is a high probability that a horA-
positive lactobacilli isolate would be capable of causing beer spoil-
age. The higher negative predictive value (NPV) of Lactobacillus
compared with Pediococcus spp. (88% versus 78 or 80%) indi-
cates that a smaller proportion of horA-negative Lactobacillus iso-
lates were capable of growing in beer than were horA-negative Pedi-
ococcus isolates (Table II). This differential effect was magnified
in Lactobacillus and Pediococcus isolates of brewery origin (NPV
of 78% versus 53 or 70%).

This analysis indicates that, compared with the lactobacilli, a
greater proportion of Pediococcus isolates possess horA-indepen-
dent hop-resistance mechanisms. Thus, although horA is a highly
accurate predictor of beer-spoilage ability in Pediococcus spp., it
must be emphasized that half of the isolates of Pediococcus capable
of growing in beer did not possess the horA gene (Table II). These
isolates will be the focus of future studies with the aim of identi-
fying novel hop-resistance associated genes and determining whether

there is one or more mechanisms shared by these horA-indepen-
dent hop-resistant Pediococcus isolates.

Correlation of the horA Gene and Rate of Growth in Beer

All organisms capable of growing in beer were assessed for the
number of days required for visible turbidity to be seen in both
beer 1 and beer 2 (Table I). A ¢ test for independent samples showed
that an isolate will grow significantly faster in beer 2 if it pos-
sesses the horA gene (P < 0.0025). The contribution of the horA
gene to the beer-spoilage virulence of an organism was masked in
beer 1 by isolates that were capable of growing in beer 1 but not
in beer 2 (P < 0.1445). These findings, plus the observation that
some horA-negative LAB were either incapable of growing in or
grew at a much slower rate in higher hop, higher ethanol beer,
supports the contention that horA contributes to the virulence of
an organism by allowing it to grow faster in a higher hop, higher
ethanol beer environment.

Although there was no significant correlation between the dis-
tribution of the horA gene and genus (Lactobacillus versus Pedio-
coccus), Lactobacillus isolates did grow significantly faster than
Pediococcus isolates (beer 1, P < 0.0415; beer 2, P < 0.0035).
This observation, coupled with our finding that 100% of horA rPCR-
positive brewery-origin Lactobacillus isolates grew in beer 1 (94%
for beer 2), reinforces the fact that the horA rPCR accurately de-
tected lactobacilli capable of rapidly causing beer spoilage. Al-
though Pediococcus spp. did not grow as quickly as Lactobacillus
spp. in this study, the #orA rPCR also was effective at identifying
pediococci with a high probability of spoiling beer. Pediococcus
isolates that tested horA-positive had a 90% chance of spoiling
low hop, low ethanol beer and a 70% chance of spoiling a higher
hop, higher ethanol beer, with a mean of 10 days until visible tur-
bidity was attained. As such, the horA rPCR is an effective tool
for specifically and rapidly identifying LAB with high beer-spoil-
age potential.

CONCLUSIONS

We have described an rPCR for the specific detection of the
horA gene that is more efficient at detection of the horA gene than
previously described PCR methods. Eleven new species in three
genera of LAB were found to harbor the horA gene, and horA was
found to have widespread environmental and geographic distribu-
tion. The presence of horA was assessed in relation to the ability
of 135 LAB isolates to grow in two types of beer, and it was de-
termined that horA is a significant predictor of beer-spoilage ca-
pability. By specifically targeting organisms capable of beer spoil-
age through deployment of the horA rPCR described here, brewery
quality control laboratories will be able to make rapid, accurate
predictions regarding the potential beer-spoilage outcome of con-
tamination by a LAB.
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BRIEF INTRODUCTION TO CHAPTER 4

Through the research conducted in Chapter 3, the hor4 gene was found to be distributed
sporadically across various species from three genera and from diverse environmental origins.
As such, it is of interest to determine the possible origin(s) of horA. The presence of horA in
isolates of various environmental origins lends to the theory that there may be horA4-harbouring
bacteria present in the general and ubiquitous environment. A donation of spoiled home-brewed
beer was obtained, the horA gene assayed for by the PCR methodology described in Chapter 3,
and the contaminating bacteria cultured and identified through sequencing of the 16S rRNA
gene. The finding of 4orA4 in bacteria of non-brewery origin which were additionally found to be
capable of growing in beer suggests an environmental origin for the gene and raises the
possibility that hor4A may play a role in resistance to compounds other than hops. That new
genera were found to habour the hor4 gene highlights the threat to breweries for the potential of

emerging beer-spoilage bacteria.

Reprinted with permission from The Canadian Journal of Microbiology 54(4):321-325,
2008.
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NOTE / NOTE

Identification of novel horA-harbouring bacteria
capable of spoiling beer

Monique Haakensen and Barry Ziola

Abstract: An ATP-binding cassette (ABC) multi-drug resistance (MDR) gene was found in 4 Gram-positive bacterial
isolates of environmental origin and found capable of spoiling beer. The bacteria isolated were Bacillus cereus, Bacillus li-
cheniformis, Paenibacillus humicus, and Staphylococcus epidermidis; all of which were previously unappreciated as beer-
spoilage bacteria. The MDR gene found in these bacteria has less than 37% similarity to known ABC MDR proteins
described for Bacillus and Staphylococcus, and this is the first finding of an ABC MDR gene in the genus Paenibacillus.
The sequenced region of the gene was translated and compared phylogenetically with the closest GenBank matches of the
respective species and the closest GenBank matches overall. The ABC MDR proteins from these isolates were found to
cluster among known sequences of HorA, sharing 99.5% identity within the sequenced region. In the beer-spoilage-
associated genera Lactobacillus and Pediococcus, the presence of the MDR gene horA correlates with the ability to
grow in beer. As the unique horA-harbouring isolates described here are capable of growing in beer, it is likely that
the presence of the horA gene likewise confers hop resistance to these organisms.

Key words: beer-spoilage bacteria, Firmicutes, horA.

Résumé : Un géne de résistance multiple aux drogues (MDR) a cassette ABC (ATP binding cassette) a été trouvé chez
quatre isolats bactériens Gram-positifs d’origine environnementale, capables d’altérer la biere. Les bactéries isolées étaient
Bacillus cereus, Bacillus licheniformis, Paenibacillus humicus et Staphylococcus epidermidis, lesquelles avaient été sous-
estimées en regard de leur potentiel d’altération de la biere. Le géne MDR de ces bactéries possede moins de 37 % de si-
milarité avec les protéines MDR ABC connues chez Bacillus et Staphylococcus. 11 est aussi le premier gene MDR ABC
identifié chez le genre Paenibacillus. La région séquencée du geéne a été traduite et comparée d’un point de vue phylogé-
nique aux séquences les plus apparentées de ces especes respectives dans GenBank, ainsi qu’aux séquences les plus appa-
rentées en général dans GenBank. Les protéines MDR ABC de ces isolats s’agregent avec les séquences connues de
HorA, partageant 99,5 % d’identité a I'intérieur de la région séquencée. Chez les genres Lactobacillus et Pediococcus, qui
sont associés a I’altération de la biere, la présence du gene MDR horA est corrélée avec leur capacité de croitre dans la
biere. Puisque les isolats uniques comportant horA décrits ici sont capables de pousser dans la biere, il est probable que la
présence du gene horA leur confére aussi la résistance au houblon.

Mots-clés : bactéries d’altération de la biere, Firmicutes, horA.

[Traduit par la Rédaction]

Efflux pumps of the ATP-binding cassette (ABC) multi-
drug resistance (MDR) type are commonly used by Gram-
positive organisms to counter the activity of antimicrobial
compounds. Here we report the finding of a new ABC
MDR gene for the genera Bacillus, Paenibacillus, and
Staphylococcus. Phylogenetic analysis of the novel gene in-
dicated that it is homologous to the hop resistance gene
horA (Sami et al. 1997). The finding of horA is of conse-
quence to the brewing industry, as it has been shown that
the presence of horA is highly correlated to the ability of
Lactobacillus and Pediococcus isolates to grow in beer

(Haakensen et al. 2007, 2008). Like other horA-positive iso-
lates identified to date, these 3 genera are Gram-positive and
belong to the highly diverse phylum Firmicutes. Bacteria of
this phylum are known to cause more than 90% of beer-
spoilage incidents (Sakamoto and Konings 2003). While Ba-
cillus and Staphylococcus isolates are sometimes found in
beer, they were not previously believed to be capable of
growth owing to the presence of hop compounds (Campbell
2001; Priest and Campbell 2002), and Paenibacillus isolates
have never been associated with beer spoilage. Bacillus and
Paenibacillus species are responsible for numerous food-
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poisoning incidents, are capable of withstanding temperature
fluctuations, and are readily introduced to grain-based foods
owing to their natural occurrence in soil (Pirttijdrvi et al.
2000; Granum 2001), while Staphylococcus species are im-
plicated in a variety of human and animal diseases. Thus,
each of the horA-positive bacteria identified here is ubiqui-
tous and can be easily transported into the brewery environ-
ment. Since these bacteria were isolated as environmental
contaminants of 2 types of spoiled home-brewed beer, their
carriage of horA is a novel finding not only of relevance to
the brewing industry but also to other fermentation indus-
tries and possibly to human health and animal husbandry.

Two varieties of spoiled home-brewed beer (one light and
one dark, originating from 2 different kit manufacturers)
were cultured on de Man, Rogosa, Sharpe (MRS) agar plates
containing 10 ppm actidione to inhibit growth of yeast. In-
cubation was at 30 °C in a candle jar. Four morphologically
distinct colonies were picked and inoculated into MRS broth
at 30 °C. Bacterial DNA was extracted as described previ-
ously (Haakensen et al. 2007). The first 3 variable regions
of the 16S rRNA gene were amplified by polymerase chain
reaction (PCR) and sequenced as described by Dobson et al.
(2002). The NCBI GenBank Basic Local Alignment Search
Tool (Altschul et al. 1990) was used to determine the iden-
tity of each isolate, and in all cases the best GenBank
matches had an E-value of zero. The identities found as the
best match for each novel isolate were Bacillus cereus, Ba-
cillus licheniformis, Paenibacillus humicus, and Staphylo-
coccus epidermidis (isolate Nos. MH1-4, respectively). The
sequenced region of the 16S rRNA gene amplified from
each isolate was deposited in GenBank under the accession
Nos. EU091076, EU091078, EU091079, and EU091077, re-
spectively.

Each of the 4 isolates was capable of growing in commer-
cially available beer. Two beers were used in growth experi-
ments. Beer 1 was a filter-sterilized 4% (v/v) alcohol beer,
pH 5.2, containing an average of 9.8 bitterness units. Beer 2
was a pasteurized 5% (v/v) alcohol beer, pH 4.8, containing
an average of 11.0 bitterness units. Cultures were grown in
15 mL capped tubes containing modified de Man, Rogosa,
Sharpe (MMRS) broth containing incremental amounts of
beer before being subcultured into Beer 1 and Beer 2. The
incremental concentrations of beer used were 50% Beer 2 :
50% 2x MMRS, followed by 85% Beer 2 : 15% 2x
MMRS (85:15 medium). Bacteria were grown at 30 °C.

In the brewing industry, the onset of turbidity is synony-
mous with bacterial growth; therefore, turbidity is used as an
indicator of product spoilage by bacteria. As such, once tur-
bidity could be seen in beer, 500 pL from each tube of beer
was inoculated into fresh tubes of 85:15 medium to confirm
that turbidity was the result of bacterial growth. This step
was also performed on control tubes of beer, which did not
produce visible turbidity after 21 days, to ensure that there
was no bacterial contamination present in the commercially
available beer being used in the growth assay. The novel
isolates grew in 85:15 medium when subcultured from the
initial beer cultures. The bacteria were then subcultured
from the first beer cultures into a second set of tubes con-
taining beer. This was done to ensure that growth seen in
the initial beer cultures was not due to a carryover of
MMRS nutrients from the preceding growth of bacteria in

Can. J. Microbiol. Vol. 54, 2008

85:15 medium. This second set of beer cultures was then
also assessed for bacterial growth in the same manner as
the first set. Bacterial isolates producing visible turbidity in
the second culture in beer (and subsequent growth upon sub-
culture to 85:15 medium) were considered to be hop resist-
ant and capable of growing in beer. All 4 novel isolates
tested were capable of growing in both Beer 1 and Beer 2.
Of the 4 isolates, B. licheniformis grew the fastest in beer,
producing visible turbidity in only 14 days. Both B. cereus
and S. epidermidis grew in 18 days, while P. humicus took
20 days to produce visible turbidity in beer.

As the novel isolates were capable of growing in both
home-made and commercially available beer, the isolates
were tested for the presence of the horA gene, which has
previously been shown to correlate with the ability of re-
lated bacterial genera to grow in beer (Haakensen et al.
2007, 2008). The horA gene was tested for by PCR pre-
and post-growth in beer as described previously (Haakensen
et al. 2007, 2008). For each isolate, horA PCR amplicons
were produced and then sequenced to determine similarity
within the amplified region (Fig. 1). horA PCR amplicons
for pre- and post-growth samples of each isolate were found
to be identical. The sequenced region corresponded to the
PCR-targeted bases 318-521 (coding for amino acids 106-
173) of the horA gene, including most of the region between
the second and third transmembrane helices that is believed
to be important to substrate binding specificity (Priest and
Campbell 2002). The NCBI GenBank database was screened
for genes and proteins with homology to the ABC MDR
gene amplified from these bacteria; however, the only
significant matches were to horA or HorA from known
beer-spoilage bacteria in the genera Lactobacillus and Ped-
iococcus. The sequences of the horA homologous amplicons
were deposited in GenBank under the accession Nos.
EU091080 (B. cereus), EU091082 (B. licheniformis),
EU091083 (P. humicus), and EU091081 (S. epidermidis).

It should be noted that 16S rRNA gene and horA PCR
amplicons were sequenced from each organism originally
isolated from spoiled beer and again after the same organ-
ism had been grown in commercial beer to ensure that the
amplified horA homologous gene had indeed originated
from each of the novel bacteria and not arisen because of
PCR contamination by DNA from another horA-positive or-
ganism. The horA gene was PCR amplified in multiplex
with the 16S rRNA gene as previously described
(Haakensen et al. 2007), and both amplicons were visualized
by agarose gel electrophoresis, isolated, and sequenced from
both directions. As the horA and 16S rRNA genes were am-
plified in multiplex, the amplified horA gene could only
originate from the organism identified by the corresponding
16S rRNA gene sequence. For each of the 4 novel isolates,
the horA and 16S rRNA amplicons for the organism isolated
from spoiled beer and for organism after growth in commer-
cial beer had sequences identical to the sequences now de-
posited in GenBank. As horA was previously shown to be
highly correlated with the ability of related genera to grow
in beer (Haakensen et al. 2007, 2008), the clear association
of horA with each of these 4 novel beer-spoilage isolates
strongly suggests that the presence of horA is also associated
with hop resistance in these bacteria.

Sequences corresponding to the horA gene of known beer-

© 2008 NRC Canada
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Fig. 1. Multiple sequence alignment of bases 424-456 of horA from the 4 novel horA-harbouring bacteria and GenBank horA sequences
(numbering starting from the start codon of Lactobacillus brevis horA gene AB005752). Lactobacillus brevis, AB005752; Lactobacillus
lindneri, AB167898; Lactobacillus paracollinoides, AB178589; Pediococcus damnosus, AB218963.

430 454
* %
Bacillus cereus GTTCCCOMAAACCGCAACTTCGATTCTGCAACTG

Bacillus licheniformis GTTCCCOAAACCGCAACTTCGATTCTGCAACTG
Paenibacillus humicus GTTCCCMAAACCGCAACTTCGATTCTGCAARNTG
Staphylococcus epidermidis GTTCCCMAAACCGCAACTTCGATTCTGCAACTG

Lactobacillus brevis
Lactobacillus lindneri
Lactobacillus paracollinoides
Pediococcus damnosus

GTTCCCAAAACCGCAACTTCGATTCTGCAACTG
GTTCCCAAAACCGCAACTTCGATTCTGCAACTG
GTTCCCAAAACCGCAACTTCGATTCTGCAACTG
GTTCCCAAAACCGCAACTTCGATTCTGCAACTG
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spoilage bacteria and that were accessible through GenBank
were compared with the novel ABC MDR sequences ob-
tained from the 4 unique isolates. The GenBank search re-
vealed that there are no currently known Bacillus or
Staphylococcus genes yielding proteins with >37% identity
with horA and that no ABC MDR gene has been previously
reported for any Paenibacillus species. Interestingly, the
Paenibacillus isolate described here was identified as
P. humicus, a newly described species, about which little is
yet known, and it is possible that other P. humicus isolates
may also possess ABC MDR genes. The ABC MDR se-
quences amplified from B. cereus, B. licheniformis, P. humi-
cus, and S. epidermidis in this study were compared with
GenBank sequences for horA from known beer-spoilage
bacteria and with the closest GenBank matches for ABC
MDR genes from the respective species. These sequences
were compiled and used to create a multiple sequence align-
ment using ClustalX (Thompson et al. 1997). The alignment
was truncated using the GeneDoc program (Nicholas et al.
1997).

The 203 bp region from the ABC MDR gene of B. cereus,
B. licheniformis, P. humicus, and S. epidermidis that we an-
alyzed had <37% identity with known ABC MDR genes of
these genera, yet shared >99% identity with horA from beer-
spoilage bacteria. The multiple sequence alignment in Fig. 1
shows the region of the horA amplicon from the novel iso-
lates containing base changes in comparison with known
horA genes. The sequenced region of each of the 4 novel
isolates possessed a single base change at position 430, re-
sulting in an amino acid change from lysine to glutamine.
The P. humicus isolate also possessed a null mutation at
base 454. This exceptionally high level of conservation is
indicative of lateral transfer of genetic material and the exis-
tence of environmental selective pressure(s) for horA among
Gram-positive bacteria.

Phylogenetic analysis was performed to confirm the iden-
tity of the ABC MDR gene amplified from the 4 novel iso-
lates in this study. Figure 2 is a phylogenetic tree of the
protein sequence corresponding to the PCR-amplified region
of the ABC MDR gene. The phylogenetic tree was created
using the Unweighted Pair Group Method with Arithmetic

mean algorithm in the MEGA2 software program (Kumar et
al. 2001). While the tree in Fig. 2 was created from a trun-
cated portion of the ABC MDR proteins, the branching of
this tree is identical to the phylogenetic trees created when
full-protein or DNA sequences of the same GenBank se-
quences are used with bootstrap replicates set at 1000 (data
not shown). That is, when only GenBank sequences are used
(i.e., the full-length protein or DNA sequences of the Gen-
Bank sequences included in Fig. 2, but not our newly identi-
fied sequences), the resulting tree has the same branching
pattern. This goodness-of-fit test indicates that the 203 bp
region sequenced from the ABC MDR gene of our newly
identified beer-spoilage isolates is appropriate for determin-
ing the identity of the gene. Tree structure and groupings are
also identical when various phylogenetic analysis methods
are used; i.e., Neighbor-Joining, Minimum Evolution, or
Maximum Parsimony (data not shown). The phylogenetic
clades outlined in Fig. 2 show that the sequenced region of
the ABC MDR gene found in our B. cereus, B. lichenifor-
mis, P. humicus, and S. epidermidis isolates is >99% similar
to HorA and <37% similar to any known ABC MDR pro-
teins in the respective species. Information from the
goodness-of-fit test and the high percentage of identity be-
tween the sequenced region of the ABD MDR gene from
our novel beer-spoilage isolates and horA together indicate
it is extremely likely that the ABC MDR gene found in the
4 novel isolates is, in fact, horA.

The new finding of horA in isolates belonging to the gen-
era Bacillus, Paenibacillus, and Staphylococcus suggests
that horA exists in bacteria in environments beyond the
brewery. The finding of horA in lactobacilli originating
from human vaginal flora or feces or from various fermenta-
tions (corn silage, fuel ethanol, kefir, moto, and wine) pro-
vides support for this suggestion (Haakensen et al. 2007),
while the free exchange of genetic material among Firmi-
cutes provides an impetus for investigating whether horA is
present in a wider range of bacterial genera and environ-
ments.

In summary, our findings have 2 major implications. First,
novel bacteria with the potential to spoil beer exist and,
since these bacteria are not currently being tested for as

© 2008 NRC Canada
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Fig. 2. Phylogenetic tree of amino acids 106—173 from HorA, the corresponding region of the new ATP-binding cassette (ABC) multi-drug
resistance (MDR) protein from the 4 novel isolates, and the corresponding region of the closest GenBank protein matches. (A) HorA se-
quences from GenBank and new ABC MDR protein from the 4 novel isolates (98%—-100% identity). (B) Closest GenBank matches; all are

putative ABC MDR proteins identified through genome sequencing proj

ects (58%—73% identity to HorA). (C) Closest matches to proteins

from other genera (49%—-59% identity to HorA): L. lactis (Lactococcus lactis LmrA protein), O. oeni (Oenococcus oeni OmrA protein).
(D) Closest matches within Bacillus cereus, Bacillus licheniformis, and Staphylococcus epidermidis (25%—37% identity to HorA). (E) Next
closest matches within B. cereus, B. licheniformis, and S. epidermidis (19%—23% identity to HorA). (F) Outlier (23% identity to HorA),

E. coli (Escherichia coli MsbA protein). Bar = 0.1 difference in 100 amino acids.
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E. coli NP415434 F (23% identity)
e

beer-spoilage organisms, present a threat to the brewing in-
dustry. Second, the horA MDR gene that is thought to be
significant only in the context of brewing spoilage bacteria
is also found in a range of ubiquitous bacteria that may
play a role not only in fermentation industries but also in an-
imal and human health.
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BRIEF INTRODUCTION TO CHAPTER 5

In Chapter 3, it was found that the hor4 gene was not present in all lactobacilli or
pediococci that were capable of growing in beer. Meanwhile, literature in this subject area had
begun to suggest several additional genes which might putatively be involved in the ability of
some Lactobacillus isolates to grow in beer. Therefore, a multiplexed PCR assay was developed
to test for three putative beer-spoilage genes in addition to hord (i.e., horC, hit4, and ORFY),
while using the 16S rRNA gene as an internal positive control. This multiplex PCR assay was
used to screen bacteria whose ability to spoil beer was previously determined in Chapter 3.
Statistical analyses were then used to determine which gene(s) is the most accurate genetic
marker(s) for differentiating between lactobacilli and pediococci that can grow in beer and those

which pose little threat to the brewing industry.

Reprinted with permission from The Journal of the American Society of Brewing Chemists

66(2):63-70, 2008.

Note: This journal article was selected as the “JASBC Editor’s Pick” in the May 2008 edition of

the American Society of Brewing Chemists News Capsule.



Multiplex PCR for Putative Lactobacillus and Pediococcus
Beer-Spoilage Genes and Ability of Gene Presence

to Predict Growth in Beer
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ABSTRACT
J. Am. Soc. Brew. Chem. 66(2):63-70, 2008

Current methods of detecting Lactobacillus and Pediococcus isolates found
in beer are time-consuming and do not differentiate between benign bacte-
ria and those bacteria capable of growing in beer. Four putative beer spoil-
age-associated genes (hitA, horA, horC, and ORFS5) have been suggested
but have never been statistically correlated with the ability to grow in beer.
We have designed a multiplex PCR to detect these putative spoilage-asso-
ciated genes that includes the 16S rRNA gene as an internal control. In all,
133 Lactobacillus and Pediococcus isolates were screened using this multi-
plex PCR, and the results were compared with the ability of the isolates to
grow in beer. We found that only horA was predictive of an organism’s
ability to grow in beer. Although hitA and horC were not predictive of an
organism’s ability to grow in beer, the presence of hitA, horC, or both in
addition to horA was indicative of the ability to grow rapidly in beer. Sta-
tistical modeling based on our data indicates that assaying for the presence
of horA is highly accurate in predicting the beer-spoilage potential of Lac-
tobacillus and Pediococcus isolates. This multiplex PCR substantially re-
duces the time required to determine whether a Lactobacillus or Pediococ-
cus isolate has a high probability of causing beer spoilage.

Keywords: Beer-spoilage genes, horA, Lactobacillus, Multiplex PCR,
Pediococcus

RESUMEN

Los métodos actuales de deteccién de aislados de Lactobacillus y Pe-
diococcus encontrado en la cerveza consumen mucho tiempo y no dife-
rencian entre bacterias benignas y las bacterias capaces de crecer en la cer-
veza. Cuatro putativo genes asociados con la deterioracion de la cerveza
(hitA, horA, horC, y ORF5) se han sugerido, pero nunca han sido estadis-
ticamente correlacionadas con la capacidad de crecer en la cerveza. Hemos
disefiado un PCR muiltiplex para la deteccion de estos putativo genes aso-
ciado con la deterioracion de la cerveza que incluye el gen 16S rRNA como
un control interno. En total, 133 aislados de Lactobacillus y Pediococcus
fueron seleccionados utilizando este PCR miuiltiplex, y los resultados se com-
pararon con la capacidad de los aislamientos de crecer en la cerveza. Se
encontré que sélo horA fue predictivo de la capacidad de un organismo
para crecer en la cerveza. Aunque hifA y horC no fueron predictivos de la
capacidad de un organismo para crecer en la cerveza, la presencia de hitA,
horC, o ambos, ademds con horA era indicativa de la capacidad de crecer
rapidamente en la cerveza. Modelacion estadistica basada en nuestros datos
indican que analizaron para detectar la presencia de horA es sumamente
preciso en la prediccion de la potencial de los aislamientos de Lactoba-
cillus y Pediococcus para dafiar cerveza. Este PCR miiltiplex reduce sustan-
cialmente el tiempo necesario para determinar si una aislado de Lactoba-
cillus o Pediococcus tiene una alta probabilidad de dafiar la cerveza.

Palabras claves: Genes asociados con deterioracion de la cerveza, horA,
Lactobacillus, PCR miiltiplex, Pediococcus

Spoilage of beer by bacteria is a significant problem for the brew-
ing industry. Although most gram-positive bacteria fail to grow in

1 Corresponding author. E-mail: b.ziola@usask.ca; Phone: +1.306.966.4330; Fax:
+1.306.966.8049.

doi:10.1094/ASBCJ-2008-0314-01
© 2008 American Society of Brewing Chemists, Inc.

beer due to the presence of hop compounds, the presence of a spe-
cific resistance-associated gene or genes is believed to be associated
with growth in beer (6,13). The most common beer-spoilers are lac-
tic acid bacteria (LAB), i.e., select isolates within the gram-positive
genera Lactobacillus and Pediococcus (5,6). These beer-spoilage
LAB are able to withstand the bitter acid compounds (e.g., trans-
isohumulone) derived from hop-extract a-acids that act as mobile
carrier protonophores, effectively dissipating the cell’s trans-mem-
brane pH gradient (12).

Although not all Lactobacillus and Pediococcus isolates can grow
in beer, some isolates of these genera have developed mechanisms
that confer resistance to hop compounds (13), thus allowing growth
in beer. The ability to grow in beer is not restricted by the bounda-
ries of speciation (2) and, as such, spoilage-specific genetic mark-
ers must be identified. Although several genes have been claimed
to be involved in hop resistance (1,3,7-11,14—17), isolates used in
these studies often have been derived from a single source (i.e.,
one brewery), and supporting statistical evidence has not been pro-
vided. As such, the objective of the present study was to determine
whether the presence of putative beer-spoilage genes can be used
to predict the ability of Lactobacillus and Pediococcus isolates to
grow in beer. To accomplish this goal, the putative beer-spoilage
genes chosen as targets for multiplex PCR were hitA (3), horA (11)
horC, and ORFS5 (1,15).

The horA and hitA genes code for primary- and secondary-type
multidrug transporters, respectively. The horA gene has homology
to ATP-binding cassette-type multidrug resistance genes, using an
ATP-binding transporter to export trans-isohumulone, preventing
its accumulation in the intracellular space (7—11). It has been sug-
gested that hitA is an integral membrane protein that functions as
a divalent cation proton motive force transport system, counter-
acting the activity of trans-isohumulone (3). The horC and ORF5
genes code for proteins of unknown function with no homology
to known proteins. horC and ORF5 were selected based on their
hypothetical membrane localization, similarity to other membrane
proteins, and potential correlation with hop resistance, as suggested
previously by Suzuki et al (14,16). Independent studies identified
two unique plasmids that both harbored 4orC and ORFS5 (1,15), with
horC corresponding to ORF2 and ORF9, as described by Suzuki
et al (15) and Fuji et al (1), respectively, whereas ORF5 corresponds
to ORF5 and ORF2, respectively, in the same two articles.

In this paper we describe a multiplex PCR that simultaneously
detects these four putative spoilage-associated genes, as well as
the 16S rRNA gene used as an internal positive control. This multi-
plex PCR was used to screen 133 Lactobacillus and Pediococcus
isolates. Statistical analyses were used to delineate the relative roles
these four genes play in the ability of Lactobacillus and Pediococ-
cus isolates to grow in beer.

EXPERIMENTAL

Bacteria
The 133 isolates analyzed in this study were from diverse origins
and included 83 lactobacilli and 50 pediococci, comprising 22
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known Lactobacillus spp., 4 putative new Lactobacillus spp., and
7 Pediococcus spp. (Table I). Growth of the bacterial isolates in
two different kinds of beer involved adaptation of the bacteria to
grow in beer using modified MRS medium (de Man, Rogosa, Sharpe
medium modified by the omission of Tween 80) supplemented with
incremental concentrations of beer (2). The identities of the isolates

were confirmed pre- and postgrowth in beer by sequencing of the
16S rRNA gene as previously described (2). The ability of the 133
isolates to grow in beer was reported previously (2), and the results
are incorporated into Table I for direct comparison with the results
on presence or absence of each of the four putative beer-spoilage
genes. Beer 1 was a filter-sterilized 4% (vol/vol) alcohol beer, aver-

TABLE I
Bacterial Strains, Presence of Genes, and Ability to Grow in Beer
PCR Result® Growth

Isolate? Origin hitA horA horC ORF5 16S Beer 1 Beer 2

Lactobacillus acetotolerans
ATCC 435787 Rice vinegar - - - - + - —

L. acidophilus
ATCC 521 Unknown - — — — + — _
ATCC 43567 Human + - - - + - _
CCCB1209 Brewery - - - - + - -

L. amylovorus
ATCC 33198¢ Hog intestine - - - - + _ -
ATCC 336207 Corn silage - - - - + - -
Field isolate® Unknown - - - — + _ _
Ingledew I1f Fuel alcohol + - - - + _ _
Ingledew 12 Fuel alcohol +/+ +/+ —/+ —/— +/+ +(2) +(3)
T-13¢ Poultry - - - - + - —

L. brevis
ATCC 4006 Unknown - - - - + _ _
ATCC 8007 Kefir grains - +(T)h - - + - -
ATCC 148697 Human feces - - - - + _ _
BSO 31! Brewery +/+ +/+ +/+ +/+ +/+ +(5) +(5)
CCC96S1L Brewery —/+ +/+ —/+ —/- +/+ +(5) +(5)
CCC 96S2AL Brewery I+ +/+ —/+ —/— +/+ +(5) +(5)
CCC B1202 Brewery +/+ +/+ +/+ +/+ +/+ +(5) +(5)
CCC B1203 Brewery +/+ +/+ +/+ +/+ +/+ +(5) +(5)
CCC B1204 Brewery +/+ +/+ +/+ +/+ +/+ +(5) +(5)
CCC B1206 Brewery +/+ +/+ +/+ +/+ +/+ +(5) +(5)
CCC B1300 Brewery —/— +/+ —/—- +/+ +/+ +(2) +(3)
ETS.1 Wine - - - — + - -
ETS.2 Wine - - - - + — _

L. casei
ATCC 3342 Cheese - - - - + — _
ATCC 49138 Unknown - - - + + _ _
ATCC 25598T Milking machine /- /- /- /- ++ +(8) +(11)
CCC 95G1L Brewery +/+ —/— —/+ —/— +/+ +(8) + (10)
CCC 95G2L Brewery —/- —/+ —/—- +/+ +/+ +(5) +(5)
CCC B9657 Brewery —/- —/+ —/- —/- +/+ +(9) +(9)
CCC B1205 Brewery —/+ —/+ —/+ —/+ +/+ +(2) +(2)
CCCBI1241 Brewery /- —/+ /- —/— ++ +(27) -
Ingledew I3 Fuel alcohol - - - - + _ _
Ingledew 18C Fuel alcohol —/— +/+ —/—- —/— +/+ +(27) -

L. delbrueckii
ATCC 4797 Corn mash - - - — + _ _
ATCC 9649T Sour grain mash - — _ _ + _ _
ATCC 118427 Bulgarian yogurt + - - - + - -
ATCC 123157 Cheese + - - - + - _
CCC 95G3L Brewery - - - - + - -

(continued on next page)

# Isolate identity as determined by Haakensen et al (2), with type strains indicated. ATCC = American Type Culture Collection, Manassas, VA; BSO = Beer Spoilage Or-
ganism; CCC = Coors Brewing Company, Golden, CO; DSM = German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany; ETS = ETS
Laboratories (T. Arvik), St. Helena, CA; Molson = Molson Breweries of Canada Limited, Montreal, PQ, Canada; R = ropy phenotype; and NR = nonropy phenotype.

b For bacterial isolates capable of growing in beer, the presence of genes was recorded as pre- or postgrowth in beer.

¢ + = visible turbidity in beer and growth upon subsequent subculture to 85/15 medium; — = no visible turbidity in beer and not capable of growing upon subculture to
85/15 medium; and S = static, no visible turbidity in beer, but capable of growing upon subculture to 85/15 medium. The number in parentheses following a + indi-
cates the number of days required to attain visible growth in beer.

4 A. Estrada, College of Agriculture and Bioresources, University of Saskatchewan, Saskatoon, SK, Canada.
¢ D. Korber, College of Agriculture and Bioresources, University of Saskatchewan, Saskatoon, SK, Canada.
f W. M. Ingledew, College of Agriculture and Bioresources, University of Saskatchewan, Saskatoon, SK, Canada.

& G. Reid, Lawson Research Institute, London, ON, Canada.

h horA was sequenced, and the gene was found to be truncated by approx. 700 bp.

i B. Kirsop, Institute for Biotechnology, Cambridge, England.
I R. Wheatcroft, Agriculture and Agri-food Canada, Guelph, ON, Canada.
k K. Fernandez, Gipuzko, Spain.



aging 9.8 bitterness units (BU) and pH 4.2, whereas beer 2 was a pas-
teurized 5% (vol/vol) alcohol beer, averaging 11 BU and pH 3.8.

PCR Primers

A region of the bacterial 16S rRNA gene was amplified using
the PCR primers 386F (unpublished) and 534R (4). The horA-spe-
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cific primers h198F2 and h198R are as previously described (2).
When designing PCR primer pairs specific to hitA, horC, and ORFS,
attributes of each primer set were kept relatively similar (e.g.,
melting temperature and percent G+C content similar to that of
the 16S rRNA gene and horA primers) to optimize their ability to
function under a single set of PCR conditions. Primer pairs were

TABLE I
(continued from preceding page)
PCR Result® Growth®
Isolate® Origin hitA horA horC ORF5 16S Beer 1 Beer 2
CCC B1044 Brewery - - - - + - -
CCCB1240 Brewery - - - - + - -
CCCB1262 Brewery - - - - + - -
L. ferintoshensis
ATCC 11307 Brewery - — — + + _ _
L. fermentum
ATCC 93382 Unknown /- /- /- /- ++ +(9) +(11)
ATCC 149317 Fermented beets - - - - + _ _
ATCC 149328 Saliva - - - - + _ _
L. fructivorans
ATCC 8288T Unknown - - _ — + _ _
L. helviticus
ATCC 150097 Cheese - - _ - + _ _
CCCBI1186 Brewery —/— +/+ —/- —/— +/+ +(6) +(S)
L. hilgardii
ATCC 82907 Wine - - - - + — _
ATCC 27305 Wine /- /- /- —/- ++ +(4) +(8)
ATCC 27306 Wine - - - - + — _
L. homohiochii
ATCC 154347 Spoiled sake - - - - + - _
L. jensenii
ATCC 252587 Human + +T) - - + - _
L. kefiri
ATCC 354117 Kefir grains + - - - + - _
L. kefirgranum
ATCC 516477 Kefir grains - - - - + - _
L. kefironofaciens
ATCC 437617 Kefir grains - - - - + - _
L. paracollinoides
ATCC 8291 Brewery /- /- /- /- ++ +(7) +(11)
L. plantarum
ATCC 8014 Unknown - - - - + — _
ATCC 8041 Corn silage +/+ +/+ +/+ +/+ +/+ +(2) +(3)
ATCC 11305 Brewery - - - - + - —
ATCC 12706 Cured meat - - - _ + _ _
ATCC 14431¢ Grass silage - - - + + - -
ATCC 149177 Pickled cabbage - - - — + _ _
BSO 92 Brewery +/+ +/+ +/+ +/+ +/+ +(2) +(2)
CCC 96M2BL Brewery +/+ ++ +/+ /- +/+ +(12) +(12)
CCCB1301 Brewery /- ++ /- /- +/+ +(5) +(12)
L. reuteri
ATCC 19371 Silage - - - - + _ _
ATCC 25744 Plants - - - - + _ _
ATCC 31282 Unknown /- /- —/— /- ++ +(13) +(13)
ATCC 43200 Cucumbers - - - + + _ _
RC-14¢ Unknown - = — — + — _
L. rhamnonsus
ATCC 7469T Unknown + - - - + — _
ATCC 7469a¢ Derived from ATCC 7469 - — — - + — —
ATCC 85308 Unknown /- /- /- /- ++ +(7) +(10)
ATCC 15820 Corn liquor - - - - + — -
ATCC 210528 Human feces - +(T) - - + - -
L. sakei
ATCC 155217 Moto + - - - + — _
ATCC 15578 Moto ++ ++ —/+ —/— ++ +(6) +(7)
L. zeae
ATCC 393 Cheese - - - — + _ _
Lactobacillus unspeciated
ATCC 4005 Tomato pulp - - — - + - -

(continued on next page)
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designed to produce amplicons with 15-30 bp differences to Multiplex PCR

allow for differentiation upon visualization by 2% agarose gel DNA extractions were performed as previously described (2).

electrophoresis. Specificity of the primers was confirmed in silico Each multiplex PCR contained 2 U of Invitrogen Platinum 7ag DNA

and by sequencing the amplicons of randomly selected isolates. polymerase, 1x PCR buffer (Invitrogen, Burlington, ON, Canada),

The five primer pairs used in this multiplex PCR are described in 1.5 mM MgCl,, 0.2 mM each of the four deoxynucleotide tri-

Table II. phosphates, 0.2 uM each primer (except for the 16S rRNA gene

TABLE I
(continued from preceding page)
PCR Result® Growth®

Isolate? Origin hitA horA horC ORF5 16S Beer 1 Beer 2
ATCC 27054 Apple juice - - - - + — _
ATCC 27304 Wine must +/+ +/+ +/+ —/+ +/+ +(3) +(3)
CCC L86 Brewery —/- +/+ +/+ +/+ +/+ +4) +(11)

Pediococcus acidilactici
ATCC 8042 Brewery /- ++ /- —/— ++ +(8) -
ATCC 12697 Unknown - - - — + _ _
ATCC 25740 Plant - - - - + _ -
BSO 54 Brewery - - - - + - -
BSO 77! Brewery - - - - + - _
Molson B77b Brewery - - - - + - -
Pac 1.0/ Unknown - - - _ + - _

P. claussenii
CCC B962A Brewery - -~ +H+ -~ +H+ +(9) +(10)
CCC B1056R Brewery —/— ++ /- —/- ++ +(14) +(14)
CCC B1056NR Brewery —/— ++ /- —/— ++ +(13) -
CCC B1098R Brewery —/— —/- /- —/— ++ +(7) +(7)
CCC B1098NR Brewery —/— ++ —/- —/— ++ +(8) +(13)
CCC B1099R Brewery —/— —/— —/— —/— +/+ +(12) + (14)
CCC B1099NR Brewery —/- /- /- —/- +/+ +(7) +(7)
CCCBI1100 Brewery —/- —/- —/+ —/+ +/+ +(8) +(S)
CCC B1208 Brewery - - - - + — -
CCC B1260R Brewery /- /- /- /- ++ +(8) +(13)
CCC B1260NR Brewery /- /- /- /- ++ +(6) +(6)
ATCC BAA-344TR Brewery —/- +/+ —/—- —/— +/+ +(8) +(8)
ATCC BAA-344T NR Brewery —/- +/+ —/- —/- +/+ + (6) + (6)

P. damnosus
ATCC 11308 Brewery —/— —/- /- —/— ++ +(27) -
ATCC 25248 Brewery - - - - + - -
ATCC 25249 Brewery - +T) - + - -
ATCC 25249a Brewery - - - + + — _
ATCC 29358T Brewery - - + + + _ -
Molson B48 Brewery +/+ +/+ +/+ +/+ +/+ +(7) +(7)
Molson 49 Brewery /- ++ +/— +— +/+ + (10) +(13)
Molson B76 Brewery +/— +/+ +/— +/— +/+ +(11) +(12)

P. dextrinicus
ATCC 330877 Silage - - - - + _ _

P. inopinatus
ATCC 499027 Brewery - - - - + - -

P. parvulus
ATCC 43013 Wine -/~ -~ - -~ +H+ +(13) +(13)
ETS.3 Wine - - - _ N _ _
ETS.4 Wine - - - — + _ _
ETS.5 Wine - - - — + _ _
ETS.6 Wine - - - — + _ _
ETS.7 Wine - - - - + — _
ETS.8 Wine - - - - + — _
ETS.9 Wine - - - - + — _
ETS.11 Wine - - - - + _ _
ETS.12 Wine - - - - + _ _
ETS.13 Wine - - - - + _ _
ETS.14 Wine - - - - + - -
Spain 2.6R¥ Cider - - - - + - _
Spain 2.6NR¥ Cider - - - - + - _

P. pentosaceus
ATCC 8081 Milk - - - - + — _
ATCC 10791 Cucumber + - - — + _ _
ATCC 11309 Unknown - - - - + _ _
ATCC 29723 Horse urine - - - + + _ _
ATCC 33314 Sake mash - - - - + _ _
ATCC 333167 Brewery - - - - + - _




primers, which were at 0.1 uM), and 1 pL of bacterial DNA. Water
was added to bring the total volume to 25 uL. The PCR program
consisted of an initial denaturation step of 5 min at 95°C, fol-
lowed by 35 cycles of 94°C for 45 sec, 52°C for 45 sec, and 72°C
for 50 sec and a final extension step of 72°C for 5 min. Amplicons
were detected by electrophoresis in 2.0% agarose gels containing
ethidium bromide.

Statistics

Statistical analysis of data was performed using SPSS for Win-
dows (version 12.0, SPSS Inc., Munich). For both binary logistic
regression and ¢ test for independent samples, the confidence in-
terval and level of significance were set at 95% and P = 0.05, re-
spectively. Binary logistic regression models were calculated for
Lactobacillus, Pediococcus, and Lactobacillus and Pediococcus iso-
lates combined, with the ability to grow in beer 1 and beer 2 as out-
come variables. For binary logistic regression models, multiplex
PCR results for the hitA, horA, horC, and ORFS5 genes were in-
cluded as covariates (0 = PCR negative and 1 = PCR positive).
Binary logistic regression was performed using the backward step-
wise (likelihood ratio) method and forward stepwise method, with
the same results produced (data not shown). All binary logistic re-
gression likelihood ratio %2 values had P < 0.00025.

RESULTS AND DISCUSSION

Gene Detection

The multiplex PCR protocol described here not only detects the
presence of hitA, horA, horC, and ORF5 but also provides an in-
ternal control indicating the presence of bacterial DNA in the test
sample through incorporation of primers that amplify a portion of
the 16S rRNA gene. Because the PCR amplicon for each gene has
a different length, a bacterial DNA sample should always have a
minimum of one band (i.e., the 16S rRNA control amplicon) and
may include as many as four additional bands when the PCR reac-
tion is analyzed by agarose gel electrophoresis (Fig. 1). Table I pro-
vides the multiplex PCR results for each of the isolates analyzed.

To ensure that the h198F2/h198R primers were successful in de-
tecting the horA gene whenever present, the 16 horA-negative,
growth-positive isolates were subjected to PCR by additional PCR
primer set combinations. All PCR primers were designed to be
specific to horA, and the 16 horA-negative, growth-positive isolates
were negative for all combinations of primer sets to horA (data
not shown). The additional primer sets used included the previ-
ously described h297F/R primer set (2) and a primer set designed
to a multiple sequence alignment of all GenBank horA sequences
to span the full length of the horA gene (forward primer horA-

TABLE 11
Locations and Sequences of PCR Primers
Amplicon PCR
Target (bp) Primer? Sequence
horA 210 h198F2  AAATCTTAACCCTGCCGG
h198R GCGGAACGGCGATAAACATA
hitA 179 28F AGCGTAGCAGAAGAACCTAAG
207R CAATTACCAGGATCCATGTACC
16S rRNA 148 386F CTACGGGAGGCAGCAAG
534R ATTACCGCGGCTGCTGG
ORF5 117 154F GTACGGATCGTGGTAAACG
270R GACCATTTGTCTACAAGGCAG
horC 94 46F CTTGTTGGAGCAATTATTGG
139R CGTTGACAAGTGCTACAGG

4 With the exception of primers h198F2 and h198R, located at positions 318 and
521, respectively, the number in the primer name refers to its position within the
gene. For each primer set, F and R indicate forward and reverse.
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FullF located 110- to 96-bp upstream of the start codon and reverse
primer horAFullR located at the 3’ end of the horA gene at bases
1,745-1,728). The horAFullF/R primers also were used in respec-
tive combinations with the h198F2/R primers to produce shorter,
overlapping amplicons for DNA sequencing. The horA gene of each
of the four horA-positive, growth-negative isolates (L. brevis ATCC
8007, L. jensenii ATCC 252587, L. rhamnosus ATCC 21052, and
P. damnosus ATCC 25249; GenBank accession nos. EU223373,
EU223372, EU223374, and EU223375, respectively) were se-
quenced and were found to be truncated by approx. 700 bp corre-
sponding to the 3’ end of horA sequences deposited in GenBank.
Despite this truncation, the sequenced regions of sorA from these
isolates were 97.9-99.7% identical compared with deposited horA
sequences, and all coded for phenylalanine instead of serine in
amino acid position 75.

Interestingly, four isolates were initially horA PCR negative prior
to growth in beer but, after subsequent passage in beer, were posi-
tive for horA. This same phenomenon was observed three times
for each hitA and ORFS5, and six times for horC. Conversely, one
isolate (P. damnosus Molson B76) was PCR positive for all four
genes prior to growth in beer but, after passage in beer, was posi-
tive only for horA (Table I), and a second isolate (P. damnosus Mol-
son B49) was PCR positive for horA, horC, and ORFS5 prior to
growth in beer but was only horA PCR positive after growth in
beer. These findings suggest that previous studies may have incor-
rectly identified some bacterial isolates as being positive or nega-
tive for genes of interest because they did not screen for their pres-
ence after growth in beer (or a similarly appropriate adaptation
step). Because the four genes of interest are plasmid localized,
continuous passage of the bacteria in laboratory media can lead to
gene loss. Therefore, it is important to screen for genes of interest
after a small subset of bacteria harboring advantageous plasmids
has been preferentially amplified by growth in a beer environment.

It has been suggested previously that horC and ORFS5 are jointly
plasmid localized (1,15). However, our data show that the pres-
ence of horC and ORF5 did not correlate (Table III). Not only
were there numerous instances in which horC and ORFS5 occurred
independently of one another, but there were five isolates that dem-
onstrated preferential selection for horC (i.e., horC PCR-negative
pregrowth in beer or horC PCR-positive postgrowth in beer) while
failing to maintain the presence of ORF5 (i.e., ORF5 PCR-posi-
tive pregrowth in beer or ORF5 PCR-negative postgrowth in beer)
(Table I). This finding suggests that, although horC and ORFS5 some-
times may be located on the same plasmid, these two genes can
occur independently.

The widespread lateral gene transfer that can occur among LAB
is demonstrated by the fact that a small or extremely small subset
of bacteria harboring advantageous plasmids can be preferentially
amplified by growth in a beer environment, as well as the additional

Fig. 1. Agarose gel electrophoresis of multiplex PCR for putative spoilage-
associated genes. PCR-positive genes are listed from the bottom to top for
each lane. Lane 1, negative control (no added DNA). Lane 2, Pediococcus
claussenii CCC B962A-horC and 16S rRNA. Lane 3, P. parvulus ETS.4—
ORF5 and 16S rRNA. Lane 4, Lactobacillus brevis ATCC 14869—16S rRNA
only. Lane 5, L. delbrueckii ATCC 12315™-16S rRNA and hitA. Lane 6, P.
claussenii CCC B1056R-16S rRNA and horA. Lane 7, L. brevis CCC
B1202-horC, ORFS5, 16S tRNA, hitA, and horA.
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finding that horC and ORFS5 can be located either separately or
together on the same plasmid. Not only does this reflect the genetic
diversity and promiscuity of genetic material exhibited by Lacto-
bacillus and Pediococcus isolates, it also reinforces the need for
appropriate subculturing techniques to effectively maintain the pres-
ence of genes of interest for the purposes of quality control testing.

Correlation of Genes with Growth in Beer and Isolate Origin

Analysis of the distribution of each of the four putative beer-
spoilage genes with respect to whether an isolate was a member
of Lactobacillus or Pediococcus and whether an isolate could grow
in beer is presented in Tables III and IV. The y? analysis indicated
that each of the four genes correlated with ability of lactobacilli to
grow in beer (Table IV). In contrast, for pediococci, only the pres-
ence of horA was highly correlated with growth in beer, whereas
ORF5 was negatively correlated with the ability to grow in beer
(i.e., the presence of ORF5 was predictive of the inability of Pedio-
coccus isolates to grow in beer). Because the number of lactoba-
cilli exceeded that of the pediococci isolates studied (83 and 50,
respectively), three of the four genes (ORF5 being the exception)
were significantly correlated with growth in beer when the lacto-
bacilli and pediococci data were combined (Table IV). This corre-
lation is explained by the overlap in the occurrence of genes shown
in Table III. In the majority of cases, when the hitA, horC, or ORF5
genes were found in bacteria able to grow in beer, horA also was
present (15/16, 16/19, and 13/14 instances, respectively). This may
explain why the hitA, horC, and ORF5 genes previously were er-
roneously thought to be predictive of the ability of an organism to
grow in beer (3,6,8,14,16,17). For this reason, it was necessary
that binary logistic regression analyses be performed to determine
the actual contribution of each gene to the overall predictive model.
Previous studies on hitA, horC, and ORFS5 either failed to concur-
rently screen for the presence of horA or used a set of isolates origi-
nating from a single source, thereby skewing interpretation of the
importance of a given gene. Moreover, statistical analyses were not
performed in previous studies.

To determine whether a correlation exists between the origin of
a LAB isolate and the presence of the genes of interest (Table I), a
y? test was used to compare the presence of putative spoilage-asso-
ciated genes in brewery and nonbrewery isolates. Of hitA, horA,
horC, and ORFS5, only the presence of horA was significantly cor-
related with brewery origin for both Lactobacillus and Pediococ-
cus isolates (P < 0.0001). This suggests that, of the four genes, only
horA is positively selected for in the brewery environment, reaf-
firming that the presence of horA enhances the beer-spoilage po-
tential of a LAB. Thus, environmental LAB introduced into a brew-
ery could become vicious beer spoilers should even a few bacteria
among the original population harbor the horA gene.

Predictive Abilities

To determine the actual contribution of each gene to the ability
of an organism to grow in beer, binary logistic regression analyses
were performed. The results of these analyses (Table V) indicate
that only horA is a significant predictor of the ability of Lactoba-
cillus and Pediococcus isolates to grow in beer. When the Lacto-
bacillus and Pediococcus data were grouped for binary logistic re-
gression analysis, horA and horC both were retained by the statistical
model (data not shown). However, horC showed a contribution to
the ability to grow in beer only when lactobacilli and pediococci
data were combined; this was due to the three horA-negative, horC-
positive isolates (two pediococci and one lactobacilli) that were
capable of growing in beer, which created what we believe is a
statistical anomaly. The inclusion of horC as a predictor in the bi-
nary logistic model actually caused a decrease in the odds ratio
and only a small increase (<1.5%; data not shown) in the overall
ability of the model to predict growth in beer. Although horC pre-
viously has been shown to confer some level of hop resistance (14),
we found that this gene rarely occurred in the absence of horA.
Meanwhile, horA was present in many growth-positive isolates that
were horC negative. These factors show that horC is a much less
effective marker than horA for the prediction of growth in beer;
therefore, horC was discarded from the predictive model.

TABLE III
Presence of hitA, horA, horC, and ORFS5 Genes and Bacterial Growth in Beer?
Growth + Growth —
Genes Present Lactobacillus spp. Pediococcus spp. All Lactobacillus spp.  Pediococcus spp. All
horA only 5 8 13 2 1 3
horA and hitA 0 0 0 1 0 1
horA and ORF5 2 0 2 0 0 0
horA, hitA, and horC 5 0 5 0 0 0
horA, horC, and ORF5 1 0 1 0 0 0
horA, hitA, horC, and ORF5 9 1 10 0 0 0
hitA only 0 0 0 7 1 8
horC only 0 1 1 0 0 0
ORFS5 only 0 0 0 4 12 16
horC and ORF5 0 1 1 0 1 1
horC and hitA 1 0 1 0 0 0
No known genes 7 6 13 40 17 57
2 Growth in beer defined as ability to grow in beer 1, or beer 1 and beer 2.
TABLE IV
%2 Correlation of Putative Beer Spoilage-Associated Genes with Growth in Beer
Lactobacillus Pediococcus All Bacteria
Gene Beer 1 Beer 2 Beer 1 Beer 2 Beer 1 Beer 2
hitA P <0.005 P < 0.005 NS? NS P < 0.005 P < 0.005
horA P < 0.005 P < 0.005 P < 0.005 P < 0.005 P < 0.005 P < 0.005
horC P < 0.005 P < 0.005 NS P <0.05 P < 0.005 P < 0.005
ORF5 P < 0.005 P < 0.005 (P <0.05)° (P <0.05)° NS NS

4 Not significant (P > 0.05).

b Negatively correlated (i.e., presence of ORF5 is predictive of inability to grow in beer).
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The binary logistic regression models in Table V report the pre-
dictive abilities generated based on the various groupings analyzed.
The models show that horA detection has a significant capability
for predicting the ability of an isolate to grow in beer. A horA-
positive PCR result is 88.6% accurate in predicting that an organ-
ism will grow in beer (i.e., 31 of 35 horA-positive isolates grew in
beer) (Table III). Conversely, a horA-negative PCR result is 83.7%
accurate in predicting that an isolate will not be capable of growing
in beer. The lower negative predictive ability was due to the 16
isolates in this study that were horA-negative yet capable of grow-
ing in beer (Table IV). Because 13 of these 16 isolates did not
possess any known spoilage-associated genes, there must be other
as yet undefined genetic mechanisms that allow bacterial growth
in beer.

The odds ratios given in Table V are the ratio of the probability
of growth in beer for horA-positive isolates to the probability of
growth in beer for a horA-negative group. These ratios were nor-
malized to one and, therefore, can be expressed as “times more
likely.” For example, a horA-positive Lactobacillus isolate is 53.4
times more likely to grow in beer 1 than a horA-negative Lacto-
bacillus isolate. As indicated by the predictive abilities and odds
ratios in Table V, the ability of horA to predict growth was lower
for the pediococci than for the lactobacilli, implying that the ge-
netic basis for the ability to grow in beer is currently less well de-
fined for pediococci compared with lactobacilli.

Although horA is, overall, >80% accurate in predicting the abil-
ity of Lactobacillus and Pediococcus isolates to grow in beer, Na-
gelkerke’s R* values for binary logistic regression confirmed the
idea that there must be other mechanisms associated with these
bacteria and their ability to grow in beer. As shown by the R? val-
ues in Table V, horA alone could account for only 23-59% of the
variability seen in the ability of an organism to grow in beer, de-
pending on the type of beer and the genus of the isolate involved.
It must be stressed that these additional mechanisms are not rep-
resented by the hitA, horC, or ORFS genes, because binary logis-
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tic regression analysis found no significant relationship between
the presence of these genes and the ability to grow in beer. As
such, correlation of these three genes with the ability of a bacterium
to grow in beer (i.e., as shown by the %2 analyses in Table IV) re-
sults from the presence (irrespective of function) of these genes in
bacteria also found to possess horA. Although hitA, horC, and ORF5
may somehow play an as yet undetermined role in hop resistance
through synergy with horA or by other mechanisms (e.g., nutrient
acquisition or ethanol resistance), the presence of these three genes
cannot be used to predict the ability of an isolate to grow in beer.

Growth Rate in Beer

A t test for independent samples was performed to determine
whether an organism’s growth rate in beer was affected by the pres-
ence of any of the four genes (Table VI). Although the presence of
horA predicted growth in beer, the additional presence of hitA or
horC was associated with an average growth rate in beer that was
more than doubled. Because hitA and horC occurred together in
15 of 16 instances in which either gene was found in the same
isolate with horA, it was impossible to say whether hitA, horC, or
both genes contributed to the increased growth rate seen in horA+/
hitA+/horC+ isolates. Another possibility is that hitA and horC act
as surrogate markers for as yet unknown genes present in these
horA+/hitA+/horC+ isolates that actually are responsible for the
increased growth rate in beer. Although hifrA and horC were not
accurate predictors of the ability to grow in beer by themselves,
when multiplexed with horA they could serve to identify bacteria
able to rapidly spoil beer.

CONCLUSIONS

The described multiplex PCR was effective in detecting the pres-
ence of a bacterium in beer and differentiating between hirA, horA,
horC, ORFS5, and 16S rRNA genes, producing five distinguishable
bands (Fig. 1). As emphasized by the R? values and odds ratios in

TABLE V
Binary Logistic Regression of Putative Beer Spoilage-Associated Genes and Growth in Beer?

Predictive Ability of horA (%)4

Bacterium R Odds Ratio® Will Grow Will Not Grow Overall
Lactobacillus spp.
Beer 1 0.59 534 88.0 87.9 88.0
Beer 2 0.50 29.1 80.0 87.9 85.5
Pediococcus spp.
Beer 1 0.38 31.0 90.0 71.5 80.0
Beer 2 0.23 9.3 70.0 80.0 78.0
All bacteria
Beer 1 0.50 39.7 88.6 83.7 85.7
Beer 2 0.40 18.7 717.1 84.7 82.7

4 All putative spoilage-associated genes (hitA, horA, horC, and ORFS5) were included in the analyses, but only #orA was statistically significant.
b Nagelkerke’s R? value indicates how much of the ability to grow in beer is accounted for by the independent variable horA.
¢ Ratio of the probability of growth with the presence of #orA to the probability of growth in the absence of horA. All values were significant at P < 0.0005, except for

Pediococcus in beer 2, which was significant at P < 0.005.

d Model’s ability to predict growth in beer. Only horA was significant in each analysis, indicating the ability of horA to predict growth in beer.

TABLE VI
Days Required for Growth in Beer in Relation to Genes Present?
Beer 1 Beer 2
Genes Present NP Mean Range NP Mean Range
horA only 15 10.6 11 9.5 3-14
horA, horC, hitA 15 4.7 15 49 2-12

2 The ORF5 gene was excluded as a variable because it had no correlation with the ability to grow in beer. Also, no horA+/horC—/hitA+ and only one
horA+/horC+/hitA— growth-positive isolate was found. For beer 1 and beer 2, P < 0.005 and 0.0005, respectively, for independent sample ¢ tests comparing

growth-positive isolates from respective categories.

b Number of isolates possessing the gene or genes and capable of growing in beer.
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Table V, there currently is a better understanding of the genetic
basis for growth in beer for Lactobacillus isolates than for Pedio-
coccus isolates. Although it is evident that there are other, as yet
unknown, mechanisms involved in the ability to grow in beer
(Tables IV and V), of the currently known putative beer-spoilage
associated genes the only significant predictor of the ability to
grow in beer was horA (Table V). However, the presence of hitA,
horC, or both in addition to horA was predictive of increased
growth rate in beer (Table VI).

We suggest that brewery quality control laboratories should, at
a minimum, routinely screen lactobacilli and pediococci found in
beer for spoilage potential using this multiplex PCR directed to
the horA and 16S rRNA genes. In addition, although hitA and horC
are not accurate predictors of the ability to grow in beer, incorpo-
ration of either gene into a multiplex PCR with horA could serve
to identify isolates able to grow rapidly in beer (Table VI), thus
providing a second crucial piece of information. Until the remain-
ing gene or genes associated with bacterial beer spoilage are de-
fined, the suggested horA, hitA or horC, and 16S rRNA gene mul-
tiplex PCR represents the best test available for quickly assessing
whether a given Lactobacillus or Pediococcus isolate is capable of
not only growing in, but also rapidly growing in, and spoiling beer.
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BRIEF INTRODUCTION TO CHAPTER 6

In Chapters 3 and 5, it was found that the correlation of putative beer-spoilage associated
genes with ability of Lactobacillus and Pediococcus isolates to grow in beer is not absolute.
This observation was especially pronounced for Pediococcus. As such, a search was undertaken
to find additional beer-spoilage associated genes. A directed approach to gene discovery was
used, targeting the bacterial isolates which were PCR-negative for all known previously
described beer-spoilage genes (i.e., horAd, horC, hit4, and ORF5), but capable of growing in beer.
As the strongest correlation found in Chapter 5 was with the ABC MDR gene hor4, a highly
conserved region of ABC MDR genes was used as the target to search for novel beer-spoilage
associated genes by using degenerate PCR primers. Once ABC MDR genes were found in the
unique beer-spoilage isolates, the PCR amplicons were sequenced and specific PCR primers are
designed to screen a broad selection of lactobacilli and pediococci as was done in Chapters 3 and
5. Novel ABC MDR genes found to correlate with beer-spoilage were sequenced de novo and

characterized through bioinformatic analysis.
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ABSTRACT
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We have recently shown that the horA gene is highly accurate for de-
termining the beer-spoilage potential of lactobacilli isolates but not as good
for predicting the beer-spoilage ability of pediococci isolates. Our goal in
this study was to identify genetic markers for assessing the beer-spoilage
potential of Pediococcus isolates. Lactobacillus and Pediococcus isolates
negative for the putative beer-spoilage associated genes hifA, horA, horC,
and ORF5, yet capable of growing in beer, were screened using degenerate
PCR primers designed to the ATP-binding cassette region of multidrug re-
sistance (ABC MDR) genes, and amplicons were sequenced to reveal pos-
sible identity and function. Six novel ABC MDR genes were found. Specific
PCR primers were designed to each gene and used to screen 84 Lactoba-
cillus and 48 Pediococcus isolates. Three genes had no correlation with hop
resistance or ability to grow in beer. Another gene correlated with hop re-
sistance but only in isolates incapable of growing in beer. The remaining
two genes, bsrA and bsrB (beer-spoilage related), were highly correlated
with the beer-spoilage ability and hop resistance of Pediococcus isolates.
Although sharing a low percent identity with one another or other known
proteins, both BsrA and BsrB contained conserved motifs typical of ABC
MDR-type proteins. The bsrA and bsrB genes were not found in any Lac-
tobacillus isolates, regardless of whether they were able to grow in beer,
making them the first genetic markers capable of differentiating between beer-
spoilage lactobacilli and pediococci.

RESUMEN

Recientemente hemos demostrado que el gen de horA da alta precision
para la determinacion del deterioro potencial de cerveza de aislados de lac-
tobacilos, pero no tan buena para la prediccion de la capacidad de aislados
de pediococci para daiiar la cerveza. Nuestro objetivo en este estudio fue
identificar los marcadores genéticos para evaluar el potencial a deteriorar
la cerveza de aislados de Pediococcus. Lactobacillus y Pediococcus cepas
negativas para genes asociados con el deterioracion de la cerveza hitA, horA,
horC,y ORFS, pero capaz de crecer en la cerveza, se proyectaron utilizando
cebadores degenerados de PCR disefiados para la ATP vinculantes casete
regién de multirresistencia (MDR ABC) los genes, y amplicones fueron
secuenciados para revelar la identidad y la posible funcién. Seis nuevos
genes ABC MDR se encontraron. Cebadores especificos de PCR fueron
disefiados para cada gen y la utiliza para la inspeccion de 84 Lactobacillus 'y
48 Pediococcus aislados. Tres genes que no tenfan correlacién con la re-
sistencia de lapulo o la capacidad para crecer en la cerveza. Otro gen corre-
laciona con la resistencia de ldpulo, pero sélo en aislados incapaces de cre-
cer en la cerveza. Los otros dos genes, bsrA y bsrB (relacionados con el
deterioro de cerveza), fueron altamente correlacionados con la capacidad
de deteriorar la cerveza y con la resistencia de lipulo de Pediococcus ais-
lados. A pesar de compartir un bajo por ciento de identidad entre si o con
otras proteinas conocidas, tanto BsrA y BsrB figura conserva motivos ti-
picos de la MDR-tipo ABC proteinas. Los genes de bsrA y bsrB no se en-
cuentran en ningtn Lactobacillus aislados, independientemente de si eran

1 Corresponding author. E-mail: b.ziola@usask.ca; Phone: +1.306.966.4330; Fax:
+1.306.966.8049.

doi:10.1094/ASBCJ-2009-0601-01
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capaces de crecer en la cerveza, por lo que los primeros marcadores gené-
ticos capaces de diferenciar entre lactobacilos y pediococci con capacidad
de dafiar la cerveza.

Spoilage of beer by Lactobacillus and Pediococcus bacteria is a
significant problem for the brewing industry (15). Although most
gram-positive bacteria fail to grow in beer due to the presence of
hop compounds, ethanol, reduced oxygen, and low nutrient levels,
some lactobacilli and pediococci possess mechanisms that allow
them to overcome these selective pressures (13,16). Although the
horA gene is highly accurate for determining the beer-spoilage po-
tential of Lactobacillus isolates, we have recently shown that it is
not as accurate at predicting the beer-spoilage ability of pediococci
(5,8). As such, our goal was to identify genetic markers that can
be used for accurate differentiation of beer-spoilage Pediococcus
isolates from pediococci that do not pose a threat as beer-spoilage
organisms. In contrast to the random approaches to gene discov-
ery (e.g., randomly amplified polymorphic DNA PCR) that were
used to discover the putatively beer-spoilage associated genes hitA,
horB, horC, and ORFS5 (3,9), we chose to use a directed approach
targeting 13 bacterial isolates (6 lactobacilli and 7 pediococci) that
are capable of growing in beer yet are PCR-negative for all putative
beer-spoilage associated genes (i.e., hitA, horA, horC, and ORF5)
(8). These isolates presumably contain undefined genetic elements
that permit bacterial growth in beer.

Currently, the best known marker for the beer-spoilage ability
of lactobacilli is the ATP-binding cassette multidrug resistance
(ABC MDR) gene horA (5,8). Although the association of horA
with ability of pediococci to grow in beer is much weaker, the ge-
nus Pediococcus does fall within the multiphyletic genus Lacto-
bacillus, making it likely that similar genetic mechanisms are used
by both genera to facilitate growth in beer. As such, we used the
DNA sequences of ABC MDR-type proteins that are similar to
HorA as our starting point in the design of degenerate PCR primers
to search for novel beer-spoilage genetic markers. Here, we report
the finding of six novel ABC MDR genes within pediococci, two
of which are new genetic markers that accurately reflect the abil-
ity of pediococci to grow in beer.

MATERIALS AND METHODS

Bacterial Growth Conditions and DNA Extraction

Bacterial growth conditions and verification of the ability of iso-
lates to grow in beer were performed as described previously (5,8).
DNA extractions were performed using 10 pL of bacterial culture
with 100 pL of a DNA kit (Instagene DNA Matrix kit, BioRad), as
directed by the manufacturer. At the final step, 90 pL of super-
natant was removed and stored at —20°C.

Design of Degenerate PCR Primers

The beer-spoilage related protein HorA was used to query the
GenBank database using the basic local alignment search tool
(BLAST) (1). The protein sequence was used as a query to ensure
the highest degree of functional similarity and that the nucleotide



sequences corresponding to the top 10 matches (i.e., score >500
when using protein query) were downloaded. The best matches to
HorA also putatively coded for ABC MDR- or ABC amino acid
transporter-type proteins, and all but one of the sequences down-
loaded were identified through genome-sequencing projects. The
nucleotide sequences used to create degenerate PCR primers are
described in Table L.

A multiple sequence alignment (MSA) of nucleotide sequences
corresponding to the top 10 protein matches (Table I) and the
horA gene itself was created using ClustalX 1.81 software and its
default settings (17). A consensus sequence was then created from
the MSA using the European Molecular Biology Software Suite
v2.2.0 “cons” program (14) and threshold settings of “required num-
ber of identities at a position” equal to the number of sequences in
the MSA and “threshold above which the consensus is given in up-
percase” equal to the first whole integer greater than three-quarters
of the number of sequences in the MSA. The resulting consensus
sequence was then aligned with the sequences originally used in
the MSA, again using ClustalX software. The MSA, now also con-
taining the consensus sequence, was visually scanned for regions
of high percent identity that might also be capable of functioning
as PCR primers. The degenerate PCR primers created in this way
correspond to bases 1127-1142 (forward primer) and 1533-1516 (re-
verse primer) of the horA gene (described in Table I). Inosine bases

TABLE I
Nucleotide Sequences Used in Designing Degenerate PCR Primers
for Detecting ATP-binding Cassette Multidrug Resistance Genes?®

GenBank Nucleotide
Bacterium Strain Accession No. Location
Lactobacillus
acidophilus NCFM YP_193507 581970-583727
brevis ATCC 367 YP_796084 1953654-1955423
casei ATCC 334 YP_807324 2119775-2121559
Jjohnsonii NCC 533 NP_965013 1076997-1078748
plantarum WCFS1 NP_786297 2639403-2641160
reuteri 100-23 ZP_01274735 12372-14093
reuteri ATCC 55730 EU038268 Draft®
reuteri F275 YP_001270631 18960-20681
sakei 23K YP_394844 226827-228578
Pediococcus ATCC 25745  YP_805121 1645664-1647442

pentosaceus

4 Resultant forward and reverse degenerate primers are CIGG(C/T)GG(C/T)
GGIAA(A/G)TC and CTIGCIGTIGCTTCATC, respectively, with an expected
amplicon size of 380—406 bp.

b Draft genome; contigs not available in assembled format.
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were used to reduce the overall degeneracy of the PCR primers while
allowing for a broader range of binding specificity.

Each degenerate primer PCR tube contained 1 U of Platinum
Tag DNA polymerase (Invitrogen), 1x PCR buffer (Invitrogen),
1.5 mM MgCl,, 0.2 mM each of the four deoxynucleotide tri-
phosphates, and 0.2 pM each of the PCR primer. Template DNA
was added (2.5 pL), and the final volume was brought to 25 puL
with water. The PCR program consisted of an initial denaturation
step of 4 min at 95°C, followed by 40 cycles of 95°C for 45 sec,
42°C for 45 sec, and 72°C for 60 sec and a final extension step of
5 min at 72°C.

Design of Gene-Specific PCR Primers

Amplicons from the degenerate PCR were sequenced and used
to create a MSA with ClustalX 1.81 software and its default set-
tings (17). The MSA was then visualized using the GeneDoc soft-
ware program (12). DNA regions were identified in the MSA that
contained sufficient numbers of polymorphisms to create PCR
primers specific to each novel gene (Table II). These specific PCR
primers were designed to function in multiplex with PCR primers
that amplify a portion of the 16S rRNA gene (6). The amplifica-
tion of the 16S rRNA gene, thus, served as an internal control to
confirm the presence of bacterial DNA in PCRs that were nega-
tive for the novel ABC MDR genes. The target-specific PCRs were
identical to the degenerate PCRs; however, the primers for the
16S rRNA gene were used at 0.1 uM, and a different PCR pro-
gram was used. The target-specific PCR consisted of a denatu-
ration step of 4 min at 95°C, followed by 30 cycles of 95°C for
15 sec, 55°C for 30 sec, and 72°C for 30 sec and a final extension
step of 2 min at 72°C.

PCR Product Purification and Sequencing

Amplicons from both degenerate and target-specific PCR were
visualized by electrophoresis on 1.0% agarose gels containing
0.5 mg of ethidium bromide per mL. DNA sequencing was per-
formed at the Plant Biotechnology Institute, National Research
Council of Canada, Saskatoon, SK. Sequencing results were checked
manually for base calling errors and were queried with BLAST for
similar sequences (1). Bubble PCR (also known as genome walk-
ing) was used to obtain the full sequences of the beer-spoilage re-
lated genes bsrA (ABCI) and ABC2 (2). A minimum 50-bp overlap
of amplicons was used for gene sequence assembly. The full-length
bsrB (ABC3) gene was obtained from unreleased P. claussenii
ATCC BAA-344" genome sequence data available in our labora-
tory. Subsequent to using bubble PCR to obtain the sequences of
bsrA and ABC2, these two genes were also confirmed in the P. claus-

TABLE II
Gene-Specific PCR Primers
PCR Primer

Target Gene Amplicon Size (bp) Forward Reverse
bsrA 529 TACTCACTCCCAAGAGGTTG GTCATTCGTGCGTTCAGT

1,8572 GTTGTCGATTAGTCAAAATAGG TTTGAAGTGATTCCCACAATTGC
bsrB 299 AACTAGATTCTATGAAGTTACGTCTGG AAATTCTTTGCTTTTGACCGCCTG

2,0472 GATTGACTTTAGAATCTATTGTGTC CTTTCTCACTCGCAATTGGTG
ABC2 373 CAGCTGGGATGCTTGGTCAG ACATACCCGATTTGTGACCGCCAA

1,778 GGATACTATACATCAATATCTCGP GTGGGCTTGGCATTAGG
ABC4 165 CCTGATAGCGGCCACATTTTGATCG CTTCATCTGTATAGTTGCGCGTCG
ABCS5 131 TCTTGAATCGTTTAACTTGACGGAC CTCATCCGAATACTGACCGCTG
ABC6 209 CCAACATTCAAGATATCCAGCTGAC CTGTATCCAATTGTTTAGGCATTTCTTCC
16S rRNA¢ 148 CTGATGGAGCAACGCCGCGT ATTACCGCGGCTGCTGG
16S rRNA? 526 AGAGTTTGATCCTGGCTCAG ATTACCGCGGCTGCTGG

4 Full-length gene and some surrounding DNA sequence.
b Located 20-bp upstream of the start codon.
¢ Used in multiplex with bsrA PCR primers.

d Used in multiplex with all PCR primer sets, except for degenerate PCR primers and those specific to bsrA.
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senii genome sequence data. PCR amplification (i.e., for sequenc-
ing) of the full-length bsrA (ABCI), bsrB (ABC3), and ABC2 genes
in all positive isolates was done using the same PCR program as
the degenerate PCR program but with an annealing temperature of
60°C and the specific primers indicated in Table II.

Analysis of Novel ABC MDR Proteins

The DNA and corresponding protein sequences of amplicons were
used to query the NCBI GenBank database with BLAST. Analysis
of complete gene sequences was performed using PSortB software
to predict subcellular localization (4). Transmembrane helices were
predicted using TMpred (10). The components of Figure 1 were cre-
ated using the conserved domain database (CDD) available through
the NCBI BLASTx program (11). The query sequences were used
to determine specific hits within the CDD, and these hits were used
to determine the superfamilies and, ultimately, the multidomain ar-
chitecture of the query protein.

Statistical Analyses

Statistical analysis was performed using SPSS for Windows (ver-
sion 16.0, SPSS Inc.). For both binary logistic regression and 7 test
for independent samples, the confidence interval and level of sig-
nificance were set at 95% and P = 0.05, respectively. Binary logistic
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regression models were calculated for Lactobacillus isolates, Pedio-
coccus isolates, and all bacteria (i.e., Lactobacillus and Pediococ-
cus isolates combined), with the ability to grow in beer 1 (filter-
sterilized 4% [vol/vol] alcohol beer, pH 4.2, averaging 9.8 BU)
and beer 2 (pasteurized 5% [vol/vol] alcohol beer, pH 3.8, averag-
ing 11 BU) as outcome variables. Assessment of the ability of iso-
lates to grow in beer and the presence of previously described pu-
tative beer-spoilage associated genes (i.e., hitA, horA, horC, and
ORF5) were reported previously by Haakensen et al (5,8).

RESULTS AND DISCUSSION

Our goal was to find genetic markers that can be used for accu-
rate differentiation of beer-spoilage Pediococcus isolates from pedi-
ococci that do not pose a threat as beer-spoilage organisms. In con-
trast to other studies to date (3,9), we took a directed approach,
using degenerate PCR primers to the ABC region of MDR genes
to screen 13 unique bacterial isolates (6 lactobacilli and 7 pedio-
cocci) (Table IIT) that were capable of growing in beer yet PCR-
negative for all currently known putative beer-spoilage associated
genes (i.e., hitA, horA, horC, and ORFS5) (Table III) (full data is
presented in Haakensen et al [8]). When the horA gene was used
as a query in the GenBank database, 10 similar genes (i.e., shar-
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Fig. 1. Schematic diagrams of the conserved domains present in the novel ATP-binding cassette multidrug resistance proteins BsrA, BsrB, and ABC2.

For comparison, the conserved domains of HorA are also provided.
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ing a high percent identity but not horA homologous) were re- Degenerate PCR amplification resulted in the discovery of six
turned that had a score >500 at the protein level (Table I). Degen- novel ABC MDR genes (Table III), all of which share homology
erate PCR primers were then designed from MSAs of the ABC with ABC MDR-type transporters. These genes were named ABCI
region of these genes (forward and reverse degenerate primers are through ABC6. The PCR amplicons obtained by degenerate PCR
described in Table I). all were 380—406 bp, which was the expected length based on the

TABLE III
Isolates Used for Initial Screening with Degenerate PCR Primers Designed to Target ATP-binding Cassette Multidrug Resistance (ABC MDR) Genes?

Gene-Specific PCR

Bacterium Strain® Origin ABC MDR Gene*  bsrAY  bsrBY ABC2 ABC4 ABC5 ABC6

Pediococcus
claussenii CCC B1098R Brewery ABC3 + + - — — —
claussenii CCC B1099NR Brewery ABCI + + — — - —
claussenii CCC B1099R Brewery ABCI + + - — — —
claussenii CCC B1260NR Brewery ABCI + + — — — —
claussenii CCC B1260R Brewery ABCI + + - — — —
damnosus ATCC 11308 Brewery None found — — - — — —
parvulus ATCC 43013 Wine ABCI + - — - — —

Lactobacillus
casei ATCC 25598 Milking machine ABC2 — - + + + _
fermentum ATCC 9338 Unknown ABC4 - - - + - -
hilgardii ATCC 27305 Wine ABCS5 - - - - — +
paracollinoides ATCC 8291 Brewery None found - — - — — —
reuteri ATCC 31282 Unknown ABC6 - - - - + _
rhamnosus ATCC 8530 Unknown ABC2 - - + - - -

@ All isolates were capable of growing in beer, yet were PCR-negative for previously described putative spoilage-associated genes (i.e., hitA, horA, horC, and ORFYS).
b R =ropy; NR = nonropy.

¢ Novel ABC MDR genes identified using degenerate PCR; each number indicates a unique gene.

d Results of screening using gene-specific PCR multiplexed with a 16S rRNA gene internal control.

TABLE IV
Presence of Novel ATP-binding Cassette Multidrug Resistance Genes with Respect to Genus, Species, and Ability to Grow in Beer?
Can Grow in Beer Cannot Grow in Beer

Bacterium No.b bsrA bsrB  ABC2 ABC4 ABC5 ABC6 No.b bsrA bsrB  ABC2 ABC4 ABC5 ABC6

Lactobacillus
acetotolerans 0 - - - - - - 1 0 0 1 0 0 0
acidophilus 0 - - - - - - 3 0 0 2 0 0 0
amylovorus 1 0 1 0 0 0 0 5 0 0 1 0 0 0
brevis 8 0 0 5 3 1 0 5 0 0 0 1 0 0
casei 7° 0 0 1 7 1 0 3 0 0 0 3 0 0
delbrueckii 0 - - - - - - 8 0 0 1 0 0 0
dextrinicus 0 - - - - 1 0 0 1 0 0 0
ferintoshensis 0 - - - - - - 1 0 0 0 0 0 0
Sfermentum 1 0 0 0 1 0 0 2 0 0 1 0 0 0
fructivorans 0 - - - - - - 1 0 0 0 1 0 0
helveticus 1 0 0 1 0 0 0 1 0 0 1 0 0 0
hilgardii 1 0 0 0 0 0 1 2 0 0 0 0 0 1
homohiochii 0 - - - - - - 1 0 0 0 1 0 0
Jjensenii 0 - - - - - - 1 0 0 0 0 0 0
kefiri 0 - - - - - - 1 0 0 0 1 0 0
kefirgranum 0 - - - - - - 1 0 0 0 1 0 0
kefironofaciens 0 - - - - - - 1 0 0 0 0 0 0
paracollinoides 1 0 0 0 0 0 0 0 - - - - - -
planatarum 4 0 0 4 1 0 0 5 0 0 5 1 0 0
reuteri 1 0 0 1 0 1 0 4 0 0 0 0 2 0
rhamnosus 1 0 0 1 0 0 0 4 0 0 2 1 0 0
sakei 1 0 0 0 0 0 0 1 0 0 1 1 0 0
zeae 0 - - - - - - 1 0 0 0 0 0 0
Unspeciated 2 0 0 1 1 1 0 2 0 0 0 1 1 0

Pediococcus
acidilactici 1 1 1 0 0 1 0 6 0 0 0 0 1 0
claussenii 11 11 11 0 2 0 0 1 0 0 1 0 0 0
damnosus 44 0 0 0 0 2 0 4 0 0 1 0 3 0
inopinatus 0 - - - - - - 1 0 0 0 0 1 0
parvulus 1 1 1 0 0 1 0 13 0 0 1 7 4 0
pentosaceus 0 - - - - - - 6 0 0 2 0 5 0

4 Gene-specific PCR primers were used.

b Total number of isolates for the category (can or cannot grow in beer) for the given species.
¢ Two isolates grew only in beer 1 (growth took 27 days).

4 One isolate grew only in beer 1 (growth took 27 days).
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MSA of ABC MDR genes with high percent identity with horA.
The DNA and corresponding protein sequences of amplicons ob-
tained from degenerate PCR were used to query the NCBI Gen-
Bank database with BLAST. Although distinct from one another
(<65% identity at the protein level), all six amplicons contained
motifs characteristic of ABC MDR-type genes and had a best match
to putative MDR genes that were found through Lactobacillus and
Pediococcus genome-sequencing projects. It was then possible to
create a MSA of these six PCR amplicons from which specific PCR
primer sets were designed for each of the six novel genes that would
function in multiplex with the 16S rRNA gene as an internal con-
trol (Table II). Using these specific PCR primers, 132 bacteria
(84 lactobacilli and 48 pediococci) were screened for the presence
of each of the six novel genes. The presence of each gene with re-
spect to species and ability to grow in beer is shown in Table I'V.

The presence of each novel ABC MDR gene was compared with
existing data regarding the ability of isolates to grow in beer (5,8)
and also to the ability of the isolates to grow in broth medium con-
taining hop compounds and on hop-gradient agar (HGA) and hop-
gradient agar plus ethanol (HGA+E) plates (Table V) (7). No cor-
relations were found for novel ABC MDR genes ABC4, ABCS,
and ABC6. As such, the coding regions of ABC4, ABC5, and ABC6
were not sequenced in full, and these genes retained their origi-
nal designations. The partial sequences obtained for ABC4, ABC5,
and ABC6 were deposited in GenBank under accession numbers
Fl434143, FJ434144, and FJ434145, respectively. Interestingly, al-
though the ABC2 gene correlated with the ability of Pediococcus
isolates to grow in the presence of hops in broth medium or on HGA
plates, the presence of ABC2 only weakly correlated with the abil-
ity of pediococci to grow in beer and did not correlate with the abil-
ity to grow on HGA+E plates (Table V). Thus, the added selection
pressure of ethanol altered the association between ABC2 and hop
resistance. Even more interesting was the finding that the ability
to resist the antimicrobial effects of hop compounds on HGA plates
and in broth medium was associated with pediococci that are un-
able to grow in beer (Table V). Consequently, the ABC2 gene was
not given a bsr designation, because the gene showed no associa-
tion with the ability of bacteria to grow in beer. The finding of
multiple ABC MDR-type genes that were not correlated with the
ability of either lactobacilli or pediococci to grow in beer (i.e., ABC2,
ABC4, ABCS5, and ABC6) reiterates the need to use gene-specific
primers to target beer-spoilage associated genes such as horA (5).
Specifically, using PCR primers designed to the ABC region of
MDR genes would likely result in a high number of false positives
(i.e., PCR-positive but unable to grow in beer).

The ABC2 gene is the first example we know of where a gene
has been correlated to the ability to resist the effects of hop com-
pounds but not to the ability to grow in beer. ABC2-possessing iso-

lates correlated with resistance to the effects of hop compounds
only in the absence of ethanol; therefore, it is possible that ABC2
may be capable of providing resistance to the effects of hop com-
pounds to pediococci but only under high-nutrient or low-stress con-
ditions (i.e., not under the highly selective pressures of beer). The
ABC?2 gene is 1,755 bp long (GenBank accession no. FJ434142),
coding for a protein that is 100% identical (98% identical at the
nucleic acid level) to a hypothetical protein found within the full
genome sequence of Lactobacillus plantarum strain WCFS1 (Gen-
Bank accession no. CAD65153). Like the BsrB (described below)
and HorA proteins, ABC2 protein contains motifs toward the C ter-
minal that are typical of ABC MDR-type proteins (Fig. 1). Bioin-
formatic analysis predicted that the ABC2 protein is located within
the cytoplasmic membrane and possesses five putative transmem-
brane helices.

Chi-square analyses (Table V) showed that the novel ABC MDR
genes ABCI and ABC3 were highly correlated with the ability of
Pediococcus isolates to grow in beer and also with resistance to
the effects of hop compounds as tested for by broth medium, HGA
plates, and HGA+E plates (Table V). These two genes were renamed
bsrA and bsrB, respectively. The bsrA and bsrB genes were found
only in Pediococcus isolates that were capable of growing in beer,
including 1 isolate of P. acidilactici and 11 isolates of P. claussenii.
The full lengths of the bsrA and bsrB genes were sequenced in all
isolates that were PCR-positive for the genes, and each gene was
100% identical in all isolates carrying these genes. bsrA was addi-
tionally found in one isolate of P. parvulus that could grow in beer.
Neither bsrA nor bsrB were found in any Lactobacillus isolates,
whether or not they were able to grow in beer.

The bsrA gene is 1,935 bp long, coding for a protein of 645 amino
acids (GenBank accession no. FJ434141). bsrA has an atypical AAG
start codon, and as is characteristic of non-ATG start codons, se-
quencing of the DNA region upstream of the bsrA gene did not re-
veal a Shine-Dalgarno promoter region. Both of these findings sug-
gest that bsrA may reside within an operon of genes. The BsrA
protein shares low percent identity with proteins in the NCBI Gen-
Bank database, having >70% identity with only a single putative
protein found in the full genome sequence of L. casei (GenBank
accession no. YP_807324). In contrast to HorA and BsrB, the ABC
MDR motifs in BsrA were found in the N terminal of the protein
(Fig. 1). Bioinformatic analysis predicted that the BsrA protein is
located within the cytoplasmic membrane and, depending on the
predictive model used, possesses from four to six putative trans-
membrane helices.

The bsrB gene is 1,758 bp long (586 amino acids) and uses an
ATG start codon (GenBank accession no. FJ434140). The BsrB pro-
tein shares only 53% identity with its closest GenBank match (found
in Leuconostoc citrum; GenBank accession no. ACA82389) yet con-

TABLE V
Chi-square Correlation of Novel ATP-binding Cassette Multidrug Resistance Genes with the Ability of Pediococcus Isolates
to Resist the Antimicrobial Effects of Hop Compounds and Grow in Beer®

Growth Hop Resistance?
Gene Beer 1 Beer 2 HGA+E HGA Broth
bsrA <0.0005 <0.0005 <0.0005 <0.0005 <0.034
bsrB <0.0005 <0.0005 <0.0005 <0.0005 <0.005
ABC2all® <0.036 <0.056 NS <0.051 <0.001
ABC2nonbeerd NA NA NS <0.008 <0.001
ABC4 NS NS NS NS NS
ABCS NS NS NS NS NS

4 NS = not significant (P > 0.1); NA = not applicable. ABC6 was not included because it was found only in Lactobacillus isolates (not correlated to growth in beer).
b Resistance to effects of hop compounds as described in Haakensen et al (7). HGA = hop-gradient agar plate; HGA+E = hop-gradient agar plate plus ethanol; broth =

serial dilution of hop compounds in broth medium in 96-microwell plate format.

¢ All Pediococcus isolates were included in the analyses.

4 Only Pediococcus isolates unable to grow in beer were included in the analyses.



tains motifs toward the C terminal that are typical of ABC MDR-
type proteins (Fig. 1). Based on percent identity, BsrB is more
similar to HorA than either protein is to BsrA. Bioinformatic analy-
ses predicted that BsrB is located within the cytoplasmic mem-
brane and possesses five putative transmembrane helices.

PCR targeting of bsrA or bsrB provided substantially better ac-
curacy in differentiating between beer-spoilage pediococci and
nonspoilage pediococci than did targeting horA (Table VI). How-
ever, bsrA is found in a greater number of Pediococcus beer-spoil-
age isolates, including all of the isolates containing bsrB. As such,
statistical analysis was only performed using bsrA. Binary logistic
regression analyses were used to determine the ability of the pres-
ence of bsrA to predict the growth of isolates in beer. This was cal-
culated for bsrA alone and also with the presence of the known
beer-spoilage-associated gene horA taken into account, as if the
two genes were assayed for in multiplex (Table VI).

The bsrA and bsrB genes (initially called ABCI and ABC3, re-
spectively) are the first examples of genes that we are aware of
that differentiate between lactobacilli and pediococci that are able
to grow in beer. Both bsrA and bsrB have been fully sequenced and
contain motifs indicative of their coding for ABC MDR-type pro-
teins (Fig. 1). The bsrA and bsrB genes were fully sequenced in all
isolates that were PCR-positive by gene-specific PCR, and each
gene was 100% identical at the nucleic acid level. Using a multi-
plex PCR directed to both bsrA and horA dramatically increases
the predictive ability that can be achieved versus the use of either
gene alone, resulting in 85.7% (Lactobacillus) to 94.0% (Pedio-
coccus) accuracy in differentiating between bacteria that will and
will not grow in beer (Table VI).

CONCLUSIONS

Degenerate PCR primers were effectively designed from a MSA
of ABC MDR genes from Lactobacillus and Pediococcus isolates
possessing a high percent identity with horA. These degenerate PCR
primers identified six novel genes homologous to known ABC
MDR-type transporters. Of the six novel genes identified, three
(ABC4, ABCS5, and ABC6) showed no correlation to the ability of
isolates to grow in beer or to resistance to the antimicrobial ef-
fects of hop compounds. Although the presence of ABC2 did not
correlate with the ability to grow in beer, the unexpected correla-
tion found between hop resistance and the presence of ABC2 sug-
gests that the ability to resist the antimicrobial effects of hop com-
pounds alone is insufficient to permit growth in beer. Rather, we
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propose that resistance to multiple factors, including resistance to
ethanol, is also necessary. As such, testing for specific genes is
required, because there are numerous ABC MDR-type genes that
may be present in any given Lactobacillus or Pediococcus isolate,
regardless of their ability to grow in beer. Despite testing of 79 lac-
tobacilli, both bsrA and bsrB were only found in Pediococcus iso-
lates and, therefore, may also serve as an indicator of genus identity.
Both bsrA and bsrB were strongly correlated with hop resistance
in both the presence and absence of ethanol (P < 0.0005). Screen-
ing of pediococci for the presence of bsrA generated a large in-
crease in sensitivity over the use of horA; however, the use of horA
and bsrA together in a multiplex PCR provided the best overall
predictive ability for the beer-spoilage potential of both Lactoba-
cillus and Pediococcus contaminants.
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BRIEF INTRODUCTION TO CHAPTER 7

While the PCR-based detection methods described in Chapters 2, 3, 5, and 6 are very
rapid and efficient, their correlations with ability of bacteria to spoil beer are not absolute.
Moreover, the finding of bacteria of non-brewery origin which harbour the 4orA4 gene (Chapters
3 and 4) highlighted the need for a rapid method to detect beer-spoilage bacteria that is
independent of the bacteria’s genetic background. As hop-compounds are believed to be the
most limiting factor in the ability of bacteria to grow in beer, the goal here was to develop a
method for direct measurement of hop-resistance. Several other possible growth-inhibiting
factors were also investigated, including phase of media (broth vs agar), concentration of media,

and the presence of ethanol.
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identification of spoilage-associated genes or identification of specific species of bacteria regardless of ability
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between bacteria that can grow in beer and bacteria that do not pose a threat as beer-spoilage organisms was
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the stringent conditions of beer.
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1. Introduction

Spoilage of beer by bacteria of the genera Lactobacillus and Pedio-
coccus is a significant problem for the brewing industry, since these
bacteria account for the majority of spoilage incidents (Sakamoto and
Konings, 2003; Simpson and Fernandez, 1994). While not all Lacto-
bacillus and Pediococcus isolates can grow in beer, some isolates have
developed mechanisms that confer resistance to hop-compounds
(Simpson and Fernandez, 1994), thus apparently facilitating growth in
beer. Specifically, these bacteria are able to resist the action of bitter
acid compounds (e.g., trans-isohumulone) derived from hop-extract
iso-alpha-acids which act as mobile carrier protonophores, effectively
dissipating the cell's trans-membrane pH gradient (Simpson, 1993).

Bacterial ability to grow in beer does not abide by speciation
boundaries; therefore, assaying for spoilage-specific genetic markers
is currently the most accurate method for detecting Lactobacillus and
Pediococcus beer-spoilage bacteria (Haakensen et al., 2007, 2008;
Haakensen and Zoila, 2008). The known beer spoilage-specific genetic
markers for these bacteria are hitA (Hayashi et al. 2001), horA (Haakensen
et al.,, 2007, 2008; Sami et al., 1997), and horC (Fujii et al. 2005; Suzuki
et al. 2004), with hitA and horC recently being shown to be less well
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associated with ability to spoil beer (Haakensen et al., 2008). Another
beer-spoilage related gene, bsrA, was recently found to be a marker for
predicting beer-spoilage ability of Pediococcus isolates (Haakensen and
Zoila, 2008). bsrA and bsrB are both primary-type ATP-binding cassette
multi-drug resistance genes, while the hitA gene codes for a secondary-
type divalent transporter. The horC gene codes for a protein of unknown
function, with little percent identity to any other protein. Correlation of
these genes with ability of Lactobacillus and Pediococcus isolates to grow
in beer is still not absolute; therefore, other, as of yet unknown, genetic
mechanism(s) must exist which enable bacterial growth in beer. As well,
it must be kept in mind that, due to the extensive horizontal gene
transfer exhibited by lactic acid bacteria (Makarova et al. 2006), there
also remains the possibility of additional genes emerging which would
allow a Lactobacillus or Pediococcus isolate to grow in beer. Assessing
beer-spoilage ability of Lactobacillus and Pediococcus isolates indepen-
dent of bacterial genetic makeup is thus essential. While this can
obviously be done by testing for direct growth in beer, results are only
obtained after several days to several weeks.

To resolve this dilemma, we explored approaches for more rapid
assessment of the ability of lactobacilli and pediococci to grow in beer.
Concentration-gradient agar plates were originally developed to study
antibacterial resistance (Bryson and Szybalski, 1952; Hunt and
Sandham, 1969). We customized the technique to deal with aspects
specific to assessing ability of bacteria to grow in beer. Bacterial
growth in broth medium at different concentrations of modified MRS
medium (mMRS; Simpson and Smith, 1992) and hop-compounds was
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Table 1
Bacterial species used and ability to grow in beer in relation to hops-resistance assessed
by broth, HGA, and HGA+E testing

Species Number of isolates Proportion of isolates
correctly identified by
Tested That grow in beer Broth HGA HGA+E
L. acetotolerans 1 0 0/1 11 1/1
L. acidophilus 3 0 0/3 2/3 2/3
L. amylovorous 6 1 4/6 6/6 6/6
L. brevis® 13 8 10/12 12/13 13/13
L. casei® 1 3 8/10 9/11 11/11
L. delbrueckii 8 0 3/8 6/8 7/8
L. dextrinicus® 1 0 11 11 1)1
L. fermentum® 3 1 2[2 2/3 3/3
L. fructivorans 1 0 0/1 11 11
L. helveticus 2 1 1/2 12 22
L. hilgardii 3 1 1/3 3/3 33
L. homohiochii 1 0 1/1 11 1/1
L. jensenii 1 0 11 11 1/1
L. kefiri 1 0 11 11 11
L. kefirgranum 1 0 11 171 11
L. kefironofaciens 1 0 1/1 11 11
L. parabuchneri 1 0 0/1 0/1 0/1
L. paracollinoides 1 1 0/1 0/1 11
L. plantarum 9 4 5/9 4/9 7/9
L. reuteri 5 1 3/5 4/5 5/5
L. rhamnosus 5 1 1/5 3/5 5/5
L. sakei 2 1 0/2 2[2 2/[2
L. zeae 1 0 171 11 1
Possible new Lactobacillus species 4 2 3/4 3/4 44
P. acidilactici® 7 1 3/6 6/7 7[7
P. claussenii 13 12 10/13 13/13 13/13
P. damnosus 8 4¢ 4/8  7/18 78
P. inopinatus 1 0 171 171 1/1
P. parvulus 8 1 6/8 8/8 8/8
P. pentosaceus® 6 0 3/5 4/6 5/6

2 One isolate would not grow in the broth 96 microwell plates.
b Formerly P. dextrinicus (Haakensen et al., in press).
€ One isolate could only grow in Beer 1 and growth took 27 days.

compared to growth on mMRS agar containing a gradient of hop-
compounds. The effect of ethanol as an additional selective pressure
was also assessed with both approaches. Through this study, we have
not only defined an efficient method for differentiating Lactobacillus
and Pediococcus isolates that can and cannot grow in beer, but have
also gained further insights into the physiological basis of ability of
these bacteria to grow in beer.

2. Materials and methods
2.1. Bacterial growth in beer

A list of the bacterial species tested is provided in Table 1, with the
isolates comprising 85 lactobacilli (23 species and 4 possibly new

species) and 43 pediococci (6 species). Included were 64 isolates
available from the American Type Culture Collection (see the

Supplementary Supplementary material). Parameters for induction of
bacteria to grow in beer were as described by Haakensen et al. (2007).
In brief, assessment of bacterial isolate growth in beer required
adaptation of the bacteria using modified mMRS broth supplemented
with incremental concentrations of beer. Identities of the isolates were
confirmed pre- and post-growth in beer by sequencing the 16S rRNA
gene (Haakensen et al., 2007). Beer 1 was a filter-sterilized 4% v/v
alcohol beer, pH 4.2 and averaging 9.8 bitterness units (BU), while Beer
2 was a pasteurized 5% v/v alcohol beer, pH 3.8 and averaging 11 BU.
Bacteria capable of growing in either beer were considered to be beer-
spoilers. Prior to testing for hop-resistance as described in Sections 2.2
and 2.3, bacteria were initially grown in 50% 2x mMRS broth and 50%
Beer 2 as described by Haakensen et al. (2007). Bacteria were then
grown at 30 °C for 16-24 h in 15% 2x mMRS broth and 85% Beer 2.

2.2. Hop-compounds in broth microwell plates

Ninety-six well round-bottomed microwell plates (Corning Incor-
porated Life Sciences, Lowell MA, USA) were used. mMRS broth was
tested at 1/8x,1/4x,1/2x,1x, and 2x strength. Each well was inoculated
with 50 pl of bacteria diluted to a concentration of 4000-6000 colony
forming units (CFU)/ml (chosen so that no visible pellet was produced
in the wells due to the inoculate itself). The number of CFU was
confirmed by colony counts in parallel on two MRS agar plates.
Isohop® isomerized hop extract (28-32% w/w iso-alpha-acids in an
aqueous solution of potassium salts; John I. Haas Inc., Washington,
DC) was added to the wells in 50 pl of the same strength mMRS
broth. Based upon the calculation provided on the Isohop® website
(http://www.barthhaasgroup.com) for converting ml/hl of Isohop® to
BU, the range of BU originally tested was from 0.6 BU to 240 BU. Later,
this range was narrowed to 3-21 BU. This narrowed range of BU was
then tested with and without addition of ethanol to 3, 5, and 7% v/v.
The plates were sealed with parafilm and incubated for 48 h in a
candle jar at 30 °C.

2.3. Hop-gradient agar plates

A gradient of hop-compounds was created by pouring 30 ml of
mMRS broth containing 1.5% agar and hop extract into a square petri
dish with grid (10x10x1.5 cm; FisherSci, Ottawa ON) inclined 10.5°.
Once the agar had solidified, the plate was set onto a flat surface and
an additional 30 ml of mMRS broth containing 1.5% agar and no hop
extract was added. A schematic diagram of an agar hop-gradient plate
is provided in Fig. 1. When ethanol was included, ethanol was added to
the same concentration in both the bottom and top agar layers.
Control plates were made by the same two-step procedure, minus
addition of hop extract and ethanol. Plates were stored upside down in
a sealed container at 4 °C until used (plates stored up to 10 days gave
comparable results). As with the broth cultures in microwell plates, a
range of BU and ethanol were tested.

An equal volume mixture of induced bacterial culture and agar
medium was poured onto a sterile microscope slide. Before the agar

mMRS agar poured on top of

agar containing hop-compounds

.—I Square petri plate

‘ Hop-infused mMRS agar poured on 10.5° slant |

Fig. 1. Schematic diagram of a hop-gradient agar plate. Thickness of vertical arrows is representative of the amount of hop-compounds that diffuse through the top layer of agar to the

surface of the agar where bacteria are grown.
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Table 2
Comparison of broth, HGA, and HGA +E testing methods for ability to predict growth of
Lactobacillus and Pediococcus isolates to grow in beer

Organism Broth HGA HGA+E
Lactobacillus ~ Will grow 22/28 (78.6%) 22/30 (73.3%) 30/30 (100%)
Will not grow 26/54 (48.5%)  43/55 (78.2%) 50/55 (90.9%)
Overall 48/82 (58.5%)°  66/85 (77.6%)° 80/85 (94.1%)*
Pediococcus Will grow 15/18 (83.3%) 17/18 (94.4%) 17/18 (94.4%)
Will not grow 12/23 (52.2%)  22/25 (88.0%) 24/25 (96.0%)
Overall 27/42 (64.3%)°  39/43 (90.7%)" 41/43 (95.3%)°
Lactobacillus ~ Will grow 37/46 (80.4%)  39/48 (81.3%) 47/48 (98.0%)
and Will not grow 38/77 (49.4%)  65/80 (81.3%) 74/80 (92.5%)
Pediococcus  Overall 75/124 (60.5%)* 105/128 (82.0%)" 122/128 (95.3%)*

2 All Chi-square and independent samples t-test P-values are <0.0005.
b Chi-square P<0.0005 and independent samples t-test 0.005<P<0.0005.
¢ Chi-square 0.05<P<0.005 and independent samples t-test 0.05<P<0.005.

set, the long thin edge of a second microscope slide was dipped
into the mixture and pressed gently onto a gradient plate traversing
the length of the hop-gradient, thus creating a solid line of consistent
bacterial inoculate. Multiple plates can be successively stamped using
a given mixture and slide if so desired (e.g., a hop-gradient agar [HGA]
plate, a HGA plus ethanol [HGA+E] plate, and a control agar plate).
Plates containing ethanol were sealed with metal tape to prevent
ethanol evaporation and all plates were inverted during incubation in
a candle jar for 36 h at 30 °C.

2.4. Statistical analysis

Statistical analyses were performed using SPSS for Windows
(Version 15.0, SPSS Inc., Munich, Germany). For Chi-square analysis,
t-test for independent samples, and t-test for paired samples, the
confidence interval and level of significance were 95% and P=0.05,
respectively. Statistical analyses were conducted for Lactobacillus,
Pediococcus, and Lactobacillus and Pediococcus isolates combined,
with growth in beer as the dependant variable.

3. Results
3.1. Broth microwell plates

Bacterial growth in broth microwell plates was reproducibly
indicated by the presence of a cell pellet. Though many beer spoilage
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bacteria grew at concentrations of hop-compounds >21 BU, it was
found that the greatest resolution in growth differences between beer-
spoilage bacteria and non-beer spoilage bacteria could be obtained by
using a concentration range of approximately 3 BU-21 BU, in incre-
ments of 3 BU. mMRS broth was used at various concentrations up to
2x to determine whether nutrient availability affected growth of the
bacteria. Bacterial growth in 1/4x mMRS broth gave the best
association with ability to grow in beer (most significant P value);
consequently, this strength of mMRS broth was used along with arange
of hop-compound concentrations, tested both with and without 5% v/v
ethanol added. When growth in 1/4x mMRS broth was compared to
growth in full strength mMRS broth, a significant difference was
observed (paired samples t-test, P<0.0005), indicating that reduction
of nutrients in the assay affects the ability of isolates to grow in the
presence of hop-compounds. With full strength mMRS broth, many
non-beer-spoilage bacteria were able to grow in the presence of high
BU. On the other hand, reducing the amount of nutrients to 1/8x mMRS
broth resulted in many bacteria being unable to grow within 48 h.

When bacteria were grown in 1/4x mMRS broth with and without
5% v|v ethanol, a significant difference in growth was observed (paired
samples t-test, P<0.0005), allowing for more accurate identification
of isolates capable of growing in beer. With ethanol present,
predictability for growth in beer was significantly better, with an
independent samples t-test giving values ranging from P<0.029 to
P<0.008, depending on the genus and type of beer used. However,
the actual predictive ability of this assay was only 58.5% for Lactoba-
cillus and 54.3% for Pediococcus (Table 2). A cross-tabulation report
(Table 3a) showed that a set cut-off point for accurate differentiation
of beer-spoilage bacteria from non-spoilage bacteria was not readily
identifiable. Moreover, there were five isolates that could not grow in
1/4x mMRS broth +5% v/v ethanol (Tables 1 and 3a).

3.2. Hop-gradient agar plates

Bacterial growth on HGA plates could be reproducibly measured
after a 36 h incubation. After testing a range of concentrations of hop-
compounds in the agar base layer, it was determined that, for the lot of
Isohop® extract used, 9 BU was optimal for differentiating between
beer-spoilers and non-beer spoilers (independent samples t-test,
P<0.003-P<0.0005, depending on genus). A cross-tabulation report
of ability to grow in beer versus distance of growth along the hop-
gradient was used to identify a cut-off point for differentiation of

Table 3

Minimum inhibitory concentration and distance of growth for Lactobacillus and Pediococcus isolates when assessed by broth, HGA, and HGA+E testing®

Broth

Growth in beer Minimum BU inhibitory concentration Total
o° 3 6 9 12 15 18 21 No growth®

- 1 9 13 15 1 7 10 1 3 80

+ 1 5 1 8 6 12 2 48

HGA

Growth in beer Distance of growth on plate (cm) Total
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00

= 7 26 5 21 5 4 0 2 0 3 0 7 80

+ 1 2 0 5 0 1 1 4 0 0 1 33 48

HGA+E

Growth in beer Distance of growth on plate (cm) Total
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00

N 12 33 7 20 2 2 0 1 0 2 0 1 80

+ 1 0 0 0 0 4 1 4 0 1 0 27 48

2 Numbers given under each concentration or distance of growth on a plate indicate the number of isolates with that respective cut-off. The vertical dashed line indicates the cut-off point

used to predict beer-spoilage ability of isolates.

b Control well containing only 1/4x mMRS broth and 5% ethanol, but no hop-compounds.
¢ Isolates did not grow in any wells containing hop-compounds and also did not grow in the control wells.
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isolates capable of growing in beer. It was difficult to determine an
appropriate cut-off point, however, due to the surprising number of
beer-spoilage isolates that could not grow far along the hop-gradient
(Fig. 2, Table 3b). A cut-off point of growth halfway along the hop-
gradient (distance>3 cm) yielded a Chi-square correlation of
P<0.0005 with ability to grow in beer for both Lactobacillus and Pe-
diococcus isolates (Table 2). Results obtained with HGA plates were
significantly better than results obtained with broth microwell plates
(paired samples t-test; P<0.0005). Predictive abilities of this assay for
bacterial growth in beer were 77.6% for Lactobacillus and 90.7% for
Pediococcus isolates (Table 2).

3.3. Hop-gradient agar plates containing ethanol

In preliminary tests using agar plates without hop compounds
present, it was found that ethanol concentrations above 5% v|v
increasingly inhibited growth. Using HGA plates containing 9 BU in
the bottom layer and incorporating ethanol to a final concentration
of 5% v/v in both agar layers (HGA+E plates) allowed reproducible
bacterial growth after 36 h. Beer-spoilers and non-beer spoilers grew
significantly different distances along the HGA +E plates (independent
samples t-test, P<0.0005). A cross-tabulation report of ability to grow
in beer versus distance of growth along the hop-gradient allowed for
easy identification of a cut-off point which differentiated isolates
capable of growing in beer (e.g., >3 cm; Table 3c). Many of the beer-
spoilage bacteria which could not grow 3 cm along the BU gradient in
HGA plates could grow >3 cm on the HGA+E plates. In contrast, non-
beer spoilers grew either the same or shorter distance than on HGA
plates. Using a cut-off of >3 cm growth gave a Chi-square correlation
of P<0.0005 with ability to grow in beer (Table 2). Addition of 5% v/v
ethanol to the HGA plates increased the predictive abilities to 94.1% for
Lactobacillus and 95.3% for Pediococcus (Table 2). This is significantly
better at predicting ability to grow in beer than results obtained
with HGA plates that did not contain ethanol (paired samples t-test,
P<0.0025).

4. Discussion

Our goal was to design a method that is independent of speciation
or genetic background that can differentiate between isolates of Lac-
tobacillus and Pediococcus that can and cannot grow in beer. While
developing this assay, we explored the differences between mMRS
broth and agar medium, and the effect of adding various concentra-

Control

Ability of isolates to grow in beer

Predicted ability to grow in beer + -+

HGA

L0 P24 POBR L34 L71 Neg N
f T\ i P \

tions of hop-compounds and ethanol to both types of medium. The
ability of Lactobacillus and Pediococcus isolates to grow in beer was
found to be more complex than has been previously appreciated.
Ability to resist the antimicrobial effects of hop-compounds appears to
be multi-factorial and may vary even with a single isolate, depending
upon other selective pressures that are present. Therefore, when eva-
luating ability of an isolate to grow in beer, determining hop-resistance
alone is insufficient; rather, hop-resistance must be assessed in the
context of selective pressures such as nutrient availability and
presence of ethanol.

When searching for the optimal combination of medium and hop-
compounds, we found that adding ethanol to both broth and agar
medium provided greater accuracy for differentiation of beer-spoilage
and non-beer-spoilage bacteria (broth, data not shown; agar, Tables 1
and 2). Moreover, we found that the state of medium used (i.e., broth
vs. agar) produced very different results with respect to ability of
isolates to grow in the presence of hop-compounds (Tables 1 and 2).
While the reason for this is not fully known, it is possible that bacteria
have ready access to nutrients when grown in broth medium because
broth medium does not mimic a beer environment with much lower
nutrient levels as well as agar medium does (i.e., nutrients in agar
medium diffuse slowly and become increasingly depleted in the
area of colony growth). Although hop-resistance in mMRS broth
did correlate with ability to grow in beer (Table 2), the percentage
of isolates correctly identified as being capable of growing (or not
growing) in beer was low (Tables 1 and 3a). This reflects that fact that
many bacteria not able to grow in beer had a hop-resistance profile in
mMRS broth similar to bacteria able to grow in beer (Table 3a). The
differences in hop-resistance seen between the two medium states
may be explained by nutrients being more readily available to bacteria
growing in liquid than when growing on a solid medium.

Despite poor predictive abilities (Tables 1 and 3a), a strong
association between hop-resistance and ability to grow in beer was
evident when using broth medium (Table 2). This may explain why
full-strength broth has been used for testing of hop-resistance and
characterization of beer-spoilage “hop-resistance” genes (Behr et al.,
2006; Fujii et al., 2005; Hayashi et al., 2001; lijima et al., 2006;
Sakamoto and Konings, 2003; Sami et al., 1997; Suzuki et al., 2005).
However, we found that hop-resistance in 1/4x mMRS broth was only
58.5-64.3% accurate in differentiating between beer-spoilers and non-
spoilers (Table 2). This together with finding that the discrimination
accuracy was less if ethanol was not added or mMRS broth at greater
than 1/4x strength was used (data not shown) strongly suggests that

L01 P24 POBR L34 L71 Neg [N

¥vg |

Fig. 2. Comparison of results obtained from hop-gradient agar (HGA), hop-gradient agar plus ethanol (HGA+E), and control plates. The lowest concentration of the hop-gradient is at
the top of the picture with concentration increasing towards the bottom of the picture. Horizontal bars indicate the recorded distance of growth along the plate. Isolates used are:
LO1 — Lactobacillus brevis CCCB1202; P24 — Pediococcus pentosaceus ATCC 33314"; PO6R — Pediococcus claussenii (ropy strain) ATCC BAA-344"; 134 — Lactobacillus helveticus
CCCB1186; L71 — Lactobacillus plantarum ATCC 14917"; Neg — negative control containing only agar and no bacterial inoculum.
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broth medium is not a good environment for testing of bacterial hop-
resistance.

HGA plates showed a stronger correlation with ability of isolates to
grow in beer than did broth medium (Tables 1 and 2). Several
concentrations of hop-extract were tested in order to optimize the
assay; however, despite testing numerous concentrations, there were
several isolates of Lactobacillus and Pediococcus that would not fit into
the predictive model. Consequently, ethanol was incorporated as an
additional selective pressure when using HGA plates. The presence of
ethanol in addition to hop-compounds (i.e., HGA +E plates) provided a
much higher accuracy in differentiating between those bacteria that
could grow in beer and those which could not (Fig. 2 and Table 2).

Nine non-beer-spoilage isolates (seven lactobacilli and two
pediococci) were capable of growing at high BU levels on HGA plates,
but only at low BU levels on HGA +E plates The presence of ethanol in
the HGA+E plates provides an additional selective pressure, thus
making it more difficult for some isolates to grow in the presence of
hop-compounds. Unexpectedly, eight beer-spoilage lactobacilli that
were hop-sensitive (i.e., growth of <3 cm) on HGA plates were highly
resistant to hop-compounds on HGA +E plates (i.e., growth of 5-6 cm).
This finding appears to be novel, as we are not aware of any previous
link being made between presence of ethanol and bacterial hop-
resistance. Although the mechanism of action requires further
investigation, it is possible that the reaction of some Lactobacillus
isolates to the presence of ethanol concurrently helps protect the
bacteria against the antimicrobial effects of hop-compounds.

The HGA +E plates described here are very effective at differentiat-
ing between lactobacilli and pediococci that can grow in beer and
those that cannot. Of non-beer spoiling bacteria, only five lactobacilli
and one pediococci (i.e., 9.1% and 4.0%, respectively, of bacteria tested)
were able to grow >3 cm along the hop-gradient of HGA +E plates. This
suggests that there must be selective pressures in addition to hop-
compounds and ethanol that are responsible for inhibiting the growth
of these organisms in beer. Alternatively, the low nutrient level of beer
may cause greater stress in these bacteria, making them more
susceptible to the combined antimicrobial effects of hop-compounds
and ethanol. More importantly, 100% of lactobacilli that could grow in
beer were correctly identified by using the HGA+E plates and, in the
case of pediococci, only one isolate that could grow in beer was missed
(however, this isolate could only grow in low alcohol, low BU beer and
took 27 days to grow). With an overall accuracy of >95% in
differentiating between beer-spoilage and non-beer spoilage isolates,
HGA+E plates are a reliable method for determining the beer-spoilage
potential of contaminating bacteria in a manner which is independent
of both genetic background and speciation. Novel Lactobacillus and
Pediococcus beer-spoilage strains and/or species can be detected by
using HGA+E plates.

The HGA+E plate assay can easily be performed using other
preparations or lots of hop-compounds by setting up a series of plates
with a range of concentrations of hop-compounds in the bottom agar
layer. By using bacterial standards selected from the list provided as
supplementary material (specifically, isolates available through Type
Culture Collections), the concentration of any hop-extract which
produces results comparable to those recorded in the supplementary
material can be determined. These bacterial standards should then be
included alongside undefined brewery isolates in subsequent screen-
ing to ensure inter-test reproducibility of results. Although Fig. 2 only
six isolates tested per plate, we regularly stamped 12 isolates per plate
with good separation between lines of bacterial growth.

By evaluating the ability of broth medium, HGA plates, and HGA+E
plates to predict the ability of lactobacilli and pediococci to grow in
beer, we have gained new insights into the basis for ability of these
bacteria to grow in and spoil beer. BU, ethanol, and nutrient levels all
apparently play a role. The combined selective pressures present in
the HGA+E plates correctly predicted the ability of isolates to grow in
beer more with >95% accuracy in 36 h. Not only are the HGA +E plates

highly accurate, the results obtained are independent of bacterial
genetic background and speciation, thereby allowing for detection of
potentially novel lactobacilli and pediococci beer spoilage isolates.
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BRIEF INTRODUCTION TO CHAPTER 8

In Chapters 3, 5, and 6, the PCR-based techniques of detecting beer-spoilage bacteria
were all targeted to genes of putative multi-drug transporters. This led to the question of whether
hop-resistance and/or beer-spoilage associated genes might also be associated with resistance to
antimicrobial compounds other than hops. While pediococci do not commonly cause human
infections, the plasmid localization of the horA gene is cause for concern as it may be capable of
transferring to related pathogenic bacterial genera. As such, antibiotics commonly used to
combat human bacterial infections were of particular interest in this study. As there is limited
research regarding the antimicrobial susceptibilities of the genus Pediococcus, this study focused
on isolates which were nearly equally distributed as to ability to grow in beer and to resist hop
compounds. The study included 29 isolates from 6 species of Pediococcus, making it the most
comprehensive antimicrobial resistance study of the genus to date. Antimicrobial susceptibility
profiles are compared to the ability of isolates to grow in beer (Chapter 3), resist hop-compounds
(Chapter 7), and presence of hop-resistance and beer-spoilage associated genes (Chapters 3, 5,
and 6).
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Abstract

Background

Though important in the context of food microbiology and as potential pathogens in
immuno-compromised humans, bacterial isolates belonging to the genus Pediococcus
are best known for their association with contamination of ethanol fermentation
processes (beer, wine, or fuel ethanol). Use of antimicrobial compounds (e.g., hop-
compounds, Penicillin) by some industries to combat Pediococcus contaminants is
long-standing, yet knowledge about the resistance of pediococci to antimicrobial
agents is minimal. Here we examined Pediococcus isolates to determine whether
antibiotic resistance is associated with resistance to hops, presence of genes known to
correlate with beer spoilage, or with ability to grow in beer.

Results

Lactic acid bacteria susceptibility test broth medium (LSM) used in combination with
commercially available GPN3F antimicrobial susceptibility plates was an effective
method for assessing antimicrobial susceptibility of Pediococcus isolates. We report
the finding of Vancomycin-susceptible Pediococcus isolates from four species.
Interestingly, we found that hop-resistant, beer-spoilage, and beer-spoilage gene-
harbouring isolates had a tendency to be more susceptible, rather than more resistant,
to antimicrobial compounds.

Conclusions

Our findings indicate that the mechanisms involved in conferring hop-resistance or
ability to spoil beer by Pediococcus isolates are not associated with resistance to
antibiotics commonly used for treatment of human infections. Also, Vancomycin-
resistance was found to be isolate-specific and not intrinsic to the genus as previously

believed.



Background

Isolates from the genus Pediococcus are particularly problematic for the brewing
industry where hop-compounds are used to provide flavour to beer. Hop-compounds
are antimicrobial in that they dissipate the trans-membrane pH gradient of microbes,
thereby inhibiting growth and potential spoilage of product [1]. As pediococci are
also used as beneficial microbes in the context of food microbiology and animal
husbandry (e.g., wine, cheese, and yogurt industries as well as for the production of
silage), the emergence of hop-resistant Pediococcus isolates in the brewing industry is
of broader interest. These isolates frequently harbour one or more ATP-binding
cassette type multidrug resistance (ABC MDR) genes, suggesting that resistance to
hop-compounds may also confer resistance to other antimicrobial compounds [2]. We
have previously shown that several genes can be correlated with ability of
Pediococcus isolates to grow in beer and to resist the antimicrobial activity of hop-
compounds [3-5]. These are the ABC MDR genes ABC2, bsrA, bsrB, [6] and horA
[2], a putative divalent cation transporter known as 4itA4 [7], and horC which codes for
a protein possessing little homology to any known protein [8, 9].

Because, many pediococci possess special growth requirements, conventional
antimicrobial-sensitivity testing media have been demonstrated to be unsuitable for
testing of Pediococcus isolates for antimicrobial resistance [10-12]. However,
enriched media that permits growth of pediococci may inhibit the antimicrobial
activity of some compounds under investigation. Previously, antimicrobial
susceptibility testing of Pediococcus isolates has been attempted by several methods,
many of which are performed using some variety of agar diffusion [10, 11, 13, 14].
However, more recently, dilution methods have been preferred over diffusion tests as
the former allow for determination of minimum inhibitory concentrations (MICs),

which is a more reliable and reproducible indicator of resistance [10, 11]. For these



reasons, lactic acid bacteria susceptibility test broth medium (LSM), which was
recently developed by Klare et al. [11], should be considered the new testing standard
for assessing the antimicrobial resistance spectra of lactic acid bacteria. Despite this
medium being shown to be very effective for establishing antimicrobial
susceptibilities of two species of Pediococcus, namely, P. acidilactici, and P.
pentosaceus [10], it previously has not been used to study the prevalence, and
spectrum, of antimicrobial resistance among other members of the genus.

Overall, the use of antimicrobial compounds by industries such as animal
husbandry, brewing, and fuel ethanol to combat Pediococcus contaminants (e.g., hop-
compounds, Penicillin, and Virginiamycin which is structurally similar to Synercid) is
long-standing. However, knowledge about the resistance of pediococci to
antimicrobial agents is minimal [12]. As such, the focus of this research was to
determine whether the use of antimicrobial hop-compounds in the brewing industry is
associated with an increase in the overall antimicrobial resistance of Pediococcus
isolates. Here we report on the testing of isolates from six species of the genus
Pediococcus against 17 antimicrobial compounds using LSM broth in commercially
available Sensititre GPN3F Gram-positive MIC plates (TREK Diagnostic Systems,

Cleveland OH).

Results

Antimicrobial susceptibility testing
Twenty-nine isolates, including six species of the Pediococcus genus were tested.

Distribution of isolates by species and their ability to grow in beer is given in Table 1.
Antimicrobial resistance testing was reproducible and the LSM by itself (containing
no antimicrobial compounds) was permissive to the rapid growth of all Pediococcus

isolates tested. All isolates used in this study were capable of producing visible



turbidity in LSM broth after an incubation period of 24 hours. Isolates were cultured
for a period of 48 hours in GPN3F plates so as to allow formation of larger bacterial
pellets and thus a more accurate determination of the MIC for a given antibiotic. All
control wells in the GPN3F plates produced appropriate results. Eight of the 29
isolates were randomly selected and tested in duplicate by the same method, and no
variance in MICs was observed. The antimicrobial compounds and dilutions tested

by the GPN3F antimicrobial susceptibility plates are listed in Additional file 1.

Distribution of MIC by species, isolate, and ropy phenotype
Resistance to the 17 antimicrobial compounds and hop-compounds was determined,

and the antimicrobial compounds to which resistant isolates of Pediococcus were
found are given in Additional file 1. For the majority of the 29 isolates tested, a
moderate degree of susceptibility was shown to each of the antibiotics and a MIC
value could be determined. However, for two of the antibiotics (i.e., Vancomycin and
Ciprofloxacin), the majority of isolates (72% and 52% , respectively) grew in the
presence of the antibiotic at all concentrations tested. Additionally, 48% of isolates
were hop-resistant. When Pediococcus claussenii and Pediococcus parvulus were
assessed on the basis of ropy (i.e., exopolysaccharide-producing) phenotype, there
was no significant difference found among the MICs for each antibiotic [Additional
files 1 and 2].

Analysis of antimicrobial resistance according to Pediococcus species
demonstrated that just over half of the antibiotics (9/17) had significantly different
MIC:s for different species (Table 2 and Additional files 1 and 2). The non-parametric
Kruskal-Wallis H-test was used to test for equality in population medians. This test is

an extension of the Mann-Whitney U-test which is designed to examine whether two



samples of observations come from the same distribution. Unfortunately, post-hoc
analyses to determine which of the six species had significantly different MICs for
each antibiotic was not possible due to the low number of isolates per species.
However, when P. claussenii isolates were compared to isolates of the other species
combined, P. claussenii had significantly lower MICs (Mann-Whitney U-test, p <
0.05) for all antimicrobial compounds tested, except for Erythromycin, Clindamycin,

Daptomycin, and Vancomycin (data not shown).

Distribution of MIC by presence of genes associated with beer-spoilage and/or
hop-resistance

Whether any of the beer-spoilage and/or hop resistance-correlated genes ABC2, bsrA,
bsrB, hitA, horA, and horC were associated with any of the antimicrobial MICs was
determined [Additional file 2]. Of these six genes, hitA, horC, and ABC2, did not
occur with sufficient frequency to be analyzed statistically. The bsrA, bsrB, and horA
genes unexpectedly demonstrated significant associations not with antibiotic
resistance, but with susceptibility to antimicrobial compounds (bsr4 and bsrB with
Ampicillin, Levofloxacin, Penicillin, Ciprofloxacin, Gatifloxacin, and Oxacillin + 2%

NaCl; horA with Erythromycin).

Distribution of MIC by hop-resistance phenotype
Fourteen of the 29 isolates (48.3%) were deemed resistant to hop-compounds as

tested by the hop-gradient agar plate with ethanol method. When the isolates
categorized according to susceptibility or resistance to hop-compounds had their
MICs compared using the Mann-Whitney U-test, 29.4% (5/17) of the antimicrobial
compounds had significantly lower MICs for the hop-resistant isolates (Table 3). Of

these five antimicrobials, only Ciprofloxacin showed a significant correlation with



hop-resistance. Unexpectedly, the correlation was a negative one (Spearman’s p = -
0.47, p <0.01), since as the MIC for Ciprofloxacin increased, the probability of an

isolate’s growth in the presence of hop-compounds decreased.

Distribution of MIC by ability to grow in beer
Of the 29 Pediococcus isolates tested, 13 (44.8%) were capable of growing in beer.

The results of testing for an association between antibiotic susceptibility and growth
in beer are given in Table 4. Based on a Mann-Whitney U-test, eight of the 17
antibiotics tested demonstrated a significantly lower MIC in those isolates that could

grow in beer.

Discussion
The finding of Pediococcus isolates that showed only moderate resistance to

Vancomycin is discordant with other studies to date which have consistently reported
the genus Pediococcus to be intrinsically Vancomycin-resistant [10, 12-14]. The
isolates that were not resistant to all concentrations of Vancomycin tested were from
the species P. acidilactici (N=1), P.C claussenii (Ropy, N=1; Non-ropy, N=3), P.
damnosus (N=1), and P. parvulus (Non-ropy, N=2), suggesting that the phenomenon
is not the product of a clonal event. It has previously been shown that intrinsic
Vancomycin resistance in P. pentosaceus is due to a modified peptidoglycan
precursor ending in D-Ala-D-lactate [15]. While this may also be the mechanism
used by other Vancomycin-resistant pediococci, it is likely that the eight susceptible
isolates do not possess this mechanism. Because media previously used for
Pediococcus antimicrobial susceptibility testing have since been shown to be

inappropriate for such testing (11), it is possible that the earlier finding of intrinsic



Pediococcus Vancomycin-resistance was an artifact of the testing medium used,
rather than reflective of pediococci genetic content.

The ropy phenotype did not associate with resistance to any of the
antimicrobial compounds tested. This was an unexpected result as the ropy
phenotype acts to create a biofilm which is expected to act as a physical barrier for the
bacteria, putatively protecting them from the antimicrobial compounds. Why no
associations were found is unclear. It may be that the type of exopolysaccharide
matrix produced by these isolates did not result in a sufficiently dense matrix so as to
inhibit the passage of antimicrobial compounds. Alternatively, the amount of energy
expended on the production of exopolysaccharide may have caused a decreased
ability to grow in the presence of the antimicrobial compounds, despite the partial
antimicrobial barrier created by the exopolysaccharide.

Of particular interest to the brewing industry is the presence in pediococci of
hop-resistance or beer-spoilage correlated genes (ABC2, bsrA, bsrB, hitA, horA, and
horC). Of these six genes, only #orA4 has been conclusively shown to function as a
multidrug transporter, however, the ABC2, bsrA, and bsrB genes are highly similar to
known ABC MDR genes, and the hit4 gene is similar to divalent cation transporters.
As such, all six of these beer-spoilage or hop-resistance correlated genes were
assessed for associations with antimicrobial resistance. The genes hitA, horC, and
ABC?2 did not occur with sufficient frequency to determine statistical correlation
[Additional file 2]. It is important to note that, as was found for ability to grow in
beer, the bsrA4, bsrB, and horA genes did not demonstrate significant associations with
resistance to any of the antibiotics tested, but rather with susceptibility.

When MIC was compared to ability of isolates to grow in beer, eight of the 17

antibiotics that we tested surprisingly demonstrated a significantly lower MIC in



isolates that could grow in beer. The eight antibiotics included Synercid, Ampicillin,
Levofloxacin, Penicillin, Ciprofloxacin, Sulfamethoxazole/Trimethoprim,
Gatifloxacin, and Oxacillin + 2% NaCl. This suggests that, despite repeated exposure
to antimicrobial hop-compounds in the brewery setting, Pediococcus isolates capable
of growing in the beer tend to be more susceptible to commonly used antimicrobial
compounds than are isolates which cannot grow in beer. It is possible that this
association may actually be independent of the presence of hop-compounds, instead
being an indication of the environment encountered within the brewery environment
by the beer-spoilage isolates. Although beer-spoilage bacteria must originate from
outside the brewery, isolates capable of growing in beer have presumably become
highly acclimatized or especially adapted to grow in the beer environment. Ideally,
beer will not contain any wild yeasts or bacteria and, as such, contaminating
pediococci are growing in an environment that does not contain a plethora of
antimicrobial compounds naturally created by other organisms living in the same
environment. Based on this scenario, Pediococcus isolates entering the brewery
environment from outside sources (e.g., plant materials such as hop cones or barley)
would possess mechanisms of resistance against multiple antimicrobial compounds.
However, upon entering the brewery environment which should be free of other
competing microbes, the pediococci would encounter no selective pressures other
than hop-compounds and thus fail to maintain the genetic mechanisms for
antimicrobial resistance.

It is curious to note that the bsr4 and bsrB genes, hop-resistance, and beer-
spoilage are all significantly negatively-associated with resistance to Ciprofloxacin.
Moreover, although horA4 is strongly correlated to ability to grow in beer, this gene

does not show any association (negative or otherwise) with Ciprofloxacin resistance.



While the underlying mechanism for this association with lowered resistance to
Ciprofloxacin is unknown, it strongly suggests that hop-resistance, and in turn beer-
spoilage, is linked to the presence of the bsr4 and bsrB genes, while the hord gene
may simply be correlated by chance to ability of Pediococcus isolates to spoil beer.
That is to say, because the bsr4 and bsrB genes (like the beer-spoilage phenotype) are
negatively correlated to ciprofloxacin resistance, while the 4or4 gene is not, the bsr4
and bsrB genes are likely more closely associated with beer-spoilage than is the hor4

gene.

Conclusions

Testing the susceptibility of Pediococcus isolates to antimicrobial compounds was
effective using LSM in GPN3F antimicrobial susceptibility testing plates. In contrast
with previous studies, we found Pediococcus isolates that are not intrinsically
resistant to Vancomycin. A significant negative association was identified between
resistance to Ciprofloxacin and the presence of the bsr4 and bsrB genes as well as the
hop-resistant and beer-spoilage phenotypes. Significantly lower MICs to
antimicrobial compounds were found in isolates that were hop-resistant and/or
capable of growing in beer. Similarly, the presence of genes previously correlated
with beer-spoilage (i.e., bsrA4, bsrB, and horA) was also found to be associated with
significantly lower MICs to several of the antimicrobial compounds tested. These
results suggest that the ongoing use of the antimicrobial hop-compounds in the
brewing industry and the phenomenon of hop-resistance mediated by ATP-binding
cassette type multi-drug transporters is not associated with the emergence of greater

antimicrobial resistance in beer-spoilage pediococci.



Methods

Bacterial growth in beer
A list of the bacterial species tested is provided in Table 1, with the isolates

comprising 29 pediococci (six species) and including six ropy (exopolysaccharide
producing) strains. Speciation of bacterial strains was determined (or in the case of
culture collection strains, confirmed) by sequencing of the first three variable regions
of the 16S rRNA gene as previously described [4]. Parameters for induction of
bacteria to grow in beer were as described by Haakensen et al. [4]. In brief,
assessment of bacterial isolate growth in beer required adaptation of the bacteria using
modified mMRS broth (MRS medium with Tween 80™ omitted [4]) supplemented
with incremental concentrations of beer. Beer 1 was a filter-sterilized 4% v/v alcohol
beer, pH 4.2 and averaging 9.8 bitterness units, while Beer 2 was a pasteurized 5%
v/v alcohol beer, pH 3.8 and averaging 11 bitterness units. Bacteria capable of
growing in either beer were considered to be beer-spoilers. Prior to testing for hop-
resistance as described in Sections 2.2 and 2.3, bacteria were initially grown in 50%
2x mMRS and 50% Beer 2 as described by Haakensen ef al. [4]. Bacteria were then

grown at 30°C for 16-24 hours in 15% 2x mMRS and 85% Beer 2.

Ability of bacteria to resist hop-compounds
All bacterial isolates were tested for resistance to hop-compounds by the hop-gradient

mMRS agar plate containing ethanol method as described by Haakensen et al. [5].
The ability of each isolate to grow on the hop-gradient mMRS agar plate containing

ethanol is provided in Additional file 2.



Presence of beer-spoilage related genes
All bacterial isolates were tested for the presence of the putative beer-spoilage

associated genes ABC2, bsrA, bsrB, hitA, horA, and horC as previously described by
Haakensen et al. [3, 4, 6]. The presence or absence of these genes in each isolate is
recorded in Additional file 2. Only bsrA, bsrB, and horA occurred with sufficient
frequency for use in subsequent statistical analyses.
Antimicrobial susceptibility testing
Antimicrobial susceptibility testing was performed using LSM and Sensititre GPN3F
Gram-positive MIC plate (TREK Diagnostic Systems, Cleveland OH). Additional
file 1 provides a list of antimicrobial compounds and concentration ranges tested. The
GPN3F plates contained vacuum-dried antimicrobial compounds which were
rehydrated when LSM containing the bacterial inoculate was added. Bacteria were
diluted to approximately 10°-10* cfu/ml in LSM (confirmed by colony counting on
MRS agar plates) and 100 pl were inoculated into each well of a Sensititre GPN3F
plate. Bacteria were grown for 48 hours in a candle jar at 30°C. The MICs (pug/ml)
were determined based on appearance of visible bacterial pellets in the bottom of
wells.
Statistical analysis
Non-parametric Mann-Whitney U (when testing for a difference between 2
independent samples) or Kruskal-Wallis H (in the case of > 2 independent samples)
tests were used to compare the MICs for the 17 antibiotics to determine whether
antibiotic resistance had an association with resistance to hops, presence of known
genes associated with hop-resistance, antibiotic-resistance, as well as with the ability
of Pediococcus isolates to grow in beer.

For some of the analyses, the indicator (categorical) variable of resistance or

susceptibility to hop-compounds was created as described by Haakensen et al. [5].



Specifically, if a Pediococcus isolate was observed to have positive growth (> 3 cm)
on hop-gradient agar with ethanol plates, then that isolate was categorized as ‘hop-
resistant’. For this indicator variable, Fisher’s exact test and Spearman’s correlation
coefficient p were used for the comparison of gene presence and antibiotic resistance,
respectively, with the hop-resistance indicator variable. All tests of significance were
performed at a = 0.05 using SPSS Statistical Software for Windows (SPSS Inc.,

Chicago, IL, version 14.0).
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Tables

Table 1 - Pediococcus isolates.

Growth in
Species N Beer®

Brewery Other® Unknown + -
acidilactici 6 4 1 1 1 5
claussenii 12 12 0 0 11 1

) (5) (0) (0) 5) (0)

non-ropy” (7) (7) (0) (0) 6) (1)
damnosus 1 1 0 0 0 1
inopinatus 1 1 0 0 0 1
parvulus 5 0 5 0 1 4

(1) (0) (1) (0) 0) (1)

non-ropy (4) (0) (4) (0) (1) )
pentosaceus 4 1 2 1 0 4

Total 29 19 8 2 13 16

*Previously reported by Haakensen et al. [3, 4].

® Isolates of known non-brewery origin, specific origins are provided in Additional

file 2.

“d1solates positive and negative for exopolysaccharide rope production, respectively.



Table 2 — Antimicrobial compounds having significantly different MICs among

the six Pediococcus species.

Antimicrobial compound p-value®
Ampicillin <0.02
Ceftriaxone <0.02
Ciprofloxacin <0.02
Daptomycin <0.02
Gatifloxacin < 0.01
Gentamicin <0.05
Levofloxacin < 0.01
Penicillin <0.02
Synercid <0.05

* p-value corresponds to the H-test statistic as derived from the non-parametric
Kruskal-Wallis H-test which tests for equality in population medians where there are
three or more groups.



Table 3 — Antimicrobial compounds having significantly lower MICs in hop-

resistant isolates”.

Antimicrobial Median and Distribution of MIC (ug/ml) b
- v p-value
compound Hop-resistant Hop-sensitive

Ampicillin 0.25 (0.12-4) 1(0.12-4) <0.05
Ciprofloxacin 2 (0.5-NR°) 4 (0.5-NR) <0.05
Gatifloxacin 1 (0.5-8) 4 (1-NR) <0.05
Penicillin 0.12 (0.06-NR) 2 (0.06-NR) <0.02
Rifampin 0.5(0.5-2) 1 (0.5-NR) <0.05

* Hop-resistance is as determined by the hop-gradient agar plate with ethanol method.
® p-value corresponds to U-test statistic as derived from the non-parametric Mann-
Whitney U-test which is designed to examine whether two samples of observations
came from the same distribution.

“NR; MIC not reached, isolate could grow at highest concentration of antibiotic
tested.



Table 4 — Antimicrobial compounds having significantly lower MICs in isolates

able to grow in beer.

Antimicrobial Median and Distribution of MIC (ug/ml) p-value®
compound Grow in Beer Cannot grow in beer

Ampicillin 0.25 (0.12-4) 2 (0.12-4) <0.01
Ciprofloxacin 2 (0.5-NR") 4 (0.5-NR) <0.01
Gatifloxacin 1 (0.25-8) 4 (1-NR) < 0.01
Levofloxacin 2 (0.5-NR) 16 (1-NR) <0.05
Oxacillin + 2% NaCl 0.25 (0.25-4) 1 (0.25-NR) <0.02
Penicillin 0.12 (0.12-NR) 1 (0.06-NR) <0.01
Synercid 0.5 (0.12-1) 1 (0.25-2) <0.05
Trimethoprim/

Sulfamethoxazole ~ 0-2/9-2 (0-5/9.5-NR) R (0.5/9.5-NR) <0.05

* p-value corresponds to U-test statistic as derived from the non-parametric Mann-
Whitney U-test which is designed to examine whether two samples of observations
came from the same distribution.

®NR; MIC not reached, isolate could grow at highest concentration of antibiotic
tested.



Additional Files

Additional File 1

File format: DOC

Title: Range of minimum inhibitory concentrations of antimicrobial compounds
summarized by species.

Description: The data provided indicate the range of concentrations tested for each

antibiotic and the range of MICs obtained for each Pediococcus species.

Additional File 2

File format: XLS

Title: Isolate and antibiotic MIC information

Description: Information regarding the isolates used in the study, and the MICs

obtained for each antibiotic by each isolate.
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BRIEF INTRODUCTION TO CHAPTER 9

Through the data obtained in the growth experiments of Chapter 3, it became clear that
the ability of bacteria to grow in beer does not abide by speciation. The genus Pediococcus
contains several species which were found to be able to grow in beer (Chapter 3) and also to
resist hop-compounds (Chapter 7). Most of the species within the genus Pediococcus form a
single taxonomic unit, however, the species Pediococcus dextrinicus is a distant phylogenetic
outlier. This type of nomenclatural inconsistency can make the study of organisms within a
genus extremely difficult. As such, there was a need for reclassification of the species P.
dextrinicus to more accurately reflect its taxonomic positioning. It was hoped that through
clarification of taxonomy, the beer-spoilage pediococci can be accurately and efficiently studied.
Here a comprehensive phylogenetic study of the genus Pediococcus is presented along with
phylogenetic and phenotypic evidence supporting the reclassification of P. dextrinicus to the

genus Lactobacillus.

Reprinted with permission from The International Journal of Systematic and Evolutionary

Microbiology 59(3): 615-621, 2009.



International Journal of Systematic and Evolutionary Microbiology (2009), 59, 615-621

DOI 10.1099/ijs.0.65779-0

Reclassification of Pediococcus dextrinicus
(Coster and White 1964) Back 1978 (Approved
Lists 1980) as Lactobacillus dextrinicus comb.
nov., and emended description of the genus

Lactobacillus

Monique Haakensen,' C. Melissa Dobson,? Janet E. Hill® and Barry Ziola'

Correspondence
Barry Ziola
b.ziola@usask.ca

'Department of Pathology and Laboratory Medicine, University of Saskatchewan, 2841 Royal
University Hospital, 103 Hospital Drive, Saskatoon SK S7N OW8, Canada

2CanBiocin, #1015 — 8308 114 Street, Edmonton AB T6G 2E1, Canada

SDepartment of Veterinary Microbiology, University of Saskatchewan, 52 Campus Drive, Saskatoon

SK S7N 5B4, Canada

The taxonomic status of Pediococcus dextrinicus is described and transfer of the species to the
genus Lactobacillus, with the name Lactobacillus dextrinicus comb. nov., is proposed. This
reclassification is supported by multilocus sequence analysis of the 16S rRNA gene and Cpn60,
PheS, RecA and RpoA proteins. The mode of cell division and existing phenotypic information
also show that P. dextrinicus does not belong to the genus Pediococcus, but rather to the genus
Lactobacillus. As such, we propose that Pediococcus dextrinicus is reclassified as Lactobacillus
dextrinicus comb. nov. (type strain ATCC 33087'=DSM 20335'=JCM 5887'=LMG

11485"=NCDO 1561").

The genus Pediococcus currently consists of 13 species
(correct at the time of writing), including Pediococcus
acidilactici, Pediococcus claussenii (Dobson et al, 2002),
Pediococcus  cellicola (Zhang et al., 2005), Pediococcus
damnosus, Pediococcus dextrinicus, Pediococcus ethanolidurans
(Liu et al, 2006), Pediococcus inopinatus, Pediococcus
parvulus, Pediococcus pentosaceus, Pediococcus siamensis
(Tanasupawat et al., 2007) and Pediococcus stilesii (Franz et
al., 2006). Two additional species originally classified as
members of the genus Pediococcus have been transferred
to other genera. Pediococci are homofermentative and
produce DL-lactate from glucose; the exceptions being P.
claussenii and P. dextrinicus which produce only (4 )-L-lactic
acid (Dobson et al,, 2002; Franz et al., 2006; Pederson, 1949).

The species P. dextrinicus was included within the genus
Pediococcus based upon morphology, cell-wall composi-
tion, homofermentative lactic acid production and nutri-
tional requirements (Coster & White, 1964). It should be
noted, however, that many of these characteristics are also
shared by other lactic acid bacteria, including the related
genera Aerococcus, Lactobacillus and Tetragenococcus.
Gunther & White (1961a) first introduced the term
‘Group III’ for what is now P. dextrinicus, but unlike
Pediococcus Groups I and II, Group III was referred to as
the ‘Possible Group III" as it was less well defined and

Abbreviation: MLSA, multilocus sequence analysis.

differed from Groups I and II (true pediococci) in many
phenotypic properties. Group III organisms most
resembled Pediococcus halophilus (now reclassified as Tetra-
genococcus halophilus), except for salt tolerance. Gunther &
White (1961a) went further to say ‘it is felt that insufficient
evidence is at present available on which to base the
establishment of this group at specific rank’. The original
descriptions of P. dextrinicus (originally referred to as
‘Group III Pediococcus’ by Gunther & White, 1961a, b, and
later as ‘Pediococcus cerevisiae subsp. dextrinicus’ by Coster
& White, 1964), describe P. dextrinicus as being very differ-
ent from all other Pediococcus isolates and their findings
indicated that P. dextrinicus may in fact be more closely
related to members of the genus Staphylococcus (Coster &
White, 1964). It was mentioned that P. dextrinicus strains
‘are not related antigenically to P. cerevisiae (Group I) and
P. parvulus (Group II). They may possibly represent a
separate serological group’ (Gunther & White, 1961b). In
1964, Coster & White noticed that ‘Group III (now P.
dextrinicus) extracts did not react with antisera prepared
against strains other than group IIT’, yet antisera produced
to isolates found in Groups I and II show extensive cross-
reactivity with bacteria in both Groups. Serological data
thus indicate that P. dextrinicus does not group with other
pediococci.

At that point, the genus Pediococcus was too diverse to
exclude P. dextrinicus as the genus still contained bacteria
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that have since been reclassified to the genera Aerococcus
and Tetragenococcus. As such, P. dextrinicus was elevated to
species status not based upon properties that included it
within the genus Pediococcus, but based on the fact that it
could not be included with any of the other species that
had arisen from the original grouping of ‘Pediococcus
cerevisiae (Back, 1978). In addition to the serological data
presented by Gunther & White (1961b) and Coster &
White (1964), several phenotypic properties also distin-
guish P. dextrinicus from other pediococci, including the
lack of acid production from growth on trehalose, pro-
duction of CO, from gluconate, lack of growth at pH 4.5
and the ability to hydrolyse starch and dextrin (Dellaglio &
Torriani, 2006; Franz et al., 2006; Holzapfel et al., 2006;
Simpson & Taguchi, 1995; Weiss, 1992). The phenotypic
differences between P. dextrinicus and other pediococci are
summarized in Table 1. For comparative purposes, the
genera Aerococcus and Tetragenococcus are included in
Table 1 as these bacteria were previously classified as
pediococci. While P. dextrinicus can be excluded from the
genus Pediococcus based upon the phenotypic properties in
Table 1, these data also show that there are no phenotypic
properties which can distinguish P. dextrinicus from
members of the genus Lactobacillus.

Although the mode of division of P. dextrinicus has been
listed as conforming to that of the genus Pediococcus, there
is no published microscopy work documenting this and,
interestingly, the original description of P. dextrinicus did

Table 1. Phenotypic characteristics that differentiate P.
dextrinicus from related genera, but not from the genus
Lactobacillus

Taxa: 1, Aerococcus; 2, Lactobacillus; 3, P. dextrinicus; 4, Pediococcus;
5, Tetragenococcus. +, Positive; —, negative; +/—, genus includes
species that are both positive and negative. Data adapted from
Dellaglio & Torriani (2006), Franz et al. (2006), Hammes & Hertel
(2006), Simpson & Taguchi (1995) and Weiss (1992).

Characteristic 1* 2 3 41 5%
Production of acid from:
Starch - +/— + - -
Dextrin + +/= + - -
Trehalose + +/= - + +
Mannose + +/— - + +
Gas from gluconate - +/= + - -
Configuration of (+)L b, (+)- (+)L bt (+)1L
lactate L, DL
Growth in/at:
6.5 % NaCl + +/— - +$ +
pH 4.5 - +/- -+ -

*The genera Aerococcus and Tetragenococcus both contain isolates that
were once classified as Pediococcus species.

‘tIncludes current species of the genus Pediococcus, except for P. dextrinicus.
$All except P. claussenii which produces only (+)-L lactate.

SAll except P. damnosus.

not include the mode of division (Gunther & White, 1961a,
b; Coster & White, 1964). It was not until P. dextrinicus was
elevated to species status by Back (1978) that the descrip-
tion of the organism was expanded to include ‘occurring
predominantly in pairs and tetrads, occasionally in short
chains and irregular clusters’. This ability to form chains
differentiates P. dextrinicus from the descriptions of all
other species of the genus Pediococcus (Simpson & Taguchi,
1995). Clarification of the mode of division of P. dextri-
nicus is clearly necessary for a proper description of this
bacteria.

In addition to these differences in phenotype and mode of
division, it has been shown based upon 16S rRNA gene,
cpn60 gene and protein and 165-23S rRNA interspacer
sequences that P. dextrinicus is phylogenetically distant to
other pediococci, belonging instead within the genus
Lactobacillus (Collins et al., 1991; Dobson et al, 2002;
Franz et al., 2006). Despite the extensive documentation
showing that P. dextrinicus are not pediococci, no formal
reclassification of P. dextrinicus has been proposed. As
such, the aim of the present study is the evaluation and
clarification of the taxonomic position of this species.

Mode of division

We compared Gram-stains of P. dextrinicus with other
species of the genus Pediococcus by counting the number of
cells present as singles, pairs, tetrads and clusters (Table 2).
There were no statistically significant differences found for
the cell arrangements between: fields of view, isolates of
the same species, growth phase or medium (#test for

Table 2. Results of cell division

Species* Cell arrangement
Single Pair Tetradt Cluster$§

P. acidilactici 2 12 76 0
P. claussenii 2 2 96 0
P. dextrinicus 13 20 0 67
P. inopinatus 4 4 92 0
P. parvulus 12 20 68 0
P. pentosaceus 4 56 40 0

*Isolates used: P. acidilactici ATCC 8042, ATCC 25740; P. claussenii
ATCC BAA-344", CCC B1099; P. dextrinicus ATCC 33087", ATCC
700477; P. inopinatus ATCC 49902T; P. parvulus ATCC 43013, Spain
2.6; P. pentosaceus ATCC 33314, ATCC 8081.

tThere was no statistically significant difference found between: fields
of view, isolates of the same species, growth phase or type of medium
(t-test; all P-values >0.05); consequently, numbers given are the
mean number determined by counting 100 bacteria in each of five
separate fields of view, from colonies taken from agar plates, and also
at both log- and plateau-phase from broth medium.

fSymmetrical groups of four cells with two perpendicular lines of
division.

§Three or more bacteria that were not symmetrical. Clumps of >10
bacteria were frequently observed.
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Fig. 1. Clusters of four cells of P. dextrinicus ATCC 33087'
produced after division from a single cell. Image taken by phase-
contrast microscope.

independent samples; all P-values >0.05). In this assess-
ment of cell division, clusters were defined as groups of three
or more cells that were not symmetrical and tetrads were
defined as symmetrical groups of four cells (Simpson, 1994).
This microscopy work strongly indicated that P. dextrinicus
does not divide using a process like that of other pediococci.
To confirm this, single cells of P. claussenii ATCC BAA-344"
and P. dextrinicus ATCC 33087 were followed through a
minimum of two cycles of division (division from one to
four cells) using phase-contrast microscopy. Cells of P.
claussenii ATCC BAA-344" divided in two perpendicular
directions on a single plane and, once a tetrad was achieved,
the four cells split into two doublets along the first line of
division. In contrast, cells resulting from the two cell
divisions of P. dextrinicus were not perpendicular to each
other nor were they in a single plane. Moreover, P. dextri-
nicus cells did not separate upon becoming a group of four,
but continued to divide, creating large irregular clusters,
many of which contained >10 cells. Fig. 1 shows the result
of division from one to four cells for two P. dextrinicus cells,
while Fig. 2 represents P. dextrinicus cell division schem-
atically compared with that given in the genus description

for Pediococcus (Simpson, 1994). While these results suggest
a different arrangement and mode of division for P.
dextrinicus as compared with other pediococci (i.e. non-
perpendicular cell arrangement and non-division after
tetrad formation but formation of larger clumps), the exact
mode of division needs to be further examined, including
studies using scanning electron microscopy.

Multilocus sequence analysis

Although 16S rRNA gene sequences are commonly used to
elucidate phylogenetic relationships (Woese, 1987), using
16S rRNA gene sequences to infer phylogeny has been
criticized as it assumes that one molecule can reflect
organismal evolutionary history (Fox et al, 1992). As such,
instead of using just the 16S rRNA gene to infer phylogeny,
we used a multilocus sequence analysis (MLSA) to assess the
relationship of P. dextrinicus to other species of the genus
Pediococcus, species of the genus Lactobacillus and species of
related genera. In addition to the full-length 16S rRNA gene,
we also analysed portions of the following conserved genes:
cpn60 (552 bp), recA (531 bp), pheS (455 bp) and rpoA
(533 bp). The usefulness of these five regions in assessing
phylogenetic relationships has been shown previously
(Dobson et al., 2002; Eisen, 1995; Felis et al, 2001; Jian
et al., 2001; Kwok & Chow, 2003; Lloyd & Sharp, 1993; Naser
et al., 2005, 2007; Vandamme et al., 1996). We believe that
the congruent data obtained through our MLSA approach
creates a solid representation of the phylogenetic relation-
ships among the bacterial species analysed, thus clarifying the
taxonomic position of P. dextrinicus.

Phylogenetic trees were constructed using sequences from,
in most cases, the type strains of two representatives from

 —-

True Pediococcus

P. dextrinicus

Fig. 2. Schematic representation of cell divi-
sion from one to four cells for P. dextrinicus
ATCC 33087" compared with true pediococci
as followed by phase-contrast microscopy.
The division of true pediococci is in two
perpendicular directions in a single plane at
right angles, while the division of P. dextrinicus
cells is not in two perpendicular directions at
right angles, nor is it in a single plane.
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Pediococcus siamensis JCM 13997 (AB258357)
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Pediococcus acidifactici ATCC 33314 (AJ305320)
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.

Pediococcus stilesii LMG 23082 (AJ973157)

Pediococcus pentosaceus ATCC 33316 (M58834)
Lactobacillus buchneri ATCC 4005 (M58811)
Lactobacillus kefiri ATCC 35411 (AJ621553)

Lactobaciflus plantarum ATCC 14917 (D79210)
Lactobacillus colffinoides ATCC 27612 (AB005893)

Lactobacilfus casei ATCC 393 (M23928)

Lactobacitlus rhamnosus ATCC 7469 (AF1569002)

Lactobaciflus curvatus ATCC 25601 (AM113777)
Lactobacillus sakei ATCC 15521 (AM113784)
Lactobacillus perolens DSM 12744 (Y19167)

Lactobacillus harbinensis DSM 16991 (AB196123)

Lactobacillus concavus LMG 22739 (AY683322)
Pediococcus dextrinicus ATCC 33087 (D87679)

Paralactobacillus selangorans ATCC BAA-66 (AF049745)

88

Lactobacillus salivarius ATCC 11741 (AF089108)

Lactobacillus mali ATCC 27063 (M58824)

98

Lactobacillus fermentum ATCC 14931 (AJ575812)
Lactobacillus reuteri ATCC 23272 (L23507)

98

100

Lactobacitius acidophilus ATCC 4356 (M58802)
Lactobacillus delbrueckii ATCC 9649 (M58814)

100

Lactococcus factis subsp. cremoris
ATCC 19257 (M58836)

Weissella viridescens ATCC 12706 (M23040)
Leuconostoc mesenteroides ATCC 8293 (M23035)

Oenococcus oeni ATCC 23279 (M35820)

Fig. 3. Phylogenetic tree based on 16S rRNA gene sequences illustrating the evolutionary relationship of Pediococcus
dextrinicus with all other species of the genus Pediococcus and species that are representative of the major clades of the genus
Lactobacillus. GenBank accession numbers are given in parentheses. Except for Lactobacillus fermentum, P. acidilacti and P.
ethanolidurans, all strains are type strains. Bootstrap values >60 % are given at nodes as a percentage of 1000 replicates. Bar,

2% divergence.

each of the seven groups of the genus Lactobacillus as
described in The Prokaryotes (Hammes & Hertel, 2006).
By using two representatives from each of these groups,
the overall structure of the 16S rRNA gene tree remains
the same as that shown in other publications regarding
the current taxonomy of the genus Lactobacillus (Collins
et al, 1991; Hammes & Hertel, 2006; Holzapfel et al.,
2001; Klein et al., 1998; Naser et al, 2007; Stiles &
Holzapfel, 1997). The best GenBank matches to P.

dextrinicus (i.e. Lactobacillus concavus, Lactobacillus har-
binensis and Lactobacillus perolens) were also included in
the MLSA where sequences were available. The type strain
sequences of the closely related genera Lactococcus,
Leuconostoc, Oenococcus, Paralactobacillus and Weissella are
included as outliers, again, where sequences were available.

Sequences were aligned with cLustaL_X (Thompson et al.,
1997) and 16S rRNA gene alignments were visualized and

Fig. 4. Phylogenetic trees illustrating the evolutionary relationship of Pediococcus dextrinicus with all other species of the
genus Pediococcus and species that are representative of the major clades of the genus Lactobacillus. GenBank accession
numbers are given in parentheses. The strains used are the same as those in Fig. 3. Bootstrap values >60 % are given at nodes
as a percentage of 1000 replicates. (a) PheS protein; (b) Cpn60 protein; (c) RecA protein; (d) RpoA protein. Bars, 2%

divergence (a); 5% divergence (b, ¢, d).
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manually edited using the GeneDoc software program
(Nicholas et al., 1997) to conform with structural informa-
tion and inferred locations of conserved and variable
regions (Neefs et al., 1993). Tree topology was evaluated
using minimum evolution, maximum-parsimony, neigh-
bour-joining and unweighted pair group method of
arithmetic means (UPGMA) algorithms, with all methods
producing similar overall topologies (data not shown). Fig.
3 and Fig. 4a—d were inferred using the neighbour-joining
maximum composite likelihood method (Saitou & Nei,
1987) for the 16S rRNA gene and the PheS, Cpn60, RecA
and RpoA proteins and are representative of the topology
constructed by all four algorithms. Phylogenetic trees
produced from DNA and translated protein sequences also
produced similar overall topologies (data not shown). All
phylogenetic trees were visualized and produced using
MEGA version 4.0 (Tamura et al, 2007). The percentage of
replicate trees in which the associated taxa clustered together
at levels >60% in the bootstrap test (1000 replicates) are
shown next to the branches (Felsenstein, 1985).

P. dextrinicus consistently branches distant to other species
of the genus Pediococcus for all five genetic loci (Fig. 3, Fig.
4a—d), grouping instead with members of the genus
Lactobacillus. Based upon the 16S rRNA gene sequence
analysis, the species most similar to P. dextrinicus are Lacto-
bacillus concavus, Lactobacillus harbinensis and Lactobacillus
perolens. This similarity is reinforced by the fact that the
16S rRNA gene of these Lactobacillus species shares 93—
97 % similarity with that of P. dextrinicus, while other
members of the genus Pediococcus share only 90-92 %
sequence similarity with P. dextrinicus. In contrast, the
other ten species of the genus Pediococcus exhibit 93-97 %
inter-species similarity for the 16S rRNA gene.

Using 16S rRNA gene sequences, Collins ef al. (1991) and
Franz et al. (2006) both found, as did we (Fig. 3), that P.
dextrinicus forms a distinct line of descent compared to the
rest of the species in the genus Pediococcus. Here we have
supported this finding with the application of a MLSA
using PheS, Cpn60, RecA and RpoA sequences (Fig. 4a—d).
This MLSA phylogenetic information, in conjunction with
evidence that P. dextrinicus does not divide in two per-
pendicular directions in a single plane (Table 2; Figs 1 and
2) as do true pediococci (Table 2; Fig. 2), reinforces the
phenotypic evidence (Table 1) indicating that this species
does not belong within the genus Pediococcus, but rather
does belong within the closely related genus Lactobacillus.
We therefore propose that Pediococcus dextrinicus be
reclassified as Lactobacillus dextrinicus comb. nov.

Emended description of the genus Lactobacillus
Beijerinck 1901

This description of the genus Lactobacillus is based on that
of Beijerinck (1901) as given by Kandler & Weiss (1986),
with the addition that cells may be rods, cocci or
coccobacilli in shape.

Description of Lactobacillus dextrinicus comb. nov.

Lactobacillus dextrinicus (dex.tri’ni.cus. N.L. n. dextrinum
dextrin; L. suff. -icus suffix used with the sense of belonging
to; N.L. masc. adj. dextrinicus related to dextrin).

Basonym: Pediococcus dextrinicus (Coster and White 1964)
Back 1978 (Approved Lists 1980).

Gram-positive, non-motile, non-spore-forming, facultative
anaerobes. Cells are spherical, never elongated and may
occur singly, in pairs or clusters and rarely in chains.
Clusters of four may be observed, but not as the result of
division in two perpendicular directions at right angles.
Division does not occur in a single plane. Catalase-
negative. Only (+)-L-lactic acid is produced [from
maltose, dextrin and starch, but not from ribose, arabinose,
xylose, mannitol, trehalose (10-90% of strains), melezi-
tose]; no ammonia is produced from arginine. Cells grow at
pH 7.0, but not pH 4.5 (Dellaglio & Torriani, 2006; Franz
et al., 2006; Garvie, 1986; Stiles & Holzapfel, 1997). The
optimal temperature for growth is 32 °C (Cai et al., 1999),
weak growth is observed at 43—45 °C, but not above 45 °C
(Franz et al, 2006). G+ C content of the DNA is 40—
41 mol% (Cai et al., 1999).

The type strain is ATCC 33087" (=DSM 20335"=JCM
5887"=LMG 11485 =NCDO 1561%).
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groups of bacteria, and analysis of proteome similarity for phylogenetic studies.

*Both authors contributed equally, as such, some of the content of this chapter and also an in
depth presentation of the algorithms developed are also included in the thesis of Brett Trost at the
University of Saskatchewan. Permission for this interdisciplinary overlap in thesis content has
been obtained from the College of Graduate Studies and Research at the University of
Saskatchewan.
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Forward

The data being used as a "whole" proteome for each isolate consists of a combination of
known proteins and translated open reading frames (ORFs) predicted by application of gene-
finding algorithms to sequenced genomes. Therefore, a "whole proteome" may contain
predicted and hypothetical proteins in addition to known proteins. As such, for many of the
isolates in this study the majority of the entries in the "whole proteome" are predicted
proteins. Throughout this chapter, the term “proteome” refers to the whole proteome of an

isolate, including confirmed and hypothetic proteomic complement.
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Abstract

Background

With the increasing availability of whole genome sequences, it is becoming ever more
important to develop and evaluate methods by which these sequences can be analyzed and
compared with existing phylogenetic information. We developed several new tools,
implementing a pairwise best bidirectional Basic Local Alignment Search Tool algorithm to
obtain information regarding the relatedness of prokaryotic genomes. Analyses are also
compared to the 16S rRNA gene to shed insights on the accuracy of current phylogenetic

methods.

Results

Pairwise comparisons of genomes yielded a large amount of easily manipulated data. This
data was successfully used to identify candidate proteins for a test phenotype, and also to
establish “core” and “unique” proteomes for groups of organisms. By comparing proteomic
similarity on the premises of open reading frames and amount of proteome that is in common
between organisms, phenotypic similarity may also be inferred for sets of organisms.
Phylogeny of the 16S rRNA gene is largely in agreement with phylogeny as constructed by
whole proteomic similarity. However, there are several discrepancies in the branching of the
two dendrograms, which suggest large scale genomic change can occur with only a small

concurrent shift in 16S rRNA gene similarity.

Conclusions

The discrepancies found between 16S rRNA phylogeny and whole proteomic similarity
suggests that outlier species may be best studied outside of the context of the genus to which
they have been assigned. Creation of “unique” and “core” proteomes confers the ability to
determine where species have been misidentified or misclassified, and this is supported by
16S rRNA gene similarity. Putative phenotype-related genes/proteins can be suggested based
on subtraction of proteomes of bacterial isolates that are grouped based on phenotypic

properties.



Background

Phylogenetics

Historically, taxonomic analyses have been performed using a diverse and often arbitrary
selection of morphological and phenotypic characteristics. These phenotypic characteristics
are today considered unsuitable for generating reliable and consistent taxonomies for
prokaryotes, as there is no rational basis for choosing which morphological or phenotypic
characteristics should be examined. Moreover, the extent that individual phenotypes or small
collection of phenotypes consistently represent true phylogeny is generally considered to be
minimal. The unsuitability of phenotypic factors, along with the advent of DNA sequencing,
has led to 16S rRNA gene sequence comparisons becoming the gold standard technique for
taxonomic analyses, now otherwise known as “phylogenetic” analyses [1]. Over time, the
trend has moved towards using a greater number of genes to infer phylogenetic relationships.
This is in part due to the increasing ease and reduced cost associated with DNA sequencing,
but also due to criticisms of whether a single gene could possibly infer whole genomic
content. This method of inferring phylogeny based on a number of genes is called a multi-
locus sequence analysis (MLSA), which attempts to infer phylogenetic relationships by

comparing the sequences of several universally conserved housekeeping genes.

Genomic and proteomic comparisons

While 16S rRNA gene sequence analysis and MLSA have proven to be effective tools for
phylogenetics, the major deficiency inherent in these techniques is that only a small amount
of information is used to represent the entire organism. This practice has largely been
accepted due to restraints such as the cost, time, and complexity involved in genome
sequencing. However, there are now numerous sequenced genomes that are available in
publicly accessible databases. As a result, there is the opportunity to explore the use of whole
genomes in analyzing evolutionary relationships. As more genomes have become publicly
available, numerous different approaches to determining genomic relatedness have been
attempted. One prominent example of a whole-genome similarity measure is the frequency
of each possible dinucleotide. These frequencies have been found to be similar in closely
related organisms and dissimilar in more distantly related organisms, and therefore constitute
a “genomic signature” [2]. Even before many genomes were available, dinucleotide
frequencies in different organisms were characterized and compared using what sequence

data was available at the time [2]. More recently, Passel ef al. [3] evaluated the use of this



genome signature for phylogenetics using a large number of prokaryotic genome sequences.
Using a calculation called 6*, which represents the average difference in abundance for all
dinucleotides in two genomes [4], they showed that intra-species distances are generally
much smaller than inter-species (but intra-genus) distances. Interestingly, they also observe
an inverse relationship between percent identity of the 16S rRNA gene and 6*, although the
strength of this relationship appears to be quite modest and, in fact, is not precisely

quantified.

Many other whole-genomic approaches to taxonomy have been explored. A genome’s G+C
content has been found to be highly similar in related species and less similar in more
divergent species [5]. Similar patterns have been discovered for codon usage [6, 7], gene
order [8], and amino acid k-mer composition [9]. These methods, as well as a number of
others, are reviewed by Coenye and colleagues [10]. Earlier, Coenye et al. [7] performed a
comparison of some of these methods and showed that the phylogenetic trees derived from
these characteristics are usually quite consistent with each other, as well as with the tree
derived from comparing 16S rRNA gene sequences. As these comparisons were performed
on relatively small, related groups of bacteria, it remains unclear whether these results

generalize to all organisms or even to all bacteria.

Another approach to whole-genome phylogenetics is the comparison of gene content. This
technique works by predicting orthologues in pairs of organisms and then assigning a
“distance” between that pair based on the putative number of shared genes. This technique
was originally proposed by Snel et al. [11] and has subsequently been revisited with larger
groups of organisms [12, 13]. Compared to other whole-genome techniques for phylogeny,
this method seems particularly attractive, as differences in gene content among organisms are
readily explicable both in terms of their evolutionary meaning (adaptation to its environment)
and the mechanisms behind the evolutionary events (gene duplication, gene loss, horizontal
gene transfer). In contrast, differences in G+C content, dinucleotide frequencies, gene order,
and k-mer composition have no obvious functional or evolutionary interpretation, despite
containing a phylogenetic signal. As such, gene content comparisons have more appeal from
an evolutionary and functional perspective than other whole-genomic similarity approaches
to phylogeny, and also give similar results to phylogenetic studies based on 16S rRNA gene

analysis [7]. We therefore favour the use of gene content comparisons by means of



proteomic complement as a supplement to the more traditional approaches to phylogenetic

analysis (e.g., analysis of the 16S rRNA gene and MLSA).

Clusters of Orthologous Groups (COGs)

The most commonly used method for gene content comparison is that of Clusters of
Orthologous Groups (COGs) of proteins [14]. This method classifies proteins into COGs
based on a best-hit gapped-BLAST (Basic Local Alignment Search Tool) approach [15]. The
end result is clusters of proteins that are supposed orthologs and are therefore proposed to
have the similar or identical functions. These clusters are then used for various applications,
such as comparison of protein profiles of organisms or to putatively assign function to
predicted open reading frames during genome annotation. Despite the various uses of COGs,
one major downfall is that the COG database is not up to date. The database currently
consists of a list of COGs that were developed in 2003 with the use of 66 genome sequences
[16]. The COG database website states that a newer version is in development, which will
include 261 genomes (http://ncbi.nlm.nih.gov/COG/; accessed April 26™, 2009). However,
this is less than half of the microbial genome sequences available through the National Centre
for Biotechnology Information (NCBI) Entrez Genome Project Database which, as of the
same date, consisted of 862 sequenced microbial genomes. The NCBI database also
indicates that an additional 1,565 bacterial genomes are currently being sequenced. With the
already overwhelming amount of genomic information available, coupled with the
exponential growth rate of genetic information, the inclusion of genomic information for all
of these organisms in a comparative COG analysis would be difficult. The creation of COGs
is time-consuming and labour-intensive, requiring a large amount of manual analysis even for
smaller datasets such as the 66 genomes. This therefore makes it unfeasible to include all of
the presently available genome sequences in the development of COGs. For feasibility, the
proteomes of a subset of genome sequences is used to create the COGs. However, one
problem with this is that the subset of organisms used will determine the profile of COGs,
and therefore the placement of a protein into a COG greatly depends on which organisms are
used to create the database. Because of this, organisms that were not part of the set used or
closely related to the set used to create the COGs will have a lower number of proteins that
are able to fit and be placed into a COG. As such, the number of proteins belonging to COG
groups is low for proteomes of organisms not included in the creation of the COG database.
As is shown here in Table 1, using a wide range of genera as an example, as little as 42.7%

(and only as much as 81.5%) of the whole proteomic complement of their genomes may be



matched to preexisting COGs. In light of this problem, COGs should only be used for
comparing the entire protein profiles of the organisms which were originally used (or very

closely related to those used) to create a given COG database.

Because of these shortcomings, COGs have been created for smaller groups of organisms,
such as lactic acid bacteria, archaea, and cyanobacteria (LaCOGs, arCOGs, and CyOGs,
respectively), for the analysis of particular phenotypes or traits that these bacteria possess
[17-19]. This enables the use of COGs for analyses of these organisms despite the lack of
representation of these groups in the presently available COG set. Although very useful, the
creation of COGs for even these small groups is difficult and time-consuming, requiring
manual curation and expertise in the area of COG production. Consequently, the use of
COGs for proteomic content comparison is limited, particularly when wanting to perform an
analysis of organisms that are not represented in the currently existing COG set or when a

comparison of all bacteria with currently sequenced genomes is desired.

In light of the problems outlined above regarding existing genome and proteome comparison
methods, we sought to develop a computer program that would allow for the differences and
similarities between genomes/proteomes to be identified on the level of individual
comparisons (e.g., isolate versus isolate) or comparisons of groups of bacteria (e.g., a group
of isolates comprising a species, genus, or particular phenotype versus a second group).
Through identification of the differences between proteomes (instead of the similarities), the
creation of dendrograms from the resulting data is simplified and can be compared with
conventional phylogenetic methods such as 16S rRNA gene phylogeny. We also show how
‘core’ and ‘unique’ proteomes can be identified for groups of organisms. All of these
methods are tied together to explore the genomic concept of prokaryotic phylogeny and how

well it is reflected in standing phylogeny based on 16S rRNA gene analysis.

Results and Discussion

Measure of proteomic similarity
Our proposed measure of proteomic similarity has two main advantages over other published
methods of genomic comparison. First, since larger measures represent greater dissimilarity

rather than greater similarity, it can be used more naturally for linkage methods such as



Unweighted Pair Group Method with Arithmetic Mean (UPGMA). Second, it fits naturally
within the purpose of phenotypic subtraction, since proteins are being “subtracted” from one
organism (or group of organisms) to reveal proteins that are unique to the second organism

(or group of organisms)

An E-value cutoff was selected mathematically as described in the materials and methods
section. To ensure that this E-value cutoff of 10" would be appropriate for the different
types of comparisons being run in our analyses, proteomes were selected randomly for intra-
species, intra-genus (but inter-species), and inter-genus comparisons over a range of E-values
spanning from zero to 10", These are provided as Figures 2A, 2B, and 2C, respectively,
and show the number of unique proteins for each comparison for each E-value threshold
used. Briefly, the purpose of these three separate figures (Figure 2A-2C) is to give three
separate examples (on each) of how the number of proteins that are reported to be in one
isolate but not another isolate of the same species/genus/different genus vary with the choice
of E-value threshold. The three lines on any single graph are not mean to be compared with
one another. The difference among the three plots on any one of the graphs is mostly
attributed to the proteome size of each species. Further discussion of selection of E-value and

interpretation of Figures 2A-2C is provided in the M.Sc. thesis of Brett Trost [20].

Identification of orthologous proteins and selection of candidate groups for “shape”
phenotype of Lactobacillus

The Lactobacillus genus is polyphyletic, with the Pediococcus genus residing at its centre
(Chapters 9 and 11). Lactobacilli are mostly rod-shaped bacteria while the pediococci are
always cocci. It is possible that the Pediococcus genus has lost a gene or genes involved in
producing the rod shape of the Lactobacillus cells. Because the Lactobacillus genus is
known to have an accelerated rate of genomic reduction and gene loss (i.e., genes not being
used are rapidly lost) [17, 18], we hypothesized that by performing a subtraction of the
orthologous groups that were present in all Lactobacillus isolates from the proteins in
Pediococcus isolates, candidate proteins involved in determining the rod-shape of
Lactobacillus could be identified. Using this approach, nine candidate protein groups were

identified using an E-value cutoff of 10" (Table 2).

While some candidate groups are certainly not involved in cell shape, all protein groups are

Lactobacillus-specific in that they do not occur in the Pediococcus isolate. Figure 1A shows



an example of a graph of putatively orthologous proteins, and an enlarged section of this
figure is shown in Figure 1B. In Figure 1B, the interactive components of the graph can be
seen. These include a protein ID number, organism information, a description and keywords
for the protein in question, and also GO numbers which link to the gene ontology website,
thus providing a user-friendly interface through which researchers can gain additional up-to-
date information about the candidate group of interest. Figure 1A has also been included in
an electronic format as Additional File 2 where the interactive features of the graph may be
explored using an internet connection. Because of the type of information that has been
included in the graph, one can readily identify that candidate groups eight and nine are likely
to be of interest to the rod cell-shape phenotype in question (Table 2). A feature that may be
of particular interest is that putative and uncharacterized proteins also result from this
comparison. Candidate protein groups two, three, and four have only “putative” functions,
while candidate groups five and six are only known as hypothetical proteins. This type of
phenotype-driven genomic analysis may prove to be useful in elucidation of novel

biochemical and/or metabolic pathways that may be involved in a phenotype of interest.

Identification of core and unique genomes for species and genera

We sought to determine whether identification of orthologous proteins could provide
information regarding the genomic content of a taxonomic unit. Here we applied the same
approach as was used to identify putative phenotype-related proteins, but rather than
grouping based on a phenotype, isolates were grouped based on genus or species assignment.
The protein content for each genome in a group was compared and proteins that were present
in each isolate of a group (as determined by best bidirectional BLAST hit with an E-value
threshold of 10™"°) were assigned to the “core” proteome category (Table 3). A connected
components graph was created for each comparison. We refer to each connected component
as a “protein set”. For some orthologues and/or paralogues, multiple copies of proteins exist
within one set making the total “number of proteins” larger than the “number of protein sets”.
This may relate to certain protein sets being of particular importance to an organism’s
function. In an extension of the construction of core proteomes, the core proteomes for given
taxonomic groups (genera or species) were subtracted from one another to determine which
protein sets occurred in all of the isolates of one species, but did not occur in any of the
isolates in the other species in question, thus determining a “unique” proteome (Table 3). As

was found with the core proteomes, some of the protein groups in the unique proteome



contained more than one protein from each isolate. The unique proteome can be regarded as
the protein complement that makes the species or genus distinct from other taxonomic units.
The DNA sequences corresponding to the ORFs in the unique proteome would therefore be
good candidates for group-specific identification methods such as a species- or genus-specific

PCR method.

An interesting application of the calculation of a “unique” proteome may be to identify
species that contain erroneously named isolates. For example, Bacillus cereus and Bacillus
thuringensis contain a very small number of proteins within their unique proteome in
comparison to other species (Table 3). This suggests that there may be isolates that were
placed within other species of the genus that should actually be named as one of these two
species. A look at the 16S rRNA gene of the Bacillus isolates used in this study confirms that
some of the B. cereus and B. thuringensis isolates in fact have 99-100% identity with the
opposite species, and a lower percent identity with the species to which they are currently
assigned. As it can be difficult to resolve speciation using only the 16S rRNA gene, the
approach of using the unique proteome may well assist in the proper naming of isolates that

are difficult to speciate.

When the core and unique proteomes are being calculated, it is also possible to search for
additional information regarding the characteristics of the proteomes in question. Some
examples of data are given in Table 4, including ‘singlet’ proteins (i.e., proteins found only
within one isolate), average proteome size, and average number of groups and proteins within

an isolate.

Comparison of genomic content with percent 16S rRNA gene similarity

Phylogenetic studies currently use the 16S rRNA gene sequence as the “gold standard” for
taxonomic classification of prokaryotes. It is therefore of interest to determine how the
percent identity of the 16S rRNA gene correlates with proteomic similarity (which could also
be interpreted as a measure of phenotypic relatedness). Cut-offs currently used for the 16S
rRNA gene are 99% identity for a species and 90-94% identity for a genus (depending on the
group in question). In Figure 3, the pairwise number of different proteins between isolates
versus percent identity of the 16S rRNA gene is plotted for the 16 genera used in this study.

The corresponding numerical values corresponding to the range of 16S rRNA gene percent



identity and range of differences in pairwise unique proteins are given in Table 5. Pairwise
comparisons of each proteome were performed intra-genus, but excluding intra-species
comparisons as this would introduce a bias for genera where multiple isolates have had
genomes sequenced for a single species. As there appeared to be confusion in the
nomenclature of several organisms (i.e., two isolates given different species names, but
sharing >99% 16S rRNA gene identity), a conservative cutoff of 99.5% 16S rRNA gene
identity was used rather than the given species naming. A scatter plot of 16S rRNA gene
percent identity (x-axis) versus number of unique proteins (y-axis) was generated for each
genus on the same graph. Several unexpected observations arose from this data plot. The
most obvious anomaly is that the genera Clostridium and Lactobacillus extend well beyond
the lower boundary of 90% identity of the 16S rRNA gene, with the Clostridium genus
containing two distinct clusters. A second observation is that there is no specific range of
proteomic diversity for a genus. Despite the fact that genera are created using cut-offs of 16S
rRNA gene similarity, there does not appear to be a corresponding range of proteomic

similarity.

While other studies have reported a supposed correlation between genomic similarity and
identity of the 16S rRNA gene, no statistical correlation has been reported. A substantial
review of this topic is given by Rosello-Mora and Amann [21]. Due to this and also the
unexpected observation discussed earlier that no specific range of proteomic diversity was
evident for genera, the slope (y) and correlation coefficient (R?) were calculated from a best-
fit linear line for each genus to attempt to shed additional insight as to the relationship
between the 16S rRNA gene and proteomic similarity (Table 5). It was found that the slope
of the best-fit lines varied greatly between genera. Perhaps surprisingly, little or no
correlation was found between the similarity of organisms based on 16S rRNA gene identity
and proteomic similarity for most genera. Specifically, if R*> 0.5 is interpreted as indicating
similarity, then only 4 of 14 groups had a correlation between 16S rRNA gene identity and
similarity of bacterial proteome. Together, these findings indicate that the genomes of the
various genera undergo different rates of evolution relative to evolution of the 16S rRNA
gene and that whole genome evolution is under different (or additional) selective pressures

compared to that of the 16S rRNA gene.

Finally, and even more interesting, genera that are known to be intracellular or have life

cycles that are highly dependant on their host organisms (i.e., Neisseria and Rickettsia) have



an inverse association between proteomic similarity and 16S rRNA gene, indicating that their
genome is under a completely different selective pressure than is seen by the exertion of
normal evolutionary pressures that affect housekeeping genes. This unexpected finding may
someday prove useful in gaining an understanding of the different evolutionary pressures that
bacteria face. As evolutionary pressures experienced by organisms will differ based on their
environmental niche and life cycle, we will expect to see different patterns of association
between 16S rRNA gene identity and proteomic content emerge as a greater number of

genome sequences become available.

Construction of dendrogram from unique proteomes

With the unexpected findings from the comparisons of the 16S rRNA gene and of the
proteome in mind, we sought to determine whether the phylogeny as determined by the 16S
rRNA gene was in fact representative of organism similarity based on proteomic content. A
dendrogram was constructed based on differences in the protein content of pairs of
organisms. In light of the different evolutionary rates seen between the 16S rRNA gene and
the proteome as discussed for Figure 3 and Table 5, it was reassuring to see that the
taxonomies determined by both methods produced a number of robust clades corresponding
to the respective genera. Due to the size of the images, the full proteome-based dendrogram
is provided in Figure 4 (expanded in Additional File 3) and the corresponding 16S rRNA
gene phylogenetic tree in Figure 5. Also shown in the dendrogram in Additional File 3 is the
number of protein differences between branches on the tree. That genera group into similar
taxonomic units in both these two trees suggests that despite being under different
evolutionary influences, the 16S rRNA gene and the proteome generally evolve in similar

courses, creating similar evolutionary paths or relationships.

While the two trees were quite similar (i.e., most genera in the analyses formed distinct
taxonomic units), there were several discrepancies between the taxonomy as determined by
the 16S rRNA gene and that of the proteomic dendrogram. Most noticeably, some genera did
not group based on higher taxonomic classifications (e.g., in the proteomic dendrogram
Rickettsia groups within the Firmicutes Phylum although it is taxonomically designated as
Proteobacteria). The following are descriptions (alphabetically by genus) where isolates
grouped differently in the proteome dendrogram constructed by proteomic similarity

compared to that inferred by 16S rRNA gene phylogeny. Bacillus: two distant clades were



formed; the first clade formed a distinct unit comprised of B. anthracis, B. cereus, B.
thuringensis, and B. weihenstephanensis, with the second clade containing the remaining
species examined and residing more closely to Brucella and several Clostridium species.
Clostridium: C. beijerinckii, C. thermocellum, and C. difficile branched separately and
distinctly from their genus, from each other, and from all other genera, while C.
acetobutylicum, C. kluyveri, and C. phytofermentans formed a distinct clade distant from the
core Clostridium genus. Mycobacterium: M. leprae was extremely distant (residing near the
Rickettsia genus) from all other Mycobacterium species which otherwise formed a distinct
taxonomic unit. Lactobacillus: L. plantarum and L. casei branched separately and distinctly

from their genus and from each other.

Several explanations may account for circumstances in which proteomic similarity and 16S
rRNA similarity are incongruous. Possible scenarios are that these proteomic outlier species
may inhabit different environments than other members of their designated genus. However,
it is certain that these outlier species have a drastically different protein complement than
their nearest neighbouring species as based on 16S rRNA gene sequence phylogeny. In turn,
this suggests a great difference in phenotypic and metabolic potential would exist between

these outlier isolates and the isolates forming their respective genus.



Conclusions

The ability to create “core” and “unique” proteomes confers the ability to determine where
species are either divergent due to accelerated rates of genomic evolution compared to 16S
rRNA gene evolution or have been misidentified or misclassified, which can also be
supported by 16S rRNA gene similarity. Perhaps more importantly, however, putative
phenotype-related genes/proteins can be suggested based on subtraction of proteomes of
bacterial isolates that are grouped based on phenotypic properties. Here we used this
approach to suggest genes putatively involved in conferring the rod shape to Lactobacillus

isolates in contrast to their closest phylogenetic neighbours, the cocci Pediococcus.

Phylogeny of the 16S rRNA gene is largely in agreement with phylogeny as constructed by
whole proteomic similarity. However, there are several discrepancies suggesting that large
scale genomic change can occur with only a small shift in 16S rRNA gene similarity. This
implies that certain proteomic outlier species may be best studied outside of the context of the
genus to which they have been assigned. Alternatively, these species may warrant further
study to determine whether they may be more accurately renamed as novel genera in the

future.



Methods

Proteomes used

The following criteria were used to select bacterial genera to be used in this study: A) there
were more than two species with sequenced genomes and B) at least two of these species has
at least two isolates with a sequenced genome so that intra-species comparisons could also be
conducted. These criteria resulted in the selection of a total of 16 genera, comprising 107
species and 214 isolates. Table 3 gives a summary of the number of isolates and species used
per genus, while the Supplementary Data file 1 provides information regarding each isolate
(i.e., genus, species, isolate identity, size of proteome, and total size in base pairs). The
proteomes for these bacterial isolates were downloaded on November 28™, 2008 from the

European Bioinformatics Institute website at http://www.ebi.ac.uk/genomes/bacteria.html.

Selection of BLAST E-value cutoff

The following is the logical argument we used for choosing a particular BLAST E-value
cutoff. Suppose that the number of proteins encoded by the organism with the largest
proteome in a given comparison is n,. Also, let n, denote the number of organisms involved
in this comparison. For each pair of organisms, there will be at most n, x n, = np2 pairwise
comparisons between proteins. The number of pairs of organisms that must be compared
(note that comparisons must be performed in both directions) is 7, x (11, -1) = n,”. Thus, the
total number of protein-protein comparisons that must be performed will be bounded above
by npznoz. The expected number of spurious matches M will be equal to the number of
comparisons performed, multiplied by the probability of a spurious match in each
comparison. Let P be the probability of a spurious match. Then:

M= Pnpzno2
How can we derive a value for P? The E-value, which we will denote simply as £ in this
section, represents for a particular match the number of random matches attaining a score
equal to or better than the score actually obtained that would occur given the size of the
database. While £ does not represent a probability, P can be derived from it: since the
probability of finding no random matches with a score greater than or equal to the score
actually obtained is e”, where e is the base of the natural logarithm, then the chance of
1

obtaining one or more such match is P=1 - ¢~ [22]. Since P is nearly identical to the E-value



when the E-value is less than 0.01, £ can reasonably be used as a proxy for P. As such, the
expected number of spurious matches M as a function of £ is:
M= Enpzno2
By rearranging, we can get an equation that expresses the E-value threshold that should be
chosen in terms of n,, n,, and the desired value for the expected number of spurious matches
M:
.M
 n2n2

For a given comparison, one will know the values of n, and n,, and the value of M that is
chosen may depend on the particular application. For simplicity's sake, however, it would be
convenient to choose a single E-value that is appropriate for all comparisons done for this
thesis. The largest bacterial genome examined in this study is that of Burkholderia
xenovorans, which encodes 8951 =~ 10° proteins. Thus, a conservative value for n, would be
10°, and an estimate for the greatest number of pairwise comparisons that would take place
between two bacteria is np2 =10"". Furthermore, the largest group analysis done in this
manuscript includes approximately 30 organisms (i.e., the Streptococcus genus). Then n,=
30, and the number of comparisons between pairs of organisms is approximately 7,’= 900.
Then the total number of pairwise protein comparisons would be np2n02= 10" x 900 ~ 10",
If we wanted the expected number of matches that should occur by chance to be 1 (a single
spurious match should have little effect in any of our analyses), then we should choose the E-

value as follows:

1 ]
E=——— =101
1010 5 103

This E-value is always rather conservative, given that most comparisons involve fewer than
30 organisms, and that all of the bacterial proteomes in fact have fewer than 10> proteins.
Thus, the actual number of expected spurious matches for all comparisons is, in fact, less

than 1.

Identification of orthologous proteins

We chose to take a very simple method to identify groups of orthologous proteins. First, the
BLAST [22] was used to determine best bidirectional matches between each possible pair of
proteins in each possible pair of organisms. A graph was then created wherein each vertex

represents a protein. Two vertices are connected by an edge if the protein represented by



each is the other protein’s best BLAST hit, and if the E-value for the hits in both directions is
less than 107", Identification of orthologous groups was then performed by finding the
connected components of the graph (i.e., sets of vertices for which there is a path from any
vertex to any other vertex). Each vertex had the following information associated with it: the
protein’s accession number, the source organism, a description and keywords for the protein
in question, and a gene ontology (GO) term(s), each of which provides a standardized

description of the protein’s cellular location, molecular role, or biological process [23].

Finding candidate proteins for phenotypes

To identify proteins which may be involved in rod cell shape of Lactobacillus versus the
cocci Pediococcus cell shape, we used the ortholog detection procedure described above. For
this comparison, the proteomes of 15 isolates from the Lactobacillus genus (L. acidophilus
NCFEM, L. brevis ATCC 367, L. casei ATCC 334, L. casei BL23, L. delbrueckii ATCC
11842, L. delbrueckii ATCC BAA-365, L. fermentum IFO 3956, L. gasseri ATCC 33323, L.
helveticus DPC 4571, L. reuteri F275, L. johnsonii 533, L. plantarum WCFSI1, L. reuteri
100-23, L. reuteri F275, L. sakei 23K, and L. salivarius UCC118), as well as the sole isolate
of Pediococcus whose whole genome has been sequenced to date (P. pentosaceus ATCC
25745). Those connected components of the graph that contained at least one protein from
all of the Lactobacillus isolates, and did not contain any proteins from P. pentosaceus, were

considered candidate proteins for the cell shape phenotype.

Identifying “core” and “unique” proteomes of groups

We have applied the term “core” proteome to refer to the proteins that are present in every
isolate of a predetermined group (e.g., a genus or species). To find the core proteome for a
bacterial genus or species, the orthologue identification procedure explained above was
performed within each genus or species using all available isolates from the genus. The core
proteome was then determined by finding connected components of the graph containing
proteins from all of the isolates from that genus or species. The number of these connected
components was then counted to determine the size of the core proteome. In an extension of
this concept, we use the term “unique” proteome to refer to those proteins that are present in
all members of the selected group and not found in any isolate of any other group in the

comparison.



Comparison of proteomic content with 16S rRNA gene similarity

Measure of proteomic similarity was compared to 16S rRNA gene similarity by several
methods. The 16S rRNA gene was obtained from each sequenced genome used in this study
and the RDPII tool was used to align sequences based on known conserved and variable
regions according to the rRNA’s secondary structure [24]. The percent identity of the 16S
rRNA gene was calculated to the nearest 0.01% in a pairwise fashion. A phylogenetic tree of
the 16S rRNA gene was created by the UPGMA method and visualized using the MEGA
software package [25].

Proteomic dendrogram

For each pair of organisms A and B, we determined the number of proteins encoded by the
genome of organism A that are not encoded by the genome of organism B. This was done by
identifying orthologues in A and B as described above, then looking for groups containing
only proteins from organism A, and no proteins from organism B. The same procedure was
then used to find the number of proteins unique to organism B. For the purposes of creating a
dendrogram, the “distance” between organisms A and B was defined to be the average of the
number of proteins unique to organism A and the number of proteins unique to organism B.
This number is given on the branch node in Additional File 3. By this calculation, pairs of
organisms with a smaller “distance” have more similar protein complements. These
distances are then used to create a phylogenetic tree using the UPGMA method and the

dendrogram was visualized using the MEGA software program [25].
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Figures

Figure 1A - Graph of MreB-like protein “candidate protein group 8” corresponding to
Table 2. The dotted outline indicates the region enlarged in Figure 1B.
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Figure 1B - Close-up of outlined area from graph in Figure 1A for “candidate protein
group 8” showing provided data and examples of hyperlink options which are

accessible through Additional File 2.
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Figure 2 — Evaluation of E-values used as cutoff for selection of bidirectional best
BLAST hits. 2A, Intra-species; 2B, intra-genus (inter-species); and 2C, inter-genus
comparisons are made between randomly selected pairs of organisms.

2A — Intra-species, comparison la - Pseudomonas putida GB-1 vs Pseudomonas putida
KT2440; comparison 1b — Staphylococcus aureus COL vs Staphylococcus aureus JHI,

comparison 1c — Xanthomonas campestris 8004 vs Xanthomonas campestris B100.
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2B - Inter-species, intra-genus, comparison 2a — Burkholderia mallei ATCC 23344 vs
Burkholderia xenovorans LB400; comparison 2b — Vibrio cholerae ATCC 39315 vs Vibrio
fischeri ATCC 700601; comparison 2¢ — Streptococcus pyogenes MGAS2096 vs

Streptococcus thermophilus ATCC BAA-250.
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2C — Inter-genus, comparison 3a — Bacillus anthracis Ames ancestor vs Shigella flexneri
ATCC 700930; comparison 3b — Mycobacterium tuberculosis ATCC 25177 vs Neisseria
meningitidis 053442; comparison 3¢ — Yersinia enterocolitica 8081 vs Clostridium tetani
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Figure 4 — Dendrogram constructed from unique proteome of all isolates
included in comparison with clades compressed from Additional File 3. Clades
shaded in black indicate genera that branch as a single group. Clades shaded in grey
indicate genera that branch inconsistently as compared to 16S rRNA gene sequence
phylogeny. Bar indicates 400 unique proteins in pairwise comparison between

proteomes.
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Figure 5 — Phylogenetic tree of the 16S rRNA gene of all isolates included in the

proteomic comparison in Figure 4. Bar indicates 2% divergence.
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Tables

Table 1 - Percentage of proteome covered by the COG database as of January

2009.

Genus % of proteome in COG database Size of Proteome
Bacillus 59.7-174.6 4163 — 6115
Brucella 71.1-81.4 3066 — 3419
Burkholderia 60.7 —78.1 5295 - 17307
Clostridium 64.8—-73.3 2702 — 4092
Lactobacillus 52.0-79.3 1721 — 3044
Mycobacterium 42.7-72.3 3954 — 4235
Neisseria 57.6 —74.7 2042 — 2741
Pseudomonas 73.1-81.0 5242 - 6371
Rhizobium 74.8-77.9 6089 — 7337
Rickettsia 56.1 -81.5 1382 - 1513
Shigella 73.9-79.0 4390 — 4852
Staphylococcus 66.9 —-77.4 2601 — 2971
Streptococcus 67.2-74.7 1803 — 2295
Vibrio 62.5—-76.0 3981 - 5196
Xanthomonas 62.4—-73.7 4253 — 5048
Yersinia 72.0-79.5 4204 — 4491

Table 2 - Candidate protein groups for “rod cell shape” created by subtracting
Pediococcus pentosaceus from all Lactobacillus genomes.

Candidate

Description of protein
group

1 Orotate phosphoribosyltransferase
Putative uncharacterized protein, Putative endopeptidase La, lon-like
protease with PDZ domain, Hypothetical lipoprotein
3 Putative chromosome partitioning protein ParB, DNA-binding protein,
Effector of nucleotide occlusion (Noc)
Putative hydrocarbon binding protein, Putative uncharacterized protein
Putative uncharacterized protein
Putative secreted uncharacterized protein
Cell division protein SepF, YImF, Putative uncharacterized protein,
Rod-shape (cell-shape) determining protein MreB, MreB-like protein,
Actin-like ATPase for cell morphogenesis
9 Rod-shape (cell-shape) determining protein MreB, MreB-like protein,
Actin-like ATPase for cell morphogenesis

0NN DN K




Table 3 - Core and unique proteomes

Number of Core proteome® Unique proteome”
isolates Number of Total Number of Total
(species) protein protein  protein protein
sets’ sets" sets sets
Bacillus 16 (10) 1342 25382
anthracis 3 4941 14823 168 504
cereus 4 2881 11631 2 8
thuringensis 2 4255 8510 4 8
Brucella 8(5) 2234 17988
abortus 3 2699 8097 2
suis 2 3025 6050 5 10
Burkholderia 19 (10) 2319 47606
ambifaria 2 5908 11218 198 396
cenocepacia 3 3987 18224 168 504
mallei 4 3623 14512 18 72
pseudomallei 4 4972 19912 45 180
Clostridium 19 (10) 543 14289
botulinum 8 1514 12446 10 87
perfringes 3 2110 6333 298 896
Lactobacillus 15(12) 518 8998
casei 2 2355 4710 593 1186
delbrueckii 2 1372 2744 222 444
reuteri 2 1402 2804 120 240
Mycobacterium 14 (11) 1125 16725
bovis 2 3822 7644 36 72
tuberculosis 3 3724 11172 26 78
Neisseria 6(2) 1371 8276
gonorrhoeae 2 1795 3590 229 458
meningitidis 4 1547 6219 75 318
Pseudomonas 15 (7) 1936 31392
aeruginosa 3 4959 14898 571 1717
fluorescens 2 4206 8412 142 284
putida 4 3799 15264 69 276
syringae 3 3894 11712 290 874
Rhizobium 74) 2250 14308
etli 2 4700 9400 251 502
leguminosarum 2 3678 7356 99 198
Rickettsia 11 (8) 686 7574
bellii 2 1277 2554 219 438
rickettsii 2 1221 2442 93 186
Shigella 7(4) 2328 16645
boydnii 1 3170 6340 95 190
flexneri 3 3255 9788 130 395
Staphylococcus 18 (4) 1407 25733
aureus 14 1917 27118 157 2292
epidermidis 2 2080 4160 131 262



Table 3 continued

Number of  Core proteome Unique proteome
isolates Number of Total Number of Total
(species) protein protein protein protein
sets sets sets sets
Streptococcus 319 735 23727
agalactiae 3 1688 5070 156 468
pneumoniae 6 1543 9403 150 929
pyogenes 13 1348 17723 49 709
suis 2 1971 3942 336 672
thermophilus 3 1359 4082 145 435
Vibrio 8(5) 2193 17898
cholerae 2 3384 6768 425 850
fischeri 2 3380 6760 447 894
vulnificus 2 3882 7764 321 642
Xanthomonas 8(3) 2666 21488
campestris 4 3376 13543 49 200
oryzae 3 3276 9863 299 922
Yersinia 12 (3) 2431 29596
pestis 7 2986 21052 21 152
pseudotuberculosis 4 3424 13731 21 89

* Proteins that were found to be present in all isolates of the given genus or species.

® Proteins that were found to be present in all isolates of the given species, but not

present in any other isolate of different species within the respective genus.

“ Number of protein sets identified.

4 Number of proteins present in the protein sets.



Table 4 — Characteristics of proteomes

Found in

Found in >1 but Total in Average proteins
Genus .only la < all isolates” analysis® per proteome®
isolate
sets’ sets proteinsf sets proteins sets proteins
Bacillus 7736 5962 42952 15040 76070 940 4754
Brucella 567 1177 6243 3978 24798 497 3100
Burkholderia 14286 9406 62056 26011 12398 1369 6524
Clostridium 10938 5692 39844 17173 65071 904 3425
Lactobacillus 5058 3279 16645 8855 30701 590 2047
Mycobacterium 7762 6395 38970 15282 63457 1092 4533
Neisseria 1269 866 2764 3506 12309 584 2052
Pseudomonas 7597 6799 41020 16332 80009 1089 5334
Rhizobium 7953 4246 14562 14449 36823 2064 6137
Rickettsia 1340 1008 4446 3034 13360 276 1215
Shigella 2673 2042 85457 7043 27775 1006 3968
Staphylococcus 2644 2010 18923 6061 47300 337 2628
Streptococcus 3838 3756 32347 8329 59912 269 1933
Vibrio 5461 3472 11937 11126 35296 1391 4412
Xanthomonas 3899 2553 9542 9118 34929 1140 4366
Yersinia 2806 2305 16057 7542 48459 629 4038

* The number of sets and the total number of proteins in these sets was the same.

® Number of proteins that were could in more than one but less than all isolates of a
genus.

¢ Total number of proteins that were found in the analysis of each genus.

4 Averages per proteome in a genus.

¢ Number of proteins sets identified.

"Number of proteins found in the protein sets.
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Additional files

Additional file 1 — Isolates used in this study. Genus, species, isolate identity, size
of proteome, and total size of genome in base pairs is given.

Additional file 2 — Interactive graph of “candidate protein group 8” for Mre-like
protein. The same graph as printed in Figure 1A but in electronic format to allow the

reader to explore the built-in interactive features.

Additional file 3 — Proteome dendrogram constructed from pairwise

comparisons of the proteomes with clades expanded from Figure 4.
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BRIEF INTRODUCTION TO CHAPTER 11

The phylogenetic and taxonomic status of the Lactobacillus genus is in a state of
disarray. The whole genomic analyses performed in Chapter 10 convincingly showed that the
genus Lactobacillus contains a greater range of 16S rRNA gene percent identity than most other
genera. As was discussed in the brief introduction to Chapter 9, systematic nomenclature is key
to enabling the efficient study of groups of organisms. Here the genus Lactobacillus is examined
more closely in the context of its nearest phylogenetic neighbors and possible subdivisions are
recommended on the basis of whole genome and proteome comparisons, 16S rRNA gene percent

identity, and multi locus sequence analysis of four additional conserved housekeeping genes.

Manuscript in preparation.
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Abstract

Background
Current taxonomy of the genus Lactobacillus is generally regarded as unsatisfactory, in part

due to this genus being polyphyletic by encompassing the genera Paralactobacillus and
Pediococcus. Historical methods of classifying species within the Lactobacillus genus are
largely based on phenotypic and morphologic attributes, which do not take into account
analyses of the ribosomal RNA gene or other genetic loci that are conserved amongst
prokaryotes. Moreover, no systematic rationale exists to support the classification and
naming of new species, or the study of existing subsets of Lactobacillus species. The aim of
this study was to apply a polyphasic approach to evaluate the coherence of Lactobacillus as a
genus. For all currently defined Lactobacillus, Paralactobacillus, and Pediococcus species,
we present phylogenetic analyses of the 16S rRNA gene, and the cpn60, recA, rpoA, and
pheS genes and respective protein coding sequences, along with genomic analyses and
existing phenotypic information. To provide insight into the intra- and inter-genus
relationships of Lactobacillus compared to non-polyphyletic genera, we have conducted
phylogenetic analyses and evaluated the percent identity of the 16S rRNA gene of the
phylogenetically neighbouring genera Aerococcus, Carnobacterium, Enterococcus,

Lactococcus, Leuconostoc, Oenococcus, Streptococcus, Vagococcus, and Weissella.

Results
Based on a multi-locus sequence analysis, 16S rRNA gene similarity, G-C content, and whole

genome and proteome analyses, the Lactobacillus genus was found to be more heterogeneous
than closely related genera. This polyphasic analyses identified distinct subgroups of
Lactobacillus which represent new or emerging genera. Lastly, percent identity of the 16S
rRNA gene was found to reflect the genomic similarity of lactobacilli, indicating that
sequence analysis of this gene alone is sufficient for appropriate allocation of novel bacterial

species to specific subgroups, including the new genera described here.

Conclusions
The genus Lactobacillus should be divided into at least four genera. The first three are the

phylogenetic clades traditionally referred to as the Lactobacillus acidophilus, Lactobacillus
reuteri, and Lactobacillus salivarius groups, and the fourth group comprises all other

Lactobacillus species (including the Lactobacillus casei, Lactobacillus sakei, and



Lactobacillus plantarum clades). Renaming of these distinct phylogenetic units is proposed
as follows: the L. acidophilus group becomes Jensenella gen. nov.; the L. reuteri group
becomes Orlaea gen. nov.; the L. salivarius group joins the existing Paralactobacillus genus;

and all other Lactobacillus species remain as Lactobacillus.

Background

Members of the genus Lactobacillus are extremely varied in phenotype, G-C content,
morphology, and percent identity of the 16S rRNA gene. The number of Lactobacillus
species is growing rapidly (Figure 1), currently encompassing 121 validly described species
and an additional nine subspecies [1]. The current taxonomic location of the genus
Lactobacillus in relation to some of its nearest phylogenetic neighboring genera is provided
in Figure 2, based on the 16S rRNA gene sequences of type strains for all currently validly
described species for each included genera. The Lactobacillus genus is polyphyletic,
encompassing the Paralactobacillus and Pediococcus genera, which contain one and eleven
species, respectively [1]. As the number of Lactobacillus species has increased, the
definition of the genus has become even more diffuse. Moreover, there are no criteria for the
inclusion or exclusion of new species within the genus Lactobacillus [2, 3]. This leads to
confusing situations where new genera can be described that reside amid the current span of
lactobacilli (such as occurred with Paralactobacillus) [4]. The Lactobacillus genus is
extremely heterogeneous, having varying phenotype, G-C content, and morphology (Tables
1-4). As such, we believe there is a need for a stable system of nomenclature to ensure that
all members of the genus can be clearly identified, facilitating further classification and

study.

With the widespread usage of molecular tools such as 16S rRNA gene sequencing, new
groups of bacteria have been identified and genera have been created from species formerly
considered to be lactobacilli (e.g., Carnobacterium, Leuconostoc, Oenococcus, and Weissella
[2,9, 10]). Here, using further genetic characterisation and whole genome analyses, a more
accurate presentation of the genus Lactobacillus is provided in order to reflect the
evolutionary relationships among species. Although 16S rRNA gene sequencing is used
extensively in bacterial systematics, there is a growing call from the scientific community to
strengthen, or refute, the conclusions drawn from analyses based on only one gene [11-13].

And, while confidence is again growing in the phylogenetic placement of organisms based



upon 16S rRNA gene sequencing [14], we have taken a more comprehensive phylogenetic
approach using several conserved genes to determine the most appropriate phylogeny.
Taking this concept even further, the genomic and proteomic taxonomy of the Lactobacillus

genus is also explored.

First described by Beijerinck in 1901, the Lactobacillus genus was subsequently organised
into groups based upon phenotypic characteristics and has since undergone many
regroupings, subdivisions, and reclassifications [2, 3]. Initially, optimal growth temperatures
and hexose fermentation pathways were used to form subgroups of lactobacilli by Orla-
Jensen [2, 3]. Later, obligate vs. facultative and homo- vs. hetero-fermentation potential were
used as classification criteria [3]. As phenotypic markers may undergo lateral gene transfer,
their use for the classification of Lactobacillus isolates has resulted in a confusing
classification scheme that has contributed to the present disorder [5-8]. Currently, new
species of Lactobacillus are being described at an increasing rate (Figure 1). This may be
due in part to the variation within the genus and partly due to the development of molecular
tools such as 16S rRNA gene sequencing which allow for a more rapid identification of
bacteria. Despite classification based upon 16S rRNA gene sequencing being the gold
standard for phylogenetic classification, there is disorder within the Lactobacillus genus as
descriptions of new species often fail to make use of the entire genus in the underlying
analyses, probably owing to the large size and diversity of the genus. The relation of the
breadth and depth of Lactobacillus to other genera (including genera which now contain
species previously described as Lactobacillus) is provided by 16S rRNA gene sequence
phylogeny in Figure 2. In the current taxonomic standing, the genera Paralactobacillus and
Pediococcus tall within the Lactobacillus genus, yet Lactobacillus catenaformis and
Lactobacillus vitulinus are clearly distant to all other Lactobacillus species. A closer look at

the Lactobacillus, Paralactobacillus, and Pediococcus genera is provided in Figures 3-6.

Described in 2000 by Leisner et al [4], the Paralactobacillus genus contains only a single
species, Paralactobacillus selangorensis. At the time of its identification, P. selangorensis was
assigned to its own genus based upon noted phylogenetic and 16S rRNA gene differences in
comparison to the Lactobacillus acidophilus and Lactobacillus casei groups. While it is true
that P. selangorensis is distant from these two subgroups of lactobacilli, the Lactobacillus

salivarius and Lactobacillus reuteri subgroups were not considered in the phylogenetic



assignment and description of the Paralactobacillus genus [4]. Figures 3 and 6 show the

phylogenetic location of Paralactobacillus in relation to Lactobacillus.

The genus Pediococcus was described in 1884 by Balcke and is currently comprised of 11
species [15-17]. The pediococci are distributed between two closely related clades which are
phylogenetically located deep within the genus Lactobacillus, with nearest neighbours being
Lactobacillus kunkeei and Lactobacillus malefermentans. More generally, the genus
Pediococcus lies between the Lactobacillus sakei and Lactobacillus brevis clades (Figure 3).
The Pediococcus genus has grown relatively slowly compared to Lactobacillus, probably
owing to the fact that pediococci were originally described as being spherical, in contrast to
the variety of shapes that have been permitted in Lactobacillus. However, with an increasing
number of irregular shaped, curved, coccoid, and cocci lactobacilli being described [3, 18-
26], it no longer is appropriate to differentiate pediococci from lactobacilli based upon shape.
Consequently, the only characteristic that can currently differentiate pediococci from
lactobacilli is that Pediococcus species divide in two perpendicular directions in a single
plane [18]. The phylogenetic placement of the Pediococcus genus within the Lactobacillus

genus is shown in Figure 3.

Results and Discussion

General findings

As phylogenetic trees are dynamic constructs, they change based on discovery of additional
species and genera. That is, additional sequence data either support or refute the status quo.
While previous taxonomic studies of Lactobacillus isolates have encountered difficulty in
resolving clades, the rapidly increasing number of validly described species, coupled with the
increasing availability of genetic information, has allowed us to assemble concrete evidence
in support of a new taxonomic division of Lactobacillus. We believe that the currently
available data provide strong support for the reclassification of a large number of isolates
currently found in Lactobacillus, as well as reassessment of the taxonomic independence of
the genera Paralactobacillus and Pediococcus, which currently reside amidst a diverse range

of Lactobacillus species.



A comprehensive examination of all currently validly described Lactobacillus,
Paralactobacillus, and Pediococcus isolates is presented through examination of 16S rRNA
gene sequences as well as cpn60, recA, rpoA, and pheS gene sequences, where available. To
provide quantitative assessment of the phylogenetic trees, we also compare the intra- and
inter- genus 16S rRNA gene percent identity of the Lactobacillus genus to that of type-strains
of all species from the related genera Aerococcus, Carnobacterium, Enterococcus,
Lactococcus, Leuconostoc, Oenococcus, Paralactobacillus, Pediococcus, Streptococcus,
Vagococcus, and Weissella (which were also included in the phylogenetic supertree; see
Figure 2). Moreover, multi-locus sequence analysis (MLSA)-based taxonomy is compared to
whole genome relatedness through the use of a dendrogram created from numbers of unique

proteins between pairs of sequenced genomes.

Multi-locus sequence analysis (MLSA)
Taxonomic consistency of the MLSA was considered necessary in determining the potential

subdivision of the genus Lactobacillus into more coherent genera. While some loci may be
better suited than others for strain differentiation or establishing the relationship of very
closely related strains or species [27, 28], it is important to stress that phylogenetic trees
created by each genetic loci produced a number of stable and robust clades that were
common to all loci. When cpn60, pheS, recA, or rpoA phylogenetic trees were created, the
resulting clades confirmed the 16S rRNA gene phylogenetic tree (Figures 2-6). Although the
bifurcation patterns varied slightly for the five phylogenetic trees, a set of stable and robust
clades was readily distinguishable with all genetic loci used. These phylogenetic trees
suggest that the Lactobacillus genus be divided into four groups (Figure 3). The clades
traditionally referred to as the L. acidophilus, L. reuteri, and L. salivarius clades (expanded in
Figures 4-6, respectively) form distinct lineages compared to all other species of

Lactobacillus that surround the Pediococcus genus (Figure 3).

Similarity of the 16S rRNA gene
The percent identity of the 16S rRNA gene was calculated to ascertain whether cutoffs could

be established for the differentiation of clades. The percent identity of the 16S rRNA gene
for the Lactobacillus genus was compared to that of eleven phylogenetically related genera

(Table 1), which are also shown in the phylogenetic supertree (Figure 2). The 16S rRNA



gene of every type strain isolate was included in the analysis and it was found that a
minimum of 89% identity of the 16S rRNA gene existed between any two isolates within
each of the eleven genera (Table 1). In stark contrast, when all type strains of the current
Lactobacillus genus were analyzed in the same way, the minimum percent identity of the 16S
rRNA gene between two isolates was 71% (see legends, Tables 1 and 2). Although the
minimum level of identity can be increased to 83% by removing the distant outlier species
Lactobacillus catenaformis and Lactobacillus vitulinus, the cohesiveness of the currently
accepted Lactobacillus species remains much worse than what is found between species of
other closely related genera (Table 1). By determining the percent identity of the 16S rRNA
gene for the major clades of the Lactobacillus genus, it was found that the L. acidophilus, L.
reuteri, and L. salivarius clades shared less than 90% identity with each other or with the
remaining lactobacilli. Through removing these clades (which each possess >90% intra-clade
16s rRNA gene identity), the percent identity of the remaining “core” Lactobacillus group
(i.e., comprised of subgroups I-VII; Figure 3) increased from 82% to 88% (Table 2).
However, it should be noted that for the remaining lactobacilli subgroups, some inter-group
pairs of isolates share greater 16S rRNA gene percent identity than do some intra-group pairs
of isolates (Table 2). We interpret this to mean that a greater number of species will be

required over time to appropriately divide these subgroupings (Figure 3, I-VII).

Whole genome analysis
Although MLSA agreed with the 16S rRNA gene phylogeny, there is always a concern as to

whether the chosen loci reflect the actual genomic content (and phenotype) of the organisms
in question. We sought to resolve this problem through whole genome analysis. The genome
sequences available for Lactobacillus and Pediococcus isolates were obtained (there is not
yet a genome sequence available for Paralactobacillus), as were available genome sequences
of the related genera Lactococcus, Leuconostoc, Oenococcus, and Streptococcus. The
number of unique proteins between any two isolates was calculated in a pairwise fashion and
used to create a dendrogram showing the relatedness of organisms on a genomic level (Figure
7). Visualizing the genera in this way shows a greater diversity among Lactobacillus species,
yet the groupings and divisions shown here are consistent with those based on MLSA and
16S rRNA gene analyses. Although the taxonomy is slightly different from that of the
MLSA, the major groupings remain consistent, with the L. acidophilus and L. reuteri groups

forming distinct clades. Even though only one sequenced genome was available, the L.



salivarius genome clearly branches independently. L. sakei is placed closest to the
Pediococcus genus, with L. brevis as the nearest Lactobacillus relative. Interestingly, the L.
plantarum and L. casei genomes are separated from all other Lactobacillus by the
Leuconostoc, Oenococcus, and Streptococcus genera, and L. casei is placed nearest to
Lactococcus. These observed divisions between the “remaining lactobacilli” set the stage for
future subdivisions of Lactobacillus through beginning to mirror subgroupings I-VII in

Figure 3.

Phenotypic similarity
A number of phenotypic and biochemical characteristics have been used over the years to

create subgroups within the genus Lactobacillus. As in previous studies of the Lactobacillus
genus, the traits considered here were metabolism (obligately homofermentative,
facultatively heterofermentative, or obligately heterofermentative), G-C content, lactic acid
isomer, and peptidoglycan type [2, 3, 29]. In order to determine whether these traits
followed the evolution of the organisms as suggested by MLSA, several basic characteristics
are provided alongside the species as divided based upon MLSA and 16S rRNA similarity
(Tables 3-6). While our subdivisions allow for more concise descriptions of each group than
is currently the case for Lactobacillus, there is still a great diversity in phenotype. This
strongly suggests that PCR sequencing-based techniques or genome sequence-based
techniques, and not phenotypic information, be used as the standard for the classification of

these organisms.

G-C content
Interestingly, the range of G-C content did not improve greatly with the regroupings and

remains much wider than in other genera (e.g., Streptococcus). As G-C content is a factor
that is heavily weighted in the description of new species, it is disconcerting that such a wide
range exists within a single genus. One possibility is that this may be a reflection of the
plasmid content and widespread horizontal gene transfer in lactobacilli. We explored this by
examining sequenced genomes and calculating the G-C content with and without plasmids,
but no difference was found (data not shown). A second possibility is that the G-C range is
an adaptation of the bacteria to their environment as was shown to be the case for L.

delbrueckii subsp. bulgaricus [30]. The coding sequences of all sequenced Lactobacillus and



Pediococcus genomes were subjected to a similar analysis, comparing the 3™ coding position
to the 1" and 2™ coding positions. In all genomes that had aberrantly high or low G-C
contents, it is the 3" coding position that appears to influence the phenomenon (Table 7). For
the sequenced genomes of Lactobacillus species, the range of G-C content is 19.7%.
However, by observing only the 1** and 2™ coding positions, this range drops to 7.9%. In
contrast, the G-C range in the 3" coding position is very high at 43.5%. When the genus
Lactobacillus 1s analyzed according to our proposed groupings, the greatest G-C range for
any group is 13.4%, with 4.6% variation in the 1* and 2" bases, but 39.7% in the wobble
base (Table 7). As a greater number of genomes become sequenced, it will be possible to
further analyze this phenomenon and perhaps compare G-C content shift at the 3™ position

with environmental factors.

This variability in G-C content raises concern as to the accuracy of using G-C content and
DNA-DNA hybridization experiments to determine the relatedness of different species. As
we have shown that G-C content is greatly influenced by the wobble base in a coding
sequence, an alteration of G-C content will not necessarily reflect a change in proteome
content or phenotypic similarity. Rather, two strains of a given species that exist in different
environments may show a marked variation in G-C content due to changes in wobble base

preference.

Proposed division of the genus Lactobacillus

Through combining information from the MLSA, 16S rRNA gene similarity analyses, and
whole genome analyses, it is apparent that the Lactobacillus genus should be divided. To
ensure robustness of divisions, thereby avoiding unsupported and haphazard creation of new
genera divisions, all cutoffs were determined by choosing stable branch points (maintained
the same sub-branches with every gene used), possessed a high bootstrap value, and
contained a relatively large number of species (>10 species). Moreover, intra-group pairs of
isolates had to share a greater 16S rRNA gene identity than inter-group pairs, with 90%
identity being a useful cutoff value. We propose that this would be best accomplished by
creating two new genera from the L. acidophilus and L. reuteri clades and transferring the L.
salivarius clade to the existing Paralactobacillus genus (Figure 8). While the remaining
lactobacilli can be subdivided into seven subgroups, retaining the Pediococcus genus at its

centre, these criteria, did not allow any of these subgroups to be split into separate genera.



The percent identity of the 16S rRNA gene was compared intra- and inter-clade to determine
whether subdivisions would contribute to a greater coherence in classification of species that
currently belong to the genus Lactobacillus. The L. acidophilus, L. reuteri, and L. salivarius
groups possessed a cutoff of 91-92% intra- and inter-clade identity of the 16S rRNA gene
(Table 1). The lower percent identity in the remaining seven lactobacilli subgroupings
prompted further investigation and it was found that there were several subgroups that were
stable, but contained relatively few species (Figure 3). With the exception of L. catenaformis
and L. vitulinis, the remaining Lactobacillus species have a minimum 88% intra-group
identity (Table 2). Table 2 also shows that some inter-clade pairs of isolates share less 16S
rRNA gene percent identity than intra-clade pairs of isolates. These seven clades may
eventually prove to be better described as independent genera as a greater number of species
becomes identified in the different clades. Table 8 summarizes some of the phenotypic and

genotypic differences for the new genera proposed here.

Pediococcus
The genus Pediococcus talls within the core group of Lactobacillus species, with its 16S

rRNA gene placing it closest to the Lactobacillus “singlets” L. kunkeei and L.
malefermentans, between subgroups I and II. Sharing 88-94% identity of the 16S rRNA gene
with the core Lactobacillus group, the pediococci are indistinguishable from the lactobacilli
by genetic methods. However, all species of Pediococcus possess a unique mode of division
that readily differentiates them from even the cocci lactobacilli [18]. As the purpose of the
suggested subdivisions and reclassifications here are to add clarity to the taxonomic
relationships of the bacteria, it is difficult to decide whether reclassification of Pediococcus
as Lactobacillus is necessary. Ultimately, we believe that the seven core Lactobacillus
subgroups will continue to be divided as a greater number of species, sequences, and
genomes become available for analysis. As such, with Pediococcus retaining its status as an

independent genus, this could be regarded as the first of such subdivisions.

Species retained in the genus Lactobacillus (subgroups I-VII)
Fifty-nine species and four subspecies are retained within the Lactobacillus genus. As just

discussed, we propose that the Pediococcus genus comprised of eleven species retain its

status as an independent genus, yet remain at the centre of the Lactobacillus genus. The



species left within the Lactobacillus genus have an intra-genus 16S rRNA percent identity of
88-99%, leaving this as the most divergent of the genera proposed here (Table 3). The
Lactobacillus genus further subdivides into seven subgroups that are phylogenetically
distinct, but each contains a small number of species that cannot be differentiated based upon
percentage of 16S rRNA gene identity. These subgroups incorporate all species except for
four which exist as “singlet” outliers. In general, subgroups I-IV are most similar to one

another, but distant to subgroups V-VII which are each distinct from one another (Figure 3).

Lactobacillus subgroup la and Ib
Traditionally referred to as the L. casei and L. sakei groups respectively, the Lactobacillus

subgroups Ia and Ib together contain 13 species and 2 subspecies. While phylogenetically
distinct from one another, subgroups Ia and Ib are closely related, sharing 91-94% inter-
group and 91-99% intra-group identity of the 16S rRNA gene. Despite their similarity based
on MLSA, there is little in regards to phenotypic properties that are consistent among either
of these groups. Subgroup Ia possesses a G-C content ranging from 45-53%, while the G-C
content of subgroup Ib is substantially lower, ranging from 41-44%. Two species
(Lactobacillus curvatus and Lactobacillus graminis) in subgroup Ib deviate from the normal

rod shape by possessing a slightly curved morphology.

Lactobacillus kunkeei and Lactobacillus malefermentans
Despite residing at the centre of the genus, L. kunkeei and L. malefermentans are outliers to

all clades of Lactobacillus. These two Lactobacillus species exist as phylogenetic singlets on
either side of the Pediococcus genus. Interestingly, these two species only share 90-93%
identity of the 16S rRNA gene with other lactobacilli, but share as much as 94% identity with

the Pediococcus genus.

Lactobacillus subgroup Il
Subgroup II contains four species in the clade nearest to the Pediococcus genus. All species

currently within this clade produce a DL lactic acid isomer; however, this may change as a
greater number of species are discovered in this subgroup. Subgroup II has a relatively low

G-C content, ranging from 35-41%.



Lactobacillus subgroups llla and lllb
Subgroup 111, containing the L. brevis subgroup, forms two distinct branches. Like subgroup

I, these branches could not be differentiated from one another based on inter-group 16S
rRNA percent identity. There are eight species in each of subgroup Illa and subgroup IIIb.
Subgroup IIla has the highest G-C content of any group at 44-53%. The G-C content of
subgroup IIIb is slightly lower, ranging from 39-46%.

Lactobacillus subgroup IV
Subgroup 1V is created from both subspecies of L. plantarum and its four nearest

phylogenetic neighbors. Although the 16S rRNA phylogeny suggests that this subgroup
should be comprised of two clades, these species had insufficient numbers of sequences for
MLSA to conclusively resolve this branching. Members of subgroup IV tend to have a

midrange G-C content, spanning from 41-47%.

Lactobacillus subgroup V
This is the only subgroup where all members produce the Lys-D-Asp form of peptidoglycan.

Subgroup V possesses a relatively low G-C content, ranging from 33-41%. Subgroup V is
formed of 10 core members, with L. versmoldensis and L. nodensis included as outliers.
Being the largest of the subgroups, this clade may be the next genus to be subdivided from
the Lactobacillus genus. There is already a clear intra-group vs. inter-group cutoff for
percent identity of the 16S rRNA gene emerging at 93-94% (Table 2), which is comparable to
the division between Lactococcus and Streptococcus (Table 1). At this point, we have chosen
to allow the clade to grow further before dividing it from the Lactobacillus genus in order to

better clarify taxonomic positioning.

Lactobacillus subgroup VI
Despite containing only four species, subgroup VI possesses three different cell

morphologies. Species within this subgroup are bacilli (Lactobacillus composti and
Lactobacillus rennini [31, 32]), coccoid (Lactobacillus coryniformis [22]), or tapered
(Lactobacillus bifermentans [21]). Currently, all members within this group are facultatively

heterofermentative and produce the DL lactic acid isomer. However, as with cell



morphology, there are three different varieties of peptidoglycan produced. This subgroup has
a tight range of G-C content, ranging only from 45-48%.

Lactobacillus subgroup VII
Subgroup VII contains four species, including Lactobacillus dextrinicus, which was only

recently transferred to the genus Lactobacillus from the genus Pediococcus [18]. Members
of this subgroup may be rod shaped, bent, or cocci [18, 20]. There is a very wide range of G-
C content, spanning from 39-54%. This group appears to have two distinct clades,
separating Lactobacillus perolans and Lactobacillus harbinensis from L. dextrinicus and
Lactobacillus concavus, although additional species will be needed in order to substantiate

this division.

Lactobacillus caternaformis and Lactobacillus vitulinus
L. catenaformis and L. vitulinus have long been recognized as distant outliers to the genus

Lactobacillus [2, 9, 15, 29]. This distant relationship can be easily seen in Figure 2; however,
there has yet to be a formal request for reclassification. Based upon 16S rRNA gene
similarity, these two species should be reassigned to the Family Erysipelotrichaceae, but
being only 85% identical to one another, are not sufficiently similar to be considered a single
genus. Proper reclassification of these two species will require adequate attention be paid to
the Family Erysipelotrichaceae which is not within the scope of this manuscript. As such,

formal reclassification of these species is not requested at this time.

Lactobacillus acidophilus group
Twenty-one species and four subspecies belong to the L. acidophilus group (Table 4). The

taxonomy of species belonging to the L. acidophilus group is given in Figure 4, with its
relationship to the other clades shown in Figure 3. Historically, members from this group
that were included in Orla and Jensen’s taxonomy were all classified as “Streptobacteria” and
“Thermobacteria” (but not “Betabacteria™) [2, 9, 29]. Most currently described members are
bacilli, with the exception of Lactobacillus crispatus, which is a curled rod [23]. All members
produce Lys-D-Asp type peptidoglycan. Metabolism may be either obligately
homofermentative or facultatively heterofermentative. L, D, or DL lactic acid isomers may be

produced. The G-C content generally ranges from 33-41%, however, several species appear



to have experienced dramatic shifts in G-C content compared to the other members of this
group. These are L. delbrueckii (49-51%), L. amylophilus (44-46%), and L. amylotrophicus
(44%). Members of the L. acidophilus group possess 91-99% intra-genus identity of the 16S
rRNA gene. Lactobacillus delbrueckii subsp. delbrueckii is the type-strain of the genus.

Lactobacillus reuteri group
There are 19 Lactobacillus species belong to the L. reuteri group (Table 4). The taxonomy of

the L. reuteri group is shown in Figure 5, with its relationship to the other clades given in
Figure 3. Historically, members of this group that were included in Orla and Jensen’s
taxonomy were all classified as “Betabacteria” [2, 9, 29]. The G-C content ranges from 35-
56%, indicating the diverse array of genetic transfer or a wide variety of habitats that may
exist for this genus. Despite a diverse G-C content, members of this genus share 91-99%
identity of the 16S rRNA gene. Cell morphology may be spherical, oval, bent rod, or
bacillus. All members produce the DL lactic acid isomer and all but Lactobacillus
secaliphilus are obligately heterofermentative [33]. Unlike members of any other
Lactobacillus group, many species within the L. reuteri group produce Orn-D-Asp type
peptidoglycan, and several other unique forms of peptidoglycan are also formed (e.g., L-Orn-

D-Asp, L-Lys-D-Glu-L-Ala, and Lys-Ser-Ala).

Lactobacillus salivarius group and Paralactobacillus
The genus Paralactobacillus was described in 2000 [4]. However, the creation of this genus

neglected to include an analysis of the entire Lactobacillus genus. Specifically, the entire
clade surrounding L. salivarius was missed from the comparative phylogenetic representation
of Lactobacillus. By including the entire Lactobacillus genus, we have found that
Paralactobacillus selangorans, in fact, falls within the middle of the L. salivarius subgroup
of the genus Lactobacillus. The description of Paralactobacillus was correct, however, in
that this genus falls distantly from other groups of Lactobacillus, having 92-99% intra-group
16S rRNA gene identity, but <92% identity shared with other groups and genera (Table 1). In
a historical context, there were no members of this group that were included in Orla and
Jensen’s taxonomy where members of Lactobacillus were classified as “Betabacteria”,

“Streptobacteria”, or “Thermobacteria” [2, 9, 29].



We propose that 19 species and one subspecies belonging to the L. salivarius group are
transferred from the genus Lactobacillus to the genus Paralactobacillus. A list of species
transferred to Paralactobacillus is given in Table 6, and phylogeny is shown in Figure 6, with
relationship to other Lactobacillus shown in Figure 3. The G-C content ranges from 32-47%.
Species may be cocci or bacilli. A variety of different forms of peptidoglycan may be
formed. L or DL lactic acid isomer is made. Metabolism may be facultatively

heterofermentative or obligately heterofermentative.

Conclusions
Division of the genus Lactobacillus into two new genera and the reclassification of additional

isolates to the genus Paralactobacillus allows for a better understanding of the taxonomic
relationships that exist among these bacteria. Although phenotypic characteristics of isolates
do not follow phylogenetic taxonomy, through whole genomic analyses (i.e, the organism’s
whole phenotype) we have shown that distinct taxonomic units can be delineated based upon
degrees of genomic similarity. As a greater number of species, sequences for the cpn60,
recA, rpoA, and pheS genes, and whole genome sequences become available, further
resolution of Lactobacillus taxonomic relationships will possible. With our proposed changes
to the genus Lactobacillus, we have created a classification scheme using 16S rRNA gene
percent identity, MLSA, and whole proteomic phylogeny, from which other divisions can be

made and new Lactobacillus isolates clearly categorized.

Description of the genus Jensenella gen. nov.
Jensenella gen. nov. (Jensen’.ella N.L.fem.dim.n. Jensenella after the Danish microbiologist

S. Orla-Jensen). The following description is adapted from the description for the genus
Lactobacillus as found in Bergey’s Manual of Systematic Bacteriology [3]. Generally rod
shape but may also be curled rods, chain formation common. May be motile or non-motile.
When motile, by peritrichous flagella. Nonsporing. Gram-positive. Some strains exhibit
bipolar bodies, internal granulations or a barred appearance with the Gram-reaction or
methylene blue stain. Peptidoglycan is Lys-D-Asp type. Fermentative metabolism, obligately
saccharoclastic. They may be facultatively or obligately heterofermentative, and produce a D,
L, or DL lactic acid isomer from glucose. At least half of end product carbon is lactate.
Lactate is usually not fermented. Additional products may be acetate, ethanol, CO,, formate

or succinate. Volatile acids with more than two carbon atoms are not produced.



Microaerophilic; surface growth on solid media generally enhanced by anaerobiosis or
reduced oxygen pressure and 5-10% CO,; some are anaerobes on isolation. Nitrate reduction
is highly unusual; if present, only when terminal pH is poised above 6.0. Gelatin not
liquefied. Casein not digested but small amounts of soluble nitrogen produced by most
strains. Indole and H,S not produced. Catalase and cytochrome negative (porphyrins
absent); however, a few strains decompose peroxide by a pseudocatalase; benzidine reaction
negative. Pigment production rare; if present, yellow or orange-to-rust or brick red.

Complex nutritional requirements for amino acids, peptides, nucleic acid derivatives,
vitamins, salts, fatty acids or fatty acid esters and fermentable carbohydrates. Nutritional
requirements are generally characteristic for each species, often for particular strains only.
Growth temperature range 2-53°C; optimum generally 30-40°C. Aciduric, optimal pH
usually 5.5-6.2; growth generally occurs at 5.0 or less; the growth rate is often reduced at
neutral or initially alkaline reactions. Pathogenicity is rare. Members of Jensenella possess
91-99% intra-genus identity of the 16S rRNA gene. G-C content of the DNA ranges from 33-
51%. Type species: Lactobacillus acidophilus (Moro 1900) Hansen and Mocquot 1970
(Approved Lists 1980) [34, 35], which now becomes Jensenella acidophilus, comb. nov.
Species transferred from Lactobacillus to Jensenella are given in Table 4, with spelling of

some species altered to reflect the feminine form of the name Jensenella.

Description of the genus Orlaea gen. nov.
Orlaea gen. nov. (Or.la’.e.a N.L. fem. n. Orlaea after the Danish microbiologist S. Orla-

Jensen). The following description is adapted from the description for the genus
Lactobacillus as found in Bergey’s Manual of Systematic Bacteriology [3]. Cell morphology
may be spherical, oval, bent rod, or bacilli; chain formation common. May be motile or non-
motile. When motile, by peritrichous flagella. Nonsporing. Gram-positive. Some strains
exhibit bipolar bodies, internal granulations or a barred appearance with the Gram-reaction or
methylene blue stain. Peptidoglycan may be Lys-D-Asp, mDpm, L-Orn-D-Asp, Lys-Ser-Ala,
L-Lys-D-Asp, L-Lys-D-Glu-L-Ala, or DAP, but the most frequently occurring form is Orn-
D-Asp. Fermentative metabolism, obligately saccharoclastic. Most members are obligately
heterofermentative, although some may be facultatively heterofermentative. DL lactic acid
isomer is produced from glucose, although it is possible that only an L isomer may be
produced for some species. At least half of end product carbon is lactate. Lactate is usually
not fermented. Additional products may be acetate, ethanol, CO,, formate or succinate.

Volatile acids with more than two carbon atoms are not produced. Microaerophilic; surface



growth on solid media generally enhanced by anaerobiosis or reduced oxygen pressure and 5-
10% CO,; some are anaerobes on isolation. Nitrate reduction is highly unusual; if present,
only when terminal pH is poised above 6.0. Gelatin not liquefied. Casein not digested but
small amounts of soluble nitrogen produced by most strains. Indole and H,S not produced.
Catalase and cytochrome negative (porphyrins absent); however, a few strains decompose
peroxide by a pseudocatalase; benzidine reaction negative. Pigment production rare; if
present, yellow or orange-to-rust or brick red. Complex nutritional requirements for amino
acids, peptides, nucleic acid derivatives, vitamins, salts, fatty acids or fatty acid esters and
fermentable carbohydrates. Nutritional requirements are generally characteristic for each
species, often for particular strains only. Growth temperature range 2-53°C; optimum
generally 30-40°C. Aciduric, optimal pH usually 5.5-6.2; growth generally occurs at 5.0 or
less; the growth rate is often reduced at neutral or initially alkaline reactions. Pathogenicity is
rare. Members of the Orlaea genus share 91-99% identity of the 16S rRNA gene. The G-C
content of the DNA ranges from 35-56%. Type species: Lactobacillus reuteri Kandler et al
1982 (Validation List 1982) [36], which now becomes Orlaea reuteri comb. nov. Species
transferred from Lactobacillus to Orlaea are given in Table 5, with spelling of some species

altered to reflect the feminine form of the name Orlaea.

Emended description of the genus Paralactobacillus.
The following description is adapted from the description for the genus Lactobacillus as

found in Bergey’s Manual of Systematic Bacteriology [3], and the description of the genus
Paralactobacillus as described by Leisner et al [4]. Cells may be cocci or bacilli; chain
formation common. May be motile or non-motile. When motile, by peritrichous flagella.
Nonsporing. Gram-positive. Some strains exhibit bipolar bodies, internal granulations or a
barred appearance with the Gram-reaction or methylene blue stain. Peptidoglycan may be
Lys-D-Asp, L-Lys-D-Asp, DAP, or mDpm type. Fermentative metabolism, obligately
saccharoclastic. May be homofermentative or facultatively heterofermentative, and produce
L or DL lactic acid from glucose. At least half of end product carbon is lactate. Lactate is
usually not fermented. Additional products may be acetate, ethanol, CO,, formate or
succinate. Volatile acids with more than two carbon atoms are not produced.
Microaerophilic; surface growth on solid media generally enhanced by anaerobiosis or
reduced oxygen pressure and 5-10% CO,; some are anaerobes on isolation. Nitrate reduction

is highly unusual; if present, only when terminal pH is poised above 6.0. Gelatin not



liquefied. Casein not digested but small amounts of soluble nitrogen produced by most
strains. Indole and H»S not produced. Catalase and cytochrome negative (porphyrins
absent); however, a few strains decompose peroxide by a pseudocatalase; benzidine reaction
negative. Pigment production rare; if present, yellow or orange-to-rust or brick red.

Complex nutritional requirements for amino acids, peptides, nucleic acid derivatives,
vitamins, salts, fatty acids or fatty acid esters and fermentable carbohydrates. Nutritional
requirements are generally characteristic for each species, often for particular strains only.
Growth temperature range 2-53°C; optimum generally 30-40°C. Aciduric, optimal pH
usually 5.5-6.2; growth generally occurs at 5.0 or less; the growth rate is often reduced at
neutral or initially alkaline reactions. Pathogenicity is rare. Members of this genus have 92-
99% intra-group 16S rRNA gene identity. The G-C content of the DNA ranges from 32-47%.
Type species: Lactobacillus salivarius Rogosa et al 1953 (Approved Lists 1980) emend. Li et
al 2006 [37], which now becomes Paralactobacillus salivarius, comb. nov. Species

transferred from Lactobacillus to Paralactobacillus are given in Table 6.

Emended description of the genus Lactobacillus.
The following description is adapted from the description for the genus Lactobacillus as

found in Bergey’s Manual of Systematic Bacteriology [3]. Cells, varying from long and
slender, sometimes bent rods to short, often coryneform coccobacilli or cocci; chain
formation common. May be motile or non-motile. When motile, by peritrichous flagella.
Nonsporing. Gram-positive. Some strains exhibit bipolar bodies, internal granulations or a
barred appearance with the Gram-reaction or methylene blue stain. Fermentative
metabolism, obligately saccharoclastic. At least half of end product carbon is lactate.
Lactate is usually not fermented. Additional products may be acetate, ethanol, CO,, formate
or succinate. Volatile acids with more than two carbon atoms are not produced.
Microaerophilic; surface growth on solid media generally enhanced by anaerobiosis or
reduced oxygen pressure and 5-10% CO,; some are anaerobes on isolation. Nitrate reduction
is highly unusual; if present, only when terminal pH is poised above 6.0. Gelatin not
liquefied. Casein not digested but small amounts of soluble nitrogen produced by most
strains. Indole and H»S not produced. Catalase and cytochrome negative (porphyrins
absent); however, a few strains decompose peroxide by a pseudocatalase; benzidine reaction
negative. Pigment production rare; if present, yellow or orange-to-rust or brick red.
Complex nutritional requirements for amino acids, peptides, nucleic acid derivatives,

vitamins, salts, fatty acids or fatty acid esters and fermentable carbohydrates. Nutritional



requirements are generally characteristic for each species, often for particular strains only.
Growth temperature range 2-53°C; optimum generally 30-40°C. Aciduric, optimal pH
usually 5.5-6.2; growth generally occurs at 5.0 or less; the growth rate is often reduced at
neutral or initially alkaline reactions. Pathogenicity is rare. Members of this genus have 88-
99% intra-group 16S rRNA gene identity, with the exception of the distant outliers L.
vitulinus and L. catenaformis which possess 74-78% and 71-76% identity to other members
of the genus, respectively. The G-C content of the DNA ranges from 33-54%, with the
exception of the outlier L. catenaformis which has a G-C content ranging from 31-33%.
Type species: Lactobacillus brevis (Orla-Jensen, 1919) Bergey et al. 1934, (Approved Lists

1980) [35]. Species remaining within the Lactobacillus genus are given in Table 3.

Methods

Multi-locus sequence analysis (MLSA)

The majority of the 16S rRNA gene was used (1329 bases included in the 16S rRNA dataset),
as well as portions of the cpn60 (552 bp), pheS (455 bp), recA (531 bp), and rpoA4 (533 bp)
genes. The regions of the 16S rRNA, cpn60, pheS, recA, and rpoA genes that we used have
previously been shown to be useful in assessing phylogenetic relationships [12, 18, 28, 38-
44]. Independent phylogenetic analyses were performed for each gene and, when applicable,
the corresponding protein sequence for all type isolates of Lactobacillus, Paralactobacillus,
and Pediococcus as well as related genera. Sequences for pheS, recA, and rpoA genes were
obtained from GenBank [45], cpn60 sequences were downloaded from the cpnDB [42], and
16S rRNA gene sequences were obtained from the Ribosomal Database Project [46]. The 16S
rRNA gene sequence was available for all type strains, but not all of the other loci have been
sequenced for each type isolate. As such, sequences could not be concatenated to form a
phylogenetic tree using genetic information of all loci; rather, trees were constructed for each
locus and the nodes supported by the loci are indicated on the phylogenetic tree of the 16S
rRNA gene. Each instance where there are loci missing and which loci were available is
indicated in the caption of the figures. Type strain identifiers and GenBank accession
numbers of Lactobacillus, Paralactobacillus, and Pediococcus sequences used in the analysis
are given in the Supplementary Material. Protein coding sequences were aligned with Clustal
X version 2.0 [47] and 16S rRNA gene alignments were created by downloading sequences

from the Ribosomal Database Project website that were pre-aligned based on secondary



structure [46]. All phylogenetic trees were produced and visualized using Molecular
Evolutionary Genetic Analysis (MEGA) version 4.0 [48]. The evolutionary history was
inferred using the Maximum Likelihood Neighbor-Joining method [49] within the MEGA
Program. The percentage of replicate trees in which the associated taxa clustered together in
the bootstrap test (1000 replicates) is shown next to the branches in cases where this

percentage is greater than 60% (Felsenstein, 1985).

In addition to the MLSA analyses, a phylogenetic “supertree” was created using the 16S
rRNA gene sequence (minimum 1230 bp length) of all type strain isolates of Lactobacillus
and the phylogenetically neighbouring genera (Figure 2). In addition to the intertwined
Lactobacillus, Paralactobacillus, and Pediococcus genera, the 16S rRNA gene sequence for
all type-strain isolates for species of the genera Aerococcus, Carnobacterium, Enterococcus,
Lactococcus, Leuconostoc, Oenococcus, Streptococcus, Tetragenococcus, Vagococcus, and
Weissella were included to provide a visual representation of their phylogenetic relationships
to the genus Lactobacillus. A list of type strains for the species of these genera is available in

the List of Prokaryotic Names with Standing in Nomenclature [1].

Calculation of percent identity of the 16S rRNA gene
The percent identity of the 16S rRNA gene was calculated to the nearest whole number in a

pairwise fashion between every isolate in the study using the “Statistics Report” option
available in the GeneDoc software application [50]. A comparison of the percent identity of
the 16S rRNA gene for Lactobacillus groups with the intra- and inter-genus percent identities
of phylogenetically related genera is given in Table 1 and a focused study of the core

Lactobacillus subgroups is given in Table 2.

Whole genome analysis
The phylogeny of the Lactobacillus isolates with sequenced genomes, as well as isolates from

neighbouring genera having sequenced genomes, were analyzed using a whole genome
approach. This approach groups organisms based on gene content, and is similar to the
methodology proposed by Snel ef al. [51]. For each pair of organisms A and B, we
determined the number of proteins encoded by the genome of organism A that are not
encoded by the genome of organism B. This was done by performing pairwise BLAST

alignments [52] between all possible pairs of proteins in the two organisms. A given protein



was considered to be similar to the other protein if the e-value between the two proteins was
less than 10>, Proteins that were present in one organism but not the other were considered
“unique”. For the purposes of creating a dendrogram, the “distance” between organisms A
and B was defined to be the average of the number of proteins unique to organism A and the
number of proteins unique to organism B. Thus, pairs of organisms with a smaller “distance”
have more similar protein complements. These distances were then used to create a

phylogenetic tree using the unweighted pair group method with arithmetic mean (UPGMA)
linkage technique [53].

Calculation of G-C content from whole genomes
FASTA formatted files containing open reading frames for each Lactobacillus and

Pediococcus isolate with a sequenced genome were downloaded from the Integr8 website
(www.ebi.ac.uk/integr8/; [54]). The G-C content in codon positions 1 and 2 (combined),

position 3, and overall (all three codon positions combined) were calculated for each isolate.
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Figure Legends

Figure 1 - Cumulative number of currently accepted, validly described Lactobacillus
species by year identified [1].

Figure 2 - Phylogenetic tree of the 16S rRNA gene of Lactobacillus and neighbouring
bacterial genera.
This phylogenetic tree comprises a total of 277 type strains. The length of the base of each

triangle represents the number of species within the genus. The edge length of each triangle

corresponds with the scale bar indicating 2% divergence.

Figure 3 - Phylogenetic tree of the genus Lactobacillus.
Lactobacillus/Paralactobacillus/Pediococcus branch expanded from Figure 2. Bootstrap

values are given for branches where this value is greater than 60%. Branches supported by
trees created by the same method using the Cpn60 (), PheS (@), RecA (M), and RpoA (A)
proteins are indicated where appropriate. Groups I-VII correspond to putative subdivisions
given in Table 2. a — only 16S rRNA gene sequence available; b — cpn60 and recA sequences
not available; ¢ — rec4 sequence not available; d — cpn60 sequence not available; e — cpn60,
recA, and rpoA sequences not available; f — cpn60, recA, and pheS sequences not available.

Bar indicates 1% divergence.

Figure 4 - Phylogenetic tree of the L. acidophilus group (Jensenella gen. nov.)
expanded from Figure 3.
Branch nodes with bootstrap values greater than 60% are given. Branches supported by trees

created by the same method using the Cpn60 (#), PheS (@), RecA (H), and RpoA (A)
proteins are indicated where appropriate. a — cpn60 and recA sequences not available; b —
recA sequence not available; ¢ — cpn60 sequence not available; d — cpn60, recA, and rpoA
sequences not available; e - cpn60, rpoA, and pheS sequences not available. Bar indicates 1%

divergence.

Figure 5 - Phylogenetic tree of the L. reuteri group (Orlaea gen. nov.) expanded from
Figure 3.
Branch nodes with bootstrap values greater than 60% are given. Branches supported by trees

created by the same method using the Cpn60 (#), PheS (@), RecA (H), and RpoA (A)

proteins are indicated where appropriate. a —only 16S rRNA gene sequence available; b —



cpn60 and recA sequences not available; ¢ — recA sequence not available; d — cpn60 sequence

not available. Bar indicates 1% divergence.

Figure 6 - Phylogenetic tree of the L. salivarius group (Paralactobacillus) expanded
from Figure 3.
Branch nodes with bootstrap values greater than 60% are given. Branches supported by trees

created by the same method using the Cpn60 (#), PheS (@), RecA (H), and RpoA (A)
proteins are indicated where appropriate. a —only 16S rRNA gene sequence available; b —
cpn60 sequence not available; ¢ — cpn60, recA, and rpoA sequences not available; d — cpn60
and recA sequences not available; e — pheS and rpoA sequences not available; f — recA

sequence not available. Bar indicates 0.05% divergence.

Figure 7 - Dendrogram of all Lactobacillus and Pediococcus isolates with sequenced
genomes as of March 10th, 2009.
Representative species of the Lactococcus, Leuconostoc, Oenococcus, and Streptococcus

genera are added to assist with spatial orientation. Scale represents the average number of
unique open reading frames present between two genomes (see Methods). Bar indicates 200

pairwise differences.

Figure 8 - Phylogenetic tree of the 16S rRNA gene of the genus Lactobacillus,
proposed new genera Jensenella and Orlaea, emended genus Paralactobacillus and
neighbouring bacterial genera.

This phylogenetic tree comprises a total of 275 type strains. The length of the base of each
triangle represents the number of species within the genus. The edge length of each triangle

corresponds with the scale bar indicating 2% divergence.
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Figure 7 - Dendrogram of all Lactobacillus and Pediococcus isolates with sequenced
genomes as of March 10th, 2009.
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Table 3 - Core Lactobacillus subgroups corresponding to Figure 3.

Subgroup Species Metabolism %G-C Lactic Peptidoglycan
content Acid
Isomer
la
camelliae A 51-52 L ND
casei subsp. B 45-47 L Lys-D-Asp
casei
manihotivorans A 48-49 L Lys-D-Asp
pantheris A 52-53 D mDpm
paracasei subsp. B 45-47 L Lys-D-Asp
paracasei
paracasei subsp. B 45-47 L Lys-D-Asp
tolerans
rhamnosus B 45-47 L Lys-D-Asp
sharpeae A 53 L DAP
thailandensis A 49 DL ND
Zeae B 48-49 L Lys-D-Asp
Ib
curvatus B 42-44 DL Lys-D-Asp
fuchuensis B 41-42 L ND
graminis B 41-43 DL Lys-D-Asp
sakei subsp. B 42-44 DL ND
carnosus
sakei subsp. B 42-44 DL ND
sakei
Il
fructivorans C 38-41 DL Lys-D-Asp
homohiochii B 35-38 DL Lys-D-Asp
lindneri C 35 DL Lys-D-Asp
sanfranciscensis C 36-38 DL Lys-Ala
llla
acidifarinae C 51 DL ND
brevis C 44-47 DL Lys-D-Asp
hammesii B 52-53 DL L-Lys-D-Asp
namurensis C 52 DL ND
parabrevis C 49 DL ND
senmazukei B 46 DL L-Lys-D-Asp
spicheri B 55 DL Lys-D-Asp
zZymae C 53-54 DL ND
b
buchneri C 44-46 DL Lys-D-Asp
diolivorans C 40 ND ND
farraginis B 40-41 DL no mDAP
hilgardii C 39-41 DL Lys-D-Asp
kefiri C 41-42 DL Lys-D-Asp
parabuchneri C 44 ND Lys-D-Asp
parafarraginis B 40 DL no mDAP
parakefiri C 41-42 L Lys-D-Asp
\Y
fabifermentans ND 45 DL ND
paraplantarum B 44-45 DL DAP
pentosus B 46-47 DL DAP




Table 3 continued

Subgroup Species Metabolism %G-C Lactic Peptidoglycan
content Acid
Isomer

plantarum subsp. B 44-46 DL DAP
argentoratensis
plantrum subsp. B 44-46 DL DAP
plantarum
collinoides C 46 DL Lys-D-Asp
paracollinoides C 44-45 D ND

\Y,
alimentarius B 36-37 L-DL Lys-D-Asp
bobalius B 33-35 DL L-Lys-D-Asp
crustorum A 35-36 L ND
farciminis A 34-36 L Lys-D-Asp
kimchii B 35 DL Lys-D-Asp
mindensis A 37-38 DL Lys-D-Asp
nantensis B 38-39 DL ND
nodensis A 41 DL L-Lys-D-Asp
paralimentarius B 37-38 ND Lys-D-Asp
versmoldensis A 40-41 L ND

VI
bifermentans B 45 DL Lys-D-Asp
composti B 48 DL no mDAP
coryniformis B 45 DL Lys-D-Asp
subsp.
coryniformis
coryniformis B 45 DL Lys-D-Asp
subsp. torquens
rennini B ND DL L-Lys-D-Asp

Vil
concavus 46-47 DL mDAP
dextrinicus ND 39-40 L ND
perolens B 49-53 L Lys-D-Asp
harbinensis B 53-54 L ND

single
kunkeei C ND L Lys-D-Asp
malefermentans C 41-42 ND Lys-D-Asp

Distant to

Lactobacillus
catenaformis A 31-33 D Lys-Ala
vitulinus A 34-37 D mDAP

% Type of glucose fermentation, following the conventions of Hammes and Vogel [29] and

Hammes and Hertel [2], metabolism is indicated with A, B, and C capital letters for

obligately homofermentative (A), facultatively heterofermentative (B), and obligately

heterofermentative (C), respectively.

o0



Table 4 - L. acidophilus group (Jensenella), corresponding to Figure 4.

Species New Spelling Metabolism® %G-C Lactic Peptidoglycan
content Acid
Isomer
acetotolerans NC B 35-37 DL Lys-D-Asp
acidophilus acidophila A 34-37 DL Lys-D-Asp
amylolyticus amylolytica A 39 DL Lys-D-Asp
amylophilus amylophila A 44-46 L Lys-D-Asp
amylotrophicus amylotrophica A 44 L Lys-D-Asp
amylovorus amylovora A 40-41 DL Lys-D-Asp
crispatus crispata A 35-38 DL Lys-D-Asp
delbrueckii subsp. delbrueckii A 49-51 D Lys-D-Asp
bulgaricus subsp.
bulgarica
delbrueckii subsp. NC A 49-51 D Lys-D-Asp
delbrueckii
delbrueckii subsp. delbrueckii A ND D Lys-D-Asp
indicus subsp. indica
delbrueckii subsp. NC A 49-51 D Lys-D-Asp
lactis
fornicalis NC B 37 DL Lys-D-Asp
gallinarum NC A 36-37 DL Lys-D-Asp
gasseri NC A 33-35 DL Lys-D-Asp
hamsteri NC B 33-35 DL Lys-D-Asp
helveticus helvetica A 38-40 DL Lys-D-Asp
iners NC A 34-35 L Lys-D-Asp
intestinalis NC B 33-35 DL Lys-D-Asp
Jensenii NC B 35-37 D Lys-D-Asp
Jjohnsonii NC A 33-35 DL Lys-D-Asp
kalixensis NC A 35-36 DL Lys-D-Asp
kefiranofaciens NC A 34-38 DL Lys-D-Asp
subsp.
kefiranofaciens
kefiranofaciens NC A 34-38 DL Lys-D-Asp
subsp. kefirgranum
kitasatonis NC B 37-40 DL ND
psittaci NC ND ND ND Lys-D-Asp

NC, no change; ND, no data
* Type of glucose fermentation, following the conventions of Hammes and Vogel [29] and
Hammes and Hertel [2], metabolism is indicated with A and B capital letters for obligately

homofermentative (A), facultatively heterofermentative (B), respectively.



Table 5 - Species belonging to the L. reuteri group (Orlaea), corresponding to Figure
5.

Species New spelling Metabolism® %G-C Lactic Peptidoglycan

content Acid

Isomer

antri NC C 44-45 DL Lys-D-Asp
coleohominis™ NC C ND DL mDpm
equigenerosi NC ND ND ND ND
fermentum NC C 52-54 DL Orn-D-Asp
frumenti NC C 43-44 L Lys-D-Asp
gastricus gastrica C 41-42 DL L-Orn-D-Asp
ingluviei NC C 49-50 ND ND
mucosae NC C 46-47 DL Orn-D-Asp
oligofermentans NC C 35-40 DL ND
oris NC C 49-51 DL Orn-D-Asp
panis NC C 49-51 DL Orn-D-Asp
pontis NC C 53-56 DL Orn-D-Asp
reuteri NC C 40-42 DL Lys-D-Asp
rossiae NC C 44-45 DL Lys-Ser-Ala
secaliphilus secaliphila B 48 DL L-Lys-D-Asp
siliginis NC C 44-45 ND L-Lys-D-Glu-L-Ala
suebicus Suebica C 40-41 DL DAP
vaccinostercus  vaccinosterca C 36-37 ND DAP
vaginalis NC C 38-41 ND Orn-D-Asp

NC, No change; ND, No data.

* Type of glucose fermentation, following the conventions of Hammes and Vogel [29]and
Hammes and Hertel [2], metabolism is indicated with A, B, and C capital letters for
obligately homofermentative (A), facultatively heterofermentative (B), and obligately

heterofermentative (C), respectively.



Table 6 - Species belonging to L. salivarius group (Paralactobacillus), corresponding

to Figure 6.

Species Metabolism® %G-C Lactic Acid Peptidoglycan
content Isomer

apodemi B 39 L L-Lys-D-Asp

acidipiscis B 38-41 L Lys-D-Asp

agilis B 43-44 L DAP

algidus B 36-37 L DAP

animalis A 41-44 L Lys-D-Asp

aviarius subsp. A 39-43 DL Lys-D-Asp

araffinosus

aviarius subsp. aviarius A 39-43 DL Lys-D-Asp

cacaonum ND 45 L ND

capillatus ND 38 DL mDpm

ceti ND ND ND ND

equi A 38-39 DL ND

ghanensis ND 37-41 DL DAP

hayakitensis A 34-35 L Lys-D-Asp

hordei ND ND ND ND

mali A 32-34 L DAP

murinus B 43-44 L Lys-D-Asp

nagelii A ND DL mDpm

ruminis A 44-47 L DAP

saerimneti A 42-43 DL DAP

salivarius A 34-36 L Lys-D-Asp

satsumensis A 39-41 L DAP

vini B 39-40 DL L-Lys-D-Asp

Paralactobacillus A 46 DL ND

selangorensis

ND, No data

* Type of glucose fermentation, following the conventions of Hammes and Vogel [29] and

Hammes and Hertel [2], metabolism is indicated with A, B, and C capital letters for

obligately homofermentative (A), facultatively heterofermentative (B), and obligately

heterofermentative (C), respectively. P. selangorensis info taken from Leisner et al [4].



Table 7 - Percent G-C content analysis of sequenced Lactobacillus and Pediococcus

genomes.
Isolate Positions 1+2° Position 3° Overall®
“core” Lactobacillus
L. brevis ATCC 367 46.6 47.8 47.0
L. casei ATCC 334 46.7 48.7 47.3
L. casei BL23 46.5 47.9 47.0
L. plantarum ATCCBAA-793 45.7 45.1 45.5
L. sakei 23K 44.0 37.7 41.9
P. pentosaceus ATCC 25745 42.1 29.5 37.9
L. acidophilus group (Orlaea)
L. acidophilus NCFM 40.3 25.0 35.2
L. delbrueckii subsp. bulgaricus ATCC BAA-365 44.9 64.7 51.5
L. delbrueckii subsp. bulgaricus ATCC 11842 45.0 64.9 51.6
L. gasseri ATCC 33323 40.5 25.7 35.5
L. helveticus DPC 4571 40.8 31.6 37.7
L. johnsonii NCC 533 40.3 24.3 35.0
L. reuteri group (Jensenella)
L. fermentum LMG 18251 47.1 64.8 53.0
L. reuteri DSM 20016 43.3 32.0 39.5
L. reuteri JCM 1112 43.3 32.0 39.6

L. salivarius group (Paralactobacillus)
L. salivarius UCC118 39.2 21.4 33.3

& Average % G-C content for nucleotide positions 1 and 2 of codons within the predicted
OREFs of the indicated genome.

® Average % G-C content for nucleotide position 3 of codons within the predicted ORFs of
the indicated genome.

¢ Average % G-C content for all nucleotides (1, 2, and 3) within predicted ORFs of the

indicated genome.
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CHAPTER 12

Di1ScusSION, CONCLUSIONS, AND FUTURE WORK

12.1 General Discussion

Specific discussion regarding the details and findings pertinent to the individual manuscripts
has been given throughout the thesis in Chapters 2-11. The intention of this final chapter is to
discuss the work of the thesis as a whole, with the content of the Chapters relating to one another
as depicted in Figure 1.7. Through the course of this thesis, several diverse approaches have
been applied to investigate the genetic basis for Lactobacillus and Pediococcus bacteria to grow
in beer. The work in this thesis began when only a single putative beer-spoilage (or hop-
resistance) associated gene (i.e., hor4A) was known and progressed to the present situation with
this thesis where seven putative beer-spoilage related genes have been investigated in
considerable detail (i.e., ABC2, bsrA, bsrB, hitA, horA, horC, and ORFS5). Despite the extensive
search for beer-spoilage associated genes, none of the genes identified has an absolute
correlation to the ability of bacteria to grow in beer. Even when all seven putative beer-spoilage
associated genes were taken into account together, there remained several isolates that could
grow in beer for which a genetic basis could not be identified to account for this ability. Rather,
a scenario such as that outlined in Figure 1.1 began to emerge, where hop-resistance alone was
not sufficient to permit growth in beer, but additional factors such as ethanol-resistance and
nutrient acquisition are also required.

Through this research, findings and developments were made that have impacted industries
and research beyond the brewing industry. For example, the Firmicutes-specific probe
developed in Chapter 2 has additionally generated interest for use in the field of probiotics and
intestinal health. While Chapters 3-6 were focused to the detection of beer-spoiling lactobacilli
and pediococci, the finding of multiple genes coding for MDR transporters led to a greater
understanding of the use and application of hop-compounds as antibiotics in the brewing
industry and the relation of this use to broader antimicrobial resistance of pediococci (Chapter 8).
Furthermore, the lack of correlation between speciation and ability to grow in beer initiated the
development of a detection system for these organisms that was independent of genetic

background (Chapter 7), a detailed study into the taxonomy of Lactobacillus and Pediococcus



(Chapters 11 and 9, respectively), and an additional study regarding the genomics of the
Lactobacillus genus as compared to other genera (Chapter 10).

When examined independently, it may not at first be obvious how topics such as antibiotic
resistance, phylogenetics, and genomic analyses tie into the study of beer-spoilage. However,
when taken as a whole, in the context of the genetic studies in the earlier chapters, a larger
picture begins to emerge as depicted in Figure 1.7. By taking the information in this thesis en
toto, the interconnectedness of these seemingly disparate areas of study becomes apparent as
each sector of analysis provides support and strength to the others and leads towards future areas
of research for this field of study. In this context, beer-spoilage is no longer “just” about beer. It
has come to be about the bacteria that cause this spoilage, how they might interact with their
environment, how they have evolved to arrive at this point, and the impact they may exert on
other environments in the future. These findings as presented and discussed in the preceding 10

Chapters can be divided into five major areas as outlined below.

12.2 Beer-spoilage associated genes

Chapters 2-5 were focused on the finding of putative beer-spoilage or hop-resistance related
genes, development of efficient methods to detect these genes, and subsequent correlation of
their presence with ability of isolates to grow in beer. There were multiple findings that arose
from this work, with the first finding being that it is possible to identify molecular signatures at
the taxonomic level of Phylum that can be applied for detection of specific groups of bacteria
(Chapter 2). Additional work regarding this type of detection method is being conducted in Dr.
Barry Ziola’s laboratory by a graduate student Vanessa Pittet. In order to further triage and
resolve the identity of organisms, a real-time PCR probe is being developed to a region of the
16S rRNA gene (nearby that found to be Firmicutes-specific) that can be used to differentiate
between Gram-positive and Gram-negative Firmicutes.

Using the newly developed probe for detection of all Firmicutes as an internal control, it was
then possible to begin gene-specific detection. Beginning with the known gene hor4, it was
shown that the correlation of horA with ability of organisms is not absolute, and is better
correlated to Lactobacillus than to Pediococcus beer-spoilage isolates (Chapter 3). Moreover,
the horA gene was also found to be present in bacteria of non-brewery origin, which may pose a

threat in the form of potential new beer-spoiling organisms as additional bacteria were found



from genera traditionally thought of as non-beer spoilers but harbour the hord gene and are
capable of spoiling beer (Chapter 4). The search for putative beer-spoilage related genes was
then expanded to three additional genes suggested in literature to play a role in beer-spoilage
(i.e., hitA, horC, and ORFS5). However, it is shown in Chapter 5 that detection of these three
genes does not add to the strength of identifying beer-spoiling bacteria already possible by
detection of the hord gene alone. Interestingly, Chapter 5 also showed that the presence of the
hitA gene in addition to horA may result in organisms being capable of growing more quickly in
beer and it may be of future interest to determine whether this correlation was by chance, or
whether there is a cumulative or synergistic effect experienced by the bacterium due to the
presence of both the 4it4 and horA genes. Ideally, this would be assessed through reciprocal
cloning of the genes into isolates that were lacking one or the other gene. However, there is
currently no commercially available Pediococcus or Lactobacillus cloning system, and gram-
negative bacteria that are used as hosts for cloning vectors are unsuitable for this work as gram-
negative bacteria are intrinsically resistant to hop-compounds.

The correlation between bacterial ability to grow in beer and the presence of putative beer-
spoilage related genes (i.e., hitA, horAd, horC, and ORF5) was not absolute (Chapters 3 and 5). It
was therefore necessary to search for additional putative spoilage-associated genes. Directed
gene discovery using MSAs to design degenerate PCR primers against horAd-like ABC MDR
genes was found to be an effective method for identification of putative markers of beer-spoilage
(Chapter 6). Lactobacillus and Pediococcus isolates were found to contain a variety of ABC
MDR type genes (Chapter 6). And, of the six novel ABC MDR type genes found, only the bsr4
and bsrB genes were found to correlate with beer-spoilage, with the bsr4 gene being specific to
beer-spoiling Pediococcus isolates (Chapter 6). Interestingly, the ABC2 gene was found to
correlate with hop-resistance in isolates which could not grow in beer, suggesting that in contrast
to previously accepted belief, the ability to grow in the presence of hop-compounds is not
sufficient to permit bacterial growth in beer (Chapter 6). However, even with the finding of
additional beer-spoilage and hop-resistance associated genes, there remain isolates which can
grow in beer for which there is no known genetic explanation for their ability to do so. As such,
there must be as of yet unidentified genes involved in ability of organisms to grow in beer
(Chapters 3, 5, and 6), it is also likely that new mechanisms of hop-resistance or ability to grow

in beer will evolve over time.



12.3 Culture-dependent method for detecting beer-spoilage bacteria

As Chapters 2-6 found that the correlation between ability of organisms to grow in beer and
known genes was not absolute, it was clear that a method to detect beer-spoiling bacteria was
needed that would function independently of genetic background or speciation. In Chapter 7,
various aspects of ability to grow in beer are explored, such as nutrient availability, presence of
ethanol, and concentration of hop-compounds. It was found that nutrient availability and
presence of ethanol affect an isolate’s ability to grow in the presence of hop-compounds. By
using a combination of ethanol and agar-medium with a concentration gradient of hop-
compounds, beer-spoiling Lactobacillus and Pediococcus bacteria can be detected and
differentiated from non-beer spoiling isolates (Chapter 7). Although these factors can be used to
differentiate beer-spoiling and non-beer spoiling isolates, little is known regarding their interplay
or genetic basis. Further work is needed to determine the range of ethanol resistance and/or
tolerance possessed by these bacteria, as well as the mechanisms used to acquire the

micronutrients needed for their growth.

12.4 Correlation of beer-spoilage associated genes to antimicrobial resistance

The findings from Chapters 3-6 suggested that the gene(s) involved in hop-resistance and/or
ability to grow in beer are homologous to multi-drug resistance genes. Because little
information is available regarding the antimicrobial resistances of the Pediococcus genus, this
was chosen to be the focus of the study described in Chapter 8. The ability of each isolate was
compared to the presence of known beer-spoilage associated genes (as discussed in Chapters 3-
6). It was found that the genetic mechanisms involved in conferring hop-resistance or ability to
spoil beer by Pediococcus isolates are not associated with resistance to antibiotics commonly
used for treatment of human infections (Chapter 8). However, Vancomycin-resistance was found
to be isolate-specific for pediococci and not intrinsic to the genus as previously believed
(Chapter 8). In the future, it would be ideal if a larger scale study on a greater number of isolates
and species of Pediococcus could be conducted and the beer-spoilage associated genes (i.e.,
those discussed in Chapters 2-6) in question also be cloned into a suitable Gram-positive host

using appropriate vector system for reasons as discussed in section 12.2.



12.5 Taxonomic status of the Pediococcus and Lactobacillus genera

It was found through the work in Chapters 3-6 that the ability to spoil beer does not abide by
the boundaries of speciation. It is hypothesized that if a better understanding of the taxonomy of
the beer-spoiling genera can be attained, a better understanding of the mechanisms of beer-
spoilage can be gained in the future. Being smaller, the genus Pediococcus was investigated
first. Pediococcus dextrinicus was reassigned to the genus Lactobacillus as Lactobacillus
dextrinicus comb. nov. to reflect its phylogenetic relationships and mode of cell division, thereby
creating a more cohesive group of species in the genus Pediococcus (Chapter 9). Based upon
multiple genetic criterion, it is suggested that the Lactobacillus genus be subdivided into four
groups, one remaining as Lactobacillus, a second moving to the Paralactobacillus genus, and the
third and fourth being Jensenella gen. nov. and Orlaea gen nov. (Chapter 11). Moreover, seven
subdivisions are suggested for the species remaining as Lactobacillus isolates which may
represent emerging genera (Chapter 11). As phylogenetic trees are dynamic constructs that
change with time, the taxonomy of these genera, particularly the revised genus Lactobacillus,
will also continue to change over time and will need to be reevaluated as new species are
described. As whole genome sequencing becomes more accessible, genomic taxonomy may
prove to be a useful tool for the understanding of taxonomy from a combined phylogenetic and

phenotypic perspective.

12.6 Genomic and proteomic analysis of the Lactobacillus and Pediococcus genera

To aid with the phylogenetic assessment in Chapters 9 and 11, methods for assessing genomic
and proteomic similarity between groups of organisms were developed. These methods of
proteomic comparison were also developed with the thought in mind that phenotype-driven
genomic subtractions could be performed by the same or similar methodologies. For simplicity,
in Figure 1.7 this is referred to as in silico genome subtraction. A method is described by which
groups of organisms can be compared and “core” and “unique” proteomes can be determined. In
Chapter 10, this is first applied to the concept of a species or genus. Interestingly, 16S rRNA
gene percent identity and proteomic similarity did not always highly correlate. This is
particularly interesting in the context of the debate over whether a single gene (i.e., the 16S
rRNA gene) can represent the relatedness of prokaryotic organisms. For some genera, the intra-

genus comparisons of 16S rRNA gene similarity with proteomic similarity indicated little



correlation between the two parameters, suggesting that different evolutionary pressures are
influencing them. However, only a limited number of discrepancies were found between the 16S
rRNA gene phylogeny and whole proteomic phylogeny when viewed as a dendrogram (Chapter
10). Other notable findings were that the Clostridium and Lactobacillus genera contain a wider
range of 16S rRNA gene diversity and deserve further examination to determine whether
reclassification or subdivision is warranted (Chapter 10). And, in contrast to having a previously
described “accelerated rate” of genomic degradation and lateral gene transfer (Chapter 1), the
Lactobacillus genus was found to contain a lower amount of proteomic diversity than several
other genera (Chapter 10). Work is currently underway to expand the whole proteomic
dendrogram from Chapter 10 to include all sequenced prokaryotic genomes.

The whole genome sequencing of Pediococcus claussenii ATCC BAA-344" is currently
underway in the laboratories of Dr. Barry Ziola and Dr. Tony Kusalik, with draft contigs already
assembled. This will be the first genome of a beer-spoiling bacterium to be sequenced. It is
hoped that once this genome sequence is completed, it may be subtracted from the existing
Lactobacillus and Pediococcus genomes (which have been determined to be incapable of
growing in beer) in order to elucidate additional genetic mechanisms involved in hop-resistance,
ethanol-resistance, nutrient acquisition, and ultimately, beer-spoilage, thus clarifying unresolved

issues from Chapters 3-7.

12.7 Concluding remarks

The scientific landscape has rapidly evolved during the time course of this thesis. In the
brewing industry, methods for detecting spoiling lactobacilli and pediococci have changed from
culture-based techniques to genetic techniques, and then merged with more specific and precise
culture-based techniques. Similarly, the “gold standard” for phylogenetics has evolved from 16S
rRNA gene sequencing, to MLSA, to whole genomic analyses. This, of course, is not meant to
be an end point, but a step along the way to continually emerging technologies and a building
block for ideas yet to come. Along this same trend, I hope that the interdisciplinary approach
taken in this thesis is also indicative of things to come. It has been through reaching out and
learning from other disciplines (e.g., computer sciences, bioinformatics, and statistics) that it has
been possible to bring together the seemingly disparate components depicted in Figure 1.7 into a

cohesive body of research.



Isolate®
Acetobacter aceti
BSO 7
BSO 8
Acinetobacter calcoaceticus
RUH 40
Alcaligenes faecalis
RUH 44
Bacillus subtilis
RUH 44
Bacillus cereus
MH 1
Bacillus licheniformis
MH 2
Citrobacter freundii
RUH 46

Enterobacter agglomerans
Ingledew® 127

Enterococcus faecalis
RUH 39

Gluconobacter oxydans
ATCC 19357

Klebsiella pneumoniae
RUH 47

Lactobacillus acetotolerans
ATCC 435787

Lactobacillus acidophilus
ATCC 521
ATCC 4356"
CCC B1209

Lactobacillus amylovorus
ATCC 33198
ATCC 33620"
Field isolate®
Ingledew 11
Ingledew 12
T-13"

Appendix Ch2-1
Supplementary Data
Bacterial Isolates Tested

Origin

Brewery
Brewery

Human

Human

Human

Spoiled home-brewed beer

Spoiled home-brewed beer

Human

Brewery

Human

Brewery

Human

Rice vinegar

Unknown
Human
Brewery

Hog intestine
Corn silage
Unknown
Fuel alcohol
Fuel alcohol
Poultry

L b Firmicutes 357R
Firmicutes c d
Probe probe
- - +
- - +
- - +
- - +
+ + +
+ + +
+ + +
- - +
- - +
+ + +
- - +
- - +
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +
+ + +



Lactobacillus brevis
ATCC 4006
ATCC 8007
ATCC 14869"
BSO 31"
CCC 96S1L
CCC 96S2AL
CCC B1202
CCC B1203
CCC B1206
CCC B1204
CCC B1300
ETS.1
ETS.2

Lactobacillus casei

ATCC 334"
ATCC 4913"
ATCC 25598"
CCC 95G1L
CCC 95G2L
CCC B9657
CCC B1205
CCC B1241
Ingledew 13
Ingledew 18C

Lactobacillus delbrueckii

ATCC 4797

ATCC 96497

ATCC 118427

ATCC 12315"

CCC 95G3L

CCC B1044

CCC B1240

CCC B1262

Lactobacillus ferintoshensis
ATCC 11307

Lactobacillus fermentum
ATCC 9338"
ATCC 149317
ATCC 14932"

Lactobacillus fructivorans
ATCC 8288"

Lactobacillus helviticus
ATCC 150097
CCC B1186

Unknown

Kefir grains
Human feces

Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Wine
Wine

Cheese
Unknown

Milking machine

Brewery
Brewery
Brewery
Brewery
Brewery

Fuel alcohol
Fuel alcohol

Corn mash

Sour grain mash
Bulgarian yogurt

Cheese
Brewery
Brewery
Brewery
Brewery

Brewery

Unknown

Fermented beets

Saliva

Unknown

Cheese
Brewery

+ 4+ 4+ 4+ + 4+ + 4+ ++++ o+

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

+ 4+ + + + 4+ + +

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

+ + 4+ + + + + + + +

+ + 4+ + + + + 4+

+ + 4+ + 4+ ++++ A+ + 4+

+ + 4+ + + + + + + +

+ + 4+ + + + + +



Lactobacillus hilgardii
ATCC 8290"
ATCC 27305
ATCC 27306

Lactobacillus homohiochii
ATCC 154347

Lactobacillus jensenii
ATCC 25258"

Lactobacillus kefiri
ATCC 354117

Lactobacillus kefirgranum
ATCC 516477

Lactobacillus kefironofaciens
ATCC 437617

Lactobacillus paracollinoides
ATCC 8291

Lactobacillus plantarum
ATCC 8014
ATCC 8041
ATCC 11305
ATCC 12706
ATCC 14431"
ATCC 149177
BSO 92
CCC 96M2BL
CCC B1301

Lactobacillus reuteri
ATCC 19371
ATCC 25744
ATCC 31282
ATCC 43200
RC-14"

Lactobacillus rhamnonsus
ATCC 74697
ATCC 74693"
ATCC 8530"
ATCC 15820
ATCC 21052"

Lactobacillus sakei
ATCC 155217
ATCC 15578

Lactobacillus zeae
ATCC 393

Wine
Wine
Wine

Spoiled sake

Human

Kefir grains

Kefir grains

Kefir grains

Brewery

Unknown
Corn silage
Brewery
Cured meat
Grass silage
Pickled cabbage
Brewery
Brewery
Brewery

Silage
Plants
Unknown
Cucumbers
Unknown

Unknown
Derived from ATCC 7469
Unknown
Corn liquor
Human feces

Moto
Moto

Cheese

+

+ + + + 4+ + + + +

+ + + + + + + + + +

+ +

+

+ + 4+ + 4+ + + + +

+ + 4+ + +

+ + 4+ + +

+

=+

+ + 4+ + 4+ + + + +

+ + 4+ + +

+ + + + +

-+



Lactobacillus unspeciated
ATCC 4005
ATCC 27054
ATCC 27304
CCC L86

Leuconostoc mesenteroides
CCC 98G3

Megasphaera cerevisiae
CCC B1027

Micrococcus luteus
RUH 41

Obesumbacterium proteus
ATCC 128417

Pectinatus cerevisiiphilus
ATCC 29359"
DSM 20466

Pectinatus frisingensis
ATCC 33332'
DSM 20465

Pediococcus acidilactici

ATCC 8042

ATCC 12697

ATCC 25740

BSO 54

BSO 77'

Molson B77b

Pac 1.0/

Pediococcus claussenii
CCC B962A
CCC B1056R¥
CCC B1056NR!
CCC B1098R
CCC B1098NR
CCC B1099R
CCC B1099NR
CCC B1100
CCC B1208
CCC B1260R
CCC B1260NR
ATCC BAA-344'R
ATCC BAA-344"NR

Pediococcus damnosus
ATCC 11308
ATCC 25248

Tomato pulp
Apple juice
Wine must

Brewery

Brewery

Brewery

Human

Brewery

Brewery
Brewery

Brewery
Brewery

Brewery
Unknown
Plant
Brewery
Brewery
Brewery
Unknown

Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery
Brewery

Brewery
Brewery

+ + + +

+

+ +

+ 4+ +++ A+ + o+ + 4+ + + + + +

+ +

+ + + +

+

+

+ + 4+ + + + +

+ + 4+ + 4+ ++++++ A+ o+

+

+ + + +

-+

+

+ + 4+ + + + +

+ + 4+ ++++++ A+ + 4+

+



ATCC 25249
ATCC 25249a
ATCC 29358"

Molson B48
Molson 49
Molson B76

Pediococcus dextrinicus
ATCC 330877

Pediococcus inopinatus
ATCC 49902"

Pediococcus parvulus
ATCC 43013
ETS.3
ETS.4
ETS.5
ETS.6
ETS.7
ETS.8
ETS.9
ETS.11
ETS.12
ETS.13
ETS.14
Spain 2.6R™
Spain 2.6NR"™

Pediococcus pentosaceus
ATCC 8081
ATCC 10791
ATCC 11309
ATCC 29723
ATCC 33314
ATCC 33316"

Proteus mirabilis
RUH 48

Pseudomonas aeruginosa
RUH 42

Selenomonas lacticifex
DSM 20575"

Streptococcus viridans
RUH 45

Zymomonas mobilis
BSO 57
ATCC 29501

Brewery
Brewery
Brewery
Brewery
Brewery
Brewery

Silage

Brewery

Wine
Wine
Wine
Wine
Wine
Wine
Wine
Wine
Wine
Wine
Wine
Wine
Cider
Cider

Milk
Cucumber
Unknown

Horse urine
Sake mash
Brewery

Human

Human

Brewery

Human

Brewery
Unknown

+ + + + + +

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

+ + + + + +

+ + + + + +

+ + 4+ +++++ A+ A+ ++

+ + 4+ + + +

+

+ + + + + +

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

+ + 4+ + + +

=+



Zymophilus paucinovorans

DSM 20756" Brewery + + +
Zymophilus raffinosivorans
DSM 20765" Brewery - + +

%lsolate identity as determined by CM Dobson (2001) with type-strains indicated. ATCC = American
Type Culture Collection, Manassas, VA; BSO = Beer Spoilage Organism; CCC = Coors Brewing
Company, Golden, CO; DSM = German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany; ETS = ETS Laboratories (T. Arvik), St. Helena, CA; MH = Monique
Haakensen, Saskatoon, Saskatchewan, Canada; Molson = Molson Breweries of Canada Limited,
Montreal, PQ, Canada; and RUH = Royal University Hospital, Saskatoon, Saskatchewan, Canada.
® Whether the isolate belongs to the Phylum Firmicutes.

° FAM fluorescence signal crossed threshold of 30 fluorescence units.

¢ Cy3 fluorescence signal crossed threshold of 10 fluorescence units.

%9 Dr. W.M. Ingledew, Dr. A. Estrada, and Dr. D. Korber, respectively, College of Agriculture,
University of Saskatchewan, Saskatoon, Saskatchewan, Canada.

" Dr. G. Reid, Lawson Research Institute, London,ON.

' Dr. B. Kirsop, Institute for Biotechnology, Cambridge, England.

) Dr. R. Wheatcroft, Agriculture and Agri-food Canada, Guelph, Ontario, Canada.

“Ropy (R) phenotype.

' Non-ropy (NR) phenotype.

™ Dr. K. Fernandez, Gipuzko, Spain



Appendix Ch7-1
Supplementary data

Isolates tested which are available from public culture collections.

Growth
Species Isolate Broth (BU) HGA (cm) HGA+E (cm) In beer
Lactobacillus

acetotolerans ATCC 43578 12 1 1 -
acidophilus ATCC 521 21 1 1 -
acidophilus ATCC 4356 21 6 4 -
amylovorous ATCC 33198 21 1 1 -
amylovorous ATCC 33620 3 2 1.5 -
brevis ATCC 4006 6 1.5 0.5 -
brevis ATCC 8007 15 3 1 -
brevis ATCC 14869 12 3 1 -
casei ATCC 334 9 1 1 -
casei ATCC 4913 15 1 1 -

casei ATCC 25598 9 1 3 +
delbrueckii ATCC 4797 18 0.5 0.5 -
delbrueckii ATCC 9649 12 1.5 0.5 -
delbrueckii ATCC 11842 9 1 1 -
delbrueckii ATCC 12315 6 2 1 -
dextrinicus ATCC 33087 9 2.5 2 -

fermentum ATCC 9338 12 1 3.5 +
fermentum ATCC 14931 3 1 0.5 -
fermentum ATCC 14932 No growth 0.5 0.5 -
fructivorans ATCC 8288 18 2 1 -
helveticus ATCC 15009 18 1 1 -
hilgardii ATCC 8290 6 2 1 -

hilgardii ATCC 27305 6 6 6 +
hilgardii ATCC 27306 21 1 1 -
homohiochii ATCC 15434 3 1 1 -
jensenii ATCC 25258 6 1 1 -
kefiranofaciens ATCC 43761 9 1 0.5 -
kefirgranum ATCC 51646 6 2 1.5 -
kefiri ATCC 35411 3 2 1.5 -
parabuchneri ATCC 11307 21 6 6 -

paracollinoides ATCC 8291 6 2 5 +
plantarum ATCC 8014 18 6 3 -

plantarum ATCC 8041 18 4 4 +
plantarum ATCC 11305 21 4 2 -
plantarum ATCC 12706 18 6 3 -
plantarum ATCC 14431 6 3 2 -
plantarum ATCC 14917 21 5 2.5 -
reuteri ATCC 19371 9 1.5 1 -
reuteri ATCC 25744 15 4 1 -
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54

55

reuteri
reuteri
rhamnosus
rhamnosus
rhamnosus
rhamnosus
sakei

sakei

zeae

Pediococcus

acidilactici
acidilactici
acidilactici
claussenii
damnosus
damnosus
damnosus
damnosus
inopinatus
parvulus
pentosaceus
pentosaceus
pentosaceus
pentosaceus
pentosaceus
pentosaceus

ATCC 31282
ATCC 43200
ATCC 7469
ATCC 8530
ATCC 15820
ATCC 21052
ATCC 15521
ATCC 15578
ATCC 393

ATCC 8042
ATCC 12697
ATCC 25740

ATCC BAA-344

ATCC 11308
ATCC 25248
ATCC 25249
ATCC 29358
ATCC 49902
ATCC 43013
ATCC 8081

ATCC 10791
ATCC 11309
ATCC 29723
ATCC 33314
ATCC 33316

25
12

15
18
18

15

No growth
12

21

12

15

21

18

12

6

9

12

12

9

No growth
3

— AN DDA~ DN

3.5
0.5

DDA~ DN DN W

SN~ LN A

1 _l’_ _l’_ 1




Appendix - Chg-1 - o : o : :
Additional File 1 - Range of minimum inhibitory concentrations of antimicrobial compounds® summarized by species.

Range observed for Pediococcus species (N)

Range

Antimicrobial claussenii parvulus

tested - - . .
compound (ug/ml) acidilactici(6) bs non- damnosus(l) inopinatus(l) ropy() non- pentosaceus(4)

" Py ) ropy() Py ropy(4)
Ampicillin 0.12-16 0.12-4 0.12-0.25 0.12-4 0.25 4 0.25 0.12-4 1-4
Ceftriaxone 8-64 8-NR® 8 8-NR 8 8 8 8 8-64
Ciprofloxacin 0.5-2 NR 0.5-NR 0.5-NR 0.5 NR NR 2-NR 2-NR
Clindamycin 0.12-2 0.12-0.5 0.12 0.12-1 0.12 0.12 0.12 0.12 0.12
Daptomycin 0.25-8 0.5-2 0.25-0.5 0.25 0.25 1 0.5 0.25-0.5 0.25-2
Erythromycin 0.25-4 0.25 0.25-0.5 0.25-4 0.25 0.25 0.25 0.25 0.25
Gatifloxacin 1-8 1-8 1 2 1 8 1 1-4 8-NR
Gentamicin® 2-16, 500 2-8 2 2-NR 2 4 2 2 2-4
Levofloxacin 0.25-8 2-NR 0.5-2 2-4 1 NR 4 1-NR 4-NR
Linezolid 0.5-8 0.5-4 0.5-2 0.5-4 1 2 1 0.5-2 0.5-4
Oxacillin+2%NacCl 0.25-8 0.25-2 0.25 0.25-4 0.25 4 0.25 0.25-NR 0.25-8
Penicillin 0.06-8 0.25-NR 0.06-0.25 0.06-NR 0.06 2 0.25 0.06-4 0.5-2
Rifampin 0.5-4 0.5-4 0.12-1 0.5-2 0.5 2 2 0.5-4 0.5-4
SUepKnnydn' 1000 1000 1000 1000 1000 1000 1000 1000 1000
Synercid 0.12-4 0.12-2 0.12-0.5 0.12-1 0.25 2 0.5 0.12-1 0.25-2
Tetracycline 2-16 8-NR 2-8 2-NR 2 16 16 2-16 2-NR
Trimethoprirm/ 0.5/9.5-4/76  0.5-NR 0.5/9.5-NR  0.5/9.5-NR  0.5/9.5 NR 4176 0.5/9.5-NR  4/76-NR
Sulfamethoxazole® e ~ Rt e e e i
Vancomycin 1-128 4-NR 16-NR 4-NR 16 NR NR 8-NR NR

* Dilutions were predetermined by the GPN3F antibiotic plate format.
® “Isolates positive and negative for exopolysaccharide rope production, respectively
4NR; MIC not reached, isolate could grow at highest concentration of antibiotic tested.
¢ A range of 2-16 ug/ml was tested as well as a concentration of 500 pg/ml.
f . .

A single concentration of 1000 pg/ml was tested.
£ Recorded as concentration of Trimethroprim / concentration of Sulfamethoxazole.
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Appendix Ch8-2
Isolate ID Abbreviations: NR - non-ropy; R - ropy
Concentration of antimicrobial compounds are given in microgram per ml, with NR indicating that an MIC was Not Reached for that combination of antimicrobial compound and isolate

ID Genus Species Origin Ability to € Ropy ABC2 bsrA bsrB hitA horA horC Hop-gradie Hop-gradient agar + ethanol cut Ampicillin
BSO 77 Pediococcus acidilactici  Brewery no growth Negative Negative Negative Negative Negative Negative Negative 1.5 Neg 2
BSO 54 Pediococcus  acidilactici  Brewery no growth Negative Negative Negative Negative Negative Negative Negative 2 Neg 2
Moslon B77b  Pediococcus acidilactici  Brewery no growth Negative Negative Negative Negative Negative Negative Negative 2 Neg 4
ATCC 8042 Pediococcus  acidilactici  Brewery + Negative Negative + + Negative + Negative 3 Pos 2
ATCC 25740 Pediococcus  acidilactici  Plant no growth Negative Negative Negative Negative Negative Negative Negative 1.5 Neg 0.12
Pac1.0 Pediococcus  acidilactici  Unknown no growth Negative Negative Negative Negative Negative Negative Negative 1 Neg 1
Molson B71R Pediococcus  claussenii Brewery + + Negative + + Negative + Negative 4 Pos 0.25
CCCB1056R  Pediococcus  claussenii Brewery + + Negative + + Negative + Negative 5 Pos 0.25
CCCB1098R Pediococcus claussenii Brewery + + Negative + + Negative Negative Negative 5 Pos 0.25
CCCB1099R Pediococcus  claussenii Brewery + + Negative + + Negative Negative Negative 5 Pos 0.12
CCCB1260R Pediococcus claussenii Brewery + + Negative + + Negative Negative Negative 6 Pos 0.12
CCCB1208 Pediococcus  claussenii Brewery no growth Negative + Negative Negative Negative Negative Negative 2 Neg 0.12
Molson B71R Pediococcus claussenii Brewery + Negative Negative + + Negative + Negative 5 Pos 0.25
CCC B1056NR Pediococcus  claussenii Brewery + Negative Negative + + Negative + Negative 6 Pos 4
CCC B1098NR Pediococcus claussenii Brewery + Negative Negative + + Negative + Negative 5 Pos 0.12
CCC B1099NR Pediococcus  claussenii Brewery + Negative Negative + + Negative Negative Negative 5 Pos 0.12
CCCB1100 Pediococcus claussenii Brewery + Negative Negative + + Negative Negative + 5 Pos 0.25
CCC B1260NR Pediococcus  claussenii Brewery + Negative Negative + + Negative Negative Negative 6 Pos 0.12
ATCC 29358 Pediococcus damnosus  Brewery no growth Negative Negative Negative Negative Negative Negative + 2.5 Neg 0.25
ATCC 49902 Pediococcus inoptinatus Brewery no growth Negative Negative Negative Negative Negative Negative Negative 1 Neg 4
Spain 2.6R Pediococcus parvulus Cider no growth + Negative Negative Negative Negative Negative Negative 1 Neg 0.25
ATCC 43013 Pediococcus  parvulus Wine + Negative Negative + Negative Negative Negative Negative 4 Pos 0.12
ETS.6 Pediococcus parvulus Wine no growth Negative Negative Negative Negative Negative Negative Negative 0.5 Neg 0.5
ETS.8 Pediococcus parvulus Wine no growth Negative Negative Negative Negative Negative Negative Negative 0.5 Neg 0.25
ETS.14 Pediococcus parvulus Wine no growth Negative Negative Negative Negative Negative Negative Negative 0.5 Neg 2
ATCC 33316 Pediococcus pentosaceus Brewery no growth Negative Negative Negative Negative Negative Negative Negative 0.5 Neg 4
ATCC 10791 Pediococcus pentosaceus Cucumber  no growth Negative + Negative Negative + Negative Negative 2 Neg 1
ATCC 29723  Pediococcus pentosaceus Horse urine no growth Negative Negative Negative Negative Negative Negative Negative 1 Neg 4
ATCC 11309 Pediococcus pentosaceus Unknown no growth Negative Negative Negative Negative Negative Negative Negative 5 Pos 4
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Ceftriaxon Ciprofloxa: Clindamyc Daptomyci Erythromy Gatifloxaci Gentamicii Levofloxac Linezolid  Oxacillin + Penicillin  Rifampin Syndercid Tetracyclir Triometho Vancomycin

32 NR 0.12 2 0.25 4 8 NR 2 1 0.5 0.5 1 8 NR NR
32 NR 0.12 2 0.25 4 4 NR 2 0.25 0.5 0.5 1 16 NR NR
NR NR 0.5 1 0.25 4 2 NR 4 2 NR 4 2 NR NR NR
64 NR 0.12 2 0.25 8 8 NR 4 0.25 0.5 0.5 1 NR NR NR
8 NR 0.12 0.5 0.25 1 2 4 0.5 0.25 0.25 0.5 0.12 8 0.5 4
64 NR 0.12 2 0.25 1 2 2 4 2 1 0.5 0.5 2 4 NR
8 2 0.12 0.5 0.25 1 2 2 1 0.25 0.06 1 0.5 4 0.5 NR
8 0.5 0.12 0.25 0.5 1 2 2 0.5 0.25 0.12 0.5 0.25 4 0.5 NR
8 2 0.12 0.5 0.25 1 2 2 2 0.25 0.12 0.5 0.12 4 1 NR
8 2 0.12 0.25 0.25 1 2 2 2 0.25 0.25 0.5 0.12 2 2 16
8 NR 0.12 0.5 0.25 1 2 0.5 1 0.25 0.06 0.5 0.25 8 0.5 NR
8 2 0.12 0.5 0.25 1 2 2 1 0.25 0.12 0.5 0.25 4 0.5 NR
8 2 0.12 0.5 0.25 1 2 2 0.5 0.25 0.06 1 0.25 2 0.5 NR
NR NR 1 1 0.25 4 2 NR 4 4 NR 2 1 NR NR NR
8 0.5 0.12 0.25 0.25 0.25 2 2 0.5 0.25 0.12 0.5 0.12 2 NR 4
8 0.12 0.5 0.25 0.25 2 2 2 0.25 0.12 0.5 0.12 2 4 128
8 0.12 1 0.25 1 2 2 1 0.25 0.12 0.5 0.5 8 0.5 NR
8 2 0.12 0.25 0.25 1 2 2 0.5 0.25 0.12 0.5 0.25 2 0.5 4
8 0.5 0.12 0.25 0.25 1 2 1 1 0.25 0.06 0.5 0.25 2 0.5 16
8 NR 0.12 1 0.25 8 4 NR 2 4 2 2 2 16 NR NR
8 NR 0.12 0.5 0.25 1 2 4 1 0.25 0.25 2 0.5 16 4 NR
8 2 0.12 0.25 0.25 1 2 4 1 0.25 0.06 0.5 0.12 8 0.5 32
8 NR 0.12 0.25 0.25 2 2 8 2 0.25 2 1 0.12 8 NR NR
8 NR 0.12 0.25 0.25 1 2 1 0.5 0.25 0.12 0.5 0.25 2 0.5 8
8 NR 0.12 0.5 0.25 4 2 NR 2 NR 4 4 1 16 NR NR
32 NR 0.12 1 0.25 8 2 NR 4 8 2 4 2 NR NR NR
8 2 0.12 0.25 0.25 NR 2 4 0.5 0.25 0.5 2 0.25 2 4 NR
64 NR 0.12 2 0.25 NR 4 NR 4 8 2 2 2 NR NR NR
64 NR 0.12 2 0.25 8 4 NR 4 8 2 0.5 2 NR NR NR



Appendlx
Genus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus

Bacillus

Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Brucella
Brucella
Brucella
Brucella

Brucella
Brucella
Brucella
Brucella
Burkholderia
Burkholderia
Burkholderia
Burkholderia
Burkholderia
Burkholderia

Species
amyloliquefaciens
anthracis
anthracis
anthracis

cereus

cereus

cereus

cereus

clausii

halodurans

licheniformis
pumilus
subtilis
thuringiensis
thuringiensis

weihenstephanensis

abortus
abortus
abortus
canis

melitensis
ovis

suis

suis
ambifaria
ambifaria
cenocepacia
cenocepacia
cenocepacia
cepacia

Isolate # ORFs
FzB42

Ames ancestor

Ames, isolate Porton

Sterne

ATCC 10987

ATCC 14579 / DSM 31

ZK / E33L

subsp. cytotoxis, strain NVH 391-98
KSM-K16

C-125 / ATCC BAA-125 / JICM 9153 / FERM
7344 / DSM 18197

DSM 13 / ATCC 14580, sub_strain
Novozymes

SAFR-032

168

Al Hakam

konkukian (strain 97-27)

KBAB4

biovar 1, strain 9-941

2308

S19

ATCC 23365 / NCTC 10854

biovar 1, strain NCTC 10094 / ATCC 23456
/ 16M

ATCC 25840/ 63/290 / NCTC 10512
biovar 1, strain 1330

ATCC 23445 / NCTC 10510

AMMD / ATCC BAA-244

MC40-6

AU 1054

HI12424

MCO0-3

12315 / LMG 16656

3692
5590
5313
5288
5821
5240
5638
3840
4082

4006

4162
3675
4112
4792
5169
5650
3077
3022
2993
3238

3178
2820
3256
3214
6607
6690
6450
6898
6986
6993

# bp

3,918,589
5,227,419
5,227,293
5,228,663
5,224,283
5,411,809
5,300,915
4,087,024
4,303,871

4,202,352

4,222,597
3,704,465
4,215,606
5,257,091
5,237,682
5,262,775
3,286,445
3,278,307
3,283,936
3,312,769

3,294,931
3,275,590
3,315,175
3,324,607
7,484,986
7,340,944
7,279,116
7,537,983
7,971,389
7,963,121
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Burkholderia
Burkholderia
Burkholderia
Burkholderia
Burkholderia
Burkholderia
Burkholderia
Burkholderia
Burkholderia
Burkholderia

Burkholderia
Burkholderia
Burkholderia

Clostridium
Clostridium
Clostridium
Clostridium
Clostridium

Clostridium

Clostridium
Clostridium
Clostridium
Clostridium
Clostridium
Clostridium
Clostridium
Clostridium
Clostridium
Clostridium
Clostridium

mallei
mallei
mallei
mallei
phymatum

phytofirmans
pseudomallei
pseudomallei
pseudomallei
pseudomallei

thailandensis
vietnamiensis

xenovorans

acetobutylicum

beijerinckii
botulinum
botulinum
botulinum

botulinum

botulinum
botulinum
botulinum
botulinum
difficile
kluyveri
novyi
perfringens
perfringens
perfringens

phytofermentans

ATCC 23344

NCTC 10229

NCTC 10247

SAVP1

DSM 17167 / STM815

DSM 17436 / PsIN

1106a

1710b

668

K96243

E264 / ATCC 700388 / DSM 13276 / CIP
106301

R1808 / G4 / LMG 22486) / LMG 22486
LB400

DSM 792 / JCM 1419 / LMG 5710 / ATCC
824 / VKM B-1787

ATCC 51743 / NCIMB 8052

ATCC 19397 / Type A

Alaska E43 / type E3

Eklund 17B / type B

Hall / ATCC 3502 / NCTC 13319/ Type A,
sub_strain Los Alamos

Hall / ATCC 3502 / NCTC 13319/ Type A,
sub_strain Sanger

Langeland / NCTC 10281 / Type F

Loch Maree / Type A3

Okra / Type B1

630

ATCC 8527 / DSM 555 / NCIMB 10680
NT

13/ Type A

ATCC 13124 / NCTC 8237 / Type A
SM101 / Type A

ATCC 700394 / DSM 18823 / ISDg

4797
5309
5619
4981
7461
7197
7138
6329
7215
5717

5561
7409
8591

3847
5003
3547
3255
3525

3401

3590
3657
3982
3850
3712
3828
2305
2721
2873
2568
3891

5,835,527
5,742,303
5,848,380
5,232,401
6,176,561
8,093,536
7,089,249
7,308,054
7,040,403
7,247,547

6,723,972
7,305,580
9,731,138

3,940,880
6,000,632
3,863,450
3,659,644
3,800,327

3,760,560

3,886,916
3,995,387
3,992,906
3,958,233
4,290,252
3,964,618
2,547,720
3,031,430
3,256,683
2,897,393
4,847,594



Clostridium
Clostridium
Lactobacillus
Lactobacillus
Lactobacillus
Lactobacillus

Lactobacillus
Lactobacillus
Lactobacillus
Lactobacillus
Lactobacillus
Lactobacillus
Lactobacillus
Lactobacillus
Lactobacillus
Lactobacillus
Lactobacillus
Lactococcus

Lactococcus

Lactococcus

Leuconostoc

Leuconostoc

Mycobacterium
Mycobacterium
Mycobacterium
Mycobacterium
Mycobacterium
Mycobacterium
Mycobacterium
Mycobacterium
Mycobacterium
Mycobacterium

tetani

thermocellum

acidophilus
brevis
casei

casei

delbrueckii
delbrueckii
fermentum
gasseri
helveticus
johnsonii
plantarum
reuteri
reuteri
sakei
salivarius
lactis

lactis

lactis
citreum

mesenteroides

abscessus
avium
bovis
bovis
gilvum
leprae
marinum

paratuberculosis

smegmatis
tuberculosis

Massachusetts / ES8

ATCC 27405 / DSM 1237

NCFM

ATCC367/JCM 1170

ATCC 334

BL23

subsp. bulgaricus, strain ATCC 11842 /
DSM 20081

subsp. bulgaricus, strain ATCC BAA-365
IFO 3956 / LMG 18251

ATCC 33323 / DSM 20243

DPC 4571

NCC 533

WCFS1 / ATCC BAA-793 / NCIMB 8826
100-23

F275

subsp. sakei, strain 23K

subsp. salivarius, strain UCC118
subsp. cremoris, strain MG1363
subsp. cremoris, strain SK11

subsp. lactis, strain L1403

KM20

subsp. mesenteroides, strain ATCC 8293 /

NCDO 523

ATCC 19977 / DSM 44196

104

AF2122/97 / ATCC BAA-935

BCG / Pasteur 1173P2

ATCC 700033 / PYR-GCK / PYR-GCK
TN

ATCC BAA-535/M

ATCC BAA-968 / K-10

ATCC 700084 / mc(2 / mc(2)155)
ATCC 25177 / H37Ra

2414
3102
1859
2201
2708
2999

1519
1682
1818
1694
1580
1809
3051
1972
1939
1872
1998
2384
2442
2225
1812

2002
4939
5040
3911
3891
5499
1603
5418
4316
6597
3990

2,799,251
3,843,301
1,993,560
2,291,220
2,895,264
3,079,196

1,864,998
1,856,951
2,098,685
1,894,360
2,080,931
1,992,676
3,308,274
2,174,299
1,999,618
1,884,661
1,827,111
2,529,478
2,438,589
2,365,589
1,796,284

2,038,396
5,067,172
5,475,491
4,345,492
4,374,522
5,619,607
3,268,203
6,636,827
4,829,781
6,988,209
6,988,209



Mycobacterium
Mycobacterium
Mycobacterium
Mycobacterium
Neisseria
Neisseria

Neisseria
Neisseria
Neisseria
Neisseria

Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Pseudomonas
Rhizobium
Rhizobium
Rhizobium
Rhizobium
Rhizobium
Rhizobium
Rickettsia

tuberculosis
tuberculosis
ulcerans
vanbaalenii
gonorrhoeae
gonorrhoeae

meningitidis
meningitidis
meningitidis
meningitidis

aeruginosa
aeruginosa
aeruginosa
entomophila
fluorescens
fluorescens
mendocina
putida
putida
putida
putida
stutzeri
syringae
syringae
syringae

etli

etli
leguminosarum
leguminosarum
loti

meliloti
akari

ATCC 25618 / H37Rv

Oshkosh / CDC 1551

Agy99

DSM 7251 / PYR-1

ATCC 700825 / FA 1090

NCCP11945

serogroup C/, serovar 2a, strain ATCC
700532 / FAM18

serogroup C, strain 053442

A (serogroup A, serovar 4A, strain Z2491)
B (serogroup B, strain MC58)

LMG 12228 / ATCC 15692 / PRS 101/ 1C/
PAO1

PA7

UCBPP-PA14

L48

Pf-5 / ATCC BAA-477

PfO-1

ymp

F1/ ATCC 700007

GB-1

KT2440

W619

A1501

pathovar phaseolicola, strain 1448A / Race
pathovar syringae, strain B728a
tomato (strain DC3000)

CFN 42 / ATCC 51251

CIAT 652

bv. trifolii WSM2304

bv. viciae (strain 3841)

MAFF303099

1021

Hartford

3949
4196
4206
5902
1963
2595

1865
1998
1887
2001

5558
6246
5886
5126
6137
5728
4563
5245
5396
5313
5179
4093
5044
5071
5424
5921
6050
4320
7109
7255
6168
1257

6,988,209
4,403,837
5,631,606
6,491,865
2,153,922
2,232,025

2,194,961
2,153,416
2,184,406
2,272,360

6,264,404
6,588,339
6,537,648
5,888,780
7,074,893
6,438,405
5,072,807
5,959,964
6,078,430
6,181,863
5,774,330
4,567,418
5,928,787
6,093,698
6,397,126
4,381,608
4,513,324
4,537,948
5,057,142
7,036,071
3,654,135
1,231,060



Rickettsia
Rickettsia
Rickettsia
Rickettsia
Rickettsia
Rickettsia
Rickettsia
Rickettsia
Rickettsia
Rickettsia
Shigella
Shigella
Shigella
Shigella
Shigella
Shigella
Shigella
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus
Staphylococcus

bellii

bellii
canadensis
conorii
felis
massiliae
prowazekii
rickettsii
rickettsii
typhi
boydii
boydii
dysenteriae
flexneri
flexneri
flexneri
sonnei
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
aureus
epidermidis
epidermidis

haemolyticus

OSU 85-389

RML369-C

McKiel

ATCC VR-613 / Malish 7
ATCC VR-1525 / URRWXCal2
Mtu5

Madrid E

lowa

Sheila Smith

Wilmington / ATCC VR-144
serovar 18, strain CDC 3083-94 / BS512
serovar 4, strain Sb227
serovar 1, strain Sd97 / Sd197
serovar 2a, strain 2457T / ATCC 700930
serovar 2a, strain 301
serovar 5b, strain 8401

Ss046

coL

JH1

JH9

MRSA252

MSSA476

MW?2

Mu3 / ATCC 700698

Mu50 / ATCC 700699

N315

NCTC 8325

Newman

USA300/TCH1516

USA300

bovine RF122 / ET3-1/ RF122
ATCC 12228

ATCC 35984 / RP62A
JCSC1435

1443
1400
1091
1372
1428

969

834
1384
1345

837
4140
3937
3890
3786
4102
3867
4053
2679
2761
2708
2639
2602
2660
2684
2714
2580
2890
2578
2688
2607
2513
2461
2492
2640

1,528,980
1,522,076
1,159,772
1,268,755
1,485,148
1,360,898
1,111,523
1,268,175
1,257,710
1,111,496
4,615,997
4,519,823
4,369,232
4,599,354
4,607,203
4,574,284
4,825,265
2,809,422
2,906,507
2,906,700
2,902,619
2,799,802
2,820,462
2,880,168
2,878,529
2,814,816
2,821,361
2,878,897
2,872,915
2,872,769
2,742,531
2,499,279
2,616,530
2,685,015



Staphylococcus

Streptococcus

Streptococcus

Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus
Streptococcus

Streptococcus
Streptococcus
Streptococcus
Streptococcus

Streptococcus
Streptococcus

Streptococcus
Streptococcus
Streptococcus
Streptococcus

saprophyticus
agalactiae

agalactiae

agalactiae
equi
gordonii
mutans
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pneumoniae
pyogenes
pyogenes
pyogenes
pyogenes
pyogenes

pyogenes
pyogenes
pyogenes
pyogenes

pyogenes
pyogenes

pyogenes
pyogenes
sanguinis
suis

subsp. saprophyticus, strain ATCC 15305 /
DSM 20229

[l (serovar lll, strain NEM316)

la (serovar la, strain A909 / CDC SS700 /
ATCC 27591)

V (serovar V, strain 2603 V/R / ATCC BAA-
611)

subsp. zooepidemicus, strain MGCS10565
Challis / ATCC 35105 / CH1 / DL1 / V288
serovar c, strain ATCC 700610 / UA159
serovar 19F, strain G54

serovar 2, strain D39 / NCTC 7466

ATCC BAA-255 / R6

CGSP14

Hungary19A-6

TIGR4 / ATCC BAA-334

serovar M12, strain MGAS2096

serovar M12, strain MGAS9429

serovar M2, strain MGAS10270

serovar M4, strain MGAS10750

serovar M5, strain Manfredo

M1 (serovar M1, strain MGAS5005 / ATCC
BAA-947)

M1 (serovar M1, strain SF370 / ATCC
M18 (serovar M18, strain MGAS8232)
M28 (serovar M28, strain MGAS6180)
M3 (serovar M3, strain ATCC BAA-595 /
MGAS315)

M3 (serovar M3, strain SSI-1)

M6 (serovar M6, strain ATCC BAA-946 /
MGAS10394)

Nz131

SK36

05ZYH33

2404
1999

1983

2105
1861
2050
1951
2106
1918
2030
2193
2152
2109
1886
1868
1964
1964
1736

1840
1691
1835
1884

1858
1852

1879
1700
2269
2179

2,516,575
2,211,485

2,127,839

2,160,267
2,024,171
2,196,662
2,030,921
2,078,953
2,046,115
2,038,615
2,209,198
2,245,615
2,160,842
1,860,355
1,836,467
1,928,252
1,937,111
1,841,271

1,838,554
1,852,441
1,895,017
1,897,573

1,900,521
1,894,275

1,899,877
1,815,785
2,388,435
2,096,309



Streptococcus
Streptococcus
Streptococcus
Streptococcus

Vibrio

Vibrio
Vibrio
Vibrio
Vibrio
Vibrio
Vibrio
Vibrio
Xanthomonas
Xanthomonas
Xanthomonas
Xanthomonas

Xanthomonas
Xanthomonas
Xanthomonas
Xanthomonas
Yersinia
Yersinia
Yersinia
Yersinia
Yersinia
Yersinia
Yersinia
Yersinia
Yersinia
Yersinia
Yersinia

suis

thermophilus
thermophilus
thermophilus

cholerae

cholerae
fischeri
fischeri
harveyi

parahaemolyticus

vulnificus
vulnificus
axonopodis
campestris
campestris
campestris

campestris
oryzae
oryzae
oryzae
enterocolitica
pestis
pestis
pestis
pestis
pestis
pestis
pestis

pseudotuberculosis
pseudotuberculosis
pseudotuberculosis

98HAH33

ATCC BAA-250 / LMG 18311

ATCC BAA-491 / LMD-9

CNRZ 1066

serovar 01, strain ATCC 39315/ El Tor
Inaba N16961

serovar 01, strain ATCC 39541 / Ogawa
395/ 0395

ATCC 700601 / ES114

MJ11

ATCC BAA-1116 / BB120

serovar 03:K6, strain RIMD 2210633
CMCP6

YJO16

pathovar citri, strain 306

pathovar campestris, strain 8004
pathovar campestris, strain B100
pathovar vesicatoria, strain 85-10
campestris (strain ATCC 33913 / NCPPB
528 / LMG 568)

pathovar oryzae, strain MAFF 311018
pathovar oryzae, strain PXO99A
oryzae (strain KXO85 / KACC10331)
serovar 0O:8 / biotype 1B, strain 8081
biovar Mediaevalis, strain 91001
biovar Mediaevalis, strain KIM5
biovar Orientalis, strain CO-92
Pestoides F

bv. (strain Antiqua)

bv. Antiqua (strain Angola)

bv. Antiqua (strain Nepal516)

serovar |, strain IP32953

serovar IB, strain PB1/+

serovar O:1b, strain IP 31758

2179
1577
1704
1590

3784

3772
3814
4034
5608
4821
4473
4990
4354
4239
4410
4628

4127
4204
4587
4380
4021
4013
3968
3908
3942
4135
3821
3946
4016
4213
4305

2,095,698
1,796,846
1,856,368
1,796,226

4,033,464

4,132,319
4,227,869
4,323,877
5,969,369
5,165,770
5,126,797
5,211,578
5,175,554
5,148,708
5,079,002
5,178,466

5,076,188
4,940,217
5,240,075
4,941,439
4,615,899
4,595,065
4,600,755
4,653,728
4,517,345
4,702,289
4,504,254
4,534,590
4,744,671
4,695,619
4,723,306



Yersinia pseudotuberculosis  serovar O:3, strain YPII 4171 4,689,441



ID: Q1WUC2
Organism: Lactobacillus salivarius (subsp. salivarius, strain UCC118)
Length: 328
Description: Rod shape-determining protein
Keywords: Complete proteome
GO0:0000902 (Biological process = cell morphogenesis)
G0:0005524 (Molecular role = ATP binding)

Appendix Ch10-2

le-138

le-121
le-121
ID: Q1GAW2
Organism: Lactobacillus delbrueckii (subsp. bulgaricus, strain ATCC 11842 / DSM 20081)
Length: 329 le-126

Description: Cell-shape-determining protein MreB
Keywords: Complete proteome
\ GO0:0000902 (Biological process = cell morphogenesis)

/
le-133 / / le-131
le-125 le-137
le-134 le-132 le-129
ID: ASYUK4
Organism: Lactobacillus helveticus (strain DPC 4571)
Length: 329
le-141 le-145 le-136 Description: Cell shape determining protein
Keywords: Complete proteome
G0:0000902 (Biological process = cell morphogenesis)
| . /|
le-138 \ le-122 \ le-141 /0.0 /
0.0 le-117 le-165
-
le-121 le-128 le-132 le-132
le-128 x le-140 le-117
le-121 le-131 le-136 le-135
le-147 le-124 le-139 / le-135
le-122 le-14 le-137
ID: Q38WKO9
Organism: Lactobacillus sakei (subsp. sakei, strain 23K)
Length: 329
le-156 le-123 Description: Cell shape determining protein, MerB family le-129
Keywords: Complete proteome
GO0O:0000902 (Biological process = cell morphogenesis)
GO0:0005524 (Molecular role = ATP binding)
le-129 14133 le-133 le-159 e-136
le-145 le-122 le-125 \
le-130 le-133

le-136

le-119 l .- 124
\
le-126 le-144
-\
le-132
e-128

ID: Q03QZ2
Organism: Lactobacillus brevis (strain ATCC 367 / JCM 1170)
Length: 335
le-129 Description: Actin-like ATPase for cell morphogenesis
Keywords: Complete proteome
GO0:0000902 (Biological process = cell morphogenesis)
GO:0005524 (Molecular role = ATP binding)



http://ca.expasy.org/uniprot/Q1WUC2
http://ca.expasy.org/uniprot/YP_001271076
http://ca.expasy.org/uniprot/Q1GAW2
http://ca.expasy.org/uniprot/Q042L8
http://ca.expasy.org/uniprot/A8YUK4
http://ca.expasy.org/uniprot/B3WDM1
http://ca.expasy.org/uniprot/Q74K12
http://ca.expasy.org/uniprot/Q88UU7
http://ca.expasy.org/uniprot/Q38WK9
http://ca.expasy.org/uniprot/ZP_01274444
http://ca.expasy.org/uniprot/B2GAU9
http://ca.expasy.org/uniprot/Q5FKX8
http://ca.expasy.org/uniprot/Q04BA0
http://ca.expasy.org/uniprot/Q03QZ2
http://ca.expasy.org/uniprot/Q03A15
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Burkholderia pseudamallel (strain 1106a)

1327

Burkholderia pseudomallel (strain 6&68)
Burkholderna maflei (strain ATCC 23344}
Burkholderia mallei {sirain SAYP1)

Burkholderia mallei {8train RCTC 10229)

Appendix Ch10-3Appendix  Chl11il
1612 1060

830

630

— 1471

Burkholderia rmakled {strain RCTC 10247)
Burkholderna thallandensis dstradn E264 | ATCC 700388 / DSM 13276 / CIP 106301)

2808 1210

Burkholderia pseudomallel (straim 17 10h)
Burkholderia pseudomallel (strain K9GEF23)

Burkholderia vietnamiensis (stram R1B0S ¢ Gd4 J LMG 22486) 7 LMG 22486)

Burkholderia amBilaria (strain AMMD § ATCOC BAA-Z44)

2563 1048

Burkholderia ambifaria (strain MC40-6)

3567 1713

Burkholderia cepacia (straim J2315 | LMG 16656)

1344 Burkholdena cenocepacia (swram MO0-3)
BOY

—— Burkhnldera cenpcepacia (strain AL 10540

337y
————— Burkholderia cenpcepacia (strain HIZ424)

Burkholderia senovarans (strain LEAQD)

3130

Burkholderia phymaturm (straim O6M 17167 | 5TME15)

2713

turkholdena phytofirmans {strain DSM 17436 J PsIN)
Mycobactenum abscessus (strain ATCC L9477 / DSM 44 196)
Wrycobacterium avium (strain 104]

773
2356 Mycabacterium paratuberculosis (strain ATCC BAA-96E | K-10)

Mycabacterium mberculosis (strain Oshkash [ COC 1551)

1775 356 B?Wcuba-:tenum bovis (strain AF2122/97 | ATCE BAA-935)
bycobactenum bowis (straln BOG [ Pasteur 1173P2)
bycobacterium mberculosis {(strain ATCC 25177 | H37Ral

Dlﬂly:nhaclcnum tuberculosis (strain ATCC 25618 | HITR)

Mycobacterium marinum [$lrain ATCOC BAA-535 | M)

2578 —{ 1606

1033

Myoobacterium ulcerans (STrainm AgyDo)

Mycobactenium smegmatis (straim ATCC JO0084 | mcld [ mol211551

— 2431 T Mycobacterium gilvem Istrain ATCC 700033 / PYR-GCK | PYR-CCK)

Mycobactenum vanbaaleni tstram DSM 7251 7 FYR-1)

Preudomoanas syringae tarmate (strain DC0000

Pseudamonas syringae (pathovar phaseolicala, sirain 14488 | Race 6)

914

Psaudomaonas syringae [pathovar syringae, strain BT 28a)

Fseudomonas entomophila (stran L44)
— 2165 1397

Pseudomonas putida (strain W19

170
L 11042

Pseudomonas putida (strain GE-1)

Pseudomanas putida (strain F1 0 ATOD 700007)
3349 1917 817

Paeudamonas putida (strain KET2440)

2306 743 Fseudomonas fluarescens istrain PI-5 F ATCC BAA-47T)

Fseudomonas fluorescens (strain PFO-1)

Pseudomonas aeruginosa (siram Pa T
F Psoudomonas asruginosa (strain LMG 12228  ATOC 15652 7 PRS 101 7 IC / PADT)
L 2158 —————— Paeudomonas asruginoss (stran QCEPP-FALE)

900

Pseudamoaonas mendacing (strain ymgpl

1597

Fseudomonas stutzerl (straln A1501)

Bacillus cereus (subsp, cytotownis, strain NVH 391-%98)
Bacillus cereus (strain ATCC 1098T)

Bacillus weikenstophanensis (strain KREAES)

Bacillus eeréus (strain ATCC 14579 § DSM 31)

1588

1347
] 1280

- 3250 e acillus anthracis {s1rain Srerne

— Bacillus anthracis {strasn Ames ancestor]

Bacillus anthracis {strain Ames, isolate Porton)
Bacillus cereus (strain K/ E33L)

Bacillus thuringiensis (strain & Hakam]

Bacillus thuringiensis konkukisn {strain 37-27)

Clostridiuem beljerinckii (strain ATCC 51743 | MCIME BO52)

Kanthomaonas campestrls (pathovar campestris, strain B100)

451 E‘l ¥anthomonas campestris (pathovar campestris. strain S004)
T —— Xanthomonas campestris campestris (stram ATCC 33903 ) NCPPE 528§ LMG 568)

Kanthomanas axonopodis {pathovar citn, stram 3046
—{ 838
1466 Xanthomanas campestris (pathovar vesicaloria, strain 85- 10

3068

anthomonas oryzae (pathovar oryzae, strain PRO99A)

¥anthomanas oryzae (pathovar onyzae, straln MAFF 3110181

Xanthomaonas oryzae oryzae istrain KXO85 | KACCIO33 1
Clostndium phytofermentans dstran ATCC FO03%4 ) DM 18823 ) 1504g)
Clostridium acetobutylicurm (strairn DEM 792 / JCM 1410 7 LMGC 5710 ) ATCD B24  VEM B-17ET7)

1950 —{ 2199

Clostridiem kluywesi (strain ATCC 8527 / DSM 555 [ MCIME 10680)

Bacillus licheniformis (strain D58 13 / ATCC 14580, sub_strain Movo2ynes)
2404 1240

1206
1979 | 790

Bacilus pemilus (strain SAFR-D32)

Bacilluz amyloliguefaciens (strain FZB42)
Bacillus subtilis {strgin 1648]

Racillus elavii (strain K5M=K 16)

| 2324 1749

Bacillus halodurans (strain C-125 ! ATCC BAA-125 | JOM 9153 / FERM 7344 / DSM 18197)

Clostridium difficile (strain 630
trucella owvis (straln ATCC 25840 / 63,290 / RCTC 10512)
Brucella melitensis (hiovar 1, strain NCTC L3092 ¢ ATCC 23456 1 LGM)

- B001

417

——  Brucella suis (bigwvar 1, strain 1330

|| 2961 a57 -ﬂj.—zﬂﬁ*?hucella cans (strn ATOC 23365 § NCTC LO854)

e Brucella suis (strain ATCC 23445 f RCTC 105100

3 Brucella abortus (strain S19)

Hrucella atmortus (hiovar 1, strain 9-941)

Brucelta abortus (sirain 2306

Clostridivm thermaocellum (strain ATOC 27405  D5M 1237)
Staphylococcus aureus (strain USAZ00 ¢ TCH15 LGS

[—— Eﬂph'ﬂﬂinttul aureus [strain COL)

32
2241 ——— Staphylococous aureus (strain NETC B325)

Y361 Staphylococous auraus (strain bovine RF122 f ET3-1 J RFL22)
— Staphyfococous aurgus (strain MRSAZS2)

347 ﬂzil:qphﬁ-‘lnl;n:: ws aureus (strain JHE)
Suphlﬂu:nr.'l:u:!. Aliraus (sLrain JHO)
<312
- Staphylococous aureus (strain M315)
131

4'al'm:-h'.ﬂn:u:-:--:|::4.|.5. auraus (strain Mu3 / ATOC P00695)
291 Sraphyiococous aureus (strain Mu SO ¢ ATCC 20069491

_Ezjtaphﬂucu:rm aureus (straim MS5SA4 7G)
" Staphlr‘lnlznl:l:u; aureus [straim MW21

— 2836

2T
E Sraphylpcocows aureud (Strain Newrman)
—— Sraplydococes aureus (strain USA300)

— o7 Staphylococows haemadyticus (strain JC5C1435)

| 742
724

Staphyiococoous saprophyticus (subsp, saproghytices, strain ATEC 15305 / DSM 202249
Staphyiccocous spedermidis (straim ATCC 1232 8)
Staphywioeocous apidermidis (skraim ATCC 35084 / RPE2A)

. REr@PGCOCCUS SUds (S1rain O5ZYHI3)

— SIFepIaCOCCUS SUls (strain S3HAHE 3]
SIPEpIOCOCCUS mULans (serovar ¢, strain ATCC FOO0B10 J/ UAL159)
— 701 —— Streprococcus thermophilus (strain ATCC BAA-491 | LMD-9)

_[ﬂgﬁtrﬂplrmn::ui thermophilus (strain ATCC BAA-250 ¢ LMC 18311)

Streptococcus thermophilus (strain CHNEZ 1066]

798 e SEreplOCOCCUS agalactize W (serovar W, strain 2603 VIR / ATCC BAA-G11)

SrrepioCoccus agalactiae [N {sensvar Bll, straln MEM3I16)
Strepicoccus agalactiae la (serowar 1a. strain A0S § COC S5P00 [/ ATCC 275910

1 255

916

Strepiococcus equl subsp, recepidemicus, strain MOCS1056%)

Streptococcus peogenes MO eroar ME, strain ATCC BAA-S46 [ MEASTOES)
50

625 = Streplococcus pyogenss M3 (serovar M3, strain ATCC BAA-595 | MCASITS)
— 4
—{ 1543 v SIreploCoius pyogenes M3 (serovar M3, strain 551-1)

SEreplocorcus pyogenes (serovar M5, strain Manfredol

197

Streptococcus progenes ML1E (serovar M18, strain MOGASE23 )

——— SIrepIOCRCEUs pyogenes (serovar Mé, straon MCAS 107500

893 —Eﬂ Streplococcus pyegenes (serovar M2, strain MEASI02 70}
— 2005 Streptococeus pyogenes MZE (seravar M28, strain MGASE1ED)
e SEPEPIOCOCCUS PYogenes (serovar ML2, strain MGAS2096)
—— StreploCoccus pyogenes (serovar M12, straln MGAS9429)

Streptococcus pyogenes M1 (serovar M1, stran MGASS005 | ATCC BAA-947)

3811
—11141;; 204 Streprococcus pyegenes M1 (serovar M1, strain SFIF0 F ATOC FO02 94}

——  Streptococcus pyogenes NZ131

Streplococcus preurmoniae (strain Hungary 194-6)

SrrepMacoccus preumomas (strarm CGSP14)

Ltrepiococcus paeumoniae (straln TIGRE [/ ATCC BAA-333)

Strepigcoccus praumoniag (serovar 198, straim G54}

1851 3o Streptococcus pneumnoniae (serovar 2, strain D39 ¢ NCTC 7466)

2607 Strepiococcus pneumoniae (Strain ATCC BAA-255 [ B6)

Srreptacoccus gardonii (strain Challis ¢ ATCC 35105 [ CHL f DLL ! VZ238)

526

SrreplaCoCous sangulnis (straln SKI6)

Lactobacillus brewis (strain ATCC 367 1 JCM 11740)

Lactobacillus sakei (subsp, sakel, strain 23K}
Lactohacillus delbrueckii (subsp. bulgaricus, strain ATCC 11847 [ DGR 200810
Lactobacilluy delbsueckii [tubag. bulgaricus, strain ATOC BAA-365)

1936
—{1386 | (1067

B
L
o

z
N

Lactobacillus gasser (strain ATCC 33323 / DEM 20243)

Lactobaciilus jehnsanil (stratn BOC 5335

1 G4H Lactobacillus acidophiles (straim WCFM)

Lactobacillus helveticus {strain DPC 457 1)

Lactobacillus salivarius (subsp. salivarius, strain BCC1 1By
q?ﬁ'ﬂ Lactobacillus ferrmentum (strain [FO 3956 | LMG 1E251)

750

Lactobacifius reuteri 100-23

L5H
Lactobacillus reuteri F273

Weisseria gonorrhoeae (strain NCCFLE9£5)
657 Weisseria gonnrrhoeae (strain ATCC 70825 / F& 1060)
A60

310
Neisseria meningitidis (serogroup C, strain 053442)

|| 125‘5 2‘;‘%““ Meisseria meningitidis (serogroup C § , serovar 2a, strain ATCC 700532 / FAM 1E]

HWeisseria meningitidis B (serogroup B, strain MC58)

— heisseria meningitidis A (serogroup A, serovar 44, straln 22491

khyrcobacterium keprae {strain TH)
Rickettswa belli (stran 050 85-38%)
U —
Rickettsia bellii (strain RMLIES-C)

439

Rickellsia conarii (strain ATCC VR-613 | Malish 7)

4 1975 269 Rickettsia rickemsil (strain lewa)
160

974 Rickettsia nickettsil (strain Shetla Smithh
fickettsia felis (strain ATCC WH-152% ¢ UREwWXCald)
261 Rickettsia akan (strain Hartfords

306 Rickettsia canacensis {($train McKiel)
228

I

Rickesia massiliae (strain MiuS)

Emﬂ:rt!llzeus-a prowazekil (strain Madrid Ey

J‘ﬁld:etts-a typhl {strain Wilmington [ ATCC VRE-144)

Lactohacillus plantarum {strain WOFS1 ¢ ATCC BAA-T33 ¢ NCIME BR2E)
Lactobacillus casei (strain ATCC 314)

— 1551

506

Lactobacillus caser {Strain BLZ3)

Clostridium botulinum {strain Loch Maree | Type A3}
08

585

Clostridium botulinum (straln Okra | Tvpe B1)
Clostridium botulinum {strain Langeland | NCTC 10281 | Type FI
Sog Clostridium hotulinum (strain Hall ¢ ATCC 3502  NCTC 13319 ¢ Type A, sub_strain Sanger)

fﬁE jl-:l-n:tndium batulinum dstrun ATCC 12397 ) Type &)
14

773
1 Clostridium batulinum {Strain Hall f ATOC 3502 § NCTC 13319 [ Type A, sub_$irain Los Alamas)

Clostridicem borulinum (strain Alaska E43 § bype E3N

733

Clostridium botulinum {(strain Eklund 178 | type Bl

1530 — Clostndium perfringens (stram SM1G1 | Type &)
490

Clostridium perfringens (strain 13 [/ Type &)

1324 ——— {Bostridivm perfringens {strain ATCC 13124  NCTC E237 f Type Al

1055 CRostridium novyi (31rdin KT)

Clostridium tetani (strain Massachusetns / EES)

Shigella dysenteriae (sercwvar 1, strain 5d97 / Sd197)

Shigella sonnei (strain S5044)

g9 — Shigeila fexnan (serovar Sk, strain 8401}
540

ags - 463

Shigella flexnen {serovar 24, strain 24577 | ATOC 70089300

5|"|DI_I|-E||3. fBexneri (Serovar 24, straen 301)

1766 ars Shigella boydil (seravar 18, strain COC 3053-94 / BS5120

Shigella boydil (seravar 4, straln 5227}

Yersinia enterocolitica (sergvar 08 | blobype 1B, strain 80815

Yersima pseudameberculosis (serovar ©: Lh, stramn [P 31758)

1233

Yersinia pseudotuberculosis (Serovar 003, strain YPII)

Yersinia p:eudumhm:ulmls [serovar |, strain IP32953]

Yersinia psaudotuberculasis (serovar 1B, strain PELS =)

Yersinia pestis by, Antlqua 1strain Angolal

— 2477 yarsinig pests thiovar Mediagvalis, strain KIMS)

230 ¥ersinia pestis (higvar Mediaevalis, straim SL001)

Yersinia pestis (hiovar Qrientalis, strain C0-%2)

Yersinia pestis {strain Pestoides F)

—— Yersinia pestis b, (straln Antigua)
&

—— ¥ersinia pestis by, Antiqua {strain Mepal516)
Wikrig harveyi (strain ATCC BAA-111G § BR120)
Vibria fischeri (strain ATCC 700601 § E5114)
Witsrie fiseher (strain M1

2001 549
1592

Wibrio parahaermolyticus (serovar 03 KE, strain RIMD 22 10633)

15549 F Wikrio choleras (serowvar O1, straim ATCC 39315 | Bl Tor Inaba M16961)
—— Wibrio choderas {serovar O, strain ATCC 39541 | Ogawa 395 / O3%95)
Wikria vulnificus (strain CRCPG)

Vikrig vulinifscus (strain YHI1G)

1459

853

Rhizabium kot fStrain MAFFI0I099)

3498 Rhizokium melitoti (strain 102 1)

2721 Rhizobium leaguminosarum by, viclae (stralin 3841)
2011 Khizabium lequminosarum by, trifolil W2 304
1581 Rhizobiem etli (straim CFM 22/ ATOC 51251)
Rhizobium etli (strain CIAT 652

1296

B24.0
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Additional files

Additional file 1 — List of Lactobacillus, Paralactobacillus, and Pediococcus species and GenBank accession numbers for

corresponding DNA sequences used in analyses

Lactobacillus, Pediococcus, and Paralactobaillus species as of March 31, 2009

species reference year Type strain 16S rRNA cpn60 pheS recA rpoA
gene
Lactobacillus
acetotolerans [1] 1986 ATCC 43578 M58801 AF429666 AMO087733 AJ621615 AM263315
acidifarinae [2] 2005 LMG 22200 AJ632158 - AMO087757 - AMO087830
acidipiscis [3] 2000 JCM 10692 AB023836 AJ621719 AM168426 AJ621616 AMO087849
acidophilus [4] (1900) ATCC 4356 M58802 AF429667 AMO087677 NC006814 AMO087860
1970
agilis [5] 1982 LMG 9186 M58803 - AMO087734 AJ621617 AMO087831
algidus [6] 2000 JCM 10491 AB033209 - AM263504 AJ621618 AM263511
alimentarius [7] 1983 ATCC 29643 M58804 AY424318 AM263509 AJ621619 AMO087832
amylolyticus [8] 1999 LMG 18796 Y17361 - AMO087724 AJ621620 AMO087822
amylophilus [9] 1981 ATCC 49845 M58806 AY691260 AMO087735 - AMO087833
amylotrophicus [10] 2006 LMG 11400 AM236149 - AM236139 - -
amylovorus [11, 12] 1981 ATCC 33620 M58805 AF429669 AMO087678 AJ621622 AMO087774
animalis [13] 1983 ATCC 35046 M58807 - AMO087679 AJ621623 AMO87775
antri [14] 2005 LMG 22111 AY253659 - AM263502 - AMO087776
apodemi [15] 2006 DSM 16634 AJ871178 - - - -
aviarius subsp. araffinosus  [16] 1986  ATCC 43235 AB289043 AY691263 - AJ621624 -
aviarius subsp. aviarius [16] 1985  ATCC 43234 AB326355 AY691261 AMO087737 - AMO087835
bifermentans [17] 1983 ATCC 35409 M58809 - AMO087738 - AMO087862
bobalius [18] 2008 DSM19674 AY681134 - - - -
brevis [4] (1919) ATCC 14869 M58810 AF405388 AMO087680 DQO080023 AMO087777
1934
buchneri [4] (1903) ATCC 4005 M58811 AF429673 AMO087681 AJ621626 AMO087778
1923
cacaonum [19] 2009 DSM 21116 AM905389 - AM922295 - -




camelliae
capillatus
casei

catenaformis

ceti

coleohominis

collinoides

composti

concavus

coryniformis subsp.
coryniformis

coryniformis subsp. torquens
crispatus

crustorum
curvatus

delbrueckii subsp.
bulgaricus

delbrueckii subsp.
delbrueckii

delbrueckii subsp. indicus
delbrueckii subsp. lactis

dextrinicus
diolivorans

equi
equigenerosi

[20]
[21]
[4, 22, 23]

[4]

[24]
[25]
[26]
[27]
[28]
[4]

[4]

[29]

[30]

[31, 32]
[4, 33]
[4, 33]

[34]
[4, 33]

[35]
[36]

[37]
[38]

2007
2008
(1916)
1971
(1935)
1970
2008
2001
1972
2007
2005
1965

1965
(1953)
1970
1983
2007
(1903)
1965
1996
(1919)
1984
(1896)
1901
2005
(1919)
1984
(1964)
1978
2009
2002
2002
2008

BCC 21233
DSM 19910
ATCC 334
ATCC 25536
DMS 14060
ATCC 27612
DSM 18527
LMG 22739
ATCC 25602
ATCC 25600
ATCC 33820

LMG 23699

ATCC 25601

ATCC 11842

ATCC 9649

LMG 22083
ATCC 12315

ATCC 33087

LMG 19667

ATCC BAA261

DSM 18793

AB257864
AB365967
M23928

AJ621549

AM292799
AM113776
AB005893
AB268118
AY683322
AB289063

AB289065
Y17362

AM285450

AM113777

AY0501

M58814

AY421720
M58823

D87679

AB289097

AB048833
AB288049

AF405387

AY424321

AY562570

AY424345

AJ586869
AJ586868

AJ586872
AJ586870

AY123704

AMO087682

AMO087683
AMO087730

AMO087684
AMO087865
AMO087686

AM285025
AMO087758
AMO087688
AMO087689

AMO087690
AMO087691

AMB99827

AMO087763
AMO087740

AJ286122
AJ621629

AJ621630
AJ621631

AJ621632

AJ621633

NC008054
AJ586863

AJ586867
AJ586865

AJ621695

AJ621635
AJ621637

AM157776

AMO087852
AMO087780

AMO087869

AMO087781
AMO087782

AMO087783

AMO087785
AMO087786

AMO087787
AMO087788

AMB899852

AMO087850
AMO087837




fabifermentans
farciminis
farraginis
fermentum

fornicalis
fructivorans
frumenti
fuchuensis
gallinarum
gasseri
gastricus
ghanensis
graminis
hammesii
hamsteri
harbinensis
hayakitensis
helveticus

hilgardii
homohiochii
hordei

iners
ingluviei
intestinalis
jensenii
johnsonii
kalixensis

kefiranofaciens subsp.

kefiranofaciens

kefiranofaciens subsp.

kefirgranum
kefiri

[19]
[7]

[39]
[40]

[41]
[42, 43]
[44]
[45]
[12]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]

[55]
[56]
[57]
[58]
[59, 60]
[61]
[62]
[12]
[47]
[63, 64]

[63, 64]

[65]

2009
1983
2007
(1901)
2004
2000
1934
2000
2002
1992
1980
2005
2007
1989
2005
1988
2006
2007
(1919)
1925
1936
1957
2008
1999
2003
1990
1970
1992
2005
(1988)
2004
(1994)
2004
1983

DSM21115
ATCC 29644
DSM 18382
ATCC 14931

ATCC 700934
ATCC 8288
LMG 19473
DSM 14340
ATCC 33199
ATCC 33323
LMG 22113
DSM 18630
ATCC 51150
DSM 16381
ATCC 43851
DSM 16991
DSM 18933
ATCC 15009

ATCC 8290
ATCC 15434

DSM 13335
LMG 20380
ATCC 49335
ATCC 25258
ATCC 3320
DSM 16043
ATCC 43761

ATCC 51647

ATCC 35411

AM905388
M58817
AB262731
AJ575812

Y 18654
M58818
AJ250074
AB063479
AJ417737
M58820
AY253568
DQ523489
AM113778
AJ632219
AJ306298
AB196123
AB267406
AM113779

M58821
AM113780
EU075840
AY526083
AB289169
AJ306299
AF243176
AJ002515
AY 253657
AM113781

AM113782

AJ621553

AM905388
AY424323

AF429680

AF429681

AY691262
EF571590

AF429683

AF429684
AF429685

AY608422
AJ621722

AY691264
AY608421
EF571589

AF429691
AF429690

AF429688

AMO087729

AMO087693

AMO087770
AMO087741
AMO087766
AMO087694
AMO087695
AMO087696

AMO087742
AMO087767
AMO087743

AMO087697

AMO087698
AMO087771

AMO087699
AMO087731
AMO087700
AMO087744
AMO087701
AMO087702
AMO087745

AMO087703

AM263598

AJ621638
AJ579534
AJ621639

AJ621640
AJ621641
AJ621642
AJ621643

AJ621644

AJ621646

AJ621645

AJ621647

AJ621653

AJ621654
AJ621648
NCC05362

AJ621649

AJ621650

AM922294
AMO087867

AMO087853

AMO087861
AMO087838
AMO087866
AMO087789
AMO087790
AMO087854

AM263514
AM263512
AMO087863

AMO087791

AMO087792
AMO087848

AMO087793
AMO087855
AMO087798
AMO087839
AMO087794
AMO087795
AMO087847

AMO087796

AMO087840




kimchii
kitasatonis
kunkeei

lindneri
malefermentans
mali
manihotivorans
mindensis
mucosae
murinus

nagelii
namurensis
nantensis
nodensis
oligofermentans
oris

panis

pantheris
parabrevis
parabuchneri
paracasei subsp. paracasei
paracasei subsp. tolerans

paracollinoides
parafarraginis

parakefiri

paralimentarius
paraplantarum

pentosus

perolens

plantarum subsp.
argentoratensis

plantrum subsp. plantarum

[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[22, 23, 86]
[22, 23, 86]

[87]
[39]
[88]
[89]
[90]
[91]
[52, 92]
[93, 94]

[4, 95]

2001
2003
1998
1997
1989
1970
1998
2003
2000
1982
2000
2007
2006
2009
2005
1988
1996
2002
2006
1988
1989
(1965)
1989
2004
2007
1994
1999
1996
1987
1999
2005

(1919)
1923

ATCC BAA131 AF173986

JCM 1039
ATCC 700308
DSM 20690
ATCC 49373
ATCC 27053
DSM 13343
DSM 14500
DSM 13345
ATCC 35020
ATCC 700692
LMG 23583
DSM 16982
DSM 19682
DSM 15707
ATCC 49062
DSM 6035
LMG 21017
ATCC 53295
ATCC 49374
ATCC 25302
ATCC 25599

DSM 15502
DSM 18390
ATCC 51648
DSM 13238
ATCC 700211
ATCC 8041
DSM 12744
DSM 16365

ATCC 14917

AB107638
Y11374
X95421
AM113783
M58824
AF000162
AJ313530
AF126738
AB326349
AB289206
AM?259118
AY690834
AB332024
AY733084
X94229
X94230
AF413523
AM158249
AF275311
D79212
AB289229

AJB6665
AB262734
AY026750
AJ417500
AJ306297
D79211
Y19167
AJ640078

D79210

AY571674 AMO087705

AF429693

AF429638
AF424339

AY424357
AF429695

AJ640081

AF405389

AM263506
AMO87773
AMO087704
AM263505
AMO087746
AMO087732
AMO087706
AMO087707
AMO087760
AMO087708
AM259121
AM285024

AMO087709
AMO087725
AMO87747
AM159098
AMO087726
AMO087710
AMO087711

AMO087764

AM263510
AMO087712
AMO087727
AMO087713
AMO087748
AM694185

AMO087714

AJ621651

AJ621652

AJ621655

AJ621656
AJ621657
AJ621658

AJ621659
AJ621660

AJ621661
AJ621664
AJ621663

AJ621665

AJ286120
AJ621666
AJ621667
AJ640079

AJ621668

AMO087797
AM263517
AMO087864
AMO087799
AM263516
AMO087841
AMO087842
AMO087800
AMO087856
AMO087801
AMO087802

AMO087803
AMO087823
AMO087843

AMO087824
AMO087804
AMO087805

AM263515

AMO087851
AMO087806
AMO087825
AMO087826
AMO087844
AM694186

AMO087808




pontis
psittaci
rennini
reuteri
rhamnosus

rossiae

ruminis
saerimneri

sakei subsp. carnosus
sakei subsp. sakei
salivarius
sanfranciscensis
satsumensis
secaliphilus
senmaizukei
sharpeae

siliginis

spicheri

suebicus
thailandensis
vaccinostercus
vaginalis
versmoldensis
vini

vitulinus

zeae

zymae
Paralactobacillus
selangorans
Pediococcus
acidilactici
argentinicus
cellicola

[95]
[96]
[97]
[98]
[23, 86]

[99]
[100]
[101]
[31]

[4, 31]
[102, 103]
[104]
[105]
[106]
[107]
[5]
[108]
[109]
[110]
[20]
[111, 112]
[113]
[114]
[115]
[100]
[22, 23]
[2]

[116]

[4]
[117]
[118]

1994
2001
2006
1982
(1968)
1989
2005
1973
2004
1996
1934
1953
1984
2005
2007
2008
1982
2006
2004
1989
2007
1983
1989
2003
2006
1973
1996
2005

2000
1887

2008
2005

ATCC 51518

DSM 15354
DSM 20253

ATCC 23272

ATCC 7469

ATCC BAA822
ATCC 27780

DSM 16049
LMG 17302

ATCC 15521
ATCC 11741
ATCC 27651

DSM 16230
DSM 17896

ATCC 49974
NBRC 101315

DSM 15429

ATCC 49375

BCC 21235

ATCC 33310
ATCC 49540
ATCC BAA478

DSM 20605

ATCC 27783
ATCC 15820

LMG 22198

LMG 17710

ATCC 33314

LMG 23999
LMG 22956

AJ422032
AB289268
AJ576007
L23507
EF495247

AJ564009
M58828
AY 255802
AY204889
AM113784
AF089108
X76327
AB154519
AM279150
AM297927
M58831
DQ168027
AJ534844
AJ306403
AB257863
AJ315640
X61136
AJ496791
AJ576009
AB219312
D86516
AJB32157

AJ305320
AM709786
AY956788

CP000705
AF429659

AY691314

AF429697
AY835627
AY700220

AJ621724
AY123651

AF429696

AY123702

AMO087715
AMO087749

AMO087728
AMO087716

AMO087768
AMO087756
AMO087717
AMO087718
AMO087719
AMO087721
AMO087754
AMO087769

AMO087765

AMO087752
AMO87772

AMO087750
AMO087751
AMO087755
AMO087759

AMO087761
AMO087753

AM899818

AM899811

AJ621669
AJ621670

AJ621672
AJ621671

AJ621673

AJ621674
NC007929

AJ621675

AJ621676

AJ621678
AJ621679
AJ621680

AJ621681

AMO087809
AMO087845

AMO087810
AMO087811

AMO087858
AMO087812
AMO087813
AMO087828
AMO087827
AMO087815
AMO087816
AMO087859

AM395074
AM263518

AMO087818
AMO087865

AMO087846
AMO087868
AMO087821

AMO087829
AMO087817

AM899868

AM899857




claussenii
damnosus

ethanolidurans

inopinatus
parvulus
pentosaceus
siamensis
stilesii

[119]
[4]

[120]
[121]
[4, 122]
[4]

[20]
[123]

2002
1903
1980
2006
1988
1961
1934
2007
2006

ATCC BAA344 AJ621555

ATCC 29358

LMG 23354

ATCC 49902
ATCC 19371
ATCC 33316

NRIC 0675
LMG 23082

D87678

DQ400914
AJ271383
D88528
M58834
AB358357
AJ973157

AF405395
AF405400

AF405420
AY123707
AF405404

AMB899832 AJ621696
AMB99820 AJ621694

AMB899848
AM899821
AMB899829
AM899822
AM899944
AMB899824

AM899864
AMB899851

AM899888
AM899861
AMB99856
AM899891
AM899945
AMB899896
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