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Abstract
This thesis investigates the phenotypic and genotypic diversity of non-dairy L.
lactis strains and their application to dairy fermentations. A bank of non-dairy
lactococci were isolated from grass, vegetables and the bovine rumen. Subsequent
analysis of these L. lactis strains revealed seven strains to possess cremoris genotypes
which did not correlate with their observed phenotypes. Multi-locus sequence typing
(MLST) and average nucleotide identity (ANI) highlighted the genetic diversity of
lactis and cremoris subspecies. The application of these non-dairy lactococci to
cheese production was also assessed. In milk, non-dairy strains formed diverse
volatile profiles and selected strains were used as adjuncts in a mini Gouda-type
cheese system. Sensory analysis showed non-dairy strains to be strongly associated
with the development of off-flavours and bitterness. However, microfluidisation
appeared to reduce bitterness. A novel bacteriophage, ɸL47, was isolated using the
grass isolate L. lactis ssp. cremoris DPC6860 as a host. The phage, a member of the
Siphoviridae, possessed a long tail fiber, previously unseen in dairy lactococcal
phages. Genome sequencing revealed ɸL47 to be the largest sequenced lactococcal
phage to date and owing to the high % similarity with ɸ949, a second member of the
949 group.

Finally, to identify and characterise specific genes which may be

important in niche adaptation and for applications to dairy fermentations, comparative
genome sequence analysis was performed on L. lactis from corn (DPC6853), the
bovine rumen (DPC6853) and grass (DPC6860).

This study highlights the

contribution of niche specialisation to the intra-species diversity of L. lactis and the
adaptation of this organism to different environments.

In summary this thesis

describes the genetic diversity of L. lactis strains from outside the dairy environment
and their potential application in dairy fermentations.

xii

Chapter 1
Literature Review
From Field to Fermentation: the origins of Lactococcus lactis and its
domestication to the dairy environment

All of this chapter has been published in Food Microbiology (2014). 47, 45-61.
DOI: 10.1016/j.fm.2014.11.001.
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1.1. Abstract
Lactococcus lactis is an organism of substantial economic importance, used
extensively in the production of fermented foods and widely held to have evolved
from plant strains. The domestication of this organism to the milk environment is
associated with genome reduction and gene decay, and the acquisition of specific
genes involved in protein and lactose utilisation by horizontal gene transfer. In recent
years, numerous studies have focused on uncovering the physiology and molecular
biology of lactococcal strains from the wider environment for exploitation in the dairy
industry. This in turn has facilitated comparative genome analysis of lactococci from
different environments and provided insight into the natural phenotypic and genetic
diversity of L. lactis. This diversity may be exploited in dairy fermentations to
develop products with improved quality and sensory attributes. In this review, we
discuss the classification of L. lactis and the problems that arise with phenotype/
genotype designation. We also discuss the adaptation of non-dairy lactococci to milk,
the traits associated with this adaptation and the potential application of non-dairy
lactococci to dairy fermentations.

2

1.2. Introduction
The lactic acid bacteria (LAB) comprise a group of Gram-positive organisms
which are primarily anaerobic, non-sporulating bacteria which produce lactic acid as
the principal end product of sugar fermentation (Kandler and Weiss, 1986). Numerous
species of bacteria are capable of producing lactic acid but the term LAB is restricted to
specific genera including Lactococcus amongst others (Stiles and Holzapfel, 1997). LAB

have been exploited for thousands of years in the production of fermented foods
whereby they contribute to flavour, quality, texture and safety of the products
(Settanni and Corsetti, 2008). While these organisms produce mainly lactic acid as a
by-product of sugar fermentation (homofermentation), there are many examples of
heterofermenting LAB, producing an array of different fermentation products
including ethanol, carbon dioxide, acetic acid and formic acid (Kleerebezem and
Hugenholtz, 2003). Among the most widely selected genera for industrial application
are Oenococcus (wine), Lactobacillus (meat, vegetables, dairy, cereals) and
Lactococcus (dairy) (Bourdichon et al., 2012). Two species of Lactococcus are listed
in the ‘Inventory of Microbial Food Cultures’ with documented use in food
fermentations, Lactococcus raffinolactis and Lactococcus lactis (Bourdichon et al.,
2012).
L. lactis is the main constituent of dairy starter culture systems used worldwide
for the production of numerous fermented dairy products including cheese of both
artisanal and commercial origin, and fermented milks such as buttermilk and sour
cream. Indeed, through the consumption of fermented dairy products, it is estimated
that humans ingest up to 1018 lactococcal cells per annum (Mills et al., 2010). Based
on its history of use in food fermentations, L. lactis has GRAS, or Generally Regarded
As Safe, status (FDA, 2010). The predominant role of L. lactis in dairy starter cultures
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is to produce lactic acid at a sufficient rate and contribute to the breakdown of milk
proteins during fermentation (Wouters et al., 2002), thus significantly contributing to
the final product in terms of organoleptic properties and microbial quality (Ross et al.,
2000). A small number of L. lactis strains are routinely used in fermented food
production in an effort to develop more consistent products. These strains are chosen
primarily for their acidification activity and resistance to bacteriophage infection
(Marshall, 1991). However, consumer demands for products of more diverse flavour
is driving manufacturers of fermented dairy products to expand their culture systems.
These new cultures must be able to create desirable products in terms of flavour and
texture while also enduring the environmental stresses associated with the
manufacture of fermented dairy foods (Mills et al., 2010). The creation of genetically
modified organisms (GMOs) has the potential to resolve this problem, but the
introduction of such organisms into the food chain is met with much opposition from
both governmental agencies and consumers alike (Pedersen et al., 2005).

An

alternative non-GM approach is through the examination of the natural biodiversity
which exists in the LAB group, including L. lactis from outside the dairy environment.
Such an approach may provide a means to identify novel starter cultures with the
desired industrial traits for production in terms of flavour development and
bacteriophage resistance (Ayad et al., 2000; Mills et al., 2010).
A high degree of sequence similarity exists between Streptococcaceae, yet they
can be found in a broad range of different environmental niches. Members of the
Lactococcus genus can be isolated from raw-milk, raw-milk cheeses and non-milk
environments and are collectively referred to as ‘wild-type’ (Ayad et al., 2000).
Indeed, strains of L. lactis have been isolated from a range of sources including drain
water and human vaginal samples (Gao et al., 2011, Kato et al., 2012). Although not
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a common resident of the gastro intestinal tract (GIT), L. lactis is capable of surviving
gut passage (Kimoto et al., 1999; Meyrand et al., 2013). This in turn has opened up
the potential of these strains for probiotic use, and the delivery of therapeutic drugs
in-vivo (Steidler and Rottiers, 2006; Wells and Mercenier, 2008) and the targeted
delivery of vaccines by this organism has been examined (Asensi et al., 2013). In
recent years the number of sequenced lactococcal strains from different environmental
niches has grown considerably (Table 1). This has shed further light on the diversity
within the L. lactis species and identified genes present in these strains which may be
harnessed to impart added value to dairy fermentations. The aim of this review is to
discuss the potential origins and natural diversity of L. lactis, and to highlight the
mechanisms by which this industrially important organism has become adapted to the
dairy environment. The potential features present in strains of L. lactis from outside
the dairy environment which could be beneficial in dairy fermentations are also
highlighted.

5

1.3. Diverse niches of Lactococcus lactis
LAB are often referred to as fastidious organisms, found in nutrient rich
habitats; however, in such environments these bacteria can be exposed to extremes of
pH, differing nutrient availability and challenges from other microbiota for resources
(van de Guchte et al., 2002). L. lactis possesses a wide ecological distribution from
sourdough bread (Passerini et al., 2013a), to sugar cane plants (Serna Cock and
Rodríguez de Stouvenel, 2006) to the GIT of brown trout (Pérez et al., 2011).
Recently, the genome sequence of L. lactis ssp. lactis IO-1, isolated from drain water,
has been elucidated which possesses the capacity to utilise xylose and generates
increased levels of L-lactic acid (Kato et al., 2012). Although L. lactis may naturally
inhabit many different environments (see Table 1 for origins of sequenced strains), it
is most widely known for its association with the milk environment and in the
production of dairy products. Based on multi-locus sequence typing (MLST) and the
formation of clonal complexes, Passerini et al. (2010) proposed that L. lactis strains
be classed as ‘domesticated’ or ‘environmental’ in reference to their origin.
Domesticated strains are thus defined as strains used as dairy starters, in milk
production and found in fermented products, while environmental strains are defined
as isolates from plants, animals and raw-milk.
The consensus is that industrial dairy strains used in production today are
believed to have descended from plants (Kelly et al., 2010) and have adapted over
time to thrive in milk. It is plausible that this species initially colonised milk from
contact with grass or other plants which would have been used as fodder or bedding
for cattle. L. lactis is one of the first bacteria to occupy plant material, where it
becomes the less dominant species as the pH of the environment lowers (Kelly et al.,
1998b; Kelly and Ward, 2002). It is thought that these bacteria initially colonised
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seeds, prior to germination, which enables them to quickly establish themselves as the
dominant microbial community (Kelly et al., 1998b). This in turn may be aided by
the production of anti-microbial compounds, as numerous strains isolated from plant
matter have been found to produce nisin and other uncharacterised bacteriocins (Kelly
et al., 1998b). The material used in bedding preparation strongly influences the
bacteria found on a cow’s teat and in materials such as straw, higher levels of
mesophilic bacteria have been identified (Monsallier et al., 2012). Currently, L. lactis
is rarely encountered in the farm environment (Vacheyrou et al., 2011) but this may
not always have been the case, and may be attributed to the modern use of pesticides
which could adversely affect microbial growth (Clair et al., 2012). Analysis of the
microbial content of raw-milk from French dairy farms, showed a reduction in the
levels of lactococci over time (Mallet et al., 2012). This was mainly attributed to the
treatment of the cows’ teats, the surface of which is considered an important source
of bacteria for the production of raw-milk cheeses (Vacheyrou et al., 2011).
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1.4. Taxonomic classification of Lactococcus lactis
Bacteria of the genus Lactococcus are recognised as belonging to one of nine
species: L. garvieae, L. lactis, L. plantarum, L. formosensis, L. piscium, L. fujiensis,
L. chungangensis, L. taiwanensis and L. raffinolactis (Schleifer et al., 1985; Cho et
al., 2008; Cai et al., 2011; Chen et al., 2013; Chen et al., 2014). L. garvieae is a
pathogenic organism of fish such as trout and yellow fin, and has also been associated
with bovine mastitis and human clinical specimens (Teixeira et al., 1996; Vinh et al.,
2006; Wang et al., 2007; Yiu et al., 2007). L. raffinolactis has been identified as a
fish commensal but also an opportunistic pathogen (Michel et al., 2007), while L.
piscium has been isolated from packaged beef products (Sakala et al., 2002). New
species of Lactococcus, L. taiwanensis sp. nov. and L. formosensis have recently been
isolated from cummingcordia, a plant used in the production of a fermented Taiwanese
foodstuff, and fermented broccoli stems, respectively (Chen et al., 2013; Chen et al.,
2014).

1.4.1. Subspecies designation
Prior to 1985 members of the genus Lactococcus were referred to as dairy
streptococci, however, in order to differentiate these organisms from the pathogenic
bacteria streptococci sensu stricto, Streptococcus lactis and Streptococcus cremoris
were reclassified as L. lactis ssp. lactis and L. lactis ssp. cremoris, respectively. Of
all Lactococcus species, L. lactis is the most widely studied due to the substantial
industrial importance of this organism in the dairy industry. L. lactis is divided into
four subspecies: lactis, cremoris, hordniae (leaf hopper) and most recently, tructae
(trout intestine) (Pérez et al., 2011).

8

Molecular fingerprinting of L. lactis strains has revealed the presence of two
major genotypes termed L. lactis ssp. lactis and L. lactis ssp. cremoris (Jarvis and
Jarvis, 1981; Rademaker et al., 2007). Comparative genome analysis between the two
subspecies show that they possess 85% overall identity (Wegmann et al., 2007). In
the past, limited high throughput technology was available for bacterial
characterisation and numerous assays were developed for subspecies genotype
identification (see Table 2) including DNA-DNA hybridisation and PCR fingerprint
analysis.

The method used for assignment of subspecies genotypes has varied

amongst reports (Biscola et al., 2013; Parapouli et al., 2013; Alemayehu et al., 2014)
which included 16S rRNA analysis amongst others. The 16S rRNA sequence differs
by as little as 0.7% between subspecies depending on strain. The use of this gene
alone for subspecies identification has previously led to inaccurate assignment of
genotypes which was corrected by MLST analysis (Xu et al., 2014). In comparison
to MLST, multi-locus sequence analysis (MLSA) is more applicable for use where
clonal evolution occurs and where recombination events rarely take place. It is
important to note that these two terms are not interchangeable as each analysis
possesses its own features and uses.

Glutamate decarboxylase catalyzes the

conversion of glutamate to γ-aminobutyric acid (GABA) and is involved in acid
resistance at low pH (Sanders et al., 1998). It has been reported that subspecies lactis
strains are capable of producing GABA while cremoris strains are negative for this
trait (Nomura et al., 1999), due to an inactive gadB gene caused by a frameshift
mutation (Nomura et al., 2000). The presence or absence of the AseI restriction site
appeared to correspond to GAD+ or GAD- phenotype respectively.

This has

subsequently led to the development of a PCR-based technique for the differentiation
of subspecies (Nomura et al., 2002) as described in Table 2. To date, MLST has been

9

successfully applied for characterisation of L. lactis (Rademaker et al., 2007; Taïbi et
al., 2010) and Xu et al. (2014) proposed that future subspecies genotyping should be
determined by MLST in order to avoid inaccuracies based on 16S rRNA analysis.
DNA-DNA hybridisation has, in the past, been used as a foremost technique for
genomically circumscribing prokaryotic species.

With advances in sequencing

technology and an abundance of data available on public databases, this technique has
consequently been considered obsolete (Stackebrandt et al., 2002). The use of average
nucleotide identity (ANI) to replace DNA-DNA hybridisation has shown to be a
valuable tool in prokaryotic species circumscription (Richter and Rosselló-Móra,
2009). Complete chromosomes of sequenced L. lactis strains were downloaded from
Genbank (http://www.ncbi.nlm.nih.gov/genome/?term=Lactococcus+lactis) and examined using the
JSpecies software tool (Richter and Rosselló-Móra, 2009) which uses either the
BLAST (Altschul et al., 1997) or MuMmer algorithm (Kurtz et al., 2004). This
software tool also allowed for the calculation of tetranucleotide frequency correlation
coefficients (TETRA), which has previously been applied in the phylogenetic analysis
of metagenomic samples (Teeling et al., 2004). When compared to the type-strain,
IL1403, previously identified lactis subspecies possessed an ANIm value of between
98.01% and 99.79% (Table 3) while similar results were observed for subspecies
cremoris strains and the prototype-strain MG1363 (98.18%-99.47%). These results
indicate that lactis strains belong to the same species as strain IL1403 and likewise for
cremoris strains and strain MG1363.

Contrastingly, when strain IL1403 was

examined against cremoris subspecies ANIm values ranged from 88.28%-88.6% and
from 88.25% to 88.62%, when MG1363 was compared to lactis subspecies. Richter
and Rosselló-Móra (2009) suggested that two strains be treated as separate species, if
an ANIm (average nucleotide identity determined using the MuMmer algorithm)
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value of <95% is observed. These low ANIm values observed between type-strains
hints that these two subspecies be classed as different species according to this
analysis. It is important to note that this analysis is based upon comparative sequence
analysis only and does not take into account the phenotypic similarity between the
strains. In accordance with Tomás et al. (2013) the authors agree that bacterial species
be classed according to numerous criteria; taking into account genotype, phenotype,
niche, and utilising the expanding tools in genetics and genome analysis.
Within the lactis subspecies, there exists a biovariant diacetylactis which
ferments citrate, yielding diacetyl and acetoin. Diacetyl present in small amounts
imparts a buttery and creamy aroma to dairy products and is an essential compound
in Camembert, Emmental and Cheddar cheese varieties (Curioni and Bosset, 2002).
In the past, the presence of the cit operon for citrate fermentation was used to
distinguish between lactis subspecies; however, this method is not a dependable
method because of the unstable nature of this plasmid-encoded phenotype (Kempler
and McKay, 1981). Citrate breakdown requires the presence of a permease to take up
citrate and a chromosomally encoded lyase to initiate citrate catabolism (Drider et al.,
2004). L. lactis IL1403 is a plasmid-cured strain of L. lactis ssp. lactis biovar.
diacetylactis CNRZ157 and possesses chromosomal genes encoding citrate
breakdown, which are absent in L. lactis ssp. cremoris SK11 and strain MG1363
(Price et al., 2012). Analysis of the population network of L. lactis subspecies lactis
grouped diacetylactis variants into a single clonal complex composed of strains
considered ‘domesticated’ to the dairy environment (Passerini et al., 2010). A low
degree of genetic diversity was evident amongst these strains in contrast to
environmental strains from skin, raw-milk and plant matter. Of note, ‘wild-type’
isolates were found to produce as much diacetyl as domesticated strains that possess

11

a plasmid-encoded citrate permease (citP) and the chromosomally encoded gene
cluster citM-citl-citCDEFXG (Passerini et al., 2013b). One of these strains lacked the
plasmid encoded citrate permease, while the other lacked both the citP gene and the
citM-citI-citCDEFXG cluster.

The rerouting of pyruvate to aroma compound

formation pathways, was hypothesised as the mechanism by which strains lacking any
citrate utilization genes were able to generate acetoin (Passerini et al., 2013b).

1.4.2. Genotype-phenotype mismatching
In the past, species and subspecies were identified by their metabolic traits, and
thus cremoris or lactis designation was established by a variety of phenotypic
characteristics (Fig. 1) (Garvie and Farrow, 1982). Phenotypic identification as
cremoris is determined by the possession of three metabolic traits: 1) the inability to
grow at 40 oC, 2) the inability to grow in the presence of 4% (w/v) NaCl and 3) the
inability to deaminate arginine (Orla-Jensen, 1919). The impaired growth rate of
cremoris phenotypes in the presence of 4% NaCl has been associated with the failure
to accumulate betaine caused by genetic alterations, including the functional loss of
the busA operon (Obis et al., 2001). Arginine catabolism in Streptococcaceae takes
place via the arginine deiminase pathway containing three enzymes: arginine
deiminase, catabolic ornithine carbamoyltransferase and carbamate kinase (Cunin et
al., 1986). According to classical phenotypic identification, L. lactis MG1363 was
initially designated as subspecies lactis, as it possesses an active arginine deiminase
(ADI) pathway for arginine breakdown (Godon et al., 1992; Van Hylckama Vlieg et
al., 2006).

However, following various genetic analyses, this strain was later

reclassified as subspecies cremoris, possessing two of the three phenotypic traits
associated with this subspecies and a cremoris genotype (Wegmann et al., 2007).
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L. lactis ssp. cremoris SK11 possesses the three phenotypic traits associated
with the cremoris phenotype due to an inactive ADI pathway caused by a single base
pair deletion in the arcA gene. This strain is identified as being a “true” cremoris
subspecies as it possesses a cremoris genotype and tests negative for all three
phenotypic traits used to define the subspecies. A similar phenotype to subspecies
cremoris is also observed in L. raffinolactis (Boucher et al., 2003). As mentioned
previously, glutamate decarboxylase activity, identified in lactis but not cremoris
subspecies, is also employed as a means of phenotypic subspecies identification
(Nomura et al., 1999; Nomura et al., 2000; Nomura et al., 2006). Thus the phenotype
of a subspecies can be easily identified. However, the results of phenotypic assays
can vary according to conditions in which the organism was cultured and the phase of
growth of the organism. This can lead to incorrect identification of a particular
phenotype and highlights the need for more reliable means of phenotypic
identification (Salama et al., 1993; Urbach et al., 1997; Garde et al., 1999; Tanigawa
et al., 2010). Genetic classification alone may not adequately represent the phenotypic
diversity of the strain and in the past, this has further complicated the taxonomic
classification of L. lactis (Rademaker et al., 2007; Kelly et al., 2010). Therefore it
appears that to accurately represent the nature of a strain, genotypic and phenotypic
analysis should be done in tandem. In order to eliminate incongruences in phenotypic
identification a standard approach should be taken to prepare strains for phenotypic
analysis. Such approaches could include culturing strains in a given species-specific
defined medium prior to analysis and performing phenotypic assays under specific
stages of growth.
Some misunderstanding and confusion can arise in subspecies classification, as
the phenotype and the genotype often do not correlate (Tailliez et al., 1998). For
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example, L. lactis strains identified as possessing a lactis phenotype (i.e. the ability
to breakdown arginine, grow at 40 oC and in 4% NaCl), have previously clustered
genotypically as subspecies cremoris (Weerkamp et al., 1996; Fernández et al., 2011)
and conversely for cremoris phenotypes and lactis genotypes (Wouters et al., 2002;
Kelly et al., 2010). In an effort to develop assays to account for genotype-phenotype
mismatching, an amplified fragment length polymorphism (AFLP) method has been
developed which allows for the identification of cremoris and lactis genotypes rooted
in type-strain genomic lineages (Kütahya et al., 2011). This method also allowed for
the identification of cremoris phenotypic markers based on the formation of specific
fragments using selected primer/ enzyme combinations. Sequence analysis of this
fragment revealed it to encode a hypothetical membrane protein absent in strain
IL1403 but present in strains MG1363 and SK11 (Kütahya et al., 2011). The
characterisation of L. lactis ssp. cremoris using the combined approaches of MLST
and comparative genome hybridisation (CGH) has proven useful in strain
classification and in identifying strain diversity (Taïbi et al., 2010).

Analysis

performed in that study, allowed for the detection of specific genes and their
respective variants, which included genes encoding industrially important functions
such as nisin resistance and peptidase activity. This could be exploited in the dairy
industry to identify strains which possess specific phenotypes which would enable the
formation of tailored starter mixes whereby strains are selected based on
compatibility. Differences were detected in the presence or absence of genes for
osmoprotection between strains which also function in thermoprotection. The absence
or mutation of these genes may lead to increased autolysis caused by higher
temperatures and salt concentrations during cheese manufacturing, which has been
shown to contribute to cheese flavour formation (Taïbi et al., 2010; Yarlagadda et al.,
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2014). In comparison to high salt cheeses, reduced cell autolysis by certain strains
may be observed in low salt cheeses. Overall, this may contribute to less flavour
development owing to the poor release of intra-cellular enzymes into the cheese
matrix and reduce consumer acceptability of such cheeses.
Kelly and Ward (2002) examined over 500 L. lactis isolates from different
environments and classified L. Lactis strains into one of five groups; (1) lactis
genotype, lactis phenotype, (2) lactis genotype, diacetylactis phenotype, (3) lactis
genotype, cremoris phenotype, (4) cremoris genotype, lactis phenotype and (5)
cremoris genotype, cremoris phenotype. Previous analysis of Lactococcus strains
from different environments and geographical regions led to the identification of two
major lineages within the species which do not correspond to groups defined by
phenotype (Rademaker et al., 2007). According to Rademaker et al., (2007), the first
lineage comprises subspecies cremoris type-strain genotypes of both cremoris and
lactis phenotypes, while the second is comprised of lactis type-strain genotypes and
contained lactis phenotypes only. Notably, a lesser third lineage was also formed,
containing two non-dairy L. lactis ssp. lactis isolates possessing both a lactis genotype
and phenotype. In a comprehensive study conducted by Fernández et al. (2011), it
was proposed that lactis and cremoris genotypes that have a lactis phenotype could
form a new subspecies. It is possible that an increase in the isolation and genetic
characterisation of L. lactis strains from the wider environment could lead to a
breakdown in traditional methods for subspecies classification.

Indeed new

classification approaches may be required such as that previously set out by Kelly and
Ward (2002) which refers to specific genotype and phenotype combinations.
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1.5. Characteristics of L. lactis genomes
Organisms of the Lactococcus species possess relatively small genomes of
between ~2,000 to ~2,800 protein-encoding genes (Makarova et al., 2006). The NCBI
database lists twenty three L. lactis genomes while the Genomes OnLine Database
(GOLD www.genomesonline.org) provides details of eleven complete and two
incomplete sequencing projects. Industrial dairy lactococci are commonly found to
possess large ‘plasmidomes’ or plasmid complements which can contribute as much
as 200 kb to the total genome size (Kelly et al., 2010). These plasmids encode for a
range of functions which may infer a competitive advantage in milk such as
bacteriophage resistance, lactose utilisation and casein breakdown (Siezen et al.,
2005; Górecki et al., 2011; Wegmann et al., 2012; Ainsworth et al., 2013). To date,
over 80 sequenced plasmids are available on the NCBI database which includes
isolates from dairy, human and plant-based environments. The plasmids of lactococci
and the important role that they play in adaptation to milk will be discussed in more
detail in section 1.5.1.
Kelly et al. (2010) examined the chromosomal diversity of industrial dairy
and wild-type L. lactis strains using pulsed-field gel electrophoresis (PFGE) with both
SmaI, to include plasmid DNA, and I-CeuI, to include chromosomal DNA only. The
origin of the strain was the most significant determinant of chromosome length with
‘true’ cremoris strains (having both a cremoris phenotype and genotype) possessing
the smallest chromosome length. This is attributed to the process of reductive
evolution as an outcome of adaptation to milk as all of these strains were of industrial
dairy origin. A reduction in genome size has also been observed in other industrial
dairy bacteria such as Lactobacillus bulgaricus and Streptococcus thermophilus (Hols
et al., 2005; Van de Guchte et al., 2006). Conversely, strains of L. lactis ssp. cremoris
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(genotype) with a lactis phenotype have been found to possess a larger genome size
compared to ‘wild-type’ strains (Kelly et al., 2010). The authors propose that strains
that possess such a phenotype/ genotype combination are perhaps more closely related
to plant strains (Kelly et al., 2010).
The genetic and genome (chromosome size, plasmid complement, plasmid
size(s), genome size) diversity of L. lactis from different regions and environmental
niches, was examined by Passerini et al. (2010), employing a six gene MLST scheme
and PFGE. MLST analysis separated strains from ‘domesticated’ habitats into two
clonal complexes with ‘environmental’ strains forming unique sequence types (STs).
These STs differed from each other by three to six loci, indicating the high degree of
genetic diversity amongst these strains. Phylogenetic analysis suggested that the
environmental group emerged first, with the domesticated group emerging more
recently, which is confirmed in other reports (Kelly et al., 2010). PFGE analysis did
not correlate with MLST analysis but showed that although domesticated strains
possessed the same STs, they differed overall by a total of 230 kb. Thus, the authors
concluded that a high degree of gene loss and acquisition in the dispensable, or noncore genome, is responsible for the phenotypic differences of L. lactis strains and the
formation of different clonal complexes.

1.5.1. Core and dispensable genome
In order to describe the genomic diversity within a species, the term
‘pangenome’ has been coined which comprises the total genes present within all
members of a particular species (Smokvina et al., 2013). Amongst bacteria, there can
be a wide variation in the gene complement of strains that may be closely related
which can be largely due to the environment from which the strains originated. For
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example, comparison between L. lactis ssp. lactis A12, isolated from sourdough, and
L. lactis ssp. lactis IL1403 revealed that 23% of the A12 genome corresponded to
strain-specific genes which were mainly responsible for niche specialisation
(Passerini et al., 2013a). The term ‘core genome’ represents the genes that are shared
between all members of the species. These genes are typically involved in important
cellular processes such as central and nucleotide metabolism, and can extend to genes
involved in sugar utilization and cell-surface proteins (Smokvina et al., 2013).
Analysis of nineteen L. garvieae genomes, five L. lactis genomes and one L.
raffinolactis genome, showed that 70% of the core genes of L. garvieae were shared
amongst the other Lactococcus species, suggesting a core genome of the genus
(Ferrario et al., 2013).
Examination of the core and dispensable genome of L. lactis has not been
performed in great detail such as that for other LAB (Douillard et al., 2013; Smokvina
et al., 2013). With the advanced number of sequencing projects undertaken in recent
years, different reports are identifying the shared amount of genetic information
within L. lactis. Between subspecies there exists a high degree of genome similarity
as shown by the comparative analysis of L. lactis ssp. cremoris A76 with six L. lactis
genomes which share a core genome of 1.84 mb (Bolotin et al., 2012). L. lactis strains
possessing a lactis genotype have been reported to share 1, 915 common genes while
an 85% identity in coding sequences has been found between subspecies cremoris and
lactis strains (Kelly et al., 2010; Tan-a-ram et al., 2011). The ‘dispensable genome’
refers to genes specific to a particular strain or lineage. These genes are most
commonly associated with phages, transposons/ mobile elements, and plasmids but
can encode for important functions which give the strain a competitive advantage such
as phage resistance, EPS production and sugar utilization in the dairy environment
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(Smokvina et al., 2013). Passerini et al. (2010) hypothesised that the large degree of
variation between phenotypes was caused by the active loss and gain of genes within
the dispensable genome, and suggested that a large pangenome existed within the
subspecies.
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1.6. Adaptation to the dairy environment
Milk provides all of the nutrients necessary for the cultivation of numerous
microorganisms. It contains an abundance of carbohydrates, proteins, fats, vitamins
and minerals and has a neutral pH (Marshall, 1991). While some of these nutrients
can be taken up-into the cell and immediately metabolised by certain bacteria, others
require processing before they can be utilised such as milk fat and protein. Repeated
culturing in milk has led to bacterial species which may have initially inhabited a nondairy niche becoming specialised for growth in the milk environment.

It is

hypothesised that the degree of specialisation has progressed so far as to make these
strains unable to survive outside of the milk habitat and they may no longer be able to
occupy non-dairy niches (Kelly et al., 2010).

1.6.1. Genetic determinants of domestication
1.6.1.1. Horizontal gene transfer (HGT)
The genetic changes which take place in the genome of a cell in response to
specific environmental conditions are a significant source of diversity within a
bacterial species (Van Hylckama Vlieg et al., 2006). Horizontal gene transfer (HGT)
is regarded as being a key mediator in the evolution of bacterial genomes (Cai et al.,
2009).

In contrast to vertical transfer, which relates to the transfer of genetic

information from one generation to the next, HGT is the movement of DNA between
organisms of the same generation (Baltrus, 2013). Modern industrial dairy strains are
believed to have emerged from a bottleneck event (a reduction in a population size
leading to decreased genetic variation therein) or the colonisation of milk by a shared
ancestor of non-dairy origin (Van Hylckama Vlieg et al., 2006; Kelly et al., 2010;
Passerini et al., 2010). This would suggest that the overall diversity in industrial dairy
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strains is comparatively lower than that of non-dairy strains.

The different

environmental niches inhabited by L. lactis brings this organism into close contact
with many diverse organisms, possessing many different genes for potential transfer
events and vice versa (Licht et al., 1999). For example, BLASTp analysis of the pepX
homolog, pepX2, of L. lactis IL1403 showed that this gene was most similar to a gene
of Listeria monocytogenes (Liu et al., 2010).

Genetic analysis of the plasmid

complement of L. lactis has revealed numerous regions similar to those found in
lactobacilli, enterococci and streptococci, all of which may have been acquired by
HGT (Siezen et al., 2005; Górecki et al., 2011). In plasmid pLP712, the D-lactate
dehydrogenase gene, dld, was similar to that of E. coli and was suggested to be
acquired by HGT (Wegmann et al., 2012).
HGT is also evident amongst dairy organisms of other species and acquired
genes can encode for important metabolic functions to allow these organisms to thrive
in the milk environment. For example, metC is involved in the biosynthesis of
methionine, a relatively rare amino acid in milk. Genome sequence analysis of three
St. thermophilus strains has revealed the presence of a cysM2metCcysE2 gene cluster
with a 95% identity to another industrial dairy organism, Lactobacillus bulgaricus
(Bolotin et al., 2004a). With advances in molecular sequencing technology, it has
become possible to uncover genes which facilitate an organism’s adaptation to
challenging environments and the important role which HGT may play.

The

acquisition of new traits can occur via three different mechanisms: 1) transformation,
2) transduction and 3) conjugation. Transduction may play only a limited role in the
adaptation of bacteria for two reasons; due to the small size of the DNA fragment
capable of being transferred during transduction and the narrow host range of
bacteriophage which could prevent the transfer of DNA over a broader population of
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bacteria. In contrast to conjugation, transformation is a slower process as it requires
the existence of free DNA and the achievement of a competent cellular state, and in
general a transformation event is more difficult to detect (Verraes et al., 2013).
Therefore transduction and transformation will not be discussed further.

1.6.1.2. The role of mobile genetic elements
1.6.1.2.1. Plasmids
Of the three mechanisms which promote the transfer of genetic material
between bacterial cells, conjugation allows for the transfer of the largest genomic
segments (Bolotin et al., 2004b).

Conjugation includes the movement of both

transposons and conjugative and non-conjugative plasmids (Verraes et al., 2013).
Conjugative plasmids are self-transmissible, however mobilisable plasmids require
the presence of additional conjugative elements encoded by the recipient chromosome
or helper plasmids (Lorenzo-Díaz et al., 2014). Mobilizable plasmids often contain
an origin of transfer (oriT) and genes encoding for mobilization and may also encode
genes important for survival in harsher environments. For example, plasmid analysis
of the raw-milk cheese isolate, L. lactis DPC3758, identified mobilization elements in
pAF14 which also carried genes for heavy metal resistance (Fallico et al., 2012). It is
important to note that many plasmids cannot be transferred by conjugation, however,
conjugal plasmids are common in industrial dairy lactococci (Coakley et al., 1997).
In terms of starter culture development, conjugation equates to a natural process of
DNA transfer and can be exploited in the dairy industry to create desirable phenotypes
while maintaining food grade status (Fallico et al., 2012).
Plasmid-encoded genes can account for up to 4.8% of the total genome of LAB
(Makarova, et al. 2006). Recent genomic analysis of L. lactis ssp. cremoris UC509.9
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reveals a complement of eight plasmids ranging from 4,623 bp (pCIS1) to 80,592 bp
(pCIS8) in size (Ainsworth et al., 2013). A large plasmid complement has also been
observed in non-dairy lactococci such as L. lactis CV56 which possesses five plasmids
(pCV56A 44.0 kb, pCV56B 35.9 kb, pCV56C 31.4 kb, pCV56D 5.5 kb, pCV56E 2.2
kb) (Gao et al., 2011). Overall, plasmid profile analysis of Lactococcus strains from
different niches has shown that industrial dairy strains possessed a higher average
plasmid complement (seven) than non-dairy strains (two), with a greater abundance
of plasmids smaller than 10 kb (Kelly et al., 2010). Some plasmids can also become
integrated into the host chromosome, increasing the stability of the phenotype.
Analysis of the Ce6 region of strain SK11 revealed a 15 kb insertion which was likely
acquired via integration of a small plasmid (Kelly et al., 2010). Within this region,
two putative type III restriction/ modification systems were identified as well as genes
associated with plasmid replication. Overall, this insertion may play a role in the
enhanced bacteriophage resistance of this strain.
Plasmids found in industrial dairy Lactococcus strains encode a range of
important technological traits such as proteinase activity, bacteriophage resistance,
lactose utilisation and bacteriocin production (Gasson and Shearman, 2003; Mills et
al., 2006). Over the last years, genomic sequencing of lactococcal plasmids of ‘wildtype’ strains, has revealed genes with potential application to the dairy industry such
as bacteriocin production, flavour enhancement and probiotic characteristics (Kelly et
al., 1998b; Fallico et al., 2012; Le et al., 2013). In L. lactis KF147 putative EPS
producing genes were also identified which may play an important role in the survival
of this strain in its native habitat (Siezen et al., 2008). EPS biosynthesis has been
reported as crucial for biofilm formation and plant colonization in the plant-associated
bacteria, Gluconacetobacter diazotrophicus PAL5 (Meneses et al., 2011). Certain
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industrial dairy strains also possess the capacity to produce EPS which, we speculate,
may be a remnant from when these strains occupied a plant niche. The use of EPS
producing L. lactis has shown to be beneficial when applied to cheddar cheese making,
improving the textural and cooking properties of cheese in reduced fat systems (Costa
et al., 2010). The existence of EPS producing strains in modern times may have been
largely influenced by the continued selection of strains with this phenotype by dairy
producers.

Within the milk environment the retention of the EPS producing

phenotype may have aided in defending the cell from phage attack as EPS production
has been associated with blocking phage adsorption (Forde and Fitzgerald, 1999;
2003). Ainsworth et al. (2014b) reported that there is a lack of sequence data for nondairy lactococcal plasmids. This may be overcome in the near future, however, by the
increased isolation and genome sequencing of lactococci from non-dairy niches which
may shed further light on specific metabolic traits (such as EPS production) which
may be important for survival in a particular ecosystem.
The acquisition of plasmids or other mobile genetic elements via conjugation
is dependent on a number of factors. These include environment-dependeent cell-tocell contact between the bacterial strains, and plasmid compatibility (Verraes et al.,
2013). It is plausible that the acquisition of extra chromosomal elements by plant
lactococcal strains from other bacteria following ingestion by cattle may have taken
place (Salama et al., 1995; Nomura et al., 2006). The mammalian digestive tract
presents an environment which favours the transfer of genetic material between
lactococci and other bacteria. Following ingestion of plant material inhabited by
lactococci, these organisms could potentially come into close contact with organisms
of the resident gut microflora. Bolotin et al. (2004b) reported on a probable transfer
event of the ycdB gene between lactococci and Salmonella via conjugation while other
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studies have reported conjugation between lactococci and the microflora of the murine
gut (Gruzza et al., 1993; Gruzza et al., 1994). Within the milk environment, L. lactis
may have obtained plasmids from other species encoding important functions in milk.
Genetic profiling of Lactococcus strains from dromedary’s milk suggests that the
ability to ferment citrate by some industrial dairy lactococcal starters is due to the
acquisition of a Cit+ plasmid from Leuconostoc species (Drici et al., 2010). This
suggests that the close association between organisms in the milk environment is a
more important factor in determining the transfer of genetic material than the
phylogenetic similarity between the strains.

1.6.1.2.2. Transposable elements
Transposable elements are commonly found in plasmids and in chromosomes
of Lactococcus. From an evolutionary standpoint transposons and their corresponding
insertion sequence (IS) elements are of significant interest due to their effect on gene
regulation, expression and location (Mills et al., 2006). It has been suggested that
transposons have been crucial in the adaptation of lactococci to milk as many encode
functions which many be beneficial to the strain (Romero and Klaenhammer, 1993).
For instance, the genes involved in the production of lacticin 481 are plasmid encoded
and flanked by two IS elements forming a composite transposon, which may give an
advantage to the cell by eliminating other bacteria within close proximity in the milk
environment (Dufour et al., 2000). Similarly, restriction/ modification systems and
abortive infection proteins may be found as potential transposable elements on
conjugal plasmids, enabling the bacteria to resist phage attack (Romero and
Klaenhammer, 1990).
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Homologous genes of the oligopeptidase F, pepF1, have been identified on the
chromosome of strains IL1403 and NCDO763, and on the lactose-proteinase plasmid
of NCDO763 (Nardi et al., 1997).

Sequence comparison between the plasmid

encoded gene of NCDO763 and chromosome encoded gene of strain IL1403, suggests
that these genes are not divergently related but acquired by a recent transfer event.
The presence of IS elements flanking the plasmid encoded gene, indicates the transfer
to the plasmid possibly via IS-directed mobilisation. The plasmid may have then been
transferred to different strains via conjugation as reported for lactose-proteinase
plasmids (Mills et al., 2006). This hypothesis was supported by the molecular
characterisation of the plasmid of strain NCDO712 (Wegmann et al., 2012). In nondairy lactococci, the important role of transposons is also evident. L. lactis KF147
possesses a chromosomally-orientated conjugative transposon encoding alphagalactoside metabolism, which has also been identified in other plant lactococcal
strains (Kelly et al., 1998a).
A relatively high proportion of DNA corresponding to IS elements has been
identified in lactococcal genomes and has been found to be as much as 100 kb in L.
lactis ssp. cremoris UC509.9 (Ainsworth et al., 2013). IS elements are regarded as
being important mediators of gene activation and deactivation and thus are important
contributors to adaptation and evolution (Schneider and Lenski, 2004). Continuous
propagation of an ldh negative mutant of strain NIZO9010 which displayed a reduced
growth capacity in milk, led to a restoration of lactate dehydrogenase activity. In these
bacteria, the insertion sequence IS981 was located up-stream from the inactive gene,
ldhB, resulting in transcription activation (Bongers et al., 2003). De Visser et al.
(2004) examined L. lactis ssp. lactis IL1403 under exposure to different growth and
starvation conditions, and the resulting mutations arising from ISs. It was observed

26

that after numerous generations, the descendant cells possessed an increased ability to
survive and reproduce compared to an ancestral strain, attributed in most cases to
deletions arising from recombinations among IS981. The insertion of IS elements
may also lead to the loss of a particular phenotype, as observed for the phage resistance
genes on plasmid pGBK17 and the loss of an abortive infection mechanism by
transposition of IS1076 (Huang et al., 1991; Polzin and McKay, 1991).

1.6.1.3. Gene loss and genome reduction
Examination of industrial dairy Streptococcaceae genomes shows that
adaptation to milk has resulted in gene loss, along with a relatively high percentage of
pseudogenes caused by nonsense mutations, deletions, truncations and/ or frameshifts.
The recent elucidation of the industrial dairy L. lactis ssp. cremoris UC509.9 genome
has revealed a high number of pseudogenes and transposons within the smallest,
sequenced lactococcal genome (Ainsworth et al., 2013). This relatively high number
of pseudogenes has also been observed in other LAB species associated with the dairy
environment, most notably St. thermophilus where it is estimated that as much as 10%
of the genome is comprised of pseudogenes (Bolotin et al., 2004a; Van de Guchte et
al., 2006). It has been theorized that strains currently in use in the dairy industry, have
undergone such an extent of reductive evolution that they are no longer fit to survive
in the wider environment (Kelly et al., 2010). Similar to L. lactis, Lactobacillus casei
inhabits many different environmental niches offering diverse substrates for growth.
In this species, it has been proposed that environmental strains could be regarded as
‘ecological generalists’ while strains adapted to grow in milk, where less substrate
diversity exists, could be regarded as ‘niche specialists’ and the same could be applied
to L. lactis (Cai et al., 2009). Two particular processes, which are crucial to the
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survival of L. lactis in the environment and which have undergone significant
alterations upon domestication are the biosynthesis of amino acids and the ability to
ferment plant derived sugars.

1.6.2. Phenotypic traits associated with domestication
1.6.2.1. Protein utilisation
A key phenotypic trait of industrial dairy starters is their ability to degrade
milk proteins and it is a key factor in the successful application of lactococcal species
to dairy fermentations. The milk environment remains a relatively new niche for nonpathogenic organisms in comparison to the length of time that LAB have been in
existence (Campbell-Platt, 1994). Strains from industrial dairy starters and other
fermented products may be descended from a single founder event, which allowed
this lineage to thrive in milk fermentations (Passerini et al., 2010). This single founder
event may have involved the acquisition of a plasmid which harboured genes inferring
a competitive advantage to this organism over others in milk, such as the rapid release
of amino acids from casein and/ or lactose utilization. L. lactis strains have been
isolated from cow skin that possess a gene enabling them to utilise lactose and, upon
introduction to milk, these strains may have had a significant advantage over other
bacteria (Passerini et al., 2010). However, Passerini et al. (2010) proposed that the
acquisition of genes enabling the utilization of milk sugars and proteins are not the
only key processes facilitating the adaptation to milk, but that the overall process of
domestication involves numerous events involving plasmid gain and loss (Figure 2).
In addition, the acquisition of plasmid-encoded phage resistance mechanisms may
have led to a specific strain dominating the microbiota during cheese making and in
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turn led to this strains being continually isolated and becoming domesticated to the
milk environment.
Microorganisms isolated from nutrient-rich environments possess nutritional
requirements which render them incapable of growth in media containing bare
nutrients i.e. primarily minerals and a carbon source. Milk represents a nutrient-rich
environment for microorganisms but contains very low levels of free amino acids and
peptides. Typically the free amino acid content of milk is less than 100 mg l-1 (Alm,
1982). All of the amino acids required by industrial dairy LAB for growth are present
in casein, however it is estimated that less than 1% of the total amino acids in casein
is required (Kunji et al., 1996).

Industrial dairy lactococcal strains exhibit a

remarkable reduction in their amino acid biosynthetic capacity. Therefore, in order to
satisfy their amino acid requirements, these strains must recruit a proteolytic system
that permits the breakdown of caseins and the liberation of amino acids. Such systems
have been identified in non-dairy and industrial dairy lactococcal strains alike (Liu et
al., 2010).
In cheese manufacturing, proteolysis is considered one of the most important
processes in the production of fermented dairy products from a flavour standpoint
(Fox, 1989). The proteolytic system of L. lactis is composed of 1) a cell envelope
proteinase, prtP (EC 3.4.21.96), 2) a series of specific peptide transport systems for
various peptides and amino acids and 3) various intracellular peptidases that function
to degrade peptides to amino acids (Kunji et al., 1996; Pederson et al., 1999). All cell
envelope proteinase genes are found on plasmids which range in size from 13.4 kb to
100 kb, however, incidences of chromosomally-encoded proteinase genes have also
been reported (Kok, 1990; Nissen-Meyer et al., 1992). Proteinase-like genes have
been identified in both industrial dairy and non-dairy strains alike (Liu et al., 2010).
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One possible explanation behind this finding is that the prt+ phenotype was not as a
result of HGT, but arose from changes in the binding site of a native protease enabling
casein breakdown (Price et al., 2012).
Once casein has been hydrolysed, free peptides and amino acids are taken into
the cell through distinct transport systems. In L. lactis three transport systems have
been described: two oligopeptide transporters (Opp, Opt) and a transporter for smaller
peptides (DtpT). The Opp operon is composed of a membrane lipoprotein (oppA),
two trans-membrane proteins (oppB, oppC) and two cytoplasmic ATP binding
proteins (oppD, oppF) (Tynkkynen et al., 1993). In contrast to the Opp transporter,
Opt possesses optS and optA, two peptide-binding proteins (Lamarque et al., 2011).
Adaption to the milk environment is associated with an increased expression of the
Opp oligopeptide transport system (Bachmann et al., 2010; Bachmann et al., 2012)
and it has been shown previously that the growth rate of numerous peptidase-negative
mutants in milk was significantly reduced (Mierau et al., 1996). From an industrial
standpoint, once peptides are taken into the cell, multiple peptidases function to
liberate free amino acids which are further converted into flavour compounds by
amino acid converting enzymes.

1.6.2.2. Lactose utilisation
Lactose is a sugar rarely encountered in the non-dairy environment and is
primarily associated with mammals as exemplified by the absence of lactose
utilisation genes in L. lactis isolates from non-dairy environments (Siezen et al., 2010;
Gao et al., 2011). It is widely held that LAB are the dominant group of bacteria in
bovine, buffalo, sheep and goat milk prior to pasteurisation (Quigley et al., 2013). In
dairy fermentations the rapid ability to generate lactic acid from lactose is a key
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phenotypic trait of industrial dairy starters (Marshall, 1991). Lactose uptake by L.
lactis is encoded by lacEF which forms the phosphoenolpyruvate-phosphotransferase
system (PEP-PTS). This system functions in the transport of lactose across the cell
membrane while simultaneously catalysing the formation of lactose-phosphate. The
tagatose-6-phosphate enzymes encoded by lacABCD, function inside the cell to
produce galactose-6-phosphate and glucose via the enzyme phospho-β-galactosidase
(Mills et al., 2006). In contrast to other LAB, St. thermophilus equips a galactose
lactose antiporter for lactose uptake, located within the gal-lac operon. Once in the
cell, lactose cleavage by β-galactosidase releases glucose and galactose monomers,
with galactose being subsequently excreted from the cell.

1.6.2.3. The curious incidence of lacE and prtP
Lactose and casein are the principal sugar and protein sources found in milk.
Yet strikingly, the genes involved in utilization of these substances can be readily lost
from the cell (McKay et al., 1972; McKay and Baldwin, 1974). The gene cluster
involved in lactose fermentation and genes involved in casein breakdown are, in most
cases, plasmid encoded. These genes can often be on the same plasmid which are
normally relatively large (Siezen et al., 2005; Wegmann et al., 2012; Ainsworth et al.,
2013). Due to their size, these plasmids are prone to instability within the cell and can
be spontaneously lost (McKay and Baldwin, 1974; Bachmann et al., 2012). Plasmids
carrying these genes have been found to be largely associated with transposable
elements which may contribute to significant deletions and rearrangements leading
to further instability of the phenotype (Mills et al., 2006; Wegmann et al., 2012).
A large proportion of the industrial dairy L. lactis strains examined by Passerini
et al. (2010) lacked either genes encoding the extra-cellular proteinase (prtP) or those
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involved in lactose utilization (lacE) or both. Of note, Passerini et al. (2010) identified
genes involved in lactose fermentation in two L. lactis strains isolated from cow skin
and hints as a possible route for adaptation of L. lactis from plants to milk. lacElactococci may have overcome the loss of lactose utilization by consuming other
sugars released into the milk. The application of non-dairy L. lactis strains to mini
Gouda-type cheese processing showed an increase in lactococcal cell numbers over
ripening (Cavanagh et al., 2014). The authors proposed that the reason for this
observation was the utilization of carbohydrates released into the matrix by autolysis
of other strains, which has been shown previously in LAB (Adamberg et al., 2005).
Bachmann et al. (2011) examined the stabilization of the proteolytic trait in L.
lactis and the influence that the concentration of peptides surrounding the cell had on
the retention of the proteinase phenotype. In high peptide concentrations and low cell
densities, the cell was found to maintain the trait; however at high cell densities, strains
without the pressure of expressing the phenotype can uptake free peptides liberated
by other prt+ strains (Fig. 2). This would enable proteinase-negative strains to thrive
in the milk environment and may account for the low proportion of strains expressing
the proteinase phenotype. Genes encoding oligopeptide uptake and transport, and for
the extra cellular proteinase, can be found on separate plasmids (Siezen et al., 2005;
Ainsworth et al., 2014a). Despite possessing a plasmid harbouring prtP, the cell is
unable to use casein as a protein source if a plasmid encoding the Opp operon is absent
(Yu et al., 1996). This would suggest that the plasmid encoding oligopeptide transport
may have been acquired first and retained in the cell, allowing it to uptake free
peptides in milk, released by prt+ strains. Genome analysis of the proteolytic system
of L. lactis identified three strains of plant origin which possess genes associated with
the Opp transport system (Liu et al., 2010). Upon chance contamination of milk by
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such strains, these organisms may have been readily equipped to utilize free peptides
available in the milk (Fig. 2). Although the Opp operon can be plasmid encoded as
in strains IL594 and UC509.9 (Górecki et al., 2011; Ainsworth et al., 2013) over time
it may have been integrated into the chromosome which may increase the stability of
the prt phenotype as in L. lactis strains SSL135and IL1403, (Tynkkynen et al., 1993;
Bolotin et al., 2001).
Bachmann et al. (2012) subsequently investigated the experimental evolution
of a non-dairy L. lactis ssp. lactis strain, KF147, in milk. This strain was transformed
with the prt+ plasmid pNZ521, which was completely lost upon culturing in milk
following 1,000 repeated propagations. The absence of an extra-cellular protease is
also evident in other species associated with the milk environment; for example, St.
thermophilus does not normally encode an extra cellular proteinase and as such
requires other bacteria to be present with this characteristic. It is probable that the
lack of an extra cellular proteinase may be due to the co-evolution of Lactobacillus
bulgaricus and St. thermophilus in milk (Van de Guchte, et al. 2006). Descendant
cells were subsequently isolated which showed an increased acidification rate in milk,
compared to the KF147 parental strain. In industrial dairy strains however, the loss
of the proteinase trait is associated with a lower growth and a reduced acidification
rate in milk (McKay and Baldwin, 1974). Bachmann et al. (2012) suggested that the
cell copes with the loss of the proteolytic trait by utilizing the small peptides and free
amino acids available in milk more efficiently coupled with de novo amino acid
biosynthesis. They also postulate that the environment from which the parental strain
was isolated may be important in relation to the observed robustness of the strain in
milk. Non-dairy strains, such as KF147, are from nutritionally poorer habitats in
comparison to milk. Genome sequence analysis of this strain revealed the presence
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of genes associated with non-ribosomal peptide or polyketide biosynthesis which may
a role in survival and defence outside of milk. Within milk, such systems may enable
these strains to cope with the loss of the extra-cellular proteinase and produce acid at
a rate similar to prt+ strains.

1.6.2.4. Amino acid auxotrophy in Lactococcus
Optimal growth in an amino acid deficient environment is dependent on the
immediate activation and regulation of biosynthetic pathways for amino acids;
however, this places a large demand upon the cell and should be suppressed
immediately when not required (Chopin, 1993). When grown in milk bacteria can
meet their amino acid requirements in a more efficient manner by utilising their
proteolytic system. Thus, the repeated culturing of strains in milk has led to the inactivation of biosynthetic pathways for amino acids through mutation and gene loss,
as these bacteria become more reliant on their proteolytic system (Delorme et al.,
1993; Godon et al., 1993). The requirements of L. lactis strains for amino acids is
strain dependant and a variation in amino acid requirements has been observed
previously between subspecies, with cremoris strains showing a lower degree of
auxotrophy (Chopin, 1992). In the past, disagreements arose around the amino acid
requirements of L. lactis, possibly due to the use of defined media with different
relative amino acid concentrations (Chopin, 1992). With the development of next
generation sequencing technology enabling faster, more economic elucidation of
bacterial genomes, the biosynthetic capacity of L. lactis can be determined through
genome sequence analysis, helping to avoid such disagreements.
The amino acid requirements of L. lactis vary according to the environment
from which the strain was isolated. Previously, it was determined that L. lactis
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requires the presence of seven essential amino acids for growth: leucine, isoleucine,
valine, serine, threonine, histidine and glutamate; however examination of ‘wild-type’
L. lactis strains revealed that these strains require as little as two essential amino acids
for growth (Ayad et al., 1999). These were predominantly glutamic acid and valine
but for some strains their requirements also extended to methionine, histidine, leucine,
aspartic acid and arginine (Ayad et al., 1999). In order for a cell to synthesise the
branched chain amino acids (BCAAs) leucine, isoleucine and valine, four enzymes
are required for each amino acid, plus additional enzymes for isoleucine and leucine
(Chopin, 1993) (Fig. 3).

Previously, non-dairy strains have been found to be

prototrophic for leucine and isoleucine, but not for valine. As all genes required for
valine are also required for leucine and isoleucine it was proposed that this auxotrophy
was attributed to the effect of the other BCAAs on valine biosynthesis (Godon et al.,
1993). L. lactis is capable of growth in media containing only free amino acids, the
secondary transporters of which have recently been characterised (Jensen and
Hammer, 1993; Trip et al., 2013). It has been observed that certain strains of L. lactis
only reach their maximum growth rate with the addition of exogenous amino acids
suggesting that these transporters play a role in the up-take of free amino acids
(Hugenholtz et al., 1987). One explanation for this observation involves the utilisation
of amino acids released by and/ or secreted by other organisms present in milk
(Bachmann et al., 2011).
Genome sequence analysis has revealed the dysfunction in genes associated
with amino acid biosynthesis in industrial dairy L. lactis strains. Typically, industrial
dairy L. lactis strains are auxotrophic for the BCAAs and histidine (Fig. 3). In the
study performed by Bachmann et al. (2012), evolution of a non-dairy lactis strain to
milk showed a decrease in BCAA gene expression which was attributed to a mutation
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arising in the terminator/ antiterminator region of the BCAA operon. In strain
MG1363, two dysfunctional genes were identified in the leucine biosynthetic pathway
(leuA and leuB) which correlated with leucine auxotrophy (Wegmann et al., 2007).
Similar observations were reported in strain IL1403 but not strain SK11 (Makarova et
al., 2006). Analysis of industrial dairy L. lactis strains revealed that the BCAA locus
was non-functional. The extent of this malfunction within the leu gene prohibits the
return to a state of prototrophy (Godon, et al. 1993). This was not observed in
lactobacilli, enterococci or pediococci whereby the alteration of a single base pair
could lead to a state of prototrophy for numerous biosynthetic pathways. Histidine
auxotrophy in L. lactis IL1403 was associated with point mutations in the histidine
biosynthesis enzymes (Fefer et al., 1998). Despite the appearance of complete,
functional genes for methionine biosynthesis in strain MG1363, this strain was
identified as auxotrophic for this amino acid (Fernández et al., 2002; Flahaut et al.,
2013). Flahaut et al. (2013) proposed that discrepancies between model predictions
based on genomic data may be caused by low enzymatic activities of the enzymes in
question or by mutations arising in genes which are not detected by high-throughput
annotation software.
The absence of biosynthetic capabilities for the majority of amino acids has
been observed in industrial dairy organisms of other species also such as Lactobacillus
delbrueckii ssp. bulgaricus and Lactobacillus helveticus (Van de Guchte et al., 2006;
Callanan et al., 2008; Christiansen et al., 2008; Cai et al., 2009). Genome sequence
analysis of Lactobacillus helveticus CNRZ32, revealed that the observed amino acid
auxotrophies were due to the absence of some, or all, genes required for the
biosynthesis of those amino acids (Christiansen et al., 2008). Lactococcus garvieae
was also found to possess a reduced capacity to synthesise amino acids, however this
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was attributed to the pathogenic nature of the organism as observed in clostridia
(Morita et al., 2011). The high amino acid auxotrophy in L. lactis is in stark contrast
to the prototrophy in S. thermophilus which requires only histidine and methionine or
cysteine for growth (Pastink et al., 2009). In-silico analysis of two St. thermophilus
genomes has revealed that, with the exception of histidine, the genes encoding
enzymes required for the biosynthesis of all amino acids are present (Iyer et al., 2010).
The maintenance of a large number of functional biosynthetic genes for amino acids,
demonstrates the ability of this organism to satisfy a large proportion of its own amino
acid requirements, in comparison to L. lactis which relies heavily on its proteolytic
system.

1.6.2.5. Carbohydrate and sugar metabolism
As previously stated, the origin of industrial dairy starters is believed to be
plant material (Kelly et al., 2010), an environment which contains an array of
carbohydrates grouped into structural (arabinan, xylan, pectin and cellulose) and
storage polysaccharides (sucrose, starch and fructan). In contrast, milk contains
relatively few carbohydrates with lactose being the primary sugar. Owing to the broad
carbohydrate composition of non-dairy environments, it is only to be expected that
strains from these particular niches are more metabolically diverse than their industrial
dairy counterparts in terms of sugar utilisation. Transcriptome analysis of continuous
propagations of L. lactis in milk uncovered a down-regulation in genes associated with
the metabolism of plant-associated carbon sources (Bachmann et al., 2012). This
observation is consistent with the phenotypes of strains domesticated to the dairy
environment. Previous analysis of industrial dairy Lb. casei strains showed that the
domestication of these bacteria to milk was associated with a reduced capacity to
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ferment sugars such as ᴅ-xylose and ᴅ-adonitol which were utilized by strains
associated with plant and gastrointestinal (GI) environments (Cai et al., 2009).
Genome analysis of the plant strains KF147 and KF282 show that they possess
approximately 200 open reading frames (ORFs) that are absent in L. lactis ssp. lactis
IL1403 and L. lactis ssp. cremoris SK11 (Van Hylckama Vlieg et al., 2006). Within
the L. lactis ssp. lactis KF147 genome, these additional genes appear to encode for a
range of functions associated with the plant environment, particularly for the
utilisation of plant derived carbohydrates. These identified genes were classed as
ancestral and not acquired via HGT, and are absent in industrial dairy strains as a
consequence of domestication

to the milk environment (Siezen et al., 2008).

Conversely, IS elements present in L. lactis ssp. lactis IL1403 are absent in L. lactis
ssp. lactis KF147, including a region encoding hypothetical proteins, phage defence
proteins and transposases (Siezen et al., 2008). One transposon was found in L. lactis
KF147 that encodes α-galactoside utilisation and shared a 92% amino acid identity to
a gene cluster found in L. raffinolactis (Boucher et al., 2003). α-galactosidase
catalyses the breakdown of plant oligosaccharides, releasing D-galactose moieties
which may be subsequently used via the Leloir pathway (Van Hylckama Vlieg et al.,
2006). After ᴅ-xylose, L-Arabinose is the most common pentose monosaccharide
found in plant polysaccharides such as pectin and hemicellulose (Seiboth and Metz,
2011). Genes encoding for arabinose metabolism have previously been reported in
LAB strains associated with plants but not in industrial dairy lactococci (Van
Hylckama Vlieg et al., 2006). Continuous propagation of non-dairy L. lactis KF147
resulted in the loss of the transposon Tn6098, encoding genes involved in αgalactoside utilisation, which the authors suggested is not required for growth in milk
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and the loss of which, may confer an advantage on the cell (Machielsen et al., 2011;
Bachmann et al., 2012).
The majority of the six-carbon sugars and disaccharides utilised by lactococci
and streptococci are incorporated into the cell via phosphotransferase systems (PTSs)
(Price et al., 2012). Genome sequence analysis of other industrial dairy organisms
such as St. thermophilus has identified that the highest proportion of gene decay
occurs in genes associated with transport proteins and the metabolism of
carbohydrates. Four of seven PTS transporters were identified as pseudogenes while,
in all, St. thermophilus strains CNRZ1066 and LMG13811 were found to harbour only
a portion of the genes involved in sugar up-take found in other streptococci (Bolotin
et al., 2004a). The remaining of the transporters for cellobiose, sucrose and maltose
have been identified in another milk associated organism, Lactobacillus bulgaricus,
which may have allowed this organism to utilise plant associated sugars, prior to
inhabiting milk and suggests a possible origin for the strain (Van de Guchte et al.,
2006). Siezen et al. (2008) investigated the ability of two non-dairy isolates and two
industrial dairy strains to utilise an array of mono-, oligo- and poly-saccharides. Both
strains IL1403 and SK11 demonstrated a reduced capacity to grow on sugar substrates
while only the two non-dairy isolates could grow on L-arabinose, glucuronate,
mannitol, gluconate and ᴅ-xylose. L. lactis A12 displays an increased ability to
ferment arabinose and raffinose, sugars not generally considered to be efficiently
utilised by lactobacilli and yeasts (Corsetti et al., 2001). The ability of strain A12 to
efficiently metabolise these sugars could offer a competitive advantage to this
organism in the sourdough environment (Passerini et al., 2013a).
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1.7. Applications of ‘wild-type’ strains in fermented foods
1.7.1. Documented food applications
Non-dairy lactococci possess an array of metabolic characteristics which may
be exploited in dairy fermentations to enhance the organoleptic properties or safety of
a fermented dairy product. The use of microorganisms that produce metabolites which
inhibit the growth of spoilage bacteria dates back thousands of years (Ross et al.,
2002). From a food safety stand point, many wild strains have been isolated from
different environmental niches which secrete anti-microbial compounds that could
prolong the shelf life of some fermented foods.

In one study, analysis of the

production of anti-microbial compounds by ‘wild-type’ strains, from dairy and nondairy origins, found that 32 of 79 isolates inhibited the growth of indicator strains
(Ayad et al., 2002). The technological traits of these isolates also showed that these
strains could be applied to cheese production. In traditional raw-milk cheeses, 17
strains of L. lactis were shown to produce anti-microbial compounds (Alegría et al.,
2010).
The flavour forming capability of ‘wild-type’ (from raw-milk or non-dairy
environments) Lactococcus lactis strains in dairy fermentations has gained increased
interest in recent times due to the diverse aromas such strains may be capable of
imparting. Within the cheese environment, liberated amino acids act as precursors to
an array of flavour compounds generated by microbial conversion (Yvon and Rijnen,
2001).

The conversion of amino acids to aroma compounds begins with an

aminotransferase reaction, with the transfer of an amino group to α-ketogluturate and
the formation of an α-keto acid. Previously, a raw-milk cheese and non-dairy
Lactococcus isolates have been shown to produce the enzyme glutamate
dehydrogenase (gdh) that catalyses the conversion of glutamate to α-ketogluturate
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(Tanous et al., 2002; Fallico et al., 2011). This compound has been identified as being
rate-limiting in the formation of aroma compounds from amino acids (Tanous et al.,
2002). In non-dairy strains, this enzyme is thought to be involved in the biosynthesis
of glutamate in the presence of high levels of ammonia (Tanous et al., 2002). When
this gene was cloned into a gdh- L. lactis strain, the formation of volatile flavour
compounds was increased, confirming the important role of this enzyme in the
formation of aroma compounds from amino acids.
The biosynthesis and degradation of amino acids are intertwined pathways
(for reviews see Smit et al. 2002 and van Kranenburg et al. 2002); for example,
cystathionine β-lyase converts methionine to volatile flavour compounds during
cheese ripening. Outside of the cheese matrix, the physiological role of this enzyme
is to catalyse the conversion of cystathionine to homocysteine (Smit et al., 2005). The
amino acid converting ability of LAB varies greatly from strain to strain which is
linked to the organism’s capacity for the biosynthesis of amino acids (Smit et al.,
2005). It has already been mentioned that wild lactococci require significantly fewer
amino acids for growth than industrial dairy strains. The maintenance of these
metabolic pathways in wild cultures has been associated with the ability of these
strains to produce diverse aromas and/ or aroma profiles in cheese models and in pilot
scale cheeses (Ayad et al., 1999; Ayad et al., 2000). Analysis of volatile compounds
in milk models has shown that non-dairy strains produce a larger number of
compounds in comparison to industrial dairy strains and more diverse aroma profiles
(Alemayehu et al., 2014; Cavanagh et al., 2014). Although some of the aromas may
be considered off-flavours in certain cheese varieties, they may enhance the overall
flavour profile when used in combination with established industrial dairy starters.
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1.7.2. Potential restrictions on the use of non-dairy LAB in foods
L. lactis possesses generally regarded as safe status (GRAS) which recognises
the safety of a substance under its intended use according to the Food, Drug and
Cosmetic Act (1958) (FDA, 2010). As fermented dairy foods were widely consumed
prior to the establishment of this act, bacteria used in these processes were held to
have GRAS status and as such may not be listed on the FDA website (FDA, 2001).
Under this framework, the application of particular bacteria to a process is awarded
GRAS status and not the bacteria itself (Bourdichon et al., 2012). Therefore, when
using a bacterium with a long history of use to a new application or at a considerably
higher dosage, GRAS status needs to be established. In the European Union (EU), the
European Food Safety Authority (EFSA) has established ‘Qualified Presumption of
Safety (QPS)’, which acts as an overall pre-assessment to assist EFSA’s scientific
panel in safety risk assessment (EFSA, 2007). In the EFSA QPS update 2013, despite
some reported cases of L. lactis isolation from clinical samples the QPS
recommendation for L. lactis was maintained (EFSA, 2013).

In this update,

recommendations were also put forward for LAB clinical isolates, L. lactis in
particular, in order to identify any strain-specific virulence factors.
An important issue, with regard to the isolation of novel strains from the
environment and their use as food additives, is the potential reservoir of antibiotic
resistance genes they may harbour. Genes encoding antibiotic resistance acquired via
transposons or plasmids are capable of being transferred to other bacteria, either
commensals or pathogens (Nawaz et al., 2011). In a recent report by the World Health
Organisation (WHO, 2014) into the surveillance of antimicrobial resistance, the
shortcomings in antibiotic resistance monitoring in humans and the requirement of
surveillance integration between humans and along the food chain were highlighted.
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EFSA standards dictate that an overall qualification for a taxonomic unit for QPS
status, is the absence of acquired antibiotic resistance genes which is highlighted as
being an issue for LAB. The EFSA QPS update (2013) recommends that antibiotic
resistance be established in accordance with international standards and guidelines
such as ISO 10932/ IDF 223 (2010) and the Clinical and Laboratory Standards
Institute (CLSI, 2007).
Biogenic amines are nitrogenous organic bases formed by regular metabolic
activities of microorganisms, humans and animals resulting from the decarboxylation
of amino acids (Alvarez and Moreno-Arribas, 2014).

When

ingested at high

concentrations, they can have an deleterious effect on the human body with symptoms
including headache, heart palpitations and nausea (Ladero et al., 2010). Ladero et al.
(2011) found two of 20 L. lactis strains capable of producing putrescine via the
agamatine deiminase pathway. The gene cluster involved was characterised and
appears not to have been acquired recently by HGT. This suggests that the genes
involved were present prior to domestication to the milk environment and may be
present in non-dairy lactococci also as observed in strain KF147 (Ladero et al., 2011).
A PCR-based method has been developed for the rapid identification of putrescine
producing strains which may aid in the screening of isolates for this phenotype from
the non-dairy environment (Ladero et al., 2011).
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1.8. Conclusions
The purpose of this review was to examine the domestication of Lactococcus to
the milk environment and some of the characteristics associated with this adaptation.
In the past a limited number of L. lactis genomes were available, and these were
primarily associated with cheese production. In the last number of years numerous
genome sequences have been elucidated and the isolation of L. lactis from more
diverse environments and subsequent genome analysis has offered greater insight into
the core and dispensable genes of this organism. Industrial dairy L. lactis strains have
undergone significant genome decay and are considered to be unable to survive
outside of this niche (Kelly et al., 2010); however, this adaptation has also been
coupled with the acquisition of genes by HGT, such as lactose fermentation and casein
utilization, which may allow this organism to thrive in this environment.

The

development of high-throughput screening methods in conjunction with improved
sequencing technology equips scientists with the necessary tools to fully exploit this
natural diversity and this could have many applications for the development for
tailored fermented products in the future.

44

1.9. Future perspectives
The diversity observed in Lactococcus strains from different ecological niches
could contribute greatly to enhancing the safety and flavour profiles of fermented
dairy products. If such strains are to be routinely used in processing one must prevent
the loss of these natural metabolic traits and the domestication of these
microorganisms. One option could be to maintain cultures in minimal media prior to
growing the cultures in milk and inoculating vats during cheese production; however,
this may significantly increase production costs and may make the use of such strains
unfeasible. From a consumer standpoint, acceptability of dairy products made with
cultures from diverse environments remains to be established and some regular cheese
consumers may not welcome such products. The issue of antibiotic resistance must
also be addressed due to the ongoing use of antibiotics for the treatment of bacterial
infections in animals and their subtherapeutic use to enhance growth and feed
efficiency.
Yet there is potential application of these strains in the production of fermented
foods for flavour diversity by the production of unusual aromas and enhanced safety
by the production of anti-microbial compounds. Plasmid analysis of L. lactis from
raw-milk cheese was found to encode for tetracycline resistance (tetS) but also for
many genes which may be beneficial in dairy fermentations (Fallico et al., 2011). By
curing the strain of the antibiotic encoding plasmid without genetic modification, the
strain could be used in fermentations without the fear of disseminating antibiotic
resistance. L. lactis has a long documented safe usage in fermented products and
numerous studies have investigated the capacity of this species to inhibit the growth
of other bacteria (Parapouli et al., 2013; Alegría et al., 2010; Biscola et al., 2013).
Although not considered a normal inhabitant of the human gastrointestinal tract, the
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emergence of non-dairy lactococci with potential probiotic properties (capacity to
adhere to human colonic epithelial cells, and tolerance to low pH and bile (Kimoto et
al., 1999)); such isolates could be used for the production of cheeses or other
fermented products with added health benefits. In societies moving towards the
increased consumption of convenience foods, the ingestion of organisms naturally
found on plants and vegetables may decrease. In many Asian countries fermented
plant products are widely consumed and the probiotic potential of lactococci from
such niches has been examined (Kimoto et al., 1999; Kimoto et al., 2004). Recently
a non-dairy Lactococcus isolate was found to possess surface pili with the ability to
bind to human intestinal epithelial cells (Meyrand et al., 2013). The addition of
organisms from these environments to other, more widely consumed products such as
cheese, may help sustain the natural diversity of the gut microbiota. Similarly, the
natural anti-microbial compounds produced from non-dairy strains may enhance the
shelf life of food products without the addition of additives or preservatives (Biscola
et al., 2013; Parapouli et al., 2013).
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Table 1. List of available Lactococcus lactis genomes. Data was collected from Genbank (http://www.ncbi.nlm.nih.gov/genome/?term=
Lactococcus+lactis; accessed 2nd July 2014).

Strain
L. lactis IL1403
L lactis KF147
L. lactis KF282
L. lactis CV56
L. lactis CNCMI-1631
L. lactis IO-1
L. lactis YF11
L. lactis NCDO2118
L. lactis TIFN2
L. lactis TIFN4
L. lactis KLDS 4.0325
L. lactis Dephy 1
L. lactis A12
L. lactis LD61
L. lactis SK11
L. lactis MG1363
L. lactis NZ9000
L. lactis A76
L. lactis KW2
L. lactis TIFN1
L. lactis TIFN3
L. lactis TIFN5
L. lactis TIFN7
L. lactis UC509.9
L. lactis HPT

Year
2001
2010
2010
2011
2011
2012
2013
2013
2013
2013
2013
2013
2013
2014
2006
2007
2010
2012
2013
2013
2013
2013
2013
2013
2014

Genotype
lactis
lactis
lactis
lactis
lactis
lactis
lactis
lactis
lactis
lactis
lactis
lactis
lactis
lactis
cremoris
cremoris
cremoris
cremoris
cremoris
cremoris
cremoris
cremoris
cremoris
cremoris
cremoris

Origin

Size

dairy
mung bean sprouts
mustard and cress
vaginal flora
fermented milk
drain water
fermented corn
frozen peas
dairy- cheese
dairy- cheese
fermented horse milk
undefined
sourdough bread
dairy-cheese
dairy-cheese
dairy
dairy
dairy- cheese
fermented corn
dairy- cheese
dairy- cheese
dairy- cheese
dairy- cheese
dairy
dairy

(mb)
2.37
2.60
2.40
2.51
2.42
2.53
2.81
2.51
2.55
2.59
2.60
2.70
2.60
2.44
2.53
2.53
2.45
2.43
2.68
2.73
2.54
2.63
2.25
2.27

Proteins
2, 277
2, 578
2, 301
2, 579
2, 224
2, 531
n/a
2, 521
2, 598
2, 587
2, 686
2, 725
2, 601
2, 381
2, 434
2, 510
2, 643
2,268
2, 754
2, 891
2, 232
2, 505
2, 208
2, 374

Plasmid

G/ C content

Reference

0
1
5
0
3
6
4
0
0
4
0
8
7

(%)
35.3
34.9
35.2
34.9
35.1
34.8
35.0
35.1
35.0
35.4
35.1
35.3
36.4
35.9
35.7
35.7
35.9
35.7
35.5
35.5
35.5
35.6
35.9
36.7

(Bolotin et al., 2001)
(Siezen et al., 2010)
(Siezen, Bayjanov et al.2010)
(Gao et al., 2011)
(McNulty et al., 2011)
(Kato et al., 2012)
(Du et al., 2013)
(unpublished)
(Erkus et al., 2013)
(Erkus et al., 2013)
(Yang et al., 2013)
(unpublished)
(Passerini et al., 2013a)
(Falentin et al., 2014)
(Makarova et al., 2006)
(Wegmann et al., 2007)
(Linares et al., 2010)
(Bolotin et al., 2012)
(Kelly et al., 2013)
(Erkus et al., 2013)
(Erkus et al., 2013)
(Erkus et al., 2013)
(Erkus et al., 2013)
(Ainsworth et al., 2013)
(Lambie et al., 2014)
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Table 2. Methods available for subspecies identification of cremoris and lactis
genotypes using different techniques.
Gene (s)
encoding

Technique

Application

Identification

Reference

Nacetylmuramida
se

PCRa

Specific primer sets were
designed for each
subspecies and used in
reaction mixtures.

Formation of 1,131 bp
amplicon for both
subspecies plus an
additional 700 bp product
for subspecies lactis.

(Garde et al., 1999)

16S rRNA

PCR

Reaction mixtures
contained a species
specific reverse primer
and a subspecies specific
forward primer.

Formation of an amplicon
using either a subspecies
lactis or cremoris forward
primer and common
reverse primer.

(Pu et al., 2002)

histidine
biosynthesis

PCR

Specific primer sets were
designed for each
subspecies and used in
reaction mixtures.

Subspecies cremoris
formed a 1149 bp
amplicon while subspecies
lactis formed a 934 bp
amplicon.

(Beimfohr et al.,
1997)

glutamate
decarboxylase

PCR-RFLPb

Formation of a PCR
amplicon followed by
endonuclease digestion
with AseI.

Digested PCR amplicons
formed 190 and 410 bp
fragments for subspecies
lactis, and 190 and 370 bp
fragments or 560 bp
fragment for subspecies
cremoris.

(Nomura et al.,
2002)

n/a

RAPDc-PCR

Generation of PCR
amplicons forming
distinct patterns using
primers composed of
random sequences.

Subspecies were identified
by computer based
analysis of banding
patterns from RAPD
fingerprints.

(Mangin et al.,
1999)

16S rRNA

northern blot
hybridisation

Cremoris specific
oligonucleotide probes
were tested for binding
to RNAs and whole cell
lysates.

Strains that hybridise to
the probe were designated
subspecies cremoris.

(Salama et al.,
1991)

branched chain
amino acid
biosynthesis

southern blot
hybridisation

Bacterial DNA was
digested with EcoRI and
hybridised with a 18.5 kb
fragment.

Following hybridisation,
the observation of
fragment patterns common
to those found in either
subspecies lactis or

(Godon et al., 1992)
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subspecies cremoris are
used for identification.
multi-locus
sequence typing
(MLST)

PCR

Seven housekeeping
genes were amplified by
PCR and sequenced in
forward and reverse
orientation.

Sequence data is used in
downstream phylogenetic
analysis which shows
subspecies lactis and
subspecies cremoris
genotype strains on
separate branches.

(Rademaker et al.,
2007)

a

polymerase chain reaction
polymerase chain reaction-restriction fragment length polymorphism
c
randomly amplified polymorphic DNA
b
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Table 3. Determination of average nucleotide identity (ANI) and correlation of
tetranucleotide frequenciesa for chromosomal DNA of L. lactis type-strains IL1403
and MG1363 and other selected Lactococcus lactis strains.
Strain

ANIbb (%)

ANImc (%)

TETRA

cremoris
cremoris
cremoris
cremoris
cremoris
cremoris
lactis
lactis
lactis
lactis
lactis

87.0
86.88
86.68
86.88
87.0
86.16
98.58
99.52
98.42
99.29
97.84

88.6
88.6
88.28
88.45
88.6
87.71
98.57
99.47
98.53
99.4
98.18

0.994
0.991
0.991
0.991
0.994
0.994
0.999
0.999
0.999
0.998
0.999

lactis
cremoris
cremoris
cremoris
cremoris
cremoris
lactis
lactis
lactis
lactis
lactis

86.86
97.79
97.79
97.67
100
98.09
86.69
86.81
86.57
86.77
86.71

88.6
98.01
98.07
98
99.79
98.33
88.26
88.46
88.25
88.62
88.28

0.994
0.998
0.998
0.997
1.0
0.998
0.994
0.995
0.994
0.995
0.994

Subspecies

Reference IL1403
MG1363
A76
SK11
UC509.9
NZ9000
KW2
KF147
CV56
NCDO 2118
KLDS 4.0325
IO-1
Reference MG1363
IL1403
A76
SK11
UC509.9
NZ9000
KW2
KF147
CV56
NCDO 2118
KLDS 4.0325
IO-1
a

ANI and correlations of tetranucleotide frequencies were calculated using JSpecies (Richter and
Rosselló-Móra, 2009) with default parameter settings.

b

Results generated using BLAST algorithm.

c

Results generated using MUMmer algorithm.
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Fig. 1. Phenotypic traits for Lactococcus lactis subspecies identification.

84

Fig. 2. Events which may have taken place upon initial contamination of milk by nondairy lactococci which facilitated their adaptation to this environment. Some of these
strains may or may not have been capable of utilising lactose (lacE+ and lacE- strains
respectively). Following introduction to milk, these strains could have utilised the free
peptides released by prt+ organisms and free amino acids present in the solution. Over
time these organisms may have acquired plasmids carrying proteinase genes which,
due to the metabolic burden on the cell, may have been readily lost. L. lactis may also
have acquired other plasmids giving them an advantage such as bacteriocin production
and/ or bacteriophage resistance; however, it is more likely that these traits were
acquired prior to the introduction to milk.

85

Fig. 3. Biosynthetic pathway for branched chain amino acids (BCAAs) in Lactococcus
lactis. The crosses denote pseudogenes identified in the dairy strains IL1403, UC509.9
and MG1363.
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Chapter 2

Evaluation of non-dairy Lactococcus lactis with potential dairy
applications reveals extensive phenotype-genotype disparity

All of this chapter has been published in Applied and Environmental Microbiology
(Manuscript in publication)

87

2.1. Abstract
Lactococcus lactis is predominantly associated with dairy fermentations but
evidence suggests that the domesticated organism originated from a plant niche. L.
lactis possesses an unusual taxonomic structure whereby strain phenotypes and
genotype often do not correlate, which in turn has led to confusion in L. lactis
classification. A bank of L. lactis strains was isolated from various non-dairy niches
(grass, vegetables, bovine rumen) and were further characterised on the basis of key
technological traits including growth in milk and key enzymatic activities. Phenotypic
analysis revealed all non-dairy strains to possess a lactis phenotype; however, seven
of these strains possessed a cremoris genotype, determined by two separate PCR
assays.

Multi-locus sequence typing (MLST) showed that lactis and cremoris

genotypes clustered together regardless of habitat, but highlighted the increased
diversity that exists amongst ‘wild’ strains. Calculation of average nucleotide identity
(ANI) and tetranucleotide frequency correlation coefficients (TETRA), using the
JSpecies software tool, revealed cremoris and lactis subspecies differ in ANI values
by ~14%; below the threshold set out for species circumscription. Further analysis of
strain TIFN3 and strains from non-industrial backgrounds, revealed TETRA values of
<0.99 in addition to ANI values <95%, implicating that these 2 groups are separate
species. These findings suggest a need for a revision of L. lactis taxonomy and
highlights the genetic diversity of ‘wild’ subspecies lactis isolates. As a result of the
phenotypes described, the cultures characterised in this study may have applications
for adjunct use in cheese manufacturing.
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2.2. Introduction
Lactococcus lactis is a member of the lactic acid bacteria (LAB), a group of
organisms used worldwide in the production of fermented dairy products. Three
Lactococcus lactis subspecies exist: cremoris, lactis and hordniae. Many strains of L.
lactis ssp. lactis and L. lactis ssp. cremoris are typically associated with dairy
fermentations but evidence suggests that these organisms originated from a plant
niche, and are now considered to be ‘domesticated’ compared to their so-called ‘wild’
counterparts. Conversely, L. lactis ssp. hordniae is unable to utilise lactose and has
not been isolated previously from the dairy environment (Schleifer et al., 1985). A
citrate metabolising bio-variety also exists, diacetylactis, which is capable of imparting
buttery aromas in dairy fermentations (Kempler and McKay, 1981). Information
regarding subspecies classification is important for the application of cultures in dairy
fermentations, particularly cheese production, as subspecies cremoris strains are often
considered more suitable due to their association with cheeses free from off-flavours
(Taïbi et al., 2011).
Before the advent of molecular methods, subspecies classification of L. lactis
was based on the possession of a number of phenotypic traits. The ability to grow in
the presence of 4% NaCl, at 40 oC, at pH 9.2 and the ability to degrade arginine were
assigned as traits for lactis subspecies (Orla-Jensen, 1919), while subspecies cremoris
do not exhibit these characteristics. The ability to ferment maltose is also considered
a phenotypic trait of the lactis subspecies (Rademaker et al., 2007). In more recent
years, genotypic characterisation has largely replaced phenotypic characterisation in
subspecies designation of new isolates. Genotypic characterisation based on 16S
rRNA is commonly used; however, the use of 16S rRNA sequencing alone can lead to
discrepancies in subspecies identification (Xu et al., 2014). This may be due to L.
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lactis ssp. lactis and cremoris exhibiting differences in the 16S rRNA gene by as little
as 0.7% despite differing up to 15% at the whole genome level (Wegmann et al., 2007).
In some instances, the phenotype and genotype do not correlate whereby a strain with
a lactis genotype possesses a cremoris phenotype (Wouters et al., 2002) and
conversely for cremoris genotypes (Jarvis and Jarvis, 1981; Parapouli et al., 2013). In
an attempt to accurately identify subspecies of L. lactis, various assays have been
developed (Godon et al., 1992; Beimfohr et al., 1997; Pu et al., 2002). These assays
employ different molecular techniques such as PCR restriction fragment length
polymorphism (PCR-RFLP) and southern blot hybridisation, targeting genes encoding
branched chain amino acid biosynthesis and glutamate decarboxylase amongst others
(Godon et al., 1992; Nomura et al., 2002).
In particular, two such methods have been developed for rapid and simple
species genotype identification by PCR, based on the 16S rRNA gene and the histidine
biosynthesis operon (Beimfohr et al., 1997; Pu et al., 2002). The method designed by
Pu et al. (2002), targets a 19 bp region which differs by 5 bp between subspecies.
Beimfohr et al. (1997) exploited a 200 bp insertion in the hisZ gene to differentiate
subspecies, with cremoris and lactis genotypes forming amplicons of different size.
With advances in sequencing technology and the development of genome analytical
software tools, faster, more straightforward approaches for accurate species
classification are emerging. One such software tool, JSpecies (Richter and RossellóMóra, 2009), can be used in defining species based on average nucleotide identity
(ANI) and tetranucleotide frequency correlation coefficients (TETRA). What has
become obvious upon analysis of the increasing array of L. lactis genomes from
diverse sources is that L. lactis possesses an unusual taxonomy with different
genotypes and phenotypes thereof. Indeed, in order to correct for the observed
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incongruence between phenotype and genotype, Kelly and Ward (2002) proposed that
genotype and phenotype should be stated when referring to the subspecies of a strain.
In this chapter, we describe the phenotypic and genotypic characterisation of a
bank of novel L. lactis isolates from non-dairy environments and highlight the
extensive phenotype-genotype disparity, or mismatching at the subspecies level.
Previous analysis of these strains has demonstrated their diverse metabolic capacity,
forming different volatile profiles in milk to dairy L. lactis strains and their capacity
to alter flavour in a Gouda-type cheese model (Cavanagh et al., 2013). Our analysis
shows that genome level comparison of these wild strains with the long-domesticated
dairy strains further complicates traditional classification and we suggest that a
revision of the current species classification of the L. lactis species is warranted. In
addition to underlining the shortcomings in subspecies definition of L. lactis, this work
also demonstrates the phenotypic and genotypic diversity that exists between L. lactis
from different environmental niches and the potential of lactococci from non-dairy
niches to be used in dairy fermentations.
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2.3. Materials and Methods
2.3.1. Strains and growth conditions
Dairy L. lactis strains were provided by the DPC culture collection (Teagasc
Food Research Centre, Moorepark, Cork, Ireland). Lactococcus lactis strains were
propagated in M17 media (Oxoid, Hampshire, England) containing 0.5% lactose
monohydrate (VWR, Leuven, Belgium) (wt./ vol.) (LM17) at 30 oC. L. lactis ssp.
lactis IL1403 and L. lactis ssp. cremoris MG1363 and HP were cultured propagated
in M17 media (Difco) containing 0.5% glucose (Sigma Aldrich, Dublin, Ireland)
(GM17).

2.3.2. Lactococcus isolation from non-dairy sources
Environmental samples used in this study for the isolation of novel lactococci
were sourced at the Teagasc Animal and Grassland Research and Innovation Centre
(Moorepark, Fermoy, Cork, Ireland). Grass samples were gathered from allotments
assigned to animal grazing. Bovine rumen samples were collected from a canulated
cow, fed on a grass-based diet while vegetable samples (baby corn, fresh green peas)
were collected from a local supermarket. Fresh sample material (10 g) was added to
100 ml of maximum recovery diluent (MRD) (Oxoid Ltd., England) and homogenised
using a stomacher (Seaward, UK). The resulting suspensions were diluted in MRD,
plated on LM17 media, and incubated for 48 hrs at 30 °C. Individual colonies were
tested for catalase activity (degradation of 3% hydrogen peroxide) and esculin
hydrolysis (formation of black) colonies on kanamycin esculin azide agar (KAA)
(Oxoid Ltd.). Individual strains were subsequently tested for their ability to grow in
milk. This was achieved by twice washing and re-suspending an overnight culture in
sterile water and adding a 1.5% inoculum to 10% reconstituted semi-skimmed milk

92

(RSM) (Kerry Foods, Ireland). Each sample was incubated at 30 oC and the pH was
measured at 5 and 24 hrs.

2.3.3. Subspecies phenotype identification
Lactococcus cultures were tested for their ability to grow at 40 oC and in 4%
NaCl (wt./ vol.) for 24 hrs in LM17 broth. Likewise, growth at 8-10 oC, 45 oC and
6.5% NaCl (wt./ vol.) (Sigma) was examined over two days. Growth was determined
by measuring absorbance using a Synergy 2 plate reader (BioTek Instruments Inc.,
Vermont, USA) in comparison to strains IL1403 (lactis phenotype) and SK11
(cremoris phenotype). Arginine utilisation was assessed using the media described by
Beimfohr et al. (1997) with the addition of bromocresol purple (0.001% wt./ vol.) in
place of phenol red. Acetoin (acetylmethylcarbinol) production from glucose was
determined using the Voges-Poskauer test (Dalynn Biologicals) over a period of 72
hrs. Citrate fermentation was assessed using Kempler and McKay agar (Kempler and
McKay, 1981) incubated for up to 5 days at 30 oC under aerobic conditions. L. lactis
ssp. lactis IL1403 and L. lactis ssp. lactis biovar. diacetylactis DRC3, and L. lactis ssp.
cremoris SK11 and MG1363 were used as reference strains for the particular
subspecies strains for all phenotypic assays. Each phenotypic assay was performed in
two independent experiments in duplicate.

2.3.4. Identification of Lactococcus species and subspecies genotypes
Genomic DNA was extracted from overnight cultures using the Genelute
Bacterial Genomic DNA kit (Sigma). Using primers employed by Alander et al.
(1999), 16S rRNA analysis was initially performed to identify putative lactococci
(Table 1). Genotypic subspecies designation of Lactococcus strains was determined
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using two separate PCR reactions targeting the 16S rRNA gene and the histidine
biosynthesis operon (Table 1) (Beimfohr et al., 1997; Pu et al., 2002). PCR reactions
were carried out in 50 μl reactions using the platinum hi-fidelity PCR Supermix
(Invitrogen) containing 50 ng of DNA per reaction. PCR amplicons for 16S rRNA
analysis were purified using the high pure PCR clean up micro kit (Roche Diagnostics,
Germany) with sequence analysis performed by GATC Biotech in forward and reverse
orientation (Cologne, Germany). Sequences were aligned and trimmed using the
MegAlign software program (DNAstar Lasergene, Madison, WI) and a consensus
sequence was compared to those available in the NCBI BLASTn database.

2.3.5. Multi-locus sequence typing (MLST)
PCR primers were used to amplify partial sequences of seven genes of L. lactis
for the purposes of MLST (Table 1). The genes selected encode three housekeeping
genes: the ATP synthase alpha subunit (atpA), the phenylalanine tRNA synthase alpha
subunit (pheS) and the RNA polymerase alpha subunit (rpoA); and three genes
involved in flavour formation during fermentation; the lysl aminopeptidase N (pepN),
the post proline di-peptidyl aminopeptidase (pepX) and the branched-chain amino acid
transferase (bcaT). A small sub-unit (SSU) of the 16S rRNA region was also included
in the analysis. DNA was extracted using the GenElute Bacterial Genomic DNA kit
(Sigma-Aldrich) according to the manufacturer’s instructions for Gram-positive
bacteria.

PCR amplicons were generated using Platinum Hi-Fi PCR Supermix

(Invitrogen) and sequenced in forward and reverse by GATC Biotech (Konstanz,
Germany). Sequences were assembled and a consensus sequence generated using the
Lasergene software package and the Seqman assembly program (DNAstar Inc.,
Madison, USA). Sequences were aligned and trimmed using the Bioedit biological
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sequence

alignment

editor

(available

at:

http://www.mbio.ncsu.edu/bioedit/bioedit.html) and entered into the PubMLST nonredundant database (NRDB) in order to identify similar genotypes over a batch of
sequence (Gish and States, 1993). Subsequently, a dataset table was created in which
the sequence type (ST) was identified and uploaded to the sequence type analysis and
recombinational tests program (START2) (Jolley et al., 2001). Sequence analysis was
performed using MEGA version 4 using the neighbor-joining method with 1,000
bootstrap replications (Tamura et al., 2007).

2.3.6. Average nucleotide identity (ANI) analysis
Based on results of MLST analysis, three non-dairy lactococcal strains which
branched separately were selected for draft sequencing. Genomic libraries were
prepared using the Rapid Library Preparation method recommended by Roche (Roche
Diagnostics Ltd., West Sussex, UK). Emulsion PCR and 454 sequencing were
performed in the Teagasc Sequencing Centre (Moorepark, Fermoy, Cork) on a 454
FLX Sequencer using standard protocols from the manufacturer (Roche Diagnostics
Ltd., West Sussex, UK). The single-end reads were assembled using the SeqMan
NGen application of the DNAStar Lasergene Genomics Suite (DNASTAR Inc.,
Madison, USA), with the software specified to trim any poor quality read sequences
which fall below an average quality score of 20 over a window of five base pairs.
Average nucleotide identity was performed with the BLAST algorithm (ANIb) using
the JSpecies software program (Richter and Rosselló-Móra, 2009). In tandem with
ANI, this program also allowed for the calculation of tetranucleotide frequency
correlation coefficients (TETRA).
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2.3.7. Biosample accession numbers
The complete nucleotide sequences of L. lactis genomes have been submitted to the
GenBank database under the Biosample accession numbers SAMN03396773,
SAMN03396924 and SAMN03396976 for strains DPC6853, DPC6856 and DPC6860
respectively.

2.3.8. Assessment of key technological traits in non-dairy isolates
2.3.8.1. Lactose utilisation
Milk acidification kinetics were assessed over a 17 hr period for individual cultures in
real-time using the iCinac pH monitoring system (Alliance instruments, France) with
readings taken every minute. Lactococcus cultures were washed twice in sterile MRD
and added to 10% (wt./ vol.) RSM (Kerry Foods), to generate a 1.5% inoculum and
incubated at 30 oC. Pearce test analysis was performed as described previously
(O'Donovan et al., 1996).

2.3.8.2. Amino acid transferase activity (methionine and phenylalanine)
The amino acid transferase activity of dairy and non-dairy strains was
determined for the sulphur containing amino acid, methionine, and the aromatic amino
acid, phenylalanine. Both reaction mixtures contained 50 µM pyridoxal phosphate, 5
mM α-keto Glutaric acid, 0.5 mM sodium arsenate and 50 mM sodium tetra-borate
buffer (pH 8.5) with either 5 mM L-phenylalanine or methionine. Standards were
prepared at concentrations of 100, 200, 300, 400, 500 and 1000 mM for
phenylpyruvate and α-ketomethylthiobutyrate. For the blank preparation 1 ml of
reaction mixture was mixed with 100 µl of distilled water and incubated at 30oC for
30 minutes. One ml of TCA was added and the solution centrifuged at 12,000 x g for
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2 minutes. Analysis was performed using a Cary 100 Bio UV-Vis spectrophotometer
(Varian, Netherlands) with the wavelength set to 300 nm. Test mixtures were analysed
as per the blank with the addition of 100 µl of bacterial culture grown to pH 5.7 and
read against the standard curve. The instrument was zeroed prior to each measurement
and each sample was assayed in triplicate. Amino acid transferase activity was
expressed as µmoles/ min/ mg of protein.

2.3.8.3. Antibiotic resistance and biogenic amine formation
Minimum inhibitory concentrations (MICs) for antibiotics were evaluated using
the VetMIC system (National Veterinary Institute of Sweden, Uppsala, Sweden) for
LAB.

Each micro-titre plate contained 2-fold serial dilutions of 16 antibiotics.

Following growth in LAB susceptibility test broth, each culture was re-suspended in
MRD as per the manufacturer’s instructions to create the desired cell density (~3 x 105
CFU/ ml). One hundred μl of cell suspension was added to each well on the microtitre plate and incubated for 48 hrs at 28 oC. The lowest antibiotic concentration at
which no growth occurred was defined as the minimum inhibitory concentration for
each antibiotic. Antibiotic resistance was examined in duplicate.
The presence of histidine and tyrosine decarboxylase genes were determined by
PCR using the primer sets outlined by Coton and Coton (2005) and Coton et al. (2004).
Lactobacillus brevis DPC6660 and Lactobacillus buchneri DPC6666 were used as
tyrosine and histamine decarboxylase positive controls respectively with Lactococcus
lactis ssp. lactis DRC3 used a negative control.
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2.4. Results
2.4.1. Species confirmation of non-dairy isolates
A bank of novel non-dairy strains isolated in the course of this study from grass,
vegetables and the bovine rumen was further characterised. Individual colonies were
first examined for catalase activity (to eliminate catalase-positive organisms) and
esculin hydrolysis on KAA (to eliminate Enterococcus species). Isolates which were
negative for both traits were examined by Gram reaction and for growth in milk. Gram
positive isolates capable of growth in milk were subsequently identified by 16S rRNA
analysis. Using the primer set described by Alander et al. (1999), a 1.5 kb amplicon
was generated for all non-dairy strains targeting the 16S rRNA gene. Subsequent
analysis of the sequences confirmed a number of isolates as Lactococcus lactis. All
novel L. lactis strains were deposited in the DPC culture collection, Teagasc Food
Research Centre Moorepark, Co. Cork, Ireland.

2.4.2. Subspecies phenotype identification
Subspecies lactis phenotypes are identified by the ability to grow in 4% NaCl,
at 40 oC, and the capability to degrade arginine.

In addition, the biovariant

diacetylactis has the ability to ferment citrate to produce diacetyl. Subspecies cremoris
phenotypes are negative for each of these attributes.

To establish subspecies

phenotypes of the isolated non-dairy lactococci, each isolate was examined for the
aforementioned characteristics (Table 2) and compared to a bank of well-characterised
dairy lactococci which are commonly used in the dairy industry. All of the non-dairy
lactococci isolated in this study were able to grow at 40 oC and in media containing
4% NaCl. Seven of the eight non-dairy lactococcal strains were able to hydrolyse
arginine. Strain DPC6855 was unable to hydrolyse arginine but could grow in 4%
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NaCl and at 40 oC, and was therefore assigned as subspecies lactis. Only the dairy
strain, DRC3, was capable of fermenting citrate which is the hallmark of biovariant
diacetylactis strains. Based on these results, all non-dairy lactococci were assigned
lactis phenotypes.

2.4.3. Subspecies genotype identification
The non-dairy L. lactis isolates were analysed at the genotypic level to accurately
identify subspecies, and were again compared to the bank of dairy lactococci. Two
separate PCR-based assays were performed in order to identify the subspecies
genotype of each strain. The 16S rRNA gene exhibits a 0.07% variance depending on
the strain (Salama et al., 1991). Primers designed by Pu et al. (2002) were employed
to discriminate between lactis and cremoris genotypes on the basis of this difference.
The primers sets comprise a common reverse primer, LacreR, and a subspeciesspecific forward primer, LacF, for subspecies lactis and CreF for subspecies cremoris
to generate a 163 bp amplicon. In all cases, amplicons were generated with one or
other of the subspecies-specific forward primers, but not for both (Table 3). To further
distinguish between subspecies lactis and cremoris, Biemfohr et al. (1997) designed a
single primer set to amplify specific regions of the histidine biosynthesis operon.
Between lactis and cremoris genotypes, the average sequence divergence from
positions 480-700 within the histidine biosynthesis operon equates to 45%.

In

addition, members of the cremoris subspecies possess a 200 bp insertion at the end of
hisZ gene within this operon which encodes a phosphoribosyltransferase regulatory
subunit (Beimfohr et al., 1997). Using the primer set designed by Biemfohr et al.
(1997), amplification of subspecies cremoris results in a 1149 bp product, and
subspecies lactis a 934 bp product (Table 3). Subspecies genotypes determined using
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both assays correlated with one another, verifying the genotype of the strains. In all,
seven cremoris genotype, lactis phenotype strains were isolated from grass and rumen
samples and one lactis genotype, lactis phenotype strain was isolated from corn (Table
3).

2.4.4. Genetic diversity of L. lactis strains from different environments
2.4.4.1. Clustering of lactis and cremoris genotypes
MLST is a comprehensive technique compared to other typing methods as it
provides information on aspects of the population organization and evolution of the
species in question (Maiden, 2006; Turner and Feil, 2007). In contrast, multi-locus
sequence analysis (MLSA) concatenates the DNA sequence of the selected
housekeeping genes and using this information examines the phylogenetic relationship
between strains. Eight dairy and eight non-dairy strains were examined for their
genetic diversity using comparative sequence analysis of seven genes including the
16S rRNA gene. The primer sets used in MLST analysis (Table 1) do not generate
products for L. lactis ssp. hordniae or other Lactococcus species (Rademaker et al.,
2007). Amplicons were generated for segments of each of these genes for all 16
Lactococcus strains tested and sequenced in forward and reverse orientation and a
consensus sequence generated. Sequence data for each of the seven housekeeping
genes were also extracted from the complete genome sequences of L. lactis strains
from different habitats available on the NCBI database. Sequence types (STs) were
created for all strains using the non-redundant database program (Gish and States,
1993). For the non-dairy lactococci isolated in this study, four STs were identified:
(1) DPC6853; (2) DPC6854 and DPC6855; (3) DPC6856; and (4) DPC6857,
DPC6858, DPC6859 and DPC6860. MLST analysis, including our non-dairy bank
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and sequenced L. lactis genomes from the NCBI database, identified 20 different STs
(eight lactis genotypes; 12 cremoris genotypes). The frequency of polymorphic sites
ranged from two in the 16S rRNA gene to 85 in the pepX gene (Table 4). The sequence
divergence at these sites was identified as not resulting in a change in the amino acid,
as determined by the low dN/ dS ratio identified for all alleles. Collective analysis of
all seven loci, and each of the genes individually, showed the presence of two separate
clusters corresponding to cremoris and lactis genotype strains which corresponds to
the findings of other reports using the same scheme (Fig. 1; 2) (Rademaker et al., 2007,
Fernández et al., 2011). L. lactis NZ9000 is a derivative of L. lactis MG1363 and both
strains possessed the same ST and consistently grouped with each other throughout the
analysis, thereby confirming comparative analysis of the gene sequences (Linares et
al., 2010). Overall, results of our MLST analysis clearly show strains of subspecies
lactis and cremoris grouping separately, irrespective of the environment from which
they were isolated.

2.4.4.2. ANI: Revision of Lactococcus subspecies as separate species
To further examine the genetic diversity of the non-dairy lactococcal bank, ANI
was calculated for L. lactis strains DPC6853 (corn), DPC6856 (bovine rumen) and
DPC6860 (grass) using draft genome sequences, and compared to L. lactis genomes
available on the NCBI database. ANI is an alternative to DNA-DNA hybridisation,
using genome sequences, as a means of defining a species (Richter and Rosselló-Móra,
2009). Table 5 shows ANIb (ANI calculated using the BLAST algorithm) values for
L. lactis strains available on the NCBI database plus strains DPC6856, DPC6853 and
DPC6860 isolated in this study, calculated using the JSpecies software tool (Richter
and Rosselló-Móra, 2009). Firstly, as expected, derivatives of the same strain share a
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100% ANIb, as in the case of L. lactis ssp. cremoris NZ9000 and L. lactis ssp. cremoris
MG1363 (Kuipers et al., 1998). Secondly, all strains belonging to the same subspecies
possessed an ANIb value between 96.53-99.96%. Contrastingly, strains reported as
different subspecies shared ANIb values of 85.54-87.45%, below the cut-off for
species circumscription (<95%). Based on ANIb values alone, the authors propose
that lactis and cremoris genotypes be reclassified as different species
In conjunction with an ANI of <95%, a tetranucleotide frequency correlation
coefficient (TETRA) of <0.99 is also used in tandem with ANI for species
circumscription (Richter and Rosselló-Móra, 2009). When compared to strain L. lactis
ssp. cremoris TIFN3, used in cheese production, the non-dairy strains DPC6860 and
DPC6856 (genotype cremoris, phenotype lactis) possessed lower ANIb values of
96.16% and 96.83% respectively compared to other strains designated as cremoris
subspecies (~97%). Similarly, strain DPC6853 possessed a lower ANIb value of
96.39-97.24% in comparison to other L. lactis ssp. lactis strains. This suggests an
increased genetic diversity amongst strains isolated in this study in comparison to
previously sequenced strains of the same genotype.

In addition this data also

highlights a reduced genetic diversity amongst dairy starter strains as identified
previously (Passerini et al., 2010).
For the vast majority of comparisons between subspecies, a below threshold
ANIb value was coupled with a TETRA value >0.99 which classifies them as the same
species (Table 6). However, the dairy strain, L. lactis ssp. cremoris TIFN3 possessed
ANIb and TETRA values below the threshold for species circumscription when
compared to strain DPC6853. Furthermore when compared to ‘wild’ L. lactis ssp.
lactis strains and strain IL1403, similar ANIb and TETRA values were also observed;
which were not found between strain TIFN3 and dairy subspecies lactis strains. The
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phenotypes of some of these ‘wild’ strains are not defined in reports; however, it is
tempting to speculate that all of these strains possess lactis phenotypes owing to the
environment from which they were isolated.

These findings suggest that L. lactis

TIFN3 is a separate species to ‘wild’ subspecies lactis strains and IL1403, which may
possess lactis phenotypes. The genome sequence status of TIFN3 is insufficient to
support this reclassification however; future sequence analysis of the TIFN3 genome
may provide evidence to support these findings.

2.4.5. Key technological traits
2.4.5.1. Starter activity: milk acidification
The fast acidification of milk is a crucial trait of dairy cultures for use in the
dairy industry (Marshall, 1991). All strains isolated in this study possessed good
acidification activity when grown in RSM at 30 oC (Fig. 3). Strain DPC6856 (isolated
from the bovine rumen) showed the slowest production of acid, reaching pH 4.75 after
17 hours compared to 4.15 for other strains. This is in comparison to the dairy strains,
the fastest of which strain ML8 reached a final pH of 4.34 in 17 hours. The Pearce
test simulates conditions that starter cultures are be exposed to in Cheddar cheese
making, which in turn allows for the evaluation of strains for use as starter cultures
(Pearce, 1969). Pearce test analysis (Fig 4) showed that non-dairy strains would be
unsuitable for use as starters as they are unable to reach the desired pH under
processing conditions (as mimicked by the Pearce test). Although these strains are
unsuitable as starters they are capable of growth in milk without the use of
supplementation and on this basis they were used as adjuncts.

2.4.5.2. Enzyme activity analysis
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Aminotransferases function in converting amino acids to their respective α-keto
acids which are further converted to flavour compounds during cheese ripening (Yvon
et al., 1997; Rijnen et al., 2003; Smit et al., 2004). Dairy and non-dairy cultures were
examined for their amino acid transferase activity for the aromatic amino acid,
phenylalanine, and the sulphur amino acid, methionine in duplicate experiments (Fig.
5). To enable the comparative assessment of amino acid transferase activity of strains,
laboratory media was used for culturing cells prior to performing enzyme assays. Nondairy isolates displayed increased activity for phenylalanine compared to decreased
activity for methionine relative to dairy strains. L. lactis H88M1 showed the lowest
transferase activity for phenylalanine, and L. lactis DRC3 and ML8 showed the highest
activity for methionine. Conversely, strains DPC6854 and DPC6855 had the lowest
activity for methionine while DPC6858 had the highest activity for phenylalanine.

2.4.5.3. Antibiotic resistance
The antibiotic resistance of bacteria destined for use in food, needs to be
carefully assessed to prevent dissemination of these genes to other bacteria along the
food chain. Therefore, the antibiotic resistance of all non-dairy strains and three
representative dairy strains were determined using VetMIC Lact-1 and Lact-2 plates
analysing a total of 16 antibiotics. Few differences were observed in the MIC profiles
between dairy and non-dairy strains (Table 7). Non-dairy isolates showed a lower
MIC for ciprofloxacin (DPC6854, DPC6855), vancomycin (DPC6855, DPC6857,
DPC6858, DPC6859, DPC6860) ampicillin (DPC6855) and clindamycin (DPC6854).
All strains tested were highly resistant to trimethoprim (Tm), which corresponds to
previous reports on Lactococcus strains isolated from raw milk cheeses. Strain
DPC6853 possessed a much higher MIC for tetracycline than any of the other strains
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tested. With the exception of DPC6853, all non-dairy strains isolated in this study
were below the microbiological cut-off values for antimicrobial resistance set out by
EFSA (2012). No histidine or tyrosine decarboxylase genes were identified by PCR
in any of the non-dairy lactococci isolated in this study.
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2.5. Discussion
With the advancement of molecular tools and high throughput screening
methods, the classification of L. lactis subspecies has come under much scrutiny and
has sparked debate as to how the subspecies should be identified. Phenotypic tests
have been used in the past to distinguish subspecies; however in some cases these tests
may not account for related organisms that show unusual phenotypic traits (Centeno
et al., 1996; Teixeira et al., 1996; Delgado and Mayo, 2004). Numerous reports have
identified subspecies genotypes with mismatching phenotypes (Salama et al., 1993;
Fernández et al, 2011; Parapouli et al., 2013). Salama et al. (1993) examined L. lactis
strains, isolated from natural environments, which were identified by colony
hybridisation using species and subspecies specific probes. Fernández et al. (2011)
examined the phenotypic and genetic diversity of L. lactis strains from raw milk
cheeses while Parapouli et al. (2013) characterised an L. lactis strain isolated from raw
milk, which produced a novel Nisin A bacteriocin. In this study, seven of the eight
strains isolated from various non-dairy niches were found to possess cremoris
genotypes with one lactis genotype isolated from corn. All of these strains possessed
a lactis phenotype, since seven strains were capable of hydrolysing arginine and
growing in 4% NaCl and at 40 oC, with one strain unable to hydrolyse arginine.
Previously L. lactis strains from alfalfa, radish sprouts, and mung bean sprouts were
incapable of hydrolysing arginine but overall possessed a lactis phenotype (Rademaker
et al., 2007). As a result of adaptation to milk, L. lactis is held to have undergone a
process of reductive evolution forfeiting processes no longer required in the milk
environment (Kelly et al., 2010). The rarity of cremoris phenotypes outside of milk
suggests that growth at 40 oC, in 4% NaCl and capacity to utilize arginine are not
required in this environment and it has been hypothesised that the lactis phenotype is
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required for growth in diverse environments outside of milk (Klijn et al., 1995; Kelly
and Ward, 2002). Our findings support this hypothesis whereby seven subspecies
cremoris strains from non-dairy niches were isolated, all of which possessed lactis
phenotypes.
It has been estimated, according to divergence in the 16S rRNA gene, that lactis
and cremoris genotypes separated approximately 17 million years ago (Bolotin et al.,
2004). Diversity analysis using the composite data set of the seven loci employed in
this study, clearly highlighted this separation with cremoris and lactis subspecies
grouping separately irrespective of the environment from which they were isolated.
Previously, phylogenetic analysis of dairy and non-dairy lactococci suggested the
relatively recent emergence of dairy lactococcal strains domesticated to milk
(Rademaker et al., 2007, Passerini et al., 2010). Therefore, although these lactis and
cremoris genotypes may be phylogenetically close, they are following different
directions with respect to their evolution. This may account for the separate grouping
of environmental lactis genotypes with respect to dairy lactis genotypes during
neighbour joining cluster analysis of individual genes (with the exception of the 16S
rRNA gene and rpoA) and the seven loci data set. L. lactis CV56, isolated from human
vaginal samples, clustered with strains of dairy origin hinting that this organism may
have originated from a dairy environment (Gao et al., 2011). Similarly, DPC6856
isolated from the bovine rumen, clustered with grass strains suggesting that it is
derived from a grass niche.
ANI is an alternative to DNA-DNA hybridisation as a means of species
circumscription, using full or partial genome sequences (Richter and Rosselló-Móra,
2009). An ANI value of 95% is considered the threshold for species definition,
corresponding to a DDH similarity value of 70% (Richter and Rosselló-Móra, 2009).
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It is important to note that software tools such as JSpecies allow for pair-wise
comparisons only using ANI. With regards to future development of such software
tools, there is a call to create a feature where ANI for a cluster of strains (i.e. cremoris
strains) can be compared to another cluster i.e. (lactis strains); similar to that as
described by Altermann (2012) (in this analysis ORFs are compared rather than
average nucleotide sequence). Comparison of ANI values showed that subspecies
cremoris and lactis possessed approximately 86% DNA similarity, in agreement with
the figure set out by Wegmann et al. (2007) between strains IL1403 and MG1363.
Based on our analysis and under the guideline set-out by Richter and Rosselló-Móra
(2009), L. lactis ssp. lactis strains are a different species to subspecies cremoris strains
possessing an ANI value of below 95%. Contrastingly, Fernández et al. (2011)
proposed that cremoris and lactis genotype strains are members of the same species,
based on the species concept for prokaryotes (Rosselló‐Mora and Amann, 2001). In
addition Fernández et al. (2011) also put forward that both cremoris and lactis
subspecies genotypes with lactis phenotypes represent true subspecies. In comparison
to species, subspecies definition is quite vague whereby no established molecular cutoff values exist, and subspecies classification is often at the judgement of the
taxonomist (Konstantinidis and Stackebrandt, 2013) i.e. no threshold values for
subspecies classification using ANIb or DDH are established. The analysis performed
in this study was based on genomic sequences only and did not take into account any
of the physical traits of the strains. Rosselló-Mora and Amann (2001) stated that a
species can consist of different genomic groups, and with in-depth phenotypic analysis
better circumscription can be obtained. Therefore in conjunction with ANI and
TETRA, further analysis of both the phenotype and chemotaxonomic markers of

108

analysed strains are required to support the proposed revision of Lactococcus
subspecies as separate species.
Recently, the isolation of novel lactic acid bacteria strains from diverse
ecological niches has gained renewed interest as it has been shown that such strains
possess more diverse metabolic traits than established dairy cultures (Alemayehu et
al., 2014). In the present study we examined technological traits important in the
production of fermented dairy products. All non-dairy strains grew well in milk and
were capable of acidifying milk at a similar rate to previously isolated lactococci from
dairy and non-dairy origins (Nomura et al., 2006). Amino acid transferase activity
clearly showed that non-dairy isolates possess an increased capacity to trans-animate
phenylalanine in contrast to the sulphur derived amino acid, methionine. Sulphur
compounds derived from methionine impart onion, garlic, and cabbage flavour notes
to cheeses such as found in Cheddar and Camembert (McSweeney and Sousa, 2000;
Singh et al., 2003). Contrastingly aroma compounds originating from aromatic amino
acids can contribute to off-flavours in cheeses such as flowery, bitter almond and rosy
aromas (van Kranenburg et al., 2002; Marilley and Casey, 2004). The conversion
products of phenylalanine have been found in hard- and soft-type cheeses (van
Kranenburg et al., 2002) and in small amounts, the production of these compounds
may be beneficial in diversifying the flavour profiles of semi-hard cheeses.
Antibiotics can persist for an extended period of time in soil and water based
environments, thus the widespread use of agricultural antibiotics may select for
resistant strains of bacteria in these habitats (Thiele‐Bruhn, 2003; Segura et al., 2009;
Allen et al., 2010). Therefore, if non-dairy or ‘wild’ isolates such as those identified
in this study are to be used as cultures in food processing, their antibiotic resistance
must be carefully assessed and fall within guidelines set out by EFSA (2012). These
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guidelines state the cut-off values for L. lactis for ampicillin (2 mg/ L), vancomycin (4
mg/ L), gentamycin (32 mg/ L), kanamycin (64 mg/ L), streptomycin (32 mg/ L),
erythromycin (1 mg/ L), clindamycin (1 mg/ L), tetracycline (4 mg/ L) and
chloramphenicol (8 mg/ L). L. lactis DPC6853 possessed a much higher MIC for
tetracycline, an antibiotic used commonly in the treatment of human and animal
diseases (Chopra and Roberts, 2001). Increased resistance to this compound has
previously been identified in L. lactis strains from raw milk cheeses and was found to
be plasmid encoded (Fallico et al., 2011). This may raise some doubt about the
suitability of DPC6853 for use in food production; however, if this resistance is
plasmid-encoded, sensitivity of this strain to this antimicrobial could be restored
(Fallico et al., 2011).
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2.6. Conclusions
All non-dairy L. lactis strains isolated in this study demonstrated some key
technological traits for application in dairy fermentations and were found to possess
lactis phenotypes, with seven out of eight isolates possessing cremoris genotypes.
MLST clearly separated lactis and cremoris genotypes but highlighted the diversity
which exists between ‘wild’ isolates and their dairy counterparts. Further examination
of a number of these strains by ANI and TETRA suggests that the classification of L.
lactis requires revision in light of the many non-dairy lactococci being isolated and
sequenced. With the increased mining of diverse environments for novel L. lactis
strains, a standard approach for species/ subspecies classification using analysis such
as ANI is required. Similarly, it is also crucial to accurately identify the subspecies
phenotype and other chemotaxonomic markers. Our analysis suggests the feasibility
of reclassifying the L. lactis subspecies lactis and cremoris into two separate species,
L. lactis and L. cremoris.
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Table 1. Oligonucleotide primer sequences used in PCR reactions for species/
subspecies identification and multi-locus sequence typing (MLST).
Primer

Sequence

Target region

Reference

16S rRNA
16S rRNA

Alander et al., (1999)

5’-GTACTTGTACCGACTGGAT-3’
5’-GTGCTTGCACCGATTTGAA-3’
5’-GGGATCATCTTTGAGTGAT-3’
5’-CTTCGTTATGATTTTACA-3’
5’-AATATCAACAATTCCATG-3’

16S rRNA
16S rRNA
16S rRNA
Histidine operon
Histidine operon

Pu et al., (2002)

5’-ATGATYGARTTTGAAAAACC-3’
5’-ACHGTRTTRATDCCDGCRCG-3’

Rademaker et al., (2007)

5’-GCGGCGTGCCTAATACATGC-3’

RNA polymerase
RNA polymerase
ATP synthase
ATP synthase
BCAA aminotransferase
BCAA aminotransferase
aminopeptidase N
aminopeptidase N
X-prolyl peptidase
X-prolyl peptidase
Phe tRNA synthetase
Phe tRNA synthetase
16S rRNA

5’-ATCTACGCATTTCACCGCTAC-3’

16S rRNA

Species identification
16S_Fa
16S_R

5’-AGAGTTTGATCCTGGCTCAGG-3’
5’-ACGGCAACCTTGTTACGAGTT-3’

Subspecies identification
LacF
CreF
LacreR
Lhis5F
Lhis6R

Biemfohr et al., (1997)

MLSTb
rpoA_F
rpoA_R
atpA_F
atpA_R
bcaT_F
bcaT_R
pepN_F
pepN_R
pepX_F
pepX_R
pheS_F
pheS_R
SSU
rRNA_F
SSU
rRNA_R

5’-TAYRTYGGKGAYGGDATYGC-3’
5’- CCRCGRTTHARYTTHGCYTG-3’
5’-TTTKSHRTGCCDGTWGG-3’
5’-GGWCCHACTTCYGTYTC-3’
5’-ATKTCTTAYGCWGAYRTYGT-3’
5’-TTKCTTCAAGSMAWGSCC-3’
5’-TTTGGGTTGAAAGTCCAGT-3’
5’-CCAAGAAGAAATTCCAGC-3’
5’-CAYCCNGCHCGYGAYATGC-3’
5’-CCWARVCCRAARGCAAARCC-3’

Biogenic amine production
HDC3_F 5’- GATGGTATTGTTTCKTATGA-3’
HDC4_R 5’ CAAACACCAGCATCTTC-3’
‘5- CAAATGGAAGAAGAAGTAGG-3’
TD5_F
‘5- ACATAGTCAACCATRTTGAA-3’
TD2_R
a
F= forward; R= reverse
b

Histidine decarboxylase

Coton and Coton, 2005

Tyrosine decarboxylase

Coton et al., 2004

R= A/ G, Y= C/ T, M= A/ C, K= G/ T, S= C/ G, W= A/ T, H= A/ C/ T, B= C/ G/ T/, V= A/ C/ G,
D= A/ G/ T, N= A/ C/ G/ T
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Table 2. Phenotypic characterisation of dairy and non-dairy lactococcal strains.
Growth at
Genotype

Phenotype

Fermentation of

40 oCa

4%
NaCla

Strain

Arginine
hydrolysis

Maltose

Lactose

Citrate

Non-dairy
lactis
cremoris
cremoris
cremoris
cremoris
cremoris
cremoris
cremoris

lactis
lactis
lactis
lactis
lactis
lactis
lactis
lactis

DPC6853
DPC6857
DPC6858
DPC6855
DPC6859
DPC6860
DPC6856
DPC6854

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

+
+
+
–

Cheese
Starter culture
Cheese
Cheese
Raw milk
Cheese
Cheese
Cheese
Cheese

lactis
lactis
lactis
lactis
cremoris
cremoris
cremoris
cremoris
cremoris

lactis
lactis
lactis
lactis
cremoris
cremoris
cremoris
cremoris
lactis

DRC3
303
ML8
229
H88M1
AM1
310
HP
SK1G

+
+
+
+
+
–
–
–
+

+
+
+
+
–
–
–
–
+

+
+
+
+

Type strains

cremoris
lactis

cremoris
lactis

SK11
IL1403

–
+

–
+

Corn
Grass
Grass
Grass
Grass
Grass
Bovine rumen
Grass

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

–
–
–
–
–
–
–
–

–
–
–
–
–

+
+
–
+
+
–
–
–
+

+
+
+
+
+
+
+
+
+

+
–
–
–
–
–
–
–
–

–
+

–
+

+
–

–
–

+
+
+
+

Dairy

a

Growth at 40 oC and in 4% NaCl was monitored for 48 hours to determine subspecies phenotype.
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Table 3. Differentiation of L. lactis subspecies by PCR, using the primers designed
by Pu et al. (2002) and Biemfohr et al. (1997) targeting the 16S rRNA gene and
the histidine biosynthesis operon respectively.
Target region:

16S rRNA gene
LacFa

Histidine operon

CreFa

Amplicon sizeb
(bp)

L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.

lactis DPC6853
lactis DPC6855
lactis DPC6860
lactis DPC6859
lactis DPC6854
lactis DPC6856
lactis DPC6858
lactis DPC6857
lactis ML8
lactis DRC3
lactis 303
lactis 229
lactis AM1
lactis H88M1
lactis 310
lactis SK1G

+
–
–
–
–
–
–
–
+
+
+
+
–
–
–
–

–
+
+
+
+
+
+
+
–
–
–
–
+
+
+
+

934
1149
1149
1149
1149
1149
1149
1149
934
934
934
934
1149
1149
1149
1149

a

(+) denotes the formation of an amplicon; (–) denotes the formation of no amplicon

b

subspecies cremoris generates a 1149 bp product; subspecies lactis generates a 934 bp product
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Table 4. Genetic diversity for 26 L. lactis strains at seven loci.
Length (bp)
% GC Content

No. of polymorphic
sites

d n / d s ratio

Unique alleles

393

41.52

32

0.008

10

493

320

39.47

45

0.029

8

1,023

482

491

33.53

52

0.255

8

pepX

2,269

602

401

39.35

85

0.076

9

rpoA

939

721

531

40.19

13

0.092

12

pheS

2,533

618

361

41.51

36

0.010

9

16S rRNA

1,548

1,465

531

49.30

2

-

5

Gene

Amplicon

Sequence analysed

Locus
atpA

1,503

1,141

bcaT

1,047

pepN
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Table 5. ANI % calculated with the BLAST algorithm using the JSpecies software toola (Richter and Rosselló-Móra, 2009).

a

Subspecies cremoris genotype strains are identified by *

Values are coloured as follows:

100%;

95-99%;

90-94%;

85-89%.
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Table 6. Tetranucleotide frequency correlation coefficient (TETRA) calculated using the JSpecies software toola (Richter and Rosselló-Móra
2009) with values below the threshold TETRA value (<0.99) highlighted in green.

a

Subspecies cremoris genotype strains are identified by *.
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Table 7. Minimum inhibitory concentrations (MICs) for 16 antibiotics of non-dairy strains and three dairy lactococcal strains examined using
VetMIC platesa.

Origin/
strain

MIC (µg/ ml)
Gm

Km

Sm

Nm

Tc

Em

DPC6857

2

16

32

8

0.5

0.06

DPC6858

2

8

16

8

0.25

DPC6855

1

8

16

4

DPC6859

2

16

32

DPC6860

1

8

DPC6856

2

DPC6854
DPC6853

Cl

Cm

Am

PG

0.25

4

0.25

0.25

0.06

0.25

4

0.25

0.25

0.06

0.06

2

8

0.5

0.06

0.12

16

32

0.25

0.06

16

32

16

1

1

8

16

4

4

16

32

303

2

16

SK1G

2

DRC3

2

Va

Vi

Lz

Tm

Ci

Ri

<0.25

2

2

>64

4

8

0.25

<0.25

2

1

>64

2

8

<0.03

0.06

<0.25

0.5

1

>64

<0.25

8

4

0.25

025

<0.25

2

2

>64

4

16

0.25

2

0.12

0.25

<0.25

2

1

>64

8

8

0.06

0.06

2

0.12

0.12

0.5

1

2

>64

1

2

0.25

0.06

<0.03

2

0.06

0.06

0.5

1

2

>64

<0.25

2

32

64

0.06

0.25

4

0.5

0.25

0.5

2

1

>64

8

8

16

16

0.25

0.06

0.12

2

0.25

0.25

0.5

1

1

>64

8

8

8

16

4

1

0.25

0.25

8

0.5

0.5

0.5

2

2

>64

8

64

16

16

16

0.25

0.06

0.06

2

0.25

0.25

0.5

1

1

>64

2

4

Non-dairy

Dairy

a

MIC assays were carried out in duplicate.

Antibiotic abbreviations: Gm, gentamicin; Km, kanamycin; Sm, streptomycin; Nm, neomycin; Tc, tetracycline; Em, erythromycin; Cl, clindamycin; Cm, chloramphenicol;
Am, ampicillin; PG, penicillin G; Va, vancomycin; Vi, virginiamycin; Lz, linezolid; Tm, trimethoprim; Ci, ciprofloxacin; Ri, rifampicin
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Fig. 1. Neighbour-joining cluster analysis of DNA segments of individual loci for dairy and non-dairy Lactococcus strains after 1,000 Bootstrap

127

replications with values ≥50 shown.
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Fig. 2. Neighbour-joining cluster analysis of a composite data set for seven loci of
dairy and non-dairy Lactococcus strains. Phylogenetic analysis was carried out
with 1,000 bootstrap replications with bootstrap percentages ≥50 shown. The
origin of each strain is indicated on the right hand side.
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Fig. 3. Milk acidification profile of dairy and non-dairy strains in 10% reconstituted semi-skimmed milk (RSM).
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Fig. 4. Pearce test analysis of non-dairy strains. L. lactis 303 and SK11 were used as representative industrial dairy cultures. Results are
the average of duplicate experiments.
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Figure 5. Amino acid transferase activities for methionine (A) and phenylalanine (B) with non-dairy strains in green and dairy strains in red.
Results are the average of triplicate experiments.
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Chapter 3
Assessment of wild non-dairy lactococcal strains for flavour
diversification in a mini Gouda-type cheese model

All of this chapter has been published in Food Research International (2014), 62,
432-440. DOI:10.1016/j.foodres.2014.03.043
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3.1. Abstract
Wild lactococci possess enhanced metabolic capabilities in comparison to
industrial dairy strains, including increased amino acid-converting enzyme activities.
A bank of Lactococcus lactis strains isolated from different non-dairy environments
exhibited wider carbohydrate fermentation profiles in comparison to dairy lactococcal
strains. In addition, these non-dairy lactococci had the ability to ferment lactose and
produce diverse aroma profiles when grown in milk. Based on volatile analysis, five
of these non-dairy strains were selected and investigated as adjuncts to diversify
cheese flavour using a model mini Gouda cheese making process and were compared
to a cheese manufactured with a commercial adjunct. In total, eight different cheeses
were evaluated in duplicate and ripened for 14 days at 12 oC, followed by 8 oC for 84
days thereafter. Physicochemical analysis of cheeses was performed at day 14 and
sensory evaluation at day 84. Viable counts, intracellular enzyme activity and indices
of proteolysis were monitored over ripening. The ability of the non-dairy strains to
survive, lyse, release intracellular enzymes and alter proteolysis was strain dependent.
Some strains performed as well as the commercial adjunct in terms of secondary
proteolysis although others were associated with bitterness and development of offflavours and off-aromas. Attenuation of DPC6853 positively reduced its association
with bitterness during ripening. It is evident that non-dairy strains have potential as
adjuncts in semi-hard type cheeses, and could be harnessed to diversify flavour
profiles in semi-hard cheese varieties.
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3.2. Introduction
Flavour is a prime factor for consumer selection of cheeses, such as Gouda and
Cheddar (Ross et al., 2000). The formation of cheese flavour arises from a series of
chemical, biochemical and microbiological processes involving the break-down of
lactose (glycolysis), fat (lipolysis) and protein (proteolysis) (McSweeney & Sousa,
2000). For the generation of cheese aroma in semi-hard cheeses, it is widely agreed
that the proteolytic system and amino acid-converting enzymes possessed by the
starter cultures are of pivotal importance (Smit et al., 2005). Lactococcus lactis strains
are the most widely used starter cultures in the production of cheese. A few select
strains are predominantly used as primary starters due to the technological attributes
that they possess (Marshall, 1991). Although this has reduced inconsistencies in
quality, it has resulted in a reduction in the diversity of flavour amongst commercial
cheeses. A secondary starter or adjunct culture is often added to impart specific
properties and generate characteristic flavour profiles associated with specific cheeses
(Johnson, 2001).
While L. lactis is normally associated with dairy fermentations, so-called ‘wild
strains’ of this species can be isolated from raw milk and non-dairy environments
(Centeno, et al., 2002; Nomura et al., 2006). The use of milk and cheese models has
highlighted the potential of ‘wild’ L. lactis strains to produce unusual flavours and
diverse volatile profiles, that could be applied to cheese making (Alemayehu et al.,
2014; Ayad et al., 2000; Ayad et al., 1999b; Morales et al., 2003a). Genome sequence
analysis has revealed non-dairy lactococcal strains to be more metabolically diverse
than dairy cultures (van Kranenburg et al., 2002). For example, Lactococcus strains
from the wider environment have been shown to possess more active amino acidconverting enzymes than industrial dairy cultures and are auxotrophic for fewer amino
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acids than their dairy counterparts (Ayad et al., 1999a). In lactococcal starter cultures,
the formation of aroma compounds from amino acids begins with transamination and
the conversion of an amino acid to its corresponding α-keto acid (Gao & Steele, 1998;
Rijnen et al., 1999). This reaction is limited by the amount of α-ketogluturate
produced by the microorganism which acts as an amino group acceptor (Tanous et al.,
2002). Some studies have investigated the potential of lactic acid bacteria (LAB)
strains from raw milk, raw milk cheeses and non-dairy niches to create cheeses of
more diverse or intense flavour (Ayad et al., 1999a; Centeno et al., 2002). Sensory
analysis of cheeses made using wild strains has resulted in the use of atypical sensory
descriptors (Morales et al., 2003b). Furthermore co-cultures of wild strains, leading
to the completion of particular flavour formation pathways, may further diversify
flavour profiles (Ayad et al., 2001a).
The aim of this work was to evaluate the flavour-forming ability of selected
non-dairy lactococci as adjunct cultures in cheese. A bank of non-dairy strains was
assessed for important technological characteristics including growth in milk,
tolerance to salt and temperature, proteolytic activity and the ability to ferment
different carbohydrates. In addition, the generation of volatile compounds in milk
was also assessed for each strain. Non-dairy strains which formed diverse aroma
profiles in milk were selected for use as adjunct cultures in the production of mini
Gouda-type cheese.

The resultant cheeses were assessed for physicochemical,

microbial, biochemical, and sensory characteristics, and compared to control cheeses
that were produced using a commercially available adjunct derived from
Lactobacillus helveticus.
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3.3. Materials and methods
3.3.1. Bacterial strains and growth conditions
Lactococcus adjuncts used in this study were isolated from non-dairy sources.
L. lactis ssp. cremoris strains DPC6854, DPC6857, DPC6858, DPC6859, DPC6860
and DPC6855 were isolated from grass samples sourced at the Animal and Grassland
Research and Innovation Centre (Teagasc, Fermoy, Ireland). Strain DPC6853 was
isolated from corn sourced at a local supermarket, while strain DPC6856 was isolated
from a sample of bovine rumen content. Direct vat inoculation (DVI) cultures used
in this study CHOOZIT™ Classic 111 (a mix of seven strains of L. lactis ssp. lactis
and L. lactis ssp. cremoris) and CHOOZIT™ Flav54 (a single Lactobacillus
helveticus strain) were supplied by Du Pont-Danisco (Dangé St. Romain, France).
Non-commercial lactococcal strains were cultured in M17 media (Oxoid, Hampshire,
England) containing 5 g/ L lactose monohydrate (LM17) (VWR, Leuven, Belgium).
Lb. helveticus cultures were enumerated on MRS (Oxoid, Hampshire, England) media
adjusted to pH 5.3 (mMRS). Prior to the production of mini Gouda-type cheeses,
whole cultures were grown in sterile (121 oC for 5 mins) 10% reconstituted semiskimmed milk (RSM) (Kerry Foods, Ireland) to 1 x 108 CFU/ ml, pelletized in liquid
nitrogen and stored at -80 oC. Non-dairy cultures underwent minimal sub-culturing
in milk to maintain their natural metabolic characteristics.
L. lactis ssp. lactis DPC6853 was attenuated using a high pressure
microfluidiser to increase the percentage of permeabilised or lysed cells within the
population (Yarlagadda et al., 2014a). This was achieved by growing the strain
overnight in M17 media containing 0.5 g/ L lactose to 1 x 108 CFU/ ml and passing
500 ml of culture through a Z chamber at 25,000 psi using a ME110EH Microfluidiser
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(Microfluidics, Newton, MA, USA). The attenuated cells were pelletized in liquid
nitrogen and stored at -80 oC until required.

3.3.2. Technological characterisation of strains
Lactococcus cultures were tested for their ability to grow at 8-10 oC, 30 oC and
42 oC for five days in M17 broth (Oxoid) containing 0.5% lactose (VWR, Belgium).
The ability to grow at pH 9.2 and pH 9.6 and in the presence of 4 g/ 100 ml and 6.5 g/
100 ml NaCl (Sigma Aldrich, Dublin, Ireland) was examined for five days at 30 oC in
the same media.

Casein breakdown was assessed using skim-milk agar plates

containing 10% RSM (Kerry Foods, Ireland) and 1.5 g/ 100 ml bacteriological agar.
The ability to ferment different carbohydrate substrates was assessed using the API
CH50 system (bioMérieux, Montalieu-Vercieu, France) according to the
manufacturer’s instructions. Carbohydrate fermentation was examined at 24 and 48
hrs.
Following overnight growth of individual strains in 10% RSM, 0.5 ml cultures
were added to 10 ml of RSM and incubated for 24 hrs at 30 oC. The production of
volatile compounds in milk was assessed using a headspace (HS) solid phase microextraction (SPME) method as described by Yarlagadda et al. (2014b). For this
analysis, the detector was set in electron ionisation mode at a mass/charge (m/z) range
between 35 to 350 Daltons. Mass spectra for compounds were compared to the NIST
2005 spectra library to identify individual compounds and form an internally
generated compound list. Compounds were each assigned a distinct quantification ion
to ensure accuracy in identification and quantification. Compounds were semiquantified by calculating the area under each individual peak. An auto-tune was
performed at the start of each sample run to ensure that conditions remained constant
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for each run. All analyses were carried out in duplicate and data was analysed using
Unscrambler Software, version 9.7 (CAMO ASA, Trondheim, Norway).

3.3.3. Mini cheese production
Sixteen mini Gouda-type cheeses were manufactured with pasteurised milk
using the vat in place (VIP) mini cheese system at Du Pont-Danisco (Dangé St.
Romain, France) with and without the addition of adjunct cultures. Cheeses were
produced under conditions designed to minimise the growth of non-starter lactic acid
bacteria (NSLAB) which may impact the flavour profile of the cheese. All cheeses
were made using Classic 111 as a starter culture. A control cheese containing the
starter only was produced and each non-dairy adjunct strain was also compared to a
commercial adjunct, Flav 54. Experimental and control cheeses were made from the
same batch of milk in duplicate over two days. Milk was sourced from a local cooperative and pasteurised before production. For cheese making, 2 L milk was preheated at 32 oC and inoculated with the starter Classic 111 (Du Pont-Danisco, France)
at 7 direct culture units (DCU) and non–dairy adjunct cultures were added at 35 g of
pelleted frozen culture/ L. Flav 54 adjunct cultures were added at 10 g/ L. Carlina™
Calf chymosin (Du Pont-Danisco, France) was added (4 ml of 200 g/ L) 1 h after
starter/adjunct addition at pH ~6.55. The coagulum was allowed to form for ~ 40
mins. The curd was cut and stirred for 5 mins followed by whey removal (700 ml)
and addition of 600 ml of distilled water at 32 oC. Each vat was maintained at 36 oC
for 20 mins with constant stirring. Cheeses were pre-pressed for 30 mins under a 1
kg weight in a circular mould. Samples were transferred for final pressing at 36 oC
under 50 kPa. Cheese pH was monitored at constant intervals until a pH of 5.3 was
reached when cheeses were placed in 150 ml of brine solution 300 g/ L NaCl
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containing 0.5 g/ L Natamax™ anti-mould agent (Du Pont-Danisco, France) for 1 hr.
Finally, cheeses (200 g) were allowed to dry at room temperature for 10 mins before
vacuum packing. Cheeses were ripened at 12 oC for 14 days and samples taken with
cheeses subsequently ripened at 8 oC thereafter until 84 days. Cheese sampling and
analysis were performed at days 14, 42, and 84.

3.3.4. Cheese physicochemical and microbiological analysis
Cheese physicochemical analysis was performed at day 14. The moisture,
NaCl, fat, pH and protein were determined as described elsewhere (Hickey, et al.,
2007). Analysis of the microbiological content of cheeses was carried out in duplicate
at each sampling time. Cheese samples were mixed with tri-sodium citrate (2% wt./
vol.) at a 1:10 (wt./ vol.) dilution and homogenised for 5 mins using an IUL stomacher
(Lennox Lab. supplies Ltd., Dublin, Ireland).

Starter culture cell counts were

enumerated on M17 agar (Oxoid, Hampshire, England) containing 0.5% wt./ vol.
lactose monohydrate (VWR, Leuven, Belgium) after three days incubation at 30 oC.
NSLAB were enumerated on LBS agar (Difco, Detroit, Michigan, USA) after 5 days
incubation at 37 oC under anaerobic conditions.

3.3.5. Cheese extract preparation
A homogenised cheese extract was prepared at each sampling point to determine
post proline aminopeptidase (PEPX), aminopeptidase N (PEPN) and lactate
dehydrogenase (LDH) activities. To generate an extract, 2-3 g of cheese was added
to a sterile stomacher bag and mixed with twice the volume of sterile 0.05 M
potassium phosphate buffer (pH 7). The sample was stomached for 5 mins using an
IUL stomacher (Lennox Lab. Supplies Ltd., Dublin, Ireland) followed by
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centrifugation at 3,800 x g for 20 mins at 4 oC using a Sorvall 5U centrifuge (Unitech,
Dublin, Ireland). The fat layer formed above the aqueous phase was removed and 2
ml of the solution was centrifuged at 13,000 x g for 5 mins using an Eppendorf 5417C
centrifuge (VWR International Ltd., Dublin, Ireland). The resultant supernatant was
diluted 1:2 with sterile distilled water. Samples were stored on ice and analysed
rapidly to avoid loss of enzyme activity.

3.3.6. Enzyme activity assays
PEPX, PEPN and LDH activities were determined in cheese extracts over
ripening at days 14, 42 and 84. Peptidase activities were measured as described in
Kilcawley et al. (2012). Starter culture autolysis was determined in triplicate by
measuring the release of LDH in cheese extract as described in Hickey et al. (2007).

3.3.7. Proteolysis
Proteolysis for each sample was analysed in duplicate at days 14, 42 and 84
using the methodology described in Hickey et al. (2007).

3.3.8. Sensory evaluation
Cheese samples (n=five) were analysed by sensory flash profiling (Yarlagadda
et al., 2014a) with an experienced sensory panel (n=10, five female, five male, ages
21–48 years) in booths conforming to international standards (ISO 8589: 2007). 6853
att and 6853 w cheeses were selected for sensory analysis to determine if attenuation
had any effect on the flavour profile of the resultant cheese. 6855 and Flav54 cheeses
were selected according to the relatively higher levels of secondary proteolysis
observed in these cheeses throughout ripening. Selection criteria for panellists were
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availability and motivation to participate on all days of the experiments and that
assessors were regular Gouda cheese consumers. Assessors used the 23 sensory
descriptors only (11 flavour; two texture; eight aroma) in appendix 3-1 which were
compiled to represent the main sensory attributes found in the Gouda-type cheeses to
be profiled (Yarlagadda et al., 2014b).

Samples were held at refrigeration

temperatures (4 ºC), but were presented to the panel at ambient temperature (21 °C)
and coded with a randomly selected three digit code. Each assessor was provided with
deionised water and instructed to cleanse their palates between tastings. In addition
each assessor was presented with five samples which were presented in duplicate over
two sessions to overcome the effects of panel fatigue and asked to assess the attributes,
according to a ten-point scale. The order of the presentation of all test samples was
randomized to prevent first order and carryover effects.

3.3.9. Statistical analysis
Analysis of data generated from all assays excluding sensory analysis was
carried out using SAS version 9.1.3 (SAS institute, Cary, NC, USA). To determine
the significance of difference between mean values, the Tukey’s significance
difference test was carried out. The volatile and sensory data were analysed using
ANOVA-partial least squares regression (APLSR).

Both Partial Least Squares

Regression (PLSR) and Principal Component Analysis (PCA) are bilinear modelling
methods. Whereas PCA gives a visual summary of the main information in a
multidimensional data platform, PLSR combines portions of principle component
analysis and multiple regression techniques and is generally more suited to describing
complex relationships and avoids problems encountered with other models such as
inadmissible solutions and factor indeterminacy. The X-matrix was designed as 0/ 1
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design variables for the Gouda cheese variants and the sensory data, for the Y-matrix
design. The optimal number of components in the APLSR models presented was
determined to be three principal components. Regression coefficients were analysed
by Jack-knifing to derive significance indicators for the relationships determined in
the quantitative APLSR (plot not shown), which is based on cross-validation and
stability plots (Martens & Martens, 2000). The volatile and sensory data were
analysed using Unscrambler Software, version 9.7 (CAMO ASA, Trondheim,
Norway).
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3.4. Results and discussion
3.4.1.1. Technological characterisation of strains
Eight lactococcal isolates from various non-dairy sources, including grass,
vegetables and the bovine rumen, were tested for technological traits which may be
important in cheese production and compared to eight dairy lactococci, commonly
used in the dairy industry. In contrast to the dairy strains tested, non-dairy strains
DPC6853, DPC6857, DPC6858, DPC6859 and DPC6860 were capable of growth at
45 oC (Table 1). DPC6853 and DPC6856 were capable of growth in the presence of
6.5% NaCl along with the dairy strains 303 and DRC3. Strains DPC6854, DPC6857
and DPC6858 were the only non-dairy strains capable of growth at 8-10 oC, while all
dairy strains, except AM1, were able to grow at this temperature. Previously, wild
strains were found to be more tolerant of higher temperatures and salt concentrations
than industrial starters but this did not extend beyond 40 oC and 4% NaCl, respectively
(Ayad et al., 2000). The authors suggest that such strains may have applications for
cheeses that contain relatively high salt concentrations and are cooked at relatively
high temperatures. Growth of non-dairy cultures on skim-milk agar plates revealed
that all isolates were capable of hydrolysing casein, as shown by zones of clearing
around colonies. The ability of the strains to ferment different carbohydrates is shown
in Table 1, which presents the total number of sugars that dairy and non-dairy strains
were capable of fermenting. All non-dairy strains were capable of fermenting lactose.
In comparison to the non-dairy isolates, known dairy cultures displayed a reduced
capacity to ferment sugars, metabolising on average 12 out of 49 sugars, compared to
17 out of 49 for the non-dairy strains. Of these strains HP, 310 and AM1 were only
able to utilise between six-seven sugars. The capacity of L. lactis to ferment different
sugars is correlated to how domesticated a particular strain is to the dairy environment
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(Kelly et al., 2010). Genome sequence analysis of two non-dairy Lactococcus isolates
established that these strains possessed a much higher number of genes involved in
carbohydrate utilisation in comparison to dairy lactococcal genomes (Siezen et al.,
2008).

3.4.1.2. Production of volatile compounds
The volatile profiles generated by the eight non-dairy lactococci grown in milk
were compared to that of a number of Lactococcus strains used extensively in cheese
making by HS SPME GC-MS. L. lactis H88M1, isolated from raw milk, was also
included to determine whether this strain formed volatile profiles similar to non-dairy
isolates. Fig. 1 is a PCA bi-plot of 39 compounds (PC1: 34%; PC2 16%) associated
with milk fermentations using individual cultures of dairy and non-dairy strains. Milk
fermentations using strains DPC6853, DPC6854, DPC6855, and DPC6856 formed
volatile profiles which were clearly separated from dairy strains and the other nondairy strains. Samples inoculated with DPC6857, DPC6858, DPC6859, DPC6860
and ML8, AM1 and 303 were more associated with 2-butanone (etheric), octanoic
acid (sweaty, body odour), benzaldehyde (almond) and 2-pentanone (orange peel,
sweet, fruity) (Curioni & Bosset, 2002; Singh et al., 2003). Samples containing
DPC6854 and DPC6855 were strongly associated with the compounds 3methylbutanal and 2-methylpropanal. Aldehydes can be formed in cheese via the
transamination of amino acids or by Strecker degradation (Curioni & Bosset, 2002)
and compounds such as 3-methylbutanal and 2-methylpropanal are associated with
dark chocolate, malt aromas (Singh et al., 2003). 3-methylbutanal in particular, is
implicated as being an important compound in many cheese varieties such as
Proosdij, a Gouda-type cheese (Smit et al., 2005). Numerous metabolic pathways are
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involved in the formation of alcohols in cheese, such as the degradation of amino acids
and methylketone reduction (Molimard & Spinnler, 1996). 2-heptanol and 2-nononal
were most strongly associated with DPC6856 and have green, earthy, herbaceous
aromas (Curioni & Bosset, 2002; Singh et al., 2003). Due to the similar volatile
profiles produced by DPC6857, DPC6858, DPC6859 and DPC6860, only DPC6860
was selected for use as an adjunct in mini cheese trials as a representative of these
non-dairy isolates. Both DPC6855 and DPC6854 were selected for use in cheese
models due to their strong association with 2, 3 butandione (buttery), 2-methyl
propanal (pungent) and pentanal (almond) which dairy strains were not strongly
associated with the dairy strains examined (Singh et al., 2006). Pearce test analysis
(O'Donovan et al., 1996) showed that non-dairy isolates were incapable of acid
production during cheese processing temperatures in milk (Chapter 2) and as a result,
these strains (DPC6853, DPC6854, DPC6855, DPC6856 and DPC6860) were used as
adjunct cultures in combination with an industrial dairy starter.

3.4.2. Cheese physicochemical analysis
Based on the results of volatile analysis (Fig. 1), which indicated their potential
ability to produce varied and diverse flavour profiles, strains DPC6853, DPC6854,
DPC6855, DPC6856 and DPC6860 were chosen for cheese trials. The performance
of these five non-dairy strains as flavour adjuncts were evaluated using a mini Goudatype model cheese. The adjunct CHOOZIT™ Flav54 Lb. helveticus was included as
a comparison strain due to its high aminopeptidase activity and wide use as an adjunct
in commercial semi-hard cheese production. Use of the wild adjuncts L. lactis
DPC6854 and L. lactis DPC6856 appeared to hinder the acidification of the starter
and additional processing time was required for these cheeses (data not shown).

142

Although no antimicrobial activity was identified previously (see Chapter 2),
DPC6854 and DPC6856 may produce a compound that may inhibit the growth of the
starter.

The physicochemical and quality parameters for cheeses are shown in

appendix 3-2. No differences (P < 0.05) were observed for the main parameters of
moisture, protein and fat, or moisture in not fat substances (MNFS), salt in moisture
(S/ M) and fat in dry matter (FDM), highlighting the consistency of the make
procedure on the VIP system. The attenuated L. lactis DPC6853 cheeses had a lower
pH of 5.07 (P < 0.05) in comparison to all the other cheeses. This was attributed to
the increased moisture content of 6853 att cheeses, ~2% higher, resulting in a higher
retention of lactose in the curd and the increased production of lactic acid. The pH
vales of the remaining cheeses were higher at 5.30 (control), 5.24 (Flav54), 5.28 (6853
w), 5.21 (6860), 5.29 (6854), 5.28 (6855) and 5.25 (6856).

3.4.3. Stability of non-dairy cultures over ripening
Bacteria were enumerated on LM17, mMRS and LBS agar at days 14, 42 and
84. Lactococcal viable cell counts on LM17 (Table 2) at day 14 ranged from 10.61
log CFU/ g in the control cheeses to 8.91 log CFU/ g in 6855 cheeses. With the
exception of 6860 cheeses, viable cell numbers declined in all cheeses up to day 84.
Viable cell counts for 6860 cheeses increased from 9.75 log CFU/ g at day 14 to 11.05
log CFU/ g at day 42 and decreased sharply until day 84.

Following cheese

production, starter counts are generally between 108-109 CFU/ g of cheese which
decline over ripening, in contrast to NSLAB counts which increase significantly from
low numbers at the start of ripening (Settanni & Moschetti, 2010). Ayad et al. (2001b)
investigated the population dynamics of Gouda-type cheeses made using a non-dairy
strain as an adjunct culture. They observed that cell numbers increased by more than
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three orders of magnitude for L. lactis B1156, isolated from grass, from an initial
inoculum of 0.25% over ripening. In a previous study, comparative analysis between
plant and dairy Lactococcus strains revealed non-dairy strains capable of utilising a
broader array of complex and simple carbohydrates (Siezen et al., 2008). It is
conceivable that the unusual increased growth in 6860 cheeses from days 14 to 42
may be due to the utilisation of carbohydrates released by cell autolysis as observed
by Adamberg et al. (2005) in addition to a relatively high inoculum. Although a
strain-to-strain variation in terms of autolysis of non-dairy strains was observed, our
findings agree largely with previous work, that wild lactococci possess poor autolytic
activity and remained relatively stable over ripening (Ayad et al., 2001b). In the
Flav54 cheeses, viable cell counts on mMRS agar showed that the Lb. helveticus
adjunct underwent the largest decline in viable cell numbers over ripening (P < 0.05),
indicating a high degree of autolysis. No NSLAB were detected at any sampling point
in any cheeses.
Numerous investigations have reported a positive correlation between starter
autolysis and the release of flavour precursors in cheese (O'Donovan et al., 1996;
Wilkinson et al., 1994). Cell lysis was monitored by measuring LDH activity in
cheese extracts (Table 3). LDH activity was lower in 6853 w and 6860 cheeses(P <
0.05), but higher in 6855 (P < 0.05) cheeses compared to controls at day 14. LDH
activity in 6853 w cheeses remained lower at day 42 (P < 0.05), but not at day 84. At
day 84, 6856 cheeses had lower LDH activity (P < 0.05) compared to control cheeses.
A higher level of mean LDH activity was observed in 6855 cheeses in comparison to
all other cheeses (P < 0.05). This result corresponds well with viable cell count data,
where the 6855 strain possessed the lowest counts over ripening (Table 2). In 6853
att cheeses, LDH levels increased from day 14 to 42 (P < 0.05) as the intracellular
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contents were released into the cheese matrix. From day 42 to 84, as the number of
cells declined, LDH levels returned to levels in 6853 w cheeses (those of cheeses
containing whole DPC6853 cultures) as there was no statistical difference at this stage
of ripening (P < 0.05).

3.4.4. Peptidase activity
PEPN and PEPX activities in cheese extracts over ripening are shown in Table
4. PEPX activity increased (P < 0.05) in 6853 w cheeses over ripening and from day
42 to 84 for the control, 6854 and 6855 cheeses. Cheeses 6856 and 6853 att showed
no significant difference in PEPX activity over ripening. Cheeses 6855 had a higher
level of PEPX activity at day 84 in comparison to all other cheeses, again
corresponding well with viable count and LDH data. A higher PEPX (P < 0.05) level
was observed in control and 6860 cheeses at 42 days compared to 6854, 6856 and
6853 att cheeses. 6855 cheeses possessed higher (P < 0.05) levels of PEPN activity at
day 84 in comparison to Flav54, 6853 att, 6853 w, 6860 and 6856 cheeses.
No difference (P > 0.05) in PEPX and PEPN activities were detected in cheeses
made with whole (6853 w) or attenuated DPC6853 cultures (6853 att) over days 14,
42 and 84. A reduction in PEPX and PEPN activities over time was observed in 6853
att cheeses whereas an increase (P < 0.05) in PEPX activity for 6853 w cheeses after
day 42. At day 84, PEPX and PEPN activities were higher in 6853 w cheeses
compared to 6853 att cheeses. This may be explained by higher cell counts in the
6853 w cheeses over this period as evident from Table 2. It is likely that more
intracellular peptidases were lost to the whey in the production of 6853 att cheeses as
has been previously shown (Kilcawley et al., 2012). This may have been exacerbated
in Gouda cheese by the additional washing step during production. It should also be
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noted that levels of released enzymes in cheese extract do not necessarily correspond
to results determined directly from a cell free extract of the strain due to straindependent autolysis and external factors within the cheese environment during
production and ripening, and the poor stability of enzymes at differing salt
concentrations and pH levels (Sheehan et al., 2006).

3.4.5. Proteolysis
3.4.5.1. pH 4.6 Soluble Nitrogen
The amount of pH 4.6 soluble nitrogen (SN) as % of total N (Fig. 2.), indicative
of primary proteolysis, increased (P < 0.001) over ripening for all cheeses. At day 14,
6853 att cheeses possessed higher (P < 0.05) levels of pH 4.6 SN in comparison to the
control cheeses. At day 42, pH 4.6 SN levels in Flav54, 6853 w and 6853 att cheeses
were higher (P < 0.05) than in 6854 cheeses, but not in the control cheeses. No
difference (P > 0.05) was observed in pH 4.6 SN at day 84. L. lactis possesses an
extra-cellular bound proteinase, lactocepin, which aids in the breakdown of caseins to
facilitate the up-take of smaller peptides by the cell. However, the added chymosin
and indigenous plasmin present in the milk, are primarily responsible for the initial
breakdown of casein and the release of small to medium sized peptides (McSweeney,
2004). Higher moisture levels in 6853 att cheeses most likely account for the observed
difference in pH 4.6 SN at day 14 due to the higher chymosin retention (increased
activity) and greater water activity, all of which favour greater enzymatic action on
casein (Choisy et al., 2000).

3.4.5.2. Free Amino Acid Analysis
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The concentration of total free amino acids (TFAA) increased (P < 0.001) over
ripening for all cheeses as shown in Fig. 3. Flav54 cheeses possessed higher (P <
0.05) mean levels of TFAA compared with 6856, 6853 att and 6860 cheeses. At all
sampling points over ripening, levels of TFAA were highest in cheeses made with
Flav54 compared to those made with added lactococci. Flav54 is composed of a Lb.
helveticus strain, which as a species are known to contain greater levels of intracellular
peptidase activity than Lactococcus strains (Kenny et al., 2006), which likely accounts
for the high levels of TFAA found in this study and in found in previous studies
(Hannon et al., 2007). Mean TFAA levels for control and 6855 cheeses were
comparable (P < 0.05) with those of Flav54 cheeses. It was observed that 6855
cheeses contained the highest concentration of leucine at the end of ripening, but not
isoleucine or valine (data not shown). Casein hydrolysis accounts for the largest
proportion of the TFAA concentration in cheese (Fox, 1989).

However the

composition of TFAA is also influenced by the cheese microflora; by the utilisation
of specific amino acids or the secretion of amino acids into the cheese matrix, or both
(Sousa, Ardö, & McSweeney, 2001).

3.4.6. Sensory evaluation
A number of cheeses were selected for sensory analysis, based on data from
primary and secondary proteolysis analysis. 6853 att and 6853 w cheeses were
selected to determine the effect of attenuation by microfluidisation of the culture on
the flavour of the cheese. Fig. 4 shows the PCA that best discriminated the sensory
attributes of the selected cheeses (PC1: 46%; PC2 23%). The results of sensory
analysis are shown in appendix 3-3. Control cheeses were clearly separated from test
cheeses and were associated with butterscotch aroma and sweaty/ sour and pungent
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aroma. Flav54 cheeses were clearly distinguishable from all other cheeses and were
associated with sweet, buttery, creamy, fruity and cheesey attributes. The lactococcal
adjuncts were associated away from the control and Flav54 cheeses and more
associated with differences in sensorial textural attributes, nutty flavours, nutty
aromas, bitterness, astringency and off flavours and off-aromas.

These results

correspond with previous findings whereby wild lactococcal cultures formed offflavours in semi-hard cheeses, but may be important flavour notes in other hard cheese
varieties (Ayad et al., 2000; Barbieri et al., 1994; Molimard & Spinnler, 1996).
The sensory PCA results compare with the initial work of volatile profiles
generated in milk.

Non-dairy cultures generated aroma profiles distinct from

industrial dairy cultures while a similar trend was observed in the PCA bi-plot of
sensory analysis; grouping DPC6853 and DPC6855 cheeses away from control and
Flav54 cheeses. DPC6853 cheeses were identified as being strongly associated with
off-aromas and off-flavours, and in milk this strain was found to produce increased
concentrations of butanoic acid (sweaty, cheesy), propanoic acid (pungent) and
hexanoic acid (goat-like) in milk (Singh et al., 2003). Milk samples cultured with
DPC6855, were associated with higher levels of pentanal, 3-methylbutanal and 2methylpropanal which have been shown to contribute to a nutty flavour in aged
cheddar cheeses (Avsar et al., 2004). However the aroma of a particular compound
in food may be different to that detected by analytical instruments due to associations
with other compounds and within the matrix itself (Drake & Civille, 2003). Similarly,
at higher concentrations, compounds which are positively associated with flavour may
be associated with off-flavours. Therefore although growth in milk offers an insight
into the ability of the strains to produce particular aromas, without the use of
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techniques such as gas chromatography olfactory (GC-O), we may only speculate on
the relationship between aroma profiles in milk and cheese flavour in this study.
Free amino acids (FAAs) contribute to the basic taste of cheese but are also
converted into potent flavour compounds via microbial conversion. Thus, the relative
concentration of specific amino acids can impact on the flavour profile of a cheese.
6853 att and 6860 cheeses possessed the highest relative concentration of branchedchain amino acids (BCAA) (leucine, isoleucine and valine) and aromatic amino acids
(AAA) respectively as a percentage of total FAA at day 84 (Table 5). The ratio of
BCAA to AAA in cheeses differs according to the starter system used. The use of
attenuated 6853 culture altered the relative amounts of BCAA and AAA in
comparison to 6853 w cheeses. Control and Flav54 cheeses were not correlated with
off flavours or off aromas and possessed a ratio of 1: 0.64 (BCAA: AAA). 6853 w
cheeses possessed the highest concentration of AAA to BCAA of cheeses that
underwent sensory analysis (Table 5). Both 6853 w and 6853 att cheeses were closely
associated with off flavours and off aromas. However, 6853 att cheeses possessed a
similar BCAA: AAA ratio as observed in Flav54 and control cheeses. This may be
explained by the increased conversion of available FAAs to flavour compounds by
attenuated cells whereby increased autolysis leads to an increase in the formation of
flavour compounds from phenylalanine as observed by Bourdat-Deschamps et al.
(2004). The adjunct used also affected the concentration of methionine at day 84, the
conversion products of which are considered very important for cheese flavour (Smit
et al., 2000). The PCA bi-plot (Fig. 4) clearly separated 6853 att and 6853 w cheeses.
Attenuation led to 6853 att cheeses becoming more associated with nutty flavours and
aromas, altered textural sensory attributes, but also strengthened its association with
off flavours and off aromas and astringency, all of which have been associated with
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the use of wild strains in cheese production (Morales et al., 2003b). However, the
attenuation of 6853 decreased its association with bitterness determined by sensory
analysis. Based on differences in moisture content between cheeses, we may only
speculate that microfluidisation may be a useful method to maximise the metabolic
and enzymatic complement of wild lactococcal cultures for cheese flavour
development. To further examine the potential role of microfluidisation in
contributing to bitterness reduction, model cheese production should be performed
using cultures examined in this chapter where composition can be consistent between
cheeses.
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3.5. Conclusions
In general, the inclusion of non-dairy lactococci in the starter system did not
adversely affect cheese composition. The ability of non-dairy strains to survive, lyse,
release intracellular peptidases and enhance proteolysis during Gouda cheese ripening
was strain dependent. Strain 6855 showed the greatest capacity to increase secondary
proteolysis relative to other non-dairy cultures. The perception of bitterness was
greater in cheeses produced using whole 6853 cultures in comparison to cheeses made
with attenuated DPC6853 (6853 att). Of the non-dairy strains evaluated for sensory
profiling, all had greater association with nutty flavours and aromas, and bitterness,
which corresponded with previous research in semi-hard cheese production. We can
conclude that particular non-dairy lactococci survive in Gouda-type cheese over
ripening and impact on the proteolytic and sensory characteristics of the resultant
cheese without adversely impacting on cheese composition. However further work in
terms of dosage, synergy between strains, or attenuation is required in order to
maximise their potential to positively alter cheese flavour.
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Table 1. Technological characterisation of dairy and non-dairy lactococcal strains.
Growth characteristics
Strain

Proteolytic
activitya

Carbohydrate
fermentationb

Origin

Species/
subspecies (ssp)

Corn
Grass
Grass
Bovine rumen
Grass
Grass
Grass
Grass

L. lactis ssp. lactis
L. lactis ssp. cremoris
L. lactis ssp. cremoris
L. lactis ssp. cremoris
L. lactis ssp. cremoris
L. lactis ssp. cremoris
L. lactis ssp. cremoris
L. lactis ssp. cremoris

+
+
+
+/–
+
+
+
+

DRC3

Cheese

303
ML8
229
H88M1
AM1
310
HP

Cheese starter
Cheese starter
Cheese starter
Raw milk
Cheese
Cheese
Cheese

L. lactis ssp. lactis
biovar. diacetylactis
L. lactis ssp. lactis
L. lactis ssp. lactis
L. lactis ssp. lactis
L. lactis ssp. cremoris
L. lactis ssp. cremoris
L. lactis ssp. cremoris
L. lactis ssp. cremoris

4%
NaCl

6.5%
NaCl

8 -10 oC

42 oC

45 oC

22
16
17
11
18
16
18
21

+
+
+
+
+
+
+
+

+
–
–
+
–
–
–
–

–
+
–
–
+
+
–
–

+
–
–
–
+
+
+
+

+
–
–
–
+
+
+
+

+

17

+

+

+

+

–

+
+
+
+
+
+
+/–

18
14
19
14
7
6
6

+
+
+
+
–
+
–

+
–
–
–
–
–
–

+
+
+
+
–
+
+

+
–
+
+
–
–
–

–
–
–
–
–
–
–

Non-dairy strains
DPC6853
DPC6854
DPC6855
DPC6856
DPC6857
DPC6858
DPC6859
DPC6860

Dairy Strains

a

Proteolysis was determined by clearing on skim milk agar plates.

b

Total number of sugars fermented by strains using the API CH50 test strips (bioMérieux, Montalieu-Vercieu, France).
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Table 2. Viable cell counts1 (Log CFU/ g cheese) on LM17 and mMRS media in
cheeses at days (d)14, 42 and 84.
Log CFU/ g cheese
Cheese

d 14

d 42

d 84

controla

10.61

9.11

7.34

Flav54b

9.09

7.80

7.54

Flav54c

6.82

5.18

4.19

6853 att

9.42

8.01

6.90

6853 w

9.72

8.17

7.45

6860

9.75

11.05

7.78

6854

9.26

7.50

6.92

6855

8.61

6.76

6.56

6856

9.48

7.45

7.04

a

Mean values for two batches of each cheese analysed in duplicate.

b

Viable cell counts for Lactococcus cultures on LM17 agar.

c

Viable cell counts for Lb. helveticus adjunct on mMRS agar.
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Table 3. Lactate dehydrogenase (LDH units /ml of cheese extract) activity in cheeses
at days (d) 14, 42 and 84.
LDH
Cheese

d 14

d 42

d 84

control

15.78cd

23.85bc

19.30bc

Flav541

19.22bc

21.20bc

12.52bcd

Flav542

31.12a

55.18a

59.24a

6853 att

13.70cd

20.53bc

10.29bcd

6853 w

8.53d

7.71d

8.78cd

6860

9.23d

13.17cd

9.46bcd

6854

13.97cd

16.38bc

12.30bcd

6855

23.71b

26.71b

20.28b

6856

13.21cd

16.81bcd

7.51c

a-d

Means within a column with different superscripts differ significantly (P < 0.05).

1

LDH activity for starter Lactococcus cultures.

2

LDH activity for Lb. helveticus adjunct only.
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Table 4. Post proline dipeptidyl aminopeptidase activity1 (PEPX) and aminopeptidase
N activity1 (PEPN) activities in cheese extracts at days (d) 14, 42 and 84.
PEPX
Cheese

PEPN

d 14

d 42

d 84

d 14

d 42

d 84

control

27.92a

60.10a

119.79ab

1.03ab

1.66bc

7.04a

Flav54

35.42a

55.76abc

78.34b

2.03a

3.56a

1.96abc

6853
att

18.28a

32.06cd

21.23b

0.96ab

1.20bc

0.38c

12.46a

49.95abc

89.64b

0.58b

1.03bc

3.65abc

6860

9.21a

67.21a

67.87b

0.64b

0.60c

3.31abc

6854

28.69a

35.50bcd

139.40ab

1.57ab

1.67bc

5.68ab

6855

36.43a

56.55ab

241.01a

2.04a

2.10b

6.18ab

6856

19.77a

18.02d

32.64b

1.63ab

0.92c

1.65bc

6853
w

a-d

Means within a column with different superscripts differ significantly (P < 0.05).

1

Expressed as relative fluorescent units (RFU)/ mg protein.
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Table 5. Relative concentrations1 of branch chained amino acids (BCAA), aromatic
amino acids (AAA), methionine (Met) and total free amino acids (TFAA) in cheeses
at day 84.
Cheese

BCAA

AAA

Met

BCAA:

TFAA1

AAA2
control

646.41ab

433.41b

34.73bc

1: 0.64

5468.1abc

Flav54

985.53a

640.59a

69.87a

1: 0.64

8317.3a

6853 att

544.14b

349.45b

20.11c

1: 0.64

3881.6c

6853 w

525.64b

403.85ab

26.40bc

1: 0.76

4358.4bc

6860

423.06b

393.47ab

24.11bc

1: 0.93

3774.5c

6854

709.02ab

381.03ab

25.09bc

1: 0.53

5229.0bc

6855

964.31a

485.59ab

46.47ab

1: 0.50

7238.4ab

6856

622.57b

328.14b

20.94c

1: 0.52

4482.5bc

TFAA are expressed as μg/ g cheese.

1
2

The ratio of branch chained amino acids to aromatic amino acids.

a-d

Means within a column with different superscripts differ significantly (P < 0.05)

163

Fig. 1. Principal component bi-plot of volatile compounds identified in cultured milk samples. Non-dairy strains are underlined.
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Fig. 2. Average values for pH 4.6 soluble-nitrogen (SN) as % of total nitrogen for
cheeses at days 14, 42 and 84. Means within a sampling point with different
superscripts (a-d) differ significantly (P < 0.05).
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Fig. 3. Total free amino acids (TFAA) concentrations at days 14, 42 and 84 in mini
Gouda-type cheeses. The average of two experiments is presented. Means within a
sampling point with different superscripts (a-d) differ significantly (P < 0.05).
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Fig. 4. Principal component bi-plot of sensory evaluation of mini Gouda-type cheeses.

167

3.8. Appendices
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Appendix 3-1
Sensory terms used for the assessor evaluation of mini Gouda-type cheeses.
Attribute

Definition

Scale

Sweaty/ sour aroma

The aromatics reminiscent of perspiration, foot odour. Sour, stale, slightly cheesy, moist, stained or odorous with sweat

0 = none, 10 = extreme

Dairy sweet aroma

Dairy sweet aroma-intensity. The aromatics associated with sweetened cultured dairy products such as fruit yoghurt

0 = none, 10 = extreme

Pungent aroma

Physically penetrating sensation in the nasal cavity. Sharp smelling or tasting, irritant

0 = none, 10 = extreme

Off aroma

Off aroma (Rancid)

0 = none, 10 = extreme

Buttery aroma

Diacetyl aroma-buttery, butterscotch, popcorn

0 = none, 10 = extreme

Fruity estery aroma

Fruity estery aroma-short chain fatty acid esters

0 = none, 10 = extreme

Creamy aroma

The smell associated with creamy/milky products

0 = none, 10 = extreme

Nutty aroma

The non-specific nut flavour that is characteristic of several different nuts, e.g. peanuts, hazelnuts, pecans

0 = none, 10 = extreme

Sweet taste

Fundamental taste sensation of which sucrose is typical

0 = none, 10 = extreme

Salt taste

Fundamental taste sensation of which sodium chloride is typical

0 = none, 10 = extreme

Sour taste

Fundamental taste sensation of which lactic acid is typical

0 = none, 10 = extreme

Bitter taste

Fundamental taste sensation of which caffeine or quinine in soda water is typical

0 = none, 10 = extreme

Astringent

Fundamental taste sensation of which aluminium sulphate is typical

0 = none, 10 = extreme

Firmness in the mouth

Firm texture in the mouth

0 = none, 10 = extreme

Pasty texture

Pasty texture

0 = none, 10 = extreme

Cream flavour

The flavour associated with creamy/milky products

0 = none, 10 = extreme

Off-flavour

Off-flavour (Rancid)

0 = none, 10 = extreme

Dairy sweet flavour

The flavours associated with sweetened cultured dairy products such as fruit yoghurt

0 = none, 10 = extreme

Buttery flavour

Of the nature of, or containing butter

0 = none, 10 = extreme

Mouth coating

Mouth coating

0 = none, 10 = extreme

Butterscotch aroma

The smell associated with toffee products

0 = none, 10 = extreme

Fruity estery flavour

Fruity estery flavour- short chain fatty acid esters

0 = none, 10 = extreme

Nutty Flavour

The non-specific nut flavour that is characteristic of several different nuts, e.g. peanuts, hazelnuts, pecans

0 = none, 10 = extreme
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Appendix 3-2
Cheese composition analysis carried out at day 14.
Cheese trial

pH

Moisture (%)

Protein (%)

Fat (%)

S/M (%)

FDM (%)

MNFS (%)

control

5.30a (0.03)

43.83a (0.80)

22.70a (0.59)

28.10a (0.91)

2.81a (0.15)

50.03a (2.21)

61.24a (1.90)

Flav54

5.24ab (0.00)

43.57a (0.19)

23.05a (0.12)

28.29a (0.36)

2.44a (0.12)

50.14a (0.47)

60.76a (0.04)

6853 att

5.07c (0.03)

45.81a (0.33)

22.90a (0.12)

27.39a (0.33)

2.83a (0.38)

50.55a (0.90)

63.09a (0.73)

6853 w

5.28ab (0.01)

43.46a (0.01)

23.44a (0.10)

29.33a (0.42)

2.54a (0.28)

51.88a (0.72)

61.50a (0.34)

6860

5.21b (0.02)

44.50a (1.08)

22.29a (0.68)

28.51a (0.46)

2.66a (0.17)

51.39a (1.82)

62.25a (1.92)

6854

5.29ab (0.04)

42.81a (1.48)

23.16a (0.87)

29.08a (1.14)

2.37a (0.38)

50.83a (0.69)

60.35a (1.11)

6855

5.28ab (0.00)

43.26a (0.43)

23.23a (0.37)

28.66a (1.22)

2.92a (0.08)

50.49a (1.75)

60.63a (0.42)

6856

5.25ab (0.00)

43.34a (0.46)

21.49a (0.88)

30.11a (1.84)

2.67a (0.21)

53.13a (2.81)

62.03a (0.97)

The following abbreviations are used: S/M, salt in moisture; FDM, fat in dry matter; MNFS, moisture in non- fat substances.
a-d

Means within columns not sharing a common superscript differ statistically (P < 0.05). Standard deviation is presented in parenthesis.

170

Appendix 3-3
P-Valuesa of the estimated regression coefficients (ANOVA values) for the relationships of sensory terms as derived by Jack-knife uncertainty
testing for Gouda-type cheese samples.
Liking of
appearance

Dairy sweet
aroma

Sweaty/sour

Pungent
aroma

Off-aroma

Butterscotch
aroma

Fruity/ estery
aroma

Creamy
aroma

Nutty Aroma

Salt Taste

Sour Taste

control

-0.610

0.241

0.593

0.838

-0.441

0.451

1.000

0.763

-0.816

0.609

-0.814

6853 w

0.677

-0.257

-0.723

-0.961

0.645

-0.821

-0.949

-0.864

0.843

-0.259

0.885

6855

0.712

-0.628

-0.871

-0.926

0.812

-0.947

-0.985

-0.991

0.870

-0.255

0.774

6853 att

0.736

-0.175

-0.606

-0.804

0.820

-0.278

-0.914

-0.537

0.721

-0.953

0.763

Flav54

-0.463

0.493

0.706

0.888

-0.961

0.852

0.888

0.420

-0.859

0.790

-0.174

Bitter taste

Sweet
taste

Astringent
taste

Firmness
in mouth

Pasty
texture

Mouth
coating

Cream
flavour

Nutty
flavour

Offflavour

Dairy
sweet
flavour

Cheese
flavour

Buttery
flavour

Fruity/
estery
flavour

control

-0.297

0.832

-0.455

-0.555

-0.757

-0.376

0.210

-0.040

-0.054

0.887

0.790

0.846

-0.296

6853 w

0.190

-0.389

0.658

0.344

0.412

0.901

-0.022

0.296

0.166

-0.218

-0.475

-0.138

0.948

6855

0.464

-0.634

0.868

0.690

0.326

0.520

-0.348

0.628

0.493

-0.322

-0.688

-0.180

0.986

6853 att

0.427

-0.302

0.551

0.694

0.124

0.156

-0.250

0.578

0.091

-0.592

-0.930

-0.711

0.850

Flav54

-0.415

0.023

-0.928

-0.738

-0.846

-0.756

0.658

-0.902

-0.374

0.044

0.357

0.517

-0.502

a

P-Values from the estimated regression coefficients from ANOVA-Partial Least Squares Regression (PLSR). The sign dictates whether the correlation is positively or
negatively correlated.
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Chapter 4
Phages of non-dairy lactococci: isolation and characterisation of ɸL47, a
phage infecting the grass isolate Lactococcus lactis ssp. cremoris
DPC6860
All of this chapter has been published in Frontiers in Microbiology (2013). 4: 417, 115. DOI: 10.3389/fmicb.2013.00417
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4.1. Abstract
Lactococci isolated from non-dairy sources have been found to possess
enhanced metabolic activity when compared to dairy strains. These capabilities may
be harnessed through the use of these strains as starter or adjunct cultures to produce
more diverse flavour profiles in cheese and other dairy products. To understand the
interactions between these organisms and the phages that infect them, a number of
phages were isolated against lactococcal strains of non-dairy origin. One such phage,
ɸL47, was isolated from a sewage sample using the grass isolate L. lactis ssp. cremoris
DPC6860 as a host. Visualisation of phage virions by scanning electron microscopy
established that this phage belongs to the family Siphoviridae and possesses a long tail
fiber, previously unseen in dairy lactococcal phages. Determination of the lytic
spectrum revealed a broader than expected host range, with ɸL47 capable of infecting
four industrial dairy strains, including ML8, HP and 310, as well as three additional
non-dairy isolates. Whole genome sequencing of ɸL47 revealed a dsDNA genome of
128,546 bp, making it the largest sequenced lactococcal phage to date. In total, 190
open reading frames (ORFs) were identified, and comparative analysis revealed that
the predicted products of 117 of these ORFs shared greater than 50% amino acid
identity with those of L. lactis phage ɸ949, a phage isolated from cheese whey.
Despite their different ecological niches, the genomic content and organisation of
ɸL47 and ɸ949 are quite similar, with both containing four gene clusters oriented in
different transcriptional directions. Other features that distinguish ɸL47 from ɸ949
and other lactococcal phages, in addition to the presence of the tail fiber and the
genome length, include a low GC content (32.5%) and a high number of predicted
tRNA genes (eight). Comparative genome analysis supports the conclusion that ɸL47
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is a new member of the 949 lactococcal phage group which currently includes the dairy
ɸ949.
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4.2. Introduction
Cultures of lactic acid bacteria (LAB) used in cheese manufacture play a
pivotal role in the formation of cheese flavour (Urbach, 1995). While the limited
numbers of established dairy cultures in use, have greatly reduced inconsistencies in
cheese quality, it can be at the expense of cheese flavour. LAB isolated from nondairy environments, such as plant material, often exhibit enhanced metabolic
capabilities when compared to those of dairy origin and have been shown to contribute
to a more diverse flavour profile in the cheese (Ayad et al., 1999; Ayad et al., 2000;
Morales et al., 2003). In addition to their role in flavour enhancement, cultures of nondairy origin have also been shown to be naturally insensitive to bacteriophages which
infect industrial strains (Ayad et al., 2000). Phage infection is the single largest cause
of industrial milk fermentation problems, negatively impacting on the consistency of
cheese quality and resulting in large economic losses (Coffey and Ross, 2002). Nondairy lactococcal strains could potentially be exploited for use in cheese culture
rotations as phage insensitive strains and may well reduce the negative consequences
of phage infection within a production plant. However, given the high evolution rate
of phages, it is highly likely that over time, phages would emerge to threaten these
bacterial strains.
All lactococcal phages isolated to date are members of the Caudovirales
order which comprises of three families: Siphoviridae (long, non-contractile tails),
Myoviridae (long, contractile tails) and Podoviridae (short tails) (for review see
Veesler and Cambillau, 2011). Phage classification systems have been utilised in the
design of anti-phage strategies to prevent phages amplifying to high titres in
manufacturing plants (Jarvis et al., 1991). DNA hybridisation assays and comparative
genomic analysis coupled with visualisation of virions has led to the division of
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lactococcal phages into ten groups (Deveau et al., 2006). Of these phage groups, the
c2, 936 and P335 groups are predominantly associated with failed dairy fermentations
and are frequently isolated from cheese manufacturing plants (Moineau et al., 1992;
Murphy et al., 2013). Currently within the NCBI database, there are complete genome
sequences for over 30 lactococcal bacteriophages. Phages classified within the same
group can share a large degree of genome similarity as observed within the c2 and 936
groups (Lubbers et al., 1995; Chopin et al., 2001; Crutz-Le Coq et al., 2002).
However, within the P335 group, there exists a high proportion of genetic diversity
attributed to the presence of both temperate and virulent bacteriophages (Labrie and
Moineau, 2007; Garneau et al., 2008). Collectively, these groups account for the
majority of sequenced lactococcal phage genomes, ranging in size from 22-40 kb.
Larger lactococcal phages do also exist, with ɸ949 at 114.8 kb being the largest
sequenced lactococcal phage prior to this study (Samson and Moineau, 2010). With
the elucidation of the ɸ949 genome, a genomic sequence is available for at least one
member of each phage group.
The use of a wide range of different bacterial strains possessing an
industrially important phenotype has presumably contributed to the diversity of
lactococcal phages. Genome analysis of the rarer, uncommon lactococcal phages has
shed further light on this diversity. Comparative analysis of the structural proteins of
ɸ1358, show a high degree of similarity to 2 Listeria monocytogenes phages. Moreover
this phage was also found to possess an uncommonly high G-C content of 51 (Dupuis
and Moineau, 2010). Recent analysis of the ɸ1706 genome, revealed that 22 ORFs
shared similarities with proteins of Firmicutes, typically found in the human gut
(Garneau et al., 2008). The ability of this phage to infect lactococci was attributed to
the acquisition of a four gene module, allowing for host recognition of lactococcal cells
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(Garneau et al., 2008). Genomic analysis of the ɸKSY1 genome has suggested the
exchange of genetic material between bacteria and phages from different environments
(Chopin et al., 2007). ɸQ54 was found to possess a different modular configuration,
thought to be derived from recombination events with 936 and c2 type phages (Fortier
et al., 2006). It is probable that these rarer phages arose from recombination events
with other lactococcal phages and phages infecting other Gram-positive bacteria
(Dupuis and Moineau, 2010). Moreover, these phages appear to be less suited to thrive
in milk fermentations in contrast to phages of the more common lactococcal phage
groups, which possess rapid reproduction rates believed to be driven by evolutionary
pressure (Ferguson and Coombs, 2000; Dupuis and Moineau, 2010).
In this study we describe the isolation and characterisation of ɸL47, a large
lytic phage which infects the non-dairy isolate L. lactis ssp. cremoris DPC6860. We
also report the complete genome sequence of ɸL47 which, to our knowledge, is the
largest lactococcal phage reported to date. Due to the emergence of non-dairy
lactococci as dairy cultures with enhanced flavour-forming activity, sufficient data
needs to be generated with regards to these cultures and their phage resistance if they
are to be successfully utilised in dairy processing. Therefore, the objective of this
study was to provide a better understanding of phages of lactococci from non-dairy
origins at a phenotypic and genomic level, thus offering further insight into phage-host
interactions.
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4.3. Materials and methods
4.3.1. Bacterial strains, bacteriophage and culture conditions
Dairy and non-dairy Lactococcus strains were supplied by the TFRCMoorepark culture collection (Teagasc Food Research Centre Moorepark, Cork,
Ireland). L. lactis ssp. cremoris DPC6860 was previously isolated from grass (Chapter
2) and characterised by 16S rRNA analysis as described by Alander et. al. (1999). All
lactococcal strains used in this study were cultured in M17 (Oxoid, Hampshire,
England) media containing 0.5% lactose (wt./ vol.) (VWR, Leuven, Belgium) (LM17)
at 30 oC for 18-24 hrs under aerobic conditions. Double-strength M17 broth, used for
phage enrichment of sewage samples, was prepared by doubling the amount of dry
M17 media and reconstituting it in the same amount of distilled water as the 1x media
with the addition of 1% lactose (wt./ vol.). Soft agar overlays and solid agar medium
contained 0.75% and 1.5% agar respectively. Lactococcal phages ɸKSY1, ɸc2,
ɸbIL170 and ɸP008 (hosts IE-16, IL1403, IL1403 and IL1403 respectively) were
originally obtained from the Felix d’Hérelle Reference Centre for Bacterial Viruses
(GREB, Pavillon de Médecine Dentaire Université Laval, QC, Canada) while phages
ɸ712, ɸHP, ɸebI and ɸML3 (hosts MG1363, HP, M31363 and MG1363 respectively)
were obtained from the UCC culture collection (University College Cork, Cork,
Ireland). Phages were propagated using their respective hosts at 30 oC in M17 media
containing 0.5% glucose (wt./ vol.) (Sigma-Aldrich, Dublin, Ireland) and 10 mM
CaCl 2 .

4.3.2. Sensitivity of non-dairy isolates to dairy phages
Bacterial infection by phages was assessed using spot plate assays with phage
titres of 108 PFU/ ml. Briefly, 10 μl of phage lysate was spotted onto an LM17 soft
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agar overlay containing 10 mM CaCl 2 and inoculated with 1x108 CFU/ ml of the host
organism. Spot plates were allowed to dry before incubation aerobically, at 30 oC for
24 hrs.

4.3.3. Phage isolation and propagation
Raw sewage samples were collected from the sewage treatment facility in
Mitchelstown, Co. Cork, Ireland.

Phage isolation was conducted as described

previously (Alemayehu et al., 2009). Individual plaques isolated following this
method underwent three successive rounds of plaque purification, to ensure that a pure
phage was isolated. Briefly, a single plaque was aseptically removed from an overlay
plate using a sterile 1 ml pipette tip and added to 5 ml of mid-log phase host, containing
10 mM CaCl 2 . Following overnight incubation at 30 oC, the mixture was centrifuged
at 4,500 rpm for 15 mins and filtered through a 0.45 μm pore filter (Sarstedt, Wexford,
Ireland). The filtrate was diluted to 10-8 and plaqued on the appropriate media for 24
hrs at 30 oC. These steps were repeated twice on the resulting plaques until a single
pure phage was obtained.

4.3.4. Lytic spectrum and adsorption to lactococcal cells
The lytic spectrum of ɸL47 was determined, as for dairy lactococcal phages,
by spotting 10 μl of phage lysate containing 107 PFU/ ml onto soft agar seeded with a
L. lactis strain. Adsorption of phage particles to lactococcal cells was determined as
follows: 10 μl of phage lysate (~107 PFU/ ml) was mixed with 2 ml of late exponential
cells. Samples were incubated at 30 oC for 10 mins with shaking, to allow the phage
particles to attach. Each sample was centrifuged at 14,000 rpm for 5 mins and filtered
through a 0.2 μm filter (Sarstedt, Wexford, Ireland). The number of phages in the
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supernatant was determined by plaque assay and % adsorption was calculated using
the formula [(initial titre – titre in supernatant)/ initial titre x 100%].

4.3.5. Electron microscopy
High titre phage suspensions for visualisation of phage particles were
prepared using CsCl gradient purification and ammonium acetate concentration. Pure
phage samples were obtained using a CsCl gradient of polyethylene glycol (SigmaAldrich, Dublin, Ireland) precipitates as described by Sambrook and Russell (2001).
For ammonium acetate precipitation, 1 L of fresh lysate was centrifuged at 10,000 rpm
at 4 oC for 10 mins and filter sterilized using a 0.45 μm pore filter (Sarstedt). Phage
particles were subsequently precipitated by centrifugation at 20,000 rpm for 1 hr at
4 oC. The supernatant was removed and the phage pellet re-suspended in 10 ml of ice
cold 0.1 M ammonium acetate (Sigma-Aldrich). After pooling of phage samples, a
further 10 ml of ammonium acetate was added and the sample was centrifuged at
20,000 rpm for 1 hr. The supernatant was again removed and the pellet re-suspended
in a final volume of 1 ml ammonium acetate. Negative staining was performed on
both phage samples using 2% uranyl acetate on carbon films. Each grid was examined
at an 80 kV acceleration voltage using a Tecnai 10 transmission electron microscope
(FEI Compan, Eindhoven, Holland). Micrograph images were captured using a
MegaView 2 CCD-camera (SIS, Münster, Germany). Phage structure dimensions
were determined based on the average of 10-15 measurements.

4.3.6. Structural analysis of phage proteins
Analysis of structural proteins was performed as described previously (Kelly
et al., 2012) using high titre phage suspensions obtained from ammonium acetate
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concentration. Samples were mixed with 4X sample loading buffer and heated at 95 oC
prior to loading in a 12% SDS polyacrylamide gel. Protein bands were stained using
Coomassie blue staining and excess dye removed using a de-staining solution (40%
ethanol, 53% distilled water and 7% acetic acid). Protein size was estimated using a
broad range protein ladder (New England Biolabs, Hertfordshire, UK) as a relative
molecular weight marker (MWM).

4.3.7. Restriction Digest Profiles
DNA from ɸL47 was extracted as previously described (Alemayehu et al.,
2009). Phage DNA was digested using the endonuclease enzymes EcoRI and HindIII
(New England Biolabs) in 20 μl reactions. Each reaction contained 10 μl of PCR grade
H 2 O, 1 μg of phage DNA, 2 μl of buffer and 1 μl of enzyme, with BSA was added as
required. The entire endonuclease reaction was run on a 0.8 % agarose gel containing
200 ng/ ml ethidium bromide at 50 V for 18 hrs at 4 oC using Hyperladder 1 kb
(Bioline, London, England) as a relative molecular marker. The size of the ɸL47
genome was estimated by the addition of restriction digest fragments. Digestion
profiles were compared to those of sequenced lactococcal phage using the rebase
software tool (New England Biolabs).

4.3.8. DNA sequencing, annotation and comparative analysis
Bacteriophage DNA sequencing was performed using the Roche GS FLX+
system to >20x coverage (MWG, Ebersberg, Germany). The quality of the raw
assembly reads were visualised and verified using the programme Hawkeye (Amos)
(Schatz et al., 2013) and Consed (Gordon, 2003). To verify the genome structure,
PCR amplicons were generated with the Platinum Hi-fidelity PCR Supermix
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(Invitrogen, Life Technologies, Dublin, Ireland) for various regions of the genome and
at contig ends, followed by direct sequencing. The final phage genome was assembled
using the Phred-Phrap-Consed package (Ewing and Green, 1998; Gordon, 2003).
ORFs were predicted using the programs prodigal (Hyatt et al., 2010) and Glimmer
(Delcher et al., 1999). Annotation was provided by the RAST annotation software
(Aziz et al., 2008) and GAMOLA (Altermann and Klaenhammer, 2003). Genome
annotation

was

verified

manually

using

Artemis

(http://www.sanger.ac.uk/resources/software/artemis/) (Rutherford et al., 2000) and
detected open reading frames (ORFs) were functionally annotated using BLASTp
(Altschul et al., 1990).

Conserved domains were detected using InterProScan

(http://www.ebi.ac.uk/InterProScan/) and DELTA-BLAST (Domain Enhanced
Lookup Time Accelerated BLAST) (Marchler-Bauer et al., 2011). Identification of
tRNAs was achieved using the software packages tRNA scan-SE (Lowe and Eddy,
1997) and ARAGORN v1.2.36 (Lowe and Eddy, 1997; Laslett and Canback, 2004).
Comparative genome analysis of the Lactococcus ɸL47 with its most similar relative,
Lactococcus ɸ949, was performed using the Artemis Comparison Tool (ACT)
programme (Carver et al., 2005). The genome sequence of ɸL47 is available from
GenBank/EMBL under the accession number KF926093.
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4.4. Results and discussion
4.4.1. Isolation of ɸL47 from sewage
Previous work led to the isolation of a bank of lactococcal strains from nondairy origins, including grass, vegetable matter and bovine rumen samples (Chapter
2). These strains, which included both L. lactis ssp. lactis and L. lactis ssp. cremoris,
were evaluated for their flavour-forming ability in a mini Gouda-type cheese model
and were shown to have potential to diversify flavour in this system (Cavanagh, et al.,
2014). Future use of these strains in a commercial setting will depend on a number of
technological characteristics inherent in the strains, including their sensitivity to
phages. The phage sensitivity of the non-dairy isolate bank was assessed using eight
common dairy lactococcal phages. Phage titres in excess of 107 PFU/ ml were
propagated and tested against the target strain using a spot plate assay performed in
triplicate (Table 1). ɸPOO8, ɸbIL170, ɸHP, ɸC2 and ɸKSY1 were incapable of
infecting all of the non-dairy isolates tested. However, ɸML3 was capable of infecting
strains DPC6855 and DPC6856, isolated from grass and bovine rumen, respectively,
while ɸebI infected the strains DPC6854 and DPC6855 but not DPC6856 (Table 1).
Overall, the non-dairy isolates displayed higher levels of insensitivity to the
dairy phages. Given the high evolution rate of phages to overcome bacterial defence
systems (Sturino and Klaenhammer, 2006); however, it is highly likely that over time,
phages would emerge to threaten these bacterial strains. To understand the interaction
of these isolates with the phages that infect them, a screening programme was initiated
to identify phages specific for some of the non-dairy lactococci. Following three
enrichment cycles of raw sewage samples with the grass isolate L. lactis DPC6860 as
a host, phage ɸL47 was isolated. ɸL47 was found to form clear plaques of ~0.6 mm
diameter when plaqued on L. lactis DPC6860. The formation of clear plaques would
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suggest that ɸL47 is virulent. Phage titres of 107-108 PFU/ ml were recovered after a
single propagation.

4.4.2. Limited host range of ɸL47
In order to determine the host range of ɸL47, a range of lactococcal strains
were chosen for analysis including industrial dairy starters, strains of non-dairy origins
and a strain from raw milk (Table 2). It was found that ɸL47 is capable of infecting
three out of seven non-dairy Lactococcus isolates but only four out of the 19 dairy
strains, corresponding to hosts of two phage groups including the 949 group (Table 2).
ɸL47 was unable to infect L. lactis IL1403, another host strain of ɸ949. Contrastingly,
although ɸ949 was only able to infect seven of 59 Lactococcus strains, these
corresponded to hosts belonging to five phage groups (Samson and Moineau, 2010).
Levels of adsorption of ɸL47 to L. lactis DPC6860 were >85% compared to <40% for
other strains tested (Fig. 1). However, ɸL47 was capable of lysing strain ML8 but not
303 even though a higher level of phage adsorption was observed in the latter. This
would suggest that L. lactis 303 possesses a form of anti-phage defence which prevents
phage DNA entry or cleaves phage DNA.

4.4.3. Extended tail fiber of ɸL47
Visualisation of phage particles was achieved by transmission electron
microscopy performed on samples obtained from both CsCl gradient purification of
PEG precipitations and ammonium acetate concentration. Images generated from
samples obtained by CsCl gradient showed the majority of phage virions to have
disintegrated, with broken tails and empty capsids. Images generated from ammonium
acetate preparations displayed intact phage particles which allowed for the estimation
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of capsid diameter and tail length (Fig. 2). It was determined that ɸL47 possesses an
icosahedral capsid (diameter 75 nm) and a non-contractile tail (length 480 nm; width
15 nm) indicating that this phage is a member of the family Siphoviridae of the class
Caudovirales. Morphologically, ɸL47 is very similar to the other lactococcal phage,
ɸ949 which possesses a non-contractile tail of 500 nm in length with an icosahedral
capsid of 79 nm in diameter (Jarvis, 1984; Deveau et al., 2006; Samson and Moineau,
2010). However, ɸL47 appears to possess a distinctive tail fiber of 280 nm in length
and tail fiber width of <10 nm (Fig. 2B). Siphoviridae phages frequently possess a tail
fiber involved in phage infection; however, a tail fiber of this length has not previously
been reported in lactococcal phages (Vegge et al., 2005; Boulanger et al., 2008;
Jakutytė et al., 2012). Enterococcus faecalis bacteriophage ɸEF24C-P2 was found to
possess a long tail fiber which was associated with higher infectivity against bacterial
strains than the un-mutated phage which does not have a tail fiber (Uchiyama et al.,
2011). Similar to ɸEF24C-P2, an extended tail fiber was found in Bacteroides fragilis
phage ATCC 51477-BI, which was isolated from wastewater (Hawkins et al., 2008).
No bouquet-like arrangement was identified in ɸL47, as demonstrated by phage ɸγ of
Bacillus anthracis which possessed a 63 nm long tail fiber (Schuch and Fischetti,
2006).

4.4.4. Structural protein analysis
SDS-PAGE was employed to isolate the structural proteins of ɸL47 and this
led to the identification of nine individual protein bands (Fig. 3). Five proteins of low
molecular weight (<30 kDa) identified from genome sequence analysis, were not
identified on the gel. These proteins may not have been present at a sufficient
concentration to allow for visualisation. Molecular masses of proteins estimated by
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SDS-PAGE corresponded to the estimated molecular weight of structural proteins
predicted from genome sequencing. Three major structural proteins were identified
from SDS-PAGE, with the largest having a molecular weight of 31.4 kDa and may
correspond to a base plate protein (ORF 176). One large minor protein of ~100 kDa
was visualised on the gel but did not correspond to any identified ORF. Multiple bands
were observed at ~50 kDa and ~30 kDa which could not be assigned to identified
ORFs. It is possible that these proteins are proteolytic products of some other phage
structural proteins, or they are of bacterial origin. Techniques such as N-terminal
sequencing of protein bands would allow for a more definite relationship to be
established between genome analyses and SDS-PAGE.

4.4.5. Restriction digestion profiling
DNA was extracted from phage samples and subjected to endonuclease
digestion using the enzymes ClaI, SacI, HindIII, EcoRV and EcoRI. HindIII and
EcoRV were found to be most suitable for forming comparable digestion patterns (Fig.
2). To verify that ɸL47 were unlike previously sequenced phages, hypothetical
digestion profiles were generated for currently sequenced lactococcal phages available
in the NCBI database (http://www.ncbi.nlm.nih.gov; accessed March 2012) and
compared to those created in this study using Rebase software tool (Roberts et al.,
2007) (http://rebase.neb.com/rebase/rebase.html). The patterns observed for HindIII
and EcoRV for sequenced lactococcal phages were unlike those of ɸL47 indicating the
isolation of a novel phage.
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4.5. Analysis of the L47 genome
4.5.1. General characteristics
To date, all 59 sequenced L. lactis phages available in the public domain
possess a dsDNA genome and are predominately 15 to 35 kb in size with the exception
of the larger genomes of ɸKSY1 (79.2 kb), ɸP087 (60.1 kb) and ɸ949 (114.8 kb).
Analysis of the ɸL47 genome revealed a dsDNA molecule of 128, 932 bp, making it
the largest sequenced lactococcal phage to date. ɸL47 was found to possess a
molecular GC content of 32.5% which corresponds to that observed in the similarly
sized Lactococcus phage, ɸ949 (32.7%). The GC content of the host organism, L.
lactis DPC6860, was calculated as 35.6%. A total of 190 ORFs were identified in the
ɸL47 genome, 117 of which shared significant homology with L. lactis ɸ949 (>50%
amino acid identity). The majority of these genes were involved in capsid and tail
morphogenesis as well as various hypothetical proteins. ɸ949 was isolated from
cheese whey in New Zealand over 35 years ago, while ɸL47 was isolated from raw
sewage. Five ORFs were identified that shared no significant identity with proteins in
the databases. Similar to the unusual genomic arrangement of ɸ949, four gene clusters
were identified in the ɸL47 genome, with two clusters transcribed in the opposite
direction. Large inter-genic regions were identified between ORFs 37-38 and ORFs
54-55 which were preceded by a shift in the direction of gene transcription. The 190
ORFs identified in the ɸL47 genome (Table 3) account for 88% of the genome which
is the same as that identified in ɸ949. No putative function could be assigned to 132
ORFs (69.47%). The predominant start codon (89.71%) was ATG with only eight
ORFs starting with an uncommon start codon (TTG, GTG).

4.5.2. Tail morphology
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As stated previously, ɸL47 possessed a long non-contractile tail of 480 nm in
addition to a long tail fiber of 280 nm. Both capsid and tail structural genes were
encoded from ORFs 157 to 182, and organised in a modular arrangement located
downstream from the holin gene (Fig. 4). The products of 14 of these ORFs encoded
putative structural proteins sharing >70% amino acid identity with ɸ949 (Table 3).
This is not unusual as the major structural proteins are generally somewhat conserved
in related phages (Suyama and Bork, 2001; Ceyssens et al., 2011). In contrast, proteins
involved in adsorption to host cells, such as tail fibers, are expected to differ to a larger
degree as they are modified to complement with surface receptors of bacterial hosts
(Sandmeier et al., 1992; Hatfull, 2002; Desplats and Krisch, 2003; Silhavy et al.,
2010). ORFs 160-163, located within the structural module, encode proteins sharing
a high percentage identity (>60%) to proteins of ɸbIL286. ORF 159 encodes a protein
with a high percentage identity to a putative tail protein of Lactococcus ɸ949 but also
the putative base plate protein of Lactococcus ɸP335, and the phage tail assembly
protein of L. lactis ssp. cremoris A76. A conserved domain search of the putative tail
protein of ɸ949 reveals the presence of a prophage tail super family cl12123 domain
which may possibly act as an endopeptidase.
ORF 160 encodes a putative host-specificity protein sharing a 60% identity
at the amino acid level with that of the prophage ɸbIL286. This ORF also shares
identity to the phage receptor binding protein (35%) and tail host specificity protein
(36%) of the plant strain L. lactis KF147. ORFs 162 and 163 also indicate homology
with ORF 55 of ɸbIL286, both with 89% and 94% identity respectively. No conserved
domains were identified within these two proteins; however, using BLASTp, both
proteins were found to possess some identity to a putative tail fiber of Bacillus ɸNIt1.
In order to assign a putative function to these ORFs of ɸL47, ORF 55 of ɸbIL286 was
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analysed by InterProScan. The C-terminal region of this gene product was predicted
to have an immunoglobulin-like domain IPR007110 as found in the major tail subunit
of Enterobacteria ɸHK97 (Juhala et al., 2000) and other phages. Immunoglobulin-like
domains participate in various functions, including cell-cell recognition and cellsurface receptors. Therefore it is likely that these genes also form part of the ɸL47
tail.

4.5.3. Host cell lysis
In dsDNA phages, the combined action of the holin-lysin genes function in
the release of new phage particles from an infected cell (Daniel et al., 2007). ORF 69
was found to encode a putative endolysin sharing 89% identity with that of ɸ949,
which possesses an amidase_2 domain pfam01510. This ORF also shows a high
degree of similarity with gp073, sequence ID YP_001469072.1, of the temperate
lactococcal phage ɸKSY1 (83% identity). No holin gene was identified in the same
locus as the endolysin, however, a putative holin was located remotely from the
endolysin (Fig. 4). ORF 154 exhibits an 87% identity to the putative phage holin from
ɸ949, containing a holin LLH superfamily cl09890 domain, a conserved domain of
approximately 100 amino acids found in prophage and phage of Gram-positive
bacteria. The arrangement of the holin and endolysin genes in the ɸL47 genome is not
typical of lactococcal phages but a similar organisation has been reported in ɸ949,
ɸP087 and ɸ1708 (Garneau et al., 2008; Villion et al., 2009).

4.5.4. DNA replication and nucleotide biosynthesis
The DNA replication module was located downstream from the endolysin
gene and upstream from the holin gene. The predicted gene products for ORFs 75
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(helicase), 76 (primase), 66 (nucleotidase), 110 and 111 (DNA gyrase) and 114
(deoxyribosyltransferase) displayed a large degree of homology with ɸ949. ORF 89
was identified as a putative replication protein which shares 84% identity with the
putative replication initiator protein of L. lactis ssp. lactis IO-1 (Kato et al., 2012). A
DHH domain pfam01368 was identified in ORF 77 which includes the single-stranded
DNA exonuclease RecJ. The protein encoded by this ORF exhibits a 95% identity
with the single-stranded DNA exonuclease of Lactococcus ɸC13, Lactococcus
ɸCaesusJM1 and Lactococcus ɸ949. An exo-nuclease functions to catalyse the
cleavage of a single nucleotide from the end of a polynucleotide chain and is involved
in DNA repair, recombination and replication (Ceska and Sayers, 1998). No putative
endonucleases were identified in the L47 genome, in contrast to two distinct HNH
endonucleases in ɸ949. Structure specific endonucleases cut at particular DNA
structures and in some cases can give a competitive advantage to a given bacteriophage
in a mixed infection (Goodrich-Blair and Shub, 1996). It is possible that ɸL47
possesses no HNH endonucleases as it has acquired other characteristics, such as
possessing a reduced number of endonuclease recognition sites, that offer an advantage
over other bacteriophages.

Group I introns are frequently associated with

endonucleases (Chevalier and Stoddard, 2001), however, ORFs 118 and 126 were both
found to encode this type of intervening sequence (IVS) between ribonucleotide
reductase proteins. Previously, two introns were found within the ribonucleotide
reductase large subunit of Staphylococcus aureus ɸTwort (Landthaler et al., 2002). In
Escherichia coli ɸT4, the aerobic Ribonucleotide reductase small subunit and the
anaerobic ribonucleotide reductase were both found to possess group I introns (Sjöberg
et al., 1986; Young et al., 1994). One explanation offered for the retention of introns
in genes, such as those involved in ribonucleotide reduction, is that they encode
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functions replicated in the host organism that can be utilised for phage survival until
such time as the insertion element and host environment adapt to one another
(Derbyshire and Belfort, 1998).
The acquisition of ribonucleotide reductases (RNRs) is thought to arise from
the host genome, to enable the adaptation to certain environmental conditions
(Dwivedi et al., 2013). These enzymes function in DNA replication and repair via the
conversion of ribonucleotides to deoxyribonucleotides (Dwivedi et al., 2013). The
gene products of seven ORFs were found to encode ribonucleotide di- and triphosphate reductases.

ORF 116 encodes a putative anaerobic ribonucleoside-

triphosphate reductase with a 25% identity to a putative anaerobic ribonucleosidetriphosphate reductase of Clostridium ɸ8074-B1. A class III ribonucleotide reductase
domain cd01675 was identified within this gene product which uses a FeS cluster and
S-adenosylmethionine to generate a glycyl radical. ORF 124 shares a 65% identity
with the ribonucleotide-diphosphate reductase subunit alpha of Bacillus alcalophilus
and contains a class I RNR domain cd01679. In contrast to class III, a class I RNR
domain uses a di-iron-tyrosyl radical. The presence of class I and class III RNR genes
in ɸL47 conforms with the RNR complement generally found in phages isolated from
sewage (Dwivedi et al., 2013). Other ribonucleotide reductases shared a large degree
of homology with ɸ949 as well as other genes involved in nucleotide transport,
modification and degradation.

4.5.5. tRNA encoding genes in L47 genome
The role of tRNAs in phage genomes is thought to be the encoding of codons
that are less frequent in the host genome, thus allowing for the increased expression of
phage proteins (Bailly-Bechet et al., 2007). In all, eight tRNA genes (Table 4) were
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identified over a small region of the genome (48,524 to 53,674 bp) in ɸL47, using the
tRNA-scan SE and Aragorn software (Lowe and Eddy, 1997; Laslett and Canback,
2004). tRNAs had a %GC content ranging from 39.4 and 50.7. Between ORFs 106
and 107, were positioned tRNAArg, tRNAAsp and tRNAAla while between ORFs 107
and 108 were tRNAAsn, tRNASer and tRNATrp. A 58 bp intron, from position 34-35,
was identified in tRNASer. Two tRNAMet genes were identified, the first situated
between ORFs 101 and 102, and the second between ORFs 107 and 108. The
possession of more than one tRNA for a specific amino acid is a phenomenon that has
been observed in Lactobacillus plantarum bacteriophage ɸLP65 (Chibani-Chennoufi
et al., 2004b). The acquisition of tRNA genes from the host is proposed as being a
random event and the genes are either retained, via a set of selection mechanisms, or
they are lost (Bailly-Bechet et al., 2007). It is conceivable that ɸL47 has acquired two
tRNAMet in order to gain a fitness advantage, due to the relatively harsh environment
that it inhabits. In-situ burst sizes for organisms in a nutrient-poor environment, such
as that from which the host was isolated, are generally smaller than when the host is
infected in a nutrient rich, chemically defined media (Chibani-Chennoufi et al.,
2004a). The retention of particular tRNA genes in phage genomes are thought to
correspond to codons that are less abundant in the host genome (Bailly-Bechet et al.,
2007) although this was not observed for ɸ949 and its host L. lactis IL1403 (Samson
and Moineau, 2010). Therefore we may only hypothesise that these tRNA genes are
associated with controlling phage protein production and are possibly involved in
increasing reproduction rate and reducing latency time (Bailly-Bechet et al., 2007).
The arrangement of the tRNAs into distinct blocks suggests that they were
obtained through separate recombination events with either host DNA, other phages
or a combination of both (Weinbauer, 2004). The presence of tRNAs has been found
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to be particularly common in phages with a larger genome size (Bailly-Bechet et al.,
2007). Six tRNA genes were identified in ɸ949, the most identified in a lactococcal
bacteriophage (Samson and Moineau, 2010). Similarly, in ɸLb338-1 and ɸK, both
with a genome larger than 100 kb, 2 and 4 tRNAs were identified respectively (O'
Flaherty et al., 2004; Alemayehu et al., 2009). No tRNA encoding regions were found
in 2 recently elucidated lactococcal phage genomes, belonging to a new P335 group,
with sizes of approximately 31 kb (Mahony et al., 2013). However, 5 tRNA genes
have been identified in ɸP087, a P087 species, of a smaller genome size (60,074 bp)
than ɸ949 and ɸL47 (Villion et al., 2009).

4.5.6. Comparative genome analysis
Numerous ORFs in the L47 genome were found to show identity to putative
proteins of other lactococcal phages. ORFs 27-30 encode hypothetical proteins
belonging to different lactococcal phages (Table 3). No conserved domains were
detected within these ORFs. ORF 119, showing 39% identity with Lactococcus
ɸKSY1, was found to encode a pfam01139 domain, a conserved domain of the
uncharacterized protein family UPF0027.

Putative proteins expressed by

Enterococcus ɸEF24C and Enterococcus faecium are also found to be similar to those
identified in the ɸL47 genome (3 ORFs; >40% identity). Previously, lactococcal
ɸP087 was shown to possess genes with a high degree of similarity to structural genes
of a prophage of Enterococcus faecalis V538 (Villion et al., 2009). Of note, ORF 23
was found to be highly similar to a phage protein of the plant Lactococcus strain,
KF147. Upstream from the structural genes, ORF 130 encodes a M23 peptidase
domain containing protein similar to Clostridium perfringens F262 (Nowell et al.,
2012). The position of this gene with genes involved in DNA replication, suggests
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that it is not tail associated as in Lactococcus phages Tuc2009 and TP901-1 (Seegers
et al., 2004; Stockdale et al., 2013).

This peptidase would possibly hydrolyse

peptidoglycan via D-Ala–D-Asp endopeptidase activity enabling the penetration of
stationary phase lactococcal cells (Samson et al., 2013).
Comparative genomic analysis shows the high similarity at a nucleotide level
between the ɸL47 and ɸ949 phages (Fig. 5). In addition, given the close amino acid
identity at protein level across the genome (Table 3), suggesting a number of shared
functions, it is likely that these phages have shared a common ancestor at some point.
Studies of the more common lactococcal phage groups have indicated a large degree
of homology between members of the c2 and 936 species while the P335 species
displays a polythetic species theory (Deveau et al., 2006). Although much discussion
surrounds phage evolution, in relation to virulent phages vertical lines of evolution are
believed to be crucial in the development of certain phage families (Brussow and
Kutter, 2005) and are particularly evident in dairy phages (Brüssow and Desiere,
2001). However, horizontal genetic exchange also plays a key role in the evolution of
phages as exemplified by genetic mosaicism formed from a high occurrence of transfer
events (Canchaya et al., 2003). Genetic exchange between bacteria and other phages
from distinct niches is hypothesised to be pivotal in the evolution of rare lactococcal
phages (Fortier et al., 2006; Chopin et al., 2007; Garneau et al., 2008; Villion et al.,
2009). Due to the high degree of sequence homology between these two phages, it is
expected that ɸL47 is another member of the 949 group. Analysis of ɸ111 revealed
this lactococcal phage to possess a genome size of approximately 134 kb and a long
tail of 470 nm (Prevots et al., 1990). However, without comparative genome analysis
it can only be speculated that ɸ111 is a representative of the 949 group.
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4.6. Conclusions
To date, numerous studies have investigated dairy lactococcal phages and
how they interact with their respective hosts. Industrial Lactococcus strains, used in
modern cheese production, are thought to have evolved from plant strains (Kelly et al.,
2010). ɸL47, isolated from a non-dairy environment, possessed significant similarity
to the rare, dairy phage ɸ949, with both phages isolated from different environments
almost 40 years apart. ɸL47 was found to possess a number of features which
differentiate it from ɸ949, most notably a long tail fiber, not previously reported in
phages of Lactococcus. This tail fiber may play an important role in enabling ɸL47 to
infect L. lactis DPC6860, which was largely resistant to dairy phages, and may account
for the persistence of successful virulent phages in the wider environment as observed
for ɸQ33 and ɸBM13 (Mahony et al., 2013). Further studies are required to establish
the diversity of lactococcal bacteriophages from non-dairy origins and the similarity
they may possess with dairy phages of other groups. This information could shed
further light on the mechanisms they possess that allow them to thrive in harsher
environments and may advance our understanding of host recognition and infection by
lactococcal phages.
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Table 1. Phage resistance profile of dairy lactococcal phages to non-dairy Lactococcus lactis strains.
Phage
Phage group
936

Strain
L. lactis ssp. lactis DPC6853
L. lactis ssp. cremoris DPC6854
L. lactis ssp. cremoris DPC6855
L. lactis ssp. cremoris DPC6856
L. lactis ssp. cremoris DPC6857
L. lactis ssp. cremoris DPC6858
L. lactis ssp. cremoris DPC6859
L. lactis ssp. cremoris DPC6860

Origin
Corn
Grass
Grass
Rumen
Grass
Grass
Grass
Grass

ɸ712 ɸPOO8

–
–
–
+
–
–
–
–

–
–
–
–
–
–
–
–

c2

ɸbIL170

–
–
–
–
–
–
–
–

ɸHP

ɸC2

ɸebI

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
+
+
–
–
–
–
–

KSY1
ɸML3

ɸKSY1

–
–
+
+
–
–
–
–

–
–
–
–
–
–
–
–
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Table 2. Host range of Lactococcus phage ɸL47.
Species
Origin/
Use
L. lactis ssp. cremoris DPC6855
L. lactis ssp. cremoris DPC6859
L. lactis ssp. cremoris DPC6854
L. lactis ssp. cremoris DPC6858
L. lactis ssp. cremoris DPC6857
L. lactis ssp. cremoris DPC6856
L. lactis ssp. lactis DPC6853
L. lactis ssp. cremoris HP
L. lactis ssp. cremoris IE16
L. lactis ssp. cremoris MG1363
L. lactis ssp. lactis IL1403
L. lactis SMQ562
L. lactis ssp. cremoris UC509
L. lactis ssp. lactis biovar
diacetylactis F7/2
L. lactis ssp. lactis ML8
L. lactis ssp. cremoris H88M1
L. lactis ssp. lactis 303
L. lactis HT-2
L. lactis ssp. cremoris SK11
L. lactis U53
L. lactis ssp. lactis biovar
diacetylactis DRC3
L. lactis 83
L. lactis BA1
L. lactis ssp. lactis biovar
diacetylactis 938
L. lactis ssp. cremoris 310
L. lactis ssp. lactis 229
Lactobacillus plantarum
Lactobacillus brevis

Host cell
lysis

Grass
Grass
Grass
Grass
Grass
Rumen
Corn
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy
Dairy

–
+
–
+
+
–
–
+
–
–
–
–
–
–

Cheese
Raw milk
Cheese
Dairy
Cheese
Dairy
Dairy

+
–
–
–
–
+
–

Dairy
Dairy
Dairy

–
–
–

Cheese
Cheese
Grass
Grass

+
–
–
–
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Table 3. Predicted open reading frames (ORFs) of ɸL47a, b and predicted database
matches.
ORF

Start

Stop

MW

Best match

% ID

E value

Accession numberc

(kDa)
1

146

1165

39.0

Putative integrase-recombinase
[Lactococcus ɸ949]

324/339
(96)

0.0

YP_004306161.1

2

1174

3495

87.6

Putative exodeoxyribonuclease
[Lactococcus ɸ949]

707/772
(92)

0.0

YP_004306162.1

4

4260

4949

24.0

Putative transglycosylase
[Lactococcus ɸ949]

195/231
(84)

4e-132

YP_004306164.1

5

4963

5517

21.4

Putative uncharacterized protein
[Firmicutes bacterium CAG:882]

29/89 (32)

1.8

CDD64083.1

12

7633

8229

22.7

Putative thymidine kinase
[Lactococcus ɸ949]

184/196
(94)

3e-134

YP_004306171.1

14

8674

8817

5.55

Hypothetical protein, unlikely
[Trypanosoma
congolense IL3000]

16/33 (48)

5.8

CCD16863.1

15

8841

8951

5.46

Transglycosylase-like domain
protein [Streptococcus ictaluri]

18/44 (41)

0.32

WP_008087686.1

23

10569

10796

8.43

Phage protein [L. lactis ssp. lactis
KF147]

35/64 (55)

5e-18

YP_003353508.1

24

10814

11191

14.0

Hypothetical protein PelgB_21892
[Paenibacillus elgii B69]

61/122
(50)

1e-33

ZP_09077133.1

26

11447

11770

12.4

Hypothetical protein LACR_2119
[L. lactis ssp. cremoris SK11]

81/120
(68)

4e-46

YP_811707.1

27

11770

12045

10.1

Hypothetical protein ul36_25
[Lactococcus ɸul36]

50/84 (60)

3e-20

NP_663659.1

28

12038

12367

12.5

ORF23 [Lactococcus ɸTP901-1]

39/89 (44)

9e-8

NP_112686

29

12364

12609

88.9

Hypothetical protein Q33_0026
[Lactococcus ɸQ33]

77/81 (95)

3e-50

AFV51055

30

12644

12835

7.07

Hypothetical protein [Lactococcus
ɸp2]

38/64 (59)

1e-14

ACI94897.1

31

12912

13415

19.8

Hypothetical protein
[Limnohabitans sp. Rim47]

20/93 (22)

0.32

WP_019430841.1

32

13415

13630

8.27

Hypothetical protein
[Methyloversatilis universalis]

15/48 (31)

2.0

WP_018228448.1

35

14561

14914

13.9

Orf28 [Lactococcus ɸbIL286]

0.37

NP_076662.1

37

15241

15360

4.67

Hypothetical protein [L. lactis ssp.
lactis CV56]

35/108
(32)
24/35 (69)

1e-06

YP_005869010.1

39

17948

17772

6.99

Unknown

40

18472

18083

15.0

Hypothetical protein [Enterococcus
ɸSAP6]

46/118
(39)

6e-11

AEM24750.1

44

19772

19539

9.23

Hypothetical protein
ACD_5C00356G0007 [uncultured
bacterium]

18/61 (30)

1.3

EKE24920.1

45

20124

19852

10.9

Hypothetical protein ECED1_3531
[Escherichia coli ED1a]

24/69 (35)

0.002

YP_002399391.1

46

20281

20141

5.35

Unknown

47

20856

20716

4.52

Unknown

48

21121

20867

9.73

Hypothetical protein EFP_gp119
[Enterococcus ɸEF24C]

45/79 (57)

1e-19

YP_001504228.1

49

21414

21178

9.60

Hypothetical protein [Enterococcus
faecium]

38/74 (51)

2e-14

WP_002350596.1

52

22318

22007

11.7

Hypothetical protein EFP_gp116
[Enterococcus ɸEF24C]

29/ 72 (40)

4e-12

YP_001504225.1
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53

22680

22411

10.4

Hypothetical protein
LmalK35_10926 [Lactobacillus
mali KCTC 3596]

25/ 75 (33)

5e-04

ZP_09449152.1

54

23092

22751

13.3

LamB/YcsF family protein
[Mesoflavibacter
zeaxanthinifaciens S86]

28/ 122
(23)

1.6

ZP_09499326.1

55

25273

25410

5.59

Hypothetical protein
ARALYDRAFT_900440
[Arabidopsis lyrata]

16/40 (40)

0.63

XP_002886300.1

57

25619

25768

5.61

Zinc finger protein 263
[Monodelphis domestica]

17/42 (40)

0.34

XP_001370637.2

58

25765

26346

22.6

Hypothetical protein
[Streptococcus henryi]

90/187
(48)

2e-44

WP_018165624.1

60

26593

26979

15.8

Hypothetical protein CLJ_0158 [C.
botulinum Ba4 str. 657]

39/130
(30)

5e-07

YP_002860465.1

61

27057

27260

7.92

Hypothetical protein
CAEBREN_29888
[Caenorhabditis brenneri]

19/53 (36)

0.45

EGT53499.1

62

27257

27691

16.8

Hypothetical protein
EfaCPT1_gp44 [Enterococcus
ɸEfaCPT1]

41/139
(29)

6e-04

AFO10841.1

64

28027

28230

7.90

Hypothetical protein
LPV712_gp041 [Lactococcus
ɸ712]

34/66 (52)

4e-13

YP_764301.1

66

28820

29419

23.2

Putative nucleotidase [Lactococcus
ɸ949]

190/199
(95)

5e-136

YP_004306212.1

69

30662

31708

37.8

Putative endolysin [Lactococcus
ɸ949]

311/348
(89)

0.0

YP_001469072.1

72

33459

33629

6.35

Hypothetical protein xccb100_2160
[Xanthomonas campestris pv.
campestris str. B100]

15/53 (28)

1.5

YP_001903564.1

75

35411

36955

59.2

Putative replicative DNA helicase
[Lactococcus ɸ949]

481/514
(94)

0.0

YP_004306220.1

76

36966

38015

40.5

Putative DNA primase
[Lactococcus ɸ949]

302/329
(92)

0.0

YP_004306221.1

77

38022

39806

68.0

Putative single-stranded DNA
specific exonuclease [Lactococcus
ɸCB13]

566/593
(95)

0.0

ACU46843.1

80

40336

40815

18.2

Membrane protein containing HD
superfamily hydrolase domain,
YQFF ortholog [Caloramator
australicus RC3]

27/71 (38)

1.1

CCC58155.1

82

41311

41496

7.74

Unknown

83

41493

41636

4.99

Unknown

84

41639

41854

8.84

GJ15471 [Drosophila virilis]

20/54 (37)

0.34

XP_002060057.1

85

41848

42081

9.16

Conserved hypothetical protein
[Anaerococcus
tetradius ATCC 35098]

16/54 (30)

1.3

ZP_03930743.1

86

42081

42458

14.4

GA28089 [Drosophila
pseudoobscura pseudoobscura]

21/54 (39)

0.44

XP_002133330.1

88

42897

43262

14.4

Putative phage protein [L. lactis
ssp. lactis A12]

60/99 (61)

1e-24

CDG04128.1

89

43259

43648

14.6

Putative replication initiator protein
[L. lactis ssp. lactis IO-1]

108/129
(84)

3-75

YP_007508915.1

90

43695

44000

12.2

Hypothetical protein [L. lactis ssp.
lactis CV56]

36/105
(34)

6e-07

YP_005868381.1

92

44413

44592

7.14

Catechol 1,2-dioxygenase
[Pseudomonas stutzeri DSM
10701]

23/53 (43)

3.3

AFN77848.1
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100

46959

47195

8.87

Related to Beta-mannosidase
precursor [Sporisorium reilianum
SRZ2]
Hypothetical protein ROI_04910
[Roseburia intestinalis M50/1]

15/41 (37)

4.6

CBQ72430.1

105

49552

49986

16.8

21/65 (32)

0.058

CBL07781.1

110

55222

57189

73.4

Putative DNA gyrase subunit Btopoisomerase [Lactococcus ɸ949]

629/651
(97)

0.0

YP_004306254.1

111

57191

59305

79.22

Putative DNA gyrase subunit Atopoisomerase [Lactococcus ɸ949]

675/704
(96)

0.0

YP_004306255.1

114

59918

60436

19.0

Putative nucleoside-2deoxyribosyltransferase
[Lactococcus ɸ949]

166/172
(97)

1e-114

YP_004306259.1

115

60429

61088

24.9

Putative nicotinamide
mononucleotide transporter
[Lactococcus ɸ949]

205/219
(94)

3e-142

YP_004306260.1

116

61168

63669

95.7

Putative anaerobic ribonucleosidetriphosphate reductase [Clostridium
ɸ8074-B1]

268/791
(34)

2e-134

YP_007237286.1

117

63669

64265

22.7

Putative ribonucleoside
triphosphate reductase activator
small subunit [Lactococcus ɸ949]

167/198
(84)

2e-126

YP_004306263.1

118

64356

65258

35.4

Hypothetical group I intron protein
[Lactococcus ɸ949]

166/238
(70)

8e-111

YP_004306264.1

119

65327

66550

45.8

gp109 [Lactococcus ɸKSY1]

1e-69

YP_001469108.1

122

67083

67322

9.16

Putative ribonucleotide diphosphate
reductase glutaredoxin
subunit[Lactococcus ɸ949]

151/389
(39)
71/79 (90)

3e-44

YP_004306267.1

123

67315

67686

14.1

Putative ribonucleotide reductase
stimulatory protein [Lactococcus
ɸ949]

121/123
(98)

2e-79

YP_004306268.1

124

67700

69889

82.8

Ribonucleotide-diphosphate
reductase subunit alpha [Bacillus
alcalophilus]

465/715
(65)

0.0

WP_003323097.1

125

69902

70312

16.0

Hypothetical protein
TTHERM_00313410
[Tetrahymena thermophila]

19/46 (41)

0.48

XP_001033522.1

126

70395

70991

23.0

Hypothetical group I intron protein
[Lactococcus ɸ949]

89/126
(71)

3e-60

YP_004306264.1

127

71101

71751

25.7

Hypothetical protein [L. lactis ssp.
cremoris A76]

89/208
(43)

2e-49

YP_005876546.1

128

71773

72513

29.3

ATPase [Solibacillus silvestris
StLB046]

70/229
(31)

8e-18

YP_006461965.1

129

72726

72872

5.74

Unnamed protein product
[Tetraodon nigroviridis]

16/40 (40)

1.2

CAG05661.1

130

72869

73153

10.7

M23 peptidase domain-containing
protein [C. perfringens F262]

29/83 (35)

0.46

EIA16337.1

131

73169

73390

8.71

Hypothetical protein
LP030nr2_047 [Listeria ɸLP-0302]

19/37 (51)

3e-04

YP_008126743.1

132

73392

73787

15.5

Uncharacterized protein
BN765_00487 [Eubacterium
eligens CAG:72]

27/91(30)

3.1

CDA41513.1

133

73797

74150

13.8

Hypothetical protein CRE_21750
[Caenorhabditis remanei]

25/79 (32)

1.2

XP_003105387.1

134

74153

74335

7.15

Hypothetical protein
GY4MC1_0607 [Geobacillus sp.
Y4.1MC1]

15/48 (31)

1.5

YP_003988046.1

211

135

74404

75114

27.3

Hypothetical protein [Bacillus
amyloliquefaciens
TA208]
Diphosphate reductase
[Streptococcus ovis]

85/238
(36)

3e-36

YP_005541036.1

136

75475

76098

22.3

131/184
(71)

5e-88

WP_018378302.1

137

76177

76746

17.0

Hypothetical protein
[Lachnospiraceae bacterium A4]

35/142
(25)

0.92

WP_016282214.1

138

76752

77021

22.0

Hypothetical protein llmg_2104 [L.
lactis ssp. cremoris MG1363]

27/ 90 (30)

0.008

YP_001033358.1

139

77047

77322

10.6

Hypothetical protein [Clostridium
sp. 7_2_43FAA]

24/84 (29)

7.2

WP_008676880.1

140

77312

78226

10.6

Putative ribonucleotide diphosphate
reductase alpha subunit
[Lactococcus ɸ949]

278/ 298
(93)

0.0

YP_004306269.1

141

78305

78985

32.9

Putative Guanylate kinase
[Lactococcus ɸ949]

198/ 226
(88)

6e-144

YP_004306270.1

142

78963

79706

27.8

Putative deoxyuridine 5'triphosphate
nucleotidohydrolase [Lactococcus
ɸ949]

239/247
(97)

1e-176

YP_004306271.1

143

79803

80564

28.1

Putative protease [Lactococcus
ɸ949]

227/ 253
(90)

1e-167

YP_004306272.1

147

82174

85336

122.3

Putative DNA polymerase III alpha
subunit [Lactococcus ɸ949]truncated

641/ 692
(93)

0.0

YP_004306276.1

148

85420

85596

65.1

Putative uncharacterized protein
[Odoribacter sp. CAG:788]

14/32 (44)

9.4

WP_021989169.1

153

87639

86959

26.1

Putative Holliday junction
resolvase [Lactococcus ɸ949]

208/ 226
(92)

2e-130

YP_004306283.1

154

88100

87693

14.7

Putative phage holin [Lactococcus
ɸ949]

118/ 135
(87)

1e-77

YP_004306284.1

157

90418

88586

65.9

Putative tail protein [Lactococcus
ɸ949]

468/ 616
(76)

0.0

YP_004306287.1

158

90891

90418

17.5

Putative tail protein [Lactococcus
ɸ949]

150/157
(96)

5e-93

YP_004306288.1

159

91768

90932

31.4

Putative tail protein [Lactococcus
ɸ949]

134/232
(58)

2e-75

YP_004306288.1

160

92858

91731

41.8

Host-specificity [Lactococcus
ɸbIL286]

136/228
(60)

3e-67

NP_076691.1

161

93009

92836

6.4

Orf56 [Lactococcus ɸbIL286]

52/57 (91)

1e-29

NP_076690.1

162

93704

93009

27.4

Orf55 [Lactococcus ɸbIL286]

4e-141

NP_076689.1

163

94137

93751

13.2

Orf55 [Lactococcus ɸbIL286]

5e-62

NP_076689.1

164

98313

94153

156.2

Putative tail protein [Lactococcus
ɸ949]

209/228
(92)
120/128
(94)
1088/ 1309
(83)

0.0

YP_004306288.1

165

99184

98420

28.6

Putative phage tail component
[Lactococcus ɸ949]

236/ 254
(93)

3e-169

YP_004306289.1

166

109063

99236

357.7

Putative tail tape measure protein
[Lactococcus ɸ949]

2780 /3276
(85)

0.0

YP_004306290.1

167

110073

109081

38.4

Putative site specific recombinase
[Lactococcus ɸ949]

326/ 330
(99)

0.0

YP_004306291.1

168

110552

110070

18.7

Putative phage structural protein
[Lactococcus ɸ949]

153/ 160
(96)

7e-111

YP_004306292.1

172

112890

112189

25.1

Putative phage structural protein
[Lactococcus ɸ949]

197/ 234
(84)

4e-139

YP_004306296.1

174

114260

113655

22.9

Putative phage structural protein
[Lactococcus ɸ949]

186/ 201
(93)

6e-136

YP_004306298.1

175

115012

114260

28.5

Putative phage structural protein
[Lactococcus ɸ949]

240/ 250
(96)

2e172

YP_004306299.1

177

115749

115309

16.9

Putative phage structural protein
[Lactococcus ɸ949]

143/146
(98)

3e-99

YP_004306301.1

212

179

117513

116494

38.3

Putative phage structural protein
[Lactococcus ɸ949]

318/338
(94)

0.0

YP_004306303.1

180

118088

117552

19.3

Putative phage structural protein
[Lactococcus ɸ949]

125/178
(70)

1e-82

YP_004306304.1

181

119358

118117

46.9

Putative phage structural protein
[Lactococcus ɸ949]

401/417
(96)

0.0

YP_004306305.1

182

120911

119370

58.1

Putative phage structural protein
[Lactococcus ɸ949]

490/513
(96)

0.0

YP_004306306.1

183

122632

120935

64.9

Putative terminase ATPase subunit
[Lactococcus ɸ949]

558/565
(99)

0.0

YP_004306307.1

185

125008

123761

47.6

Putative DNA polymerase
[Lactococcus ɸ949]

397/415
(96)

0.0

YP_004306309.1

186

126342

125017

50.9

Putative phosphate starvationinducible protein PhoH/ATPase
[Lactococcus ɸ949]

337/441
(76)

0.0

YP_004306310.1

a

Hypothetical proteins with >60% identity to ɸ949 have been omitted

b

ORFs shaded grey possess E-values >1

c

Accession numbers corresponding to the NCBI database
Abbreviations: MW, Molecular weight; %ID, % Identity; E-value, Expect-value
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Table 4. tRNA arrangement in ɸL47.
Amino
acid

Anti-codon

Size
(bp)

%
GC

Start

End

tRNA
1
2
3
4
5
6
7
8

Met
Arg
Asp
Ala
Ser
Asn
Trp
Met

CAT
TCT
GTC
CGC
ACT
ATT
CCA
CAT

73
73
75
71
92
76
71
74

47.9
39.7
50.7
50.7
43.5
39.5
39.4
55.4

48524
50343
51213
51639
51967
52830
53114
53400

48596
50415
51287
51709
52116
52905
53184
53473
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Fig. 1. Relative
% adsorption of ɸL47 to Lactococcus strains of different environmental niches and
subspecies designation.

215

Fig. 2. Restriction digest profiles of phages ɸL47 using the endonuclease restriction
enzymes EcoRV and HindIII. Digested DNA was run a 0.7% (wt./ vol.) agarose at 50
V overnight at 4 oC.

216

Fig. 3. (A) Scanning electron micrograph image of ɸL47 negatively stained using 2% uranyl acetate. (B) Single view of ɸL47. Arrow shows
the elongated tail fiber.

217

Fig. 4. Analysis of the structural proteins of ɸL47 obtained from ammonium acetate
precipitations. A broad range ladder (New England Biolabs) was used as a relative
molecular weight marker (MWM).

Molecular masses of structural proteins was

predicted from genome sequence data using the Compute pI/ Mw tool (Gasteiger et al.,
2005).
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Fig. 5. Genome organisation of the lactococcal phage ɸL47. Each arrow represents an
opening reading frame (ORF), the orientation of which shows the direction of
transcription. The predicted function of each ORF was determined by bioinformatic
analyses (Carver et al., 2005).
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Fig. 6. BLASTn-based alignment (nucleotide identity >90% shown) of the genome
sequences of L. lactis phage ɸL47 and ɸ949 as displayed by Artemis comparison tool
(ACT). Red lines between genomes indicate orthologues in the same orientation.
Coding sequences are colour coded as described in Fig. 4; structural (blue), hypothetical
(green), DNA replication (yellow), ribonucleotide reductase (red), endolysin-holin
(mauve), unknown (grey).
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Chapter 5
Location, location, location:
examination of niche specialisation of Lactococcus lactis through
comparative genome analysis
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5.1. Abstract
Lactococcus lactis is a member of the lactic acid bacteria (LAB) and is used
extensively in the production of fermented dairy foods such as cheese and sour cream.
Although it is associated with dairy fermentations, it is hypothesised that lactococcal
strains in use today are descended from plants. To identify and characterise specific
genes and gene sets which may be important in niche adaptation, comparative genome
analysis was performed with L. lactis isolates from corn (DPC6853), from the bovine
rumen (DPC6856) and from grass (DPC6860), and compared to other lactococcal
isolates from dairy and non-dairy environments. Non-conserved genes or gene
clusters were identified through a combination of functional genome distribution
(FGD) analysis (Altermann, 2012) and manual curation with Artemis (Rutherford et
al., 2000). Systems which are typically found in dairy organisms, such as genes
encoding lactose utilisation, were identified in all non-dairy strains. Genes encoding
defences to bacteriophages were identified in non-dairy strains which may contribute
to resistance or insensitivity to dairy lactococcal phages as observed in Chapter 4.
Various phenotypic and genotypic differences were found between DPC6860 and
DPC6853 such as cobalt sensitivity and capacity to ferment xylose, suggesting that
DPC6856 is not transient but a common rumen inhabitant. DPC6856 appears to
possess specific genes/ gene clusters which may contribute to its survival in the rumen
environment. Overall DPC6860 appears to be more metabolically robust. This study
highlights the contribution of niche adaptation to intra-species diversity and capacity
of L. lactis to evolve to its environment.
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5.2. Introduction
Lactococcus lactis is a member of the lactic acid bacteria (LAB) and a key
component of starter systems used in the production of fermented dairy products such
as cheese and sour cream. It is widely held that dairy strains, commonly used in
modern cheese production, originated from plant material (Kelly et al., 2010).
Genome sequence analysis of L. lactis has revealed that adaptation to the dairy
environment is promoted by the loss of dispensable genes involved in amino acid
biosynthesis and plant sugar utilisation, and the acquisition of genes enabling lactose
fermentation and casein utilisation (Bolotin et al., 2001; Wegmann et al., 2007; Kelly
et al., 2010). In contrast to their dairy counterparts, strains from non-dairy
environments exhibit diverse metabolic capabilities and lifestyle characteristics
required for niche specialisation. The non-dairy strain L. lactis A12 is capable of
fermenting raffinose and arabinose, which reflects the adaptation of this strain to the
sourdough environment where it rapidly uses sugars which are more abundant due to
their slow utilisation by yeasts and lactobacilli (Passerini et al., 2013). Another nondairy strain L. lactis KF147, isolated from mung bean sprouts, possesses numerous
gene clusters which may enable it to survive in its environment, such as EPS
production and utilisation of plant carbohydrates (Siezen et al., 2008). Furthermore,
comparative analysis of LAB from different environments has also identified gene
clusters which could be assigned to a specific niche (O' Sullivan et al., 2009).
Owing to the limited number of established dairy strains used in production
today (Marshall, 1991), there is an increasing demand for novel strains with concerted
efforts to mine the microbiota of natural environments, such as raw milk and plants,
for strains of technological interest (Klijn et al., 1995; Kelly et al., 1998; Nomura et
al., 2006). In the United States, the documented safe use of lactic acid bacteria (LAB)
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in food has led to many species being designated as generally regarded as safe (GRAS)
including L. lactis. Although species from diverse environments may possess GRAS
status, they may nevertheless encode specific genes, which although may be
considered niche adaptation factors (Hill, 2012), could also contribute to these
organisms being unsuitable for food applications. Therefore strains isolated from
diverse environments with potential for food applications should be carefully assessed
prior to their use in food production.
In this study, we report on the whole genome sequencing of three L. lactis
isolates from different non-dairy environments, i.e. grass (DPC6860), bovine rumen
(DPC6856) and corn (DPC6853).

Through comparative genome analysis, the

sequences were examined for non-conserved ORFs which may confer a competitive
advantage to the strains in their respective environments. In particular, traits which
may be of technological interest in dairy fermentations and those which may play an
important role in niche adaptation were assessed. Specific traits present in DPC6856
were also examined which may be important in the adaptation of this strain to the
bovine rumen.
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5.3. Materials and methods
5.3.1. Bacterial strains and growth conditions
Lactococcus lactis strains used in this study were stored at -80 oC in M17
(Oxoid, Hampshire, England) containing 50% (vol./ vol.) glycerol supplemented with
the appropriate sugar: 0.5% (wt./ vol.) glucose (GM17) (Sigma Aldrich, Dublin,
Ireland) for MG1363 and IL1403 and 0.5% (wt./ vol.) lactose (LM17) (VWR, Leuven,
Belgium) for the remaining strains. Prior to use, strains were cultured on GM17 or
LM17 agar plates as required and incubated aerobically at 30 oC for 48 hrs. Individual
colonies were suspended in GM17 or LM17 and cultured overnight at 30 oC under
aerobic conditions for analysis.

5.3.2. Plasmid profile analysis
Plasmid DNA was isolated according to the method described by O’Sullivan
and Klaenhammer (1993) from 2 ml overnight cultures. Plasmid DNA was run on a
0.7% (wt./ vol.) agarose gel for 18 hrs at 4 oC containing 200 ng/ ml of ethidium
bromide (Sigma Aldrich, Dublin, Ireland).

DNA was visualised using a

transilluminator and an image captured using a Kodak photo imager.

5.3.3. Draft genome sequencing and annotation
Based on MLSA performed in chapter 2, three strains were selected for genome
sequencing: L. lactis ssp. cremoris DPC6856 (bovine rumen) and DPC6860 (grass),
and L. lactis ssp. lactis DPC6853 (corn). Whole genome sequencing was performed
using the Roche 454 sequencing platform as described in Chapter 2. Contigs were
assembled using the Seqman NGen program from the DNAstar software suite
(Madison, Wisconsin, USA). Contigs less than 1,000 nucleotides were removed from
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analysis. Draft assemblies were annotated using an updated version of the GAMOLA
software package (Altermann and Klaenhammer, 2003). Briefly, individual contigs
were concatenated with a non-bleeding spacer sequence and open reading frames
(ORFs) were predicted using Prodigal (Hyatt et al., 2010) and RAST (Aziz et al.,
2008). Each ORF was then subjected to BlastP (standalone BLAST (Altschul et al.,
1990), non-redundant NCBI database), COG (updated 2008 COG database release),
Pfam (HMMER3 (Eddy, 2009), database release 27), and TIGRfam (database release
14.0) analyses to predict biological function. Results were then combined into an
auto-annotation in Genbank format. Contig mapping was performed using Mauve
against the reference genomes L. lactis IL1403 and L. lactis MG1363 (Darling et al.,
2010). Contigs which did not map with the reference genomes Il1403 and MG1363
were manually curated using the Artemis program (Rutherford et al., 2000) following
ORF calling.

5.3.4. Mining of non-conserved ORFs
Nineteen publicly available complete and draft L. lactis genomes were
downloaded in Genbank or FASTA format from the NCBI genome database. Draft
genomes were automatically concatenated with a non-bleeding spacer sequence and
the respective gene models predicted and saved in Genbank format using GAMOLA2
as described above. All 19 Lactococcus genomes were then subjected to FGD analysis
(Altermann, 2012) using compACTor v0.12. The 19 ORFeomes were compared to
each other in a round-robin analysis using individual BLASTp analyses. Genome
clusters were selected for further analysis using the FGDfinder v0.013 tool. Briefly,
two clusters of selected genomes were compared to each other by identifying cluster
conserved ORFs at e-value thresholds of 1e-40 and 1e-20, respectively. Those
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conserved ORFs were then compared to the ORFeomes of the respective subject
genome cluster and ORFs without homologs above e-value levels of 1e-10 were
considered cluster specific. A maximum of one and two mismatches per comparison
between clusters were allowed for. The resulting ORF-sets were then analysed within
their respective genomic context for biological function. Two separate comparisons
were performed using FGD, with DPC strains as a single cluster compared to dairy
strains (UC509.9, HPT, LD61, A76, SK11, CNCM I-1631, TIFN7, TIFN2, TIFN5,
TIFN3, TIFN1, TIFN4) and both dairy and non-dairy strains (KF147, IO-1, CV56,
KW2, A12, NCDO2118, KLDS 4.035 UC509.9, HPT, LD61, A76, SK11, CNCM I1631, TIFN7, TIFN2, TIFN5, TIFN3, TIFN1, TIFN4).

5.3.5. Minimal media to assess carbohydrate fermentation
Modified M17 medium was made by the omission of meat extract and any
additional sugar source. Controlled defined M17 (CDM17) was subsequently used as
a medium to examine the growth of dairy and non-dairy Lactococcus strains in the
presence of different carbohydrate substrates. CDM17 contained the following as g/
L: tryptone (Sigma Aldrich) 5.0, bacteriological peptone (Oxoid) 5.0, yeast extract
(Sigma Aldrich) 2.5, ascorbic acid (Sigma Aldrich) 0.5, magnesium sulphate (Sigma
Aldrich) 2.5, disodium-β-glycerophosphate (Sigma Aldrich) 19. The pH of the media
was adjusted to between 6.3 and 6.5 and sterilised by autoclaving at 121 oC for 15
mins. Growth of Lactococcus strains in CDM17 without the addition of a sugar did
not exceed an OD 600nm of 0.25 after 48 hrs.

5.3.6. Carbohydrate fermentation
Fermentation of carbohydrates was assayed by optical density (OD)
measurements using a Synergy 2 plate reader (BioTek Instruments Inc., Vermont,
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USA). Carbohydrate solutions were prepared by the addition of a carbohydrate (1%
wt./ vol.) to the CDM17 medium and filter-sterilised using a 0.45 µm filter (Sarstedt,
Wexford, Ireland). 200 µl of supplemented CDM17 was dispensed into a 96 well
micro-titre plate and inoculated with 1% (vol./ vol.) of overnight bacterial culture
grown in LM17 at 30 oC. The inoculated samples were grown at 30 oC and OD
readings were taken at 48 hrs. Each carbohydrate was examined in triplicate for
duplicate experiments and the average of both experiments used for analysis. The
scoring of sugar fermentation was as follows: >0.8 OD 600nm ++++; 0.5-0.8 OD 600nm
+++; 0.2-0.5 OD 600nm ++; 0.1-0.2 OD 600nm +; <0.1 OD 600nm −.

5.3.7. Growth inhibition
Insensitivity to Cadmium (Cd2+) and Cobalt (Co2+) was determined by
measuring OD using a 96 well micro-titre plate (Sarstedt, Wexford, Ireland. Strains
were grown in 200 µl volumes containing increasing concentrations of CdCl 2 and
CoCl 2 from 0 to 0.6 mM and 0 to 6 mM respectively, at 30 oC. Following inoculation
at 1% with cultures grown in the absence of heavy metals, growth was monitored over
24 hrs with absorbance measured using a Synergy 2 plate reader (BioTek Instruments
Inc., Vermont, USA). Growth at 6 oC was monitored over 20 days, measuring OD
using a 96 well micro-titre plate as above.

5.3.8. Lysine decarboxylase activity
Lysine decarboxylase broth was used to determine whether non-dairy strains
could produce cadaverine from lysine, which was prepared as described previously
(Falkow, 1958). Briefly, the solution was composed of gelatin peptone (5 g/ L), Llysine (5 g/ L), yeast extract (3 g/ L), glucose (1 g/ L) and bromocresol purple (0.02
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g/ L) which was autoclaved at 121 oC for 15 mins. Prior to use, the solution was stored
at 2-8 oC. Bacteria were added to 10 ml of broth to create a 1% inoculum and
incubated at 30 oC for 48 hrs. A yellow colour was indicative of a negative reaction
and a purple colour for a positive reaction.
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5.4. Results and discussion
The selective pressure imparted by a specific environment is a key driver in the
genomic diversity observed between strains of the same species originating from
different habitats. Previously, the tandem use of phenotypic and genotypic data has
successfully identified novel genes and gene clusters in plant isolates absent in dairy
L. lactis strains (Siezen et al., 2008). Due to advances in high throughput sequencing
and reductions in sequencing costs, it has now become feasible to sequence whole
genomes of different strains of the same species with a view to evaluating the diversity
between strains. In all, the NCBI database lists 23 sequenced L. lactis genomes
[accessed March 2014] with an increasing number of genomes of strains isolated from
outside the dairy environment, including strain A12 from sourdough bread (Passerini
et al., 2013), IO-1 from drain water (Kato et al., 2012), CV56 from human vaginal
samples (Gao et al., 2011) and KW2 from fermented corn (Kelly et al., 2013).
Bioinformatic tools such as functional genome distribution (FGD) have been
developed (Altermann, 2012) enabling the identification of non-conserved ORFs
between groups of strains based on amino acid similarity, while also taking into
account genetic alterations associated with niche adaptation.

More simply, the

analysis of non-alignment contigs with reference genomes can be useful in the
identification of genetic islands which may be important in adaptation to a specific
environment (Siezen et al., 2008).

5.4.1. Genome comparison of DPC strains from grass, corn and the bovine rumen
Draft genome sequences were generated for three non-dairy L. lactis strains
isolated from grass (DPC6860), corn (DPC6853) and the bovine rumen (DPC6856).
Following quality control and assembly, 116 contigs were generated for DPC6853,
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163 contigs for DPC6856 and 104 contigs for DPC6860 (Table 1). The estimated
G+C content of strains DPC6853, DPC6856 and DPC6860 were approximately 35%,
35.3% and 35.6% respectively, comparable to those of sequenced L. lactis strains
(34.8%-36.7%). FGD was performed on DPC strains in comparison to: (i) dairy
strains (UC509.9, HPT, LD61, A76, SK11, CNCM_I-1631, TIFN7, TIFN2, TIFN5,
TIFN3, TIFN1, TIFN4) and (ii) dairy and non-dairy strains (KF147, IO-1, CV56,
KW2, A12, NCDO2118, KLDS 4.035) to identify ORFs specific to DPC strains. For
the purposes of our analysis, non-conserved ORFs refers to ORFs that were identified
in the group comprising the non-dairy DPC strains, but were absent from the groups
containing dairy lactococcal strains or all lactococcal strains (dairy and non-dairy).
Mining of non-conserved genes within the genomes of the DPC strains using FGD
with two mismatches, identified 310 ORFs which were absent from the dairy
lactococcal group, the majority of which were identified as hypothetical proteins or
phage-associated proteins. Similarly, comparison between the three DPC strains and
all sequenced lactococcal strains (both dairy and non-dairy), using two mismatches,
identified 237 non-conserved ORFs. Strains IL1403 and MG1363 were omitted from
analysis due to the plasmid cured nature of these strains and the loss of associated
phenotypes, which may be important in niche adaptation. L. lactis Dephy1 was
excluded from analysis as the origin of the strain is unknown. In tandem with this
analysis, the use of Artemis aided in the identification of novel gene clusters. Many
of the non-conserved ORFs which were identified in DPC strains were located on nonalignment contigs which suggests these genes are plasmid encoded or may correspond
to genetic islands. For detailed annotation of contigs which did not align with
reference genomes MG1363 and IL1403 see section 5.8, appendices 5-1, 5-2 and 5-3.
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Many dairy lactococcal strains harbour plasmids which can encode a variety of
important technological traits such as lactose and casein metabolism, bacteriophage
resistance, bacteriocin production and citrate utilisation (Mills et al., 2006). In a
recent analysis of lactococcal isolates from grass, two of 12 strains harboured a single
plasmid, both of which appeared to be ~85 kb (Alemayehu et al., 2014). Analysis of
the plasmid complement of the DPC non-dairy isolates demonstrated the presence of
varying numbers of plasmids in each strain, with DPC6853 (corn) possessing two
large plasmids of ~42kb and ~75 kb, and DPC6856 and DPC6860 containing
approximately seven and four plasmids, respectively.

Alignment of sequenced

contigs with strains IL1403 and MG1363 using Mauve identified a higher number of
contigs which did not align with these reference strains in DPC6856 and DPC6860
compared to DPC6853. This corresponded with a larger plasmid complement and a
larger genome size of approximately 2.9 mb for DPC6856 (Table 1).

5.4.2. Technologically important traits
The presence of genes involved in casein and lactose utilisation have been
reported previously in non-dairy lactococcal strains (Liu et al., 2010; Passerini et al.,
2010). Similarily, previous work performed for this thesis has demonstrated a number
of important technological characteristics of the non-dairy DPC strains, including the
capacity to grow in milk (Chapter 2), the capacity to diversify cheese flavour (Chapter
3) and the observation of enhanced insensitivity to dairy lactococcal phages (Chapter
4). Access to the genome sequences of selected non-dairy DPC strains allows for the
examination of the genetic determinants responsible for these important industrial
traits, which may dictate their future use in dairy applications.
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5.4.2.1. Milk-specific gene sets
Analysis of non-alignment contigs of the non-dairy DPC strains with reference
L. lactis strains MG1363 and IL1403 revealed the presence of gene clusters associated
with protein and lactose utilisation. The grass isolate DPC6860 was found to harbour
the proteinase prtP and its maturation protein prtM with neither of these genes
identified in draft sequences of DPC6853 or DPC6856. Analysis of the proteolytic
system of 39 L. lactis strains by comparative genome hybridisation showed that six
strains, from a total of 20 strains from plant environments, possessed prtP and prtM
(Liu et al., 2010). This was attributed mainly to the presence or absence of plasmids.
It is most likely that prtP and prtM are also plasmid-encoded in DPC6860, and that
casein utilization is linked to traits that may be of benefit to the cell in the grass
environment via this plasmid. Previously, analysis of a bank of dairy L. lactis strains
revealed prtP to be present in only 60.87% of the analysed strains (Passerini et al.,
2010). The authors of the study therefore concluded that the possession of prtP was
not solely responsible for the emergence of industrial dairy strains but that the
presence of this gene in a bacterial subpopulation may be essential (Passerini et al.,
2010). In L. lactis, one transport system has been identified for the intracellular uptake
of di-/ tripeptides with two systems for oligopeptide transport (Lamarque et al., 2011).
Genes corresponding to the oligopeptide transporters (Opp, Opt and a smaller peptide
transporter, DtpT) involved in peptide transport were identified in all of the non-dairy
L. lactis strains sequenced in this study. The possession of these genes may enable
non-dairy strains to grow in milk by scavenging for peptides released by prt+
organisms and may play an important role in the initial adaptation of non-dairy strains
to milk.
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All three DPC strains possessed the lacABCDFEGX gene cluster necessary for
lactose metabolism, as found in dairy-associated lactococci (Ainsworth et al., 2014).
The lacABCDFEGX operon encodes a phosphoenolpyruvate-phosphotransferase
system (PEP-PTS) (lacEF), tagatose-6-phosphate enzymes (lacABCD) and a
phospho-β-galactosidase (lacG). The identification of this gene cluster corresponds
with the observations made in Chapter 2 that each of the isolates was capable of
growth in milk, albeit at varying efficiencies. In the case of the grass isolate DPC6860,
the lactose operon was located upstream from the genes encoding prtP and prtM.
Previously, two L. lactis strains from non-dairy environments have been reported to
possess lacE, forming part of the lactose PEP-PTS, which was absent in 34.78% of
the dairy associated strains analysed (Passerini et al., 2010). In the non-dairy DPC
strains examined in this study, lacE was present in all genomes and an operon
encoding all other components of the lacABCDFEGX operon was identified. This
implies that these non-dairy strains may be more readily equipped to grow in milk
than strains which lack this complete gene cluster, and suggests that upon chance
introduction to milk, they may dominate the milk microbiota.

5.4.2.2. Bacteriophage resistance
Previously dairy lactococcal phages were found, on the whole, to be unable to
lyse non-dairy lactococcal strains isolated in this study; which in turn led to the
isolation of ɸL47 using L. lactis DPC6860 as a host (see Chapter 4). Although ɸL47
was capable of lysing three other grass L. lactis strains, it was unable to lyse either the
corn isolate DPC6853 or the rumen isolate DPC6856. The subsequent genome
analysis of non-dairy strains identified putative phage resistance genes some of which
were located on contigs which did not correspond to the reference L. lactis genomes,
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and may correspond to plasmid-encoded resistance mechanisms. Using the CRISPR
recognition tool (Bland et al., 2007), no CRISPR/ Cas system was identified in either
of the three strains analysed in this study. CRISPR/ Cas systems are rare in L. lactis
and to date only a single plasmid-encoded system has been identified (Millen et al.,
2012).

5.4.2.2.1. Diverse anti-phage systems of non-dairy isolates
Bacteria utilise many different mechanisms to overcome phage attack, amongst
which are restriction-modification (R-M) and abortive infection (Abi) systems. Type
I R-M systems are composed of three subunits: HsdR (restriction), HsdM
(methylation) and HsdS (specificity), which act to cleave invading foreign genetic
material, while protecting host DNA (Stern and Sorek, 2011). Three type I R-M
systems were identified in L. lactis DPC6853, of which the HsdS subunits showed no
significant matches to other HsdS subunits in L. lactis, but showed 42-64% amino
acid identity to specificity proteins of other species including Solobacterium,
Gardnerella and Candidatus species (Fig. 1). In addition, one of these systems
appears to form a chimeric type I R-M system containing three HsdS subunits (Fig.
1). The stacking of multiple hsdS genes may be beneficial to a cell by creating an
increased level of recognition by the R-M system, leading to an overall higher level
of phage resistance (Seegers et al., 2000). Common S-subunits contain two variable
and three conserved regions, and typically consist of more than 400 amino acids
(Adamczyk-Popławska et al., 2003). In the chimeric type I system of DPC6853, the
HsdS protein immediately upstream of the HsdM protein is composed of 468 amino
acids and contains two target recognition domains. Contrastingly, the other two
specificity subunits of DPC6853 consist of 288 and 200 amino acids respectively and
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consist of only one target recognition domain. It has been demonstrated previously
that HsdS genes can recombine through the core domain, which in turn can create
HsdS subunits with different specificities (Gubler et al., 1992). Although two
subunits identified in this system consisted of a single conserved domain, they may
contribute to alternative specificity through homologous recombination with whole
specificity proteins, as suggested in L. lactis IL594 (Górecki et al., 2011)
Type

II

R-M

systems

possess

both

restriction

endonuclease

and

methyltransferase subunits but differ from type I systems by the absence of a
specificity protein (or HsdS subunit). L. lactis DPC6860 encodes a type II R-M system
with high % amino acid similarity to systems found in Enterococcus faecalis,
Streptococcus equi and Lactobacillus gasseri. The downstream gene encodes a
protein of 676 amino acids which has a 60% amino acid identity to a type II restriction
endonuclease of Streptococcus equi ssp. ruminatorum CECT 5772. The upstream
gene shares 64% amino acid identity to an adenine-specific methyltransferase gene of
Enterococcus faecalis MTUP9, and possesses a D12 class methyltransferase
(pfam02086) and an adenine-specific DNA methylase (COG3392) domain. Of note,
mining of non-conserved ORFs compared to lactococcal groups (dairy; dairy and nondairy) identified numerous prophage-related proteins with significant similarity to
phage-related proteins of Lactococcus garvieae. Future analysis of L. garvieae phages
may shed further light on the ability of phages to overcome host defences and aid in
the development of cultures with enhanced phage insensitivity.

5.4.2.3. Flavour formation
The release of amino acids from large milk proteins and their subsequent
conversion to volatile aroma compounds is crucial for the development of flavour in
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semi-hard cheese varieties such as Gouda (Smit et al., 2005).

Following the

internalisation of peptides released by the extra-cellular proteinase, peptidases
function in the release of amino acids. Comparative genome analysis revealed that
the non-dairy DPC strains possess a peptidase complement similar to that of dairy
lactococci (data not shown). Following the liberation of aromatic and branched chain
amino acids by peptidases, transamination is the first step in the conversion to volatile
compounds, which leads to the formation of an α-keto acid (Smit et al., 2005). As
described in Chapter 2, non-dairy DPC isolates possessed increased amino acid
transferase activity for phenylalanine.

In addition to a putative aromatic

aminotransferase, araT, five putative aspartate aminotransferases were identified in
DPC6856 and DPC6853, and four in DPC6860. In strains MG1363 and IL1403 three
and two aspartate aminotransferases have been identified respectively. Previously,
the aspartate aminotransferase of Brevibacterium linens was shown to function in the
transamination of aspartate, but was also active on aromatic amino acids (Yvon and
Rijnen, 2001). Further analysis revealed that in strains DPC6853 and DPC6856, two
of the putative aspartate aminotransferases possess PRK07309 domains found in
aromatic aminotransferases, while only one ORF, in strain DPC6860, harboured a
similar domain. Therefore, the enhanced transferase activity of non-dairy isolates
could be in part due to an increased number of aminotransferases which are active on
phenylalanine. In a cheese matrix, the conversion products of phenylalanine form
rosy aroma notes which may be considered off-flavours (van Kranenburg et al., 2002;
Marilley and Casey, 2004). This may account for the increased association of nondairy strains with off-flavours as determined by sensory analysis in cheese models
(Chapter 3); however, this is speculation without volatile analysis of cheeses.
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Transamination of the branched chain amino acid (BCAA) leucine forms αisocaproic acid which can be decarboxylated to the potent flavour compound 3methylbutanal.

A putative α-keto acid decarboxylase, which functions in the

formation of this compound, was identified in the corn isolate DPC6853 and the
rumen isolate DPC6856, with 99% amino acid identity to that of L. lactis B1157. In
cheddar cheese, 3-methylbutanal forms a dark chocolate, malt aroma and is a key
flavour component of Proosdij cheese (Singh et al., 2003; Smit et al., 2005).
Interestingly, in milk fermentations (Chapter 3), neither DPC6853 nor DPC6856 were
strongly associated with 3-methylbutanal. However, this analysis was performed in a
milk model which, although it offers insight into the capacity of a strain to produce
volatile compounds, differs considerably from a cheese environment. In a cheese
matrix, if functional, this enzyme could increase the production of 3-methylbutanal
and contribute to flavour formation.

5.4.3. Niche specific traits
In comparison to milk, the composition of non-dairy environments differs
greatly, particularly in terms of carbohydrate composition and protein concentration.
Although mainly associated with milk, L. lactis has been isolated from a variety of
different niches, from drain water to sourdough bread to mung bean sprouts (Siezen
et al., 2008; Kato et al., 2012; Passerini et al., 2013). It is postulated that L. lactis
came to inhabit milk from grass via cattle. A number of studies have examined the
genomes of non-dairy isolates (Siezen et al., 2008; Passerini et al., 2013; Kato et al.,
2012) however to date, none have examined L. lactis isolates from the bovine rumen
or grass. Indeed, comparison of DPC6856 (rumen) and DPC6860 (grass) may provide
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information on whether L. lactis is a normal rumen inhabitant or simply a transient in
this environment.

5.4.3.1. Diverse carbohydrate fermentation capacity of non-dairy isolates
Plant material presents a variety of different carbohydrates that are absent from
the milk environment.

Consequently, non-dairy lactococci have been found to

ferment different plant-associated carbohydrates, with industrial dairy strains showing
significantly reduced capacity in this regard (Siezen et al., 2008; Alemayehu et al.,
2014). Mining of non-conserved ORFs within DPC lactococcal strains compared to
dairy strains resulted in the identification of different genes associated with
carbohydrate/ sugar utilisation which were further analysed using Artemis
(Rutherford et al., 2000). This, in turn, allowed for the elucidation of specific gene
clusters in each strain.

5.4.3.1.1. Specific carbohydrate utilisation genes in grass and corn isolates
Xylan is predominantly comprised of 1,4-β-ᴅ-xylose monomers which can be
substituted with arabinosyl or acetyl groups amongst others . Acetyl xylan esterases
function in hydrolysing the ester bonds of acetyl groups in natural xylan which can be
found in both cereals and annual plants (Whistler and Richards, 1970). For efficient
action of endoxylanases on xylan to take place, the presence of an acetyl xylan esterase
is crucial (van den Brink and de Vries, 2011). A putative acetyl xylan esterase was
identified in strains DPC6853 (corn) and DPC6860 (grass) (Fig. 2A). Upstream from
this ORF, a putative glycoside hydrolase family 113 protein was identified, from a
family of hydrolases that exhibit β-mannase activity. These hydrolases cleave β1,4,mannosidic linkages in glucomannan and galactomannan (Lombard et al., 2014),
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found in some plant cell walls. Other ORFS within this gene cluster encode for sugar
uptake and β-glucosidase activity (Fig. 2A).
A putative arabinogalactan endo-1,4-β-galactosidase was identified in strain
DPC6860 which exhibited 57% amino acid identity to that of Bacillus coagulans, with
no homologues in L. lactis. This ORF is flanked by two transposases which may
contribute to the mobilisation of this gene. Sequence analysis revealed two glycosyl
hydrolase family 53 protein domains (pfam07745) and two COG3867 domains found
in arabinogalactan endo-1,4-beta-galactosidases. Similar to plants, grasses possess
highly branched arabinogalactans involved in primary cell wall formation (Carpita,
1996) and it is presumed that this protein may play a role in the utilisation of plant
carbohydrates by DPC6860 in the grass environment.
Only strain DPC6853 could grow in the presence of sucrose (Table 2) and a
gene cluster encoding sucrose metabolism was identified, which included a putative
fructokinase, PTS protein and hydrolase (Fig. 2D). Both DPC6860 and DPC6853
could grow using ᴅ-ribose which corresponded to the identification of a putative
ribokinase, ribose associated transporter proteins and transcriptional regulator on the
genome.

5.4.3.1.2. Insights into carbohydrate utilisation by rumen-associated L. lactis
Little is known about L. lactis and its inhabitation of the bovine rumen. Due to
the large consumption of grass by cattle, these organisms may be transient and simply
pass through the bovine digestive system. On the other hand, L. lactis may colonise
the rumen whereby it survives by fermenting plant material ingested by the animal.
Presumably L. lactis came to inhabit the rumen through bovine consumption of grass

244

containing these organisms, which are equipped to utilise grass-derived
carbohydrates.

5.4.3.1.2.1. Common carbohydrate-degrading enzymes associated with rumen and
grass niches
Comparative analysis of both the grass isolate DPC6860 and the rumen isolate
DPC6856 identified gene clusters involved in carbohydrate utilisation, which are
common to both strains, supporting the hypothesis that DPC6856 originated from a
grass environment. Xyloglucans are amongst the most common hemicelluloses found
in cell walls of most land plants and are comprised of a ᴅ-glucose backbone substituted
with ᴅ-xylose. In both DPC6860 and DPC6856, a four gene cluster, encoding a βxylosidase, endoglucanase, permease and transcriptional regulator, was identified
(Fig. 2B), absent in assembled contigs of the corn isolate DPC6853. The putative βxylosidase protein possesses a glycosyl hydrolase family 43 protein domain, found in
numerous enzymes which exhibit both α-L-arabinofuranosidase and β-ᴅ-xylosidase
activity (Lombard, Ramulu et al., 2014). The action of β-ᴅ-xylosidases releases ᴅxylose monomers from xylan backbones. The upstream ORF encodes a protein with
99% amino acid identity to an endoglucanase of L. lactis GE124. A domain search of
this ORF revealed the presence of a cellulase (glycosyl hydrolase family 5;
pfam00150) and endoglucanase domain (COG2730) which may contribute to the
breakdown of plant cell wall components such as cellulose. For the liberation of
glucose from the xyloglucan backbone to take place, α-1,6-linked ᴅ-xylose units must
be removed by an α-xylosidase. Strains DPC6860 and DPC6856 both possess a gene
cluster encoding a transcriptional regulator, α-xylosidase and transport associated
proteins (Fig. 2B).
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In addition to the xylosidase-associated genes of both strains, a three gene
cluster was identified which encodes a β-glucosidase, a 6-phospho-β-glucoisodase and
a sugar kinase (Fig. 2B). These ORFs possess only two significant matches in L.
lactis, the dairy organisms MG1363 and NZ9000, and the putrescine producing strain
GE124. The putative β-glucosidase possesses a glycosyl hydrolase family 3 domain,
which

groups

together

β-D-xylopyranosidases,

β-D-glucosidases

and

α-L-

arabinofuranosidases, and is involved in cellulose degradation (van den Brink and de
Vries, 2011; Lombard et al., 2014). Within the xylose utilisation gene cluster, an
additional ORF was identified between the xylose isomerase and the xylulose kinase
in strains DPC6860 and DPC6856 (Fig. 2C). Sequence analysis of this ORF revealed
the presence of a glycosyl hydrolase family 11 domain that exhibited 100% amino
acid identity to a endo-1,4-β-ᴅ-xylanase found in L. lactis A76. During xylan
breakdown, an endo-1,4-β-ᴅ-xylanase functions in splitting xylan into xylose
polymers of different sizes which are subsequently taken into the cell .

5.4.3.1.2.2. Specialisation to the rumen environment
Despite the similarities that were observed between DPC6860 and DPC6856,
notable differences were also evident, suggesting that DPC6856 may not be transient,
but a common rumen inhabitant. A gene cluster involved in carbohydrate metabolism
was identified in DPC6856 which was not identified in the grass strain, DPC6860
(Fig. 2E). Within this gene cluster, a putative esterase/ lipase was identified, which
possessed an Aes domain (COG0657) found in esterases/ lipases. Adjacent to this
ORF, a putative lyxose ketol isomerase was identified which has only two significant
matches in L. lactis, strains IO-1 and KW2, isolated from drain water and fermented
corn respectively. This enzyme catalyses the reversible conversion of ᴅ-lyxose to ᴅ-
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xylulose which can be further converted to ᴅ-xylulose-5-phosphate, and subsequently
enter the pentose phosphate cycle. ᴅ-lyxose isomerase from Cohnella laevoribosii
RI-39 sp. nov, also participates in the reversible conversion of L-ribose to L-ribulose
and ᴅ-mannose to ᴅ-fructose (Cho et al., 2007; Kwon et al., 2010). Three genes within
this cluster were identified as PTS components with fructose specificity, while a
putative fructose bisphosphate aldolase was also identified.

Mannans such as

galactomannans and glucomannans are composed of ᴅ-mannose and can be found in
plant cell walls. Following the release of ᴅ-mannose monomers, these sugars can be
converted to ᴅ-fructose by the lyxose ketol isomerase and taken into the cell via a
PTS. Together this gene-set may function in the utilisation of ᴅ-mannose or other
monosaccharides released into the rumen by the action of other, surrounding
organisms.
DPC6856 exhibited weak growth in the presence of both L-arabinose and
melibiose, in which DPC6860 and DCP6853 showed no growth. After ᴅ-xylose, Larabinose is the most abundant monosaccharide in plants and is involved in pectin and
hemicellulose formation (Seiboth and Metz, 2011). Similar to that identified in strain
KF147 (mung bean sprouts), a gene cluster encoding for arabinose fermentation was
identified in DPC6856, comprising seven ORFs (Siezen et al., 2008). Melibiose is an
α-galactoside which are common plant oligosaccharides.

An α-galactosidase is

required for fermentation of melibiose by cleaving an α-1-6 glycosidic bond (Boucher
et al., 2002); however, no putative α-galactosidase was found in the DPC6856
genome. Due to the draft status of the genome, the observation that DPC6856 was
able to grow weakly in the presence of melibiose, prompts us to hypothesise that this
strain may encode an α-galactosidase which may have been present in a sequence gap.
In terms of sugar fermentation, the most striking difference between DPC6860 and
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DPC6856 is the inability of the rumen isolate to grow in the presence of xylose as the
sole sugar source. Disruption of xylT in Clostridium acetobutylicum significantly
reduced the cells ability to grow in the presence of xylose as a sole sugar source (Gu
et al., 2010). Both ᴅ-xylose proton symporters appear to be pseudogenes in strains
DPC6853 and DPC6856 which may account for their inability to utilise ᴅ-xylose.
Similarily, ORFs encoding a putative arabinogalactan endo-1,4-beta-galactosidase
and acetyl xylan esterase were absent in DPC6856.
Overall, DPC6860 (grass) and DPC6856 (rumen) share common genes involved
in carbohydrate utilisation. However, the absence of certain genes involved in
complex carbohydrate degradation (i.e. arabinogalactan endo-1,4-beta-galactosidase)
and simple sugar utilisation (i.e. xylose utilisation) hints that these may not be required
in the rumen owing to the contribution of the rumen microflora to breakdown of grassassociated sugars. Similarily, DPC6856 possessed additional gene sets encoding for
arabinose utilisation and simple sugar utilisation absent in DPC6860. Other genetic
features were also identified which support this hypothesis; these are discussed below.

5.4.3.2. Surviving the cold: genetic determinants associated with growth at low
temperatures
At low temperatures, bacteria need to overcome numerous hurdles including
increased instability of RNA and DNA structures (Cartier et al., 2010). During a
temperature change from hot to cold, cold shock proteins (CSPs) are important in
reducing the negative impact that this environmental alteration can have on the cell
(van de Guchte et al., 2002). Analysis of non-dairy strains identified four, six and
nine CSPs in strains DPC6853, DPC6860 and DPC6856 respectively (Table 3). In
the dairy L. lactis strains IL1403 and MG1363, two and seven CSPs have been
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identified respectively (Bolotin et al., 2001; Wouters et al., 2001). To examine
whether these genes contributed to the survival of the non-dairy DPC strains at low
temperatures, growth was monitored over 20 days at 6 oC with measurements taken
every 48 hrs (Fig. 3). The grass isolate DPC6860 grew relatively well at 6 oC with
strains DPC6853 and DPC6856 reaching a higher OD than the dairy strains, MG1363
and IL1403. The increased number of CSPs in DPC6856 did not appear to enhance its
ability to grow at 6 oC and DPC6860 demonstrated the highest capacity to grow at this
temperature, possessing six CSPs. The higher number of CSPs in MG1363 may
account for the differential growth rate at 6 oC between the two dairy strains (IL1403
and MG1363) observed in this study. In Bacillus subtilis, all three CSPs are induced
under cold conditions in contrast to E. coli where only four of the nine CSPs are
induced (Sanders et al., 1999). Therefore we may only speculate as to how many of
these CSPs identified in DPC6856 are induced during cold conditions; however,
transcriptome analysis of non-dairy lactococci grown under cold conditions could
shed further light on if and when these genes are expressed.
Mining of non-conserved ORFs in the non-dairy DPC strains compared to L.
lactis from dairy and non-dairy origins identified a DEAD/ DEAH-box helicase in
strains DPC6853 and DPC6856 with a highest significant match to Listeria
monocytogenes. In L. monocytogenes EGD-e, the growth of DEAD-box negative
mutants was impaired at 3 oC suggesting these genes play a role in survival at lower
temperatures (Markkula et al., 2012). Interestingly, DPC6860 lacked the DEAD-box
helicase identified in other DPC strains but showed the fastest growth rate at 6 oC.
This suggests that this gene does not contribute to growth at 6 oC but may play a role
in survival at lower temperatures than 6 oC or when exposed to other environmental
stresses.
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5.4.3.3. Surviving low pH: Biogenic amine production
5.4.3.3.1. Cadaverine production
Biogenic amines are nitrogen-containing organic bases of low molecular
weight, which are formed by the decarboxylation of amino acids (Alvarez and
Moreno-Arribas, 2014). The consumption of foods containing high levels of biogenic
amines may lead to a number of health issues such as respiratory disorders and
tachycardia (for review see Ladero et al., 2010). Strain DPC6853 was found to
possess a putative lysine decarboxylase gene which exhibits a 66% amino acid identity
with the lysine decarboxylase gene of Enterococcus faecalis and Streptococcus
agalactiae. This ORF contained a PGGXGTXXE motif (Fig. 4), which is highly
conserved amongst a number of bacterial proteins, some of which are annotated as
lysine decarboxylases, and possessed a Rossmann fold nucleotide binding domain
(COG1611), involved in cofactor binding. The production of cadaverine by plantassociated organisms has been correlated with enhanced root development in rice and
soybean seedlings (Gamarnik and Frydman, 1991; Cassan et al., 2009). The isolation
of DPC6853 from corn hints that the putative production of cadaverine by this
organism may contribute to the development of the corn plant. Growth of DPC6853
in lysine decarboxylase broth was assessed after 48 hrs and indicated a negative result
for lysine decarboxylation. However, the presence of the gene indicates the potential
for production of cadaverine, and in food products, biogenic amine production is
affected by numerous environmental conditions including temperature, pH, salt
concentration and oxygen availability (EFSA, 2011).

Therefore, under certain

conditions, DPC6853 may still produce cadaverine and this may negatively impact
the suitability of this strain for use in food production.
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5.4.3.3.2. Putrescine production
Putrescine is a biogenic amine that is formed via two separate pathways. The
first involves the conversion of arginine to ornithine which is subsequently
decarboxylated to putrescine. The second involves the formation of agamatine via
decarboxylation, and the formation of putrescine by deimination. The second pathway
has been identified in L. lactis from dairy sources and also in L. lactis KF147 (Ladero
et al., 2011). All three strains examined in this study possessed the same pathway for
putrescine production which, in turn, may have implications for the use of these strains
in food production. The consumption of putrescine is not held to have any direct toxic
effects; however, it has been implicated in contributing to malignancy, both directly
and indirectly (Ladero et al., 2010), and is capable of augmenting the harmfulness of
other biogenic amines. Analysis of ‘wild-type’ L. lactis strains IO-1 (drain water),
KLDS 4.032 (fermented horse milk) and KW2 (fermented corn), also showed the
presence of complete pathways for putrescine production by deimination of
agamatine, and suggests that this pathway may play a role in survival at low pH in
diverse environments. Using the RAST SEED viewer (Altschul et al., 1997), no
histidine or tyrosine decarboxylase genes were identified in either of the three
lactococcal isolates. The absence of these genes supports the use of primers in Coton
and Coton (2005) and Coton et al. (2004) for the identification of these genes in nondairy lactococci.

5.4.3.4. Resistance and immunity to antimicrobial compounds
The spread of resistance amongst microbial populations is a serious concern in
the fight against antibiotic resistant bacteria. If antibiotic resistance genes are linked
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to mobile genetic elements, the strain may be deemed unsuitable for use in food
production. Phenotypic analysis performed in Chapter 2 showed that L. lactis ssp.
lactis DPC6853 possessed an increased resistance to tetracycline in comparison to
other non-dairy isolates.

This resistance was above the cut-off values for

antimicrobials set out by EFSA (2012). A tetracycline resistance protein identical to
that of L. monocytogenes LM78, Enterococcus faecalis EnGen0311 and Lactococcus
garvieae BCC43578 was found on the genome of DPC6853.

This protein is

commonly associated with plasmids or transposable elements, and serves in ribosomal
protection. The contig containing this gene did not align with the reference genome
of IL1403 and may form part of one of the DPC6853 plasmids. Sequence analysis of
this contig also identified a hypothetical protein with 100% amino acid identity to L.
garvieae and a mobile element protein identical to Enterococcus faecalis. The
association of this protein with a transposable element suggest that this gene may be
transferred to other bacteria if used in food production and contribute to the horizontal
spread of antibiotic resistance.
Mining of non-conserved ORFs using FGD also identified a CAAX amino
terminal protease family protein in all of the tested DPC strains absent in dairy
lactococci. A database search of this protease using BLASTp showed that these
proteins were similar to proteins identified in two non-dairy associated L. lactis strains
(Dephy1 and AI06) with 100% query coverage. In contrast, these proteins were
smaller by 16 residues in the industrial dairy L. lactis strains NZ9000 and MG1363.
A domain search of this protein identified an Abi domain (pfam02517) found in
proteases associated with genes involved in bacteriocin production, which are
implicated to play a role in the immunity of the bacteriocin-producing strain to its own
bacteriocin (Kjos et al., 2010). In all DPC strains, these proteases did not appear to
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be associated with bacteriocin production genes. Therefore, in non-dairy isolates,
these genes may confer these organisms with the ability to resist attack by
antimicrobial compounds produced by other organisms.

5.4.4. Heavy metal ion transport
5.4.4.1. Increased insensitivity to cobalt
Cobalt is an essential component of many enzymes, but in the plant environment
soluble Co2+ is normally present at minute concentrations (Rodionov et al., 2006).
Therefore, bacteria must utilise a high-affinity uptake system to scavenge for this
cation to meet their requirements.

Two different Co2+ transport systems were

identified in strains DPC6860 and DPC6853 (Fig. 5). For the microbial transport of
Co2+, CbiMNQO has been identified as the most prevalent transport system in LAB
(Rodionov et al., 2006). This system is composed of an ATPase (CbiO), two transmembrane elements (CbiM/ Q) and a small membrane bound element (CbiN). In
strain DPC6860, three ORFs contained features that are consistent with the different
elements which comprise a Co2+ transporter (Fig. 5). ORF 6 possessed a CbiQ domain
(COG0619) while both ORFs 7 and 8 possessed CbiO domains (COG1122)
suggesting they function in ATP binding. ORF 4 shared a 96% amino acid identity to
a hypothetical protein of Streptococcus macedonicus while ORF 5 encodes a putative
membrane protein with a 99% amino acid similarity to that of Lactobacillus buchneri
CD034. Topological analysis of ORF 5 using TOPCONS, showed the presence of six
transmembrane motifs which suggests that gene product may form a transmembrane
component of this system similar to CbiM. TOPCONS search of ORF 4 revealed a
single transmembrane motif suggesting that although it is associated with the cell
membrane, it has no features in common with CbiN; however, comparative alignment
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of this contig showed that ORF 4 had no similarity to any protein identified in the
corresponding CbiMNQO system of other bacteria (Fig. 5).
A similar gene cluster was also identified in DPC6853 located on contig C24
which contains three genes flanked by transposases. In comparison to DPC6860, this
system appeared to be more streamlined and is composed of three ORFs (Fig. 5).
BlastP analysis showed these ORFs possessed only two significant matches in L. lactis
strains A12 and UC509.9. ORF 4 encodes a small protein consisting of 114 residues,
which shares a 97% amino acid identity to an integral membrane protein from L. lactis
A12. ORF 5 exhibits a 99% identity to a transport protein from L. lactis A12 and
contains a COG0390 domain found in the permease component of ABC-type
transporters. Comparable with CbiM, this protein also contains seven transmembrane
helices. ORF 6 exhibits a 99% identity to an ATPase like protein from L. lactis A12
and contains numerous domains associated with the ATP-binding components of
different ABC transporters, including CbiO. To examine the functionality of these
systems, non-dairy DPC strains were examined for their ability to grow in LM17
media containing up to 6 mM CoCl 2 for 24 hrs (Fig. 6). L. lactis DPC6853 was
capable of growth in media containing 6 mM Co2+, reaching an OD 600nm of 0.67 in
comparison to 0.37 for DPC6860. The presence of a Co2+ transport system previously
identified in the plant-associated strain L. lactis DPC3901, was hypothesised to allow
the cell to maintain homeostasis at higher concentrations of this heavy metal (Fallico
et al., 2011).

5.4.4.2. Cobalt sensitivity of DPC6856
In contrast to the relatively high level of resistance of strains DPC6853 and
DPC6860, strain DPC6856 was unable to grow at Co2+ concentrations above 0.2 mM.
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Examination of the sensitivity of rumen-associated bacteria to heavy metals showed
that after mercury and cadmium, cobalt was the most toxic to these organisms (Salem
et al., 2011). The two transport systems identified in DPC6853 and DPC6860 may
equip these organisms to scavenge for Co2+ in plant environments; however, no such
genetic machinery may be needed in DPC6856 due to the environment that it inhabits.
Ruminant diets require a sufficient supply of

Co2+ which is essential for the

biosynthesis of vitamin B 12 (Tiffany et al., 2003). Cattle acquire the majority of their
minerals through forage consumption but also ingest small amounts through water and
soil (McDowell, 1996). Four putative corA transporters were annotated in strain
DPC6856, which has not previously been reported in L. lactis. Therefore the constant
influx of plant matter and water may provide a higher concentration of Co2+ than in
the plant environment and negate the requirement of a high affinity transport system.

5.4.4.3. Cadmium
To examine whether non-dairy isolates could also grow in the presence of
cadmium (Cd2+), strains were grown for 24 hrs in media containing 0.1-0.6 mM
CdCl 2 . All strains were sensitive to Cd2+ at concentrations of >0.4 mM with only
strain DPC6853 capable of growth at 0.3 mM. A cadmium efflux ATPase (100%
identity to L. lactis ssp. lactis) and a cadmium efflux system accessory protein (67%
identity to Enterococcus faecium) were identified in strain DPC6853, in addition to a
heavy metal transporting ATPase, which may contribute to this organism surviving
relatively low concentrations of cadmium. Although a putative cadA and cadC were
identified in DPC6860, these genes did not appear to affect growth in the presence of
cadmium.

Whereas Co2+ is involved in certain cellular processes, Cd2+ is not

identified as possessing any metabolic role (Rossbach et al., 2000), and is toxic to
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cells at low concentrations. Cd2+ is used in various pesticides and fertilisers (Bruins
et al., 2000) and the use of this cation in corn production may account for the
resistance of DPC6853 to this heavy metal.

5.4.5. Extra-cellular secretions
5.4.5.1. WXG100 secretion system (Wss)
Protein secretion is considered essential for pathogenic organisms to (i) take full
advantage of nutrient resources and (ii) avoid host defence systems (Houben et al.,
2012). The presence of a WXG100 family protein coupled with a protein possessing
a FtsK-SPOIIIE domain are the only conserved parts of a type VII secretion system
amongst a wide range of Firmicutes and Actinobacteria (Abdallah et al., 2007; Bitter
et al., 2009). Strains DPC6856 and DPC6860 encode a putative WXG100 protein of
96 residues, which possessed both WXG100_ESAT6 (TIGR03930) and WXG100
(pfam06013) domains (Fig. 7). Of note, this protein was not identified in any
subspecies lactis strain, and could prove a potential tool for rapid identification of
cremoris subspecies genotypes in the future. Downstream from each of these ORFs,
a putative ATPase was identified which is required for secretion of the WXG100
family protein, that were annotated as EssC proteins. The observation that this
secretion system is only found in four L. lactis strains, highlights the potential role of
this system in survival outside of the milk environment.

The identification of

WXG100 proteins in industrial dairy strains, suggests that this system is dispensable
in milk, and a complete system may have been present in these strains prior to
adaptation to this environment.

5.4.5.2. Exopolysaccharide (EPS) production
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For colonisation of a plant environment, EPS biosynthesis is considered crucial
in organisms such as Gluconacetobacter diazotrophicus PAL5 (Meneses et al., 2011).
The EPS phenotype enables bacteria to irreversibly bind to root surfaces and
contribute to biofilm formation, while also contributing to protection from plant
defences (Rodríguez‐Navarro et al., 2007; Meneses et al., 2011). A gene cluster
encoding EPS biosynthesis was identified in strain DPC6860 (grass) (Fig. 8) spanning
over 15 kb, with an identical gene order to that identified in L. lactis SMQ-461
(Dabour and LaPointe, 2005). Genes involved in EPS production were identified on
separate contigs in strain DPC6853 (corn) (contigs C107, C21, C1). The gene cluster
identified in strain DPC6860 showed highest amino acid similarity to Lactococcus
species lactis, raffinolactis and garvieae and to Streptococcus thermophilus. A
putative epsG possessed no significant matches in L. lactis with the closest match to
a hypothetical protein of Butyrivibrio sp. LC3010 (64% aa identity; e-value 6e-103).
This protein possessed a Succinoglycan-BP-ExoA domain which is involved in the
biosynthesis of succinoglycan; an acidic EPS which is important in the penetration of
root nodules. In the cheese industry, certain strains are capable of producing an EPS
which may contribute to the texture of the product, particularly in low fat systems
(Costa et al., 2010). Similar to strain DPC6860, L. lactis KF147 (isolated from Mung
bean sprouts), possessed a gene cluster encoding EPS biosynthesis and this phenotype
may be a remnant of when L. lactis occupied a plant environment (Siezen et al., 2008).

5.4.5.3. yydFGHIJ-like gene cluster of DPC6856
Inhibitory compounds produced by a microbe are implicated in having a
significant impact on the survival of that strain in the rumen (Kalmokoff et al., 1996).
Therefore the possession of the genetic equipment necessary for antimicrobial
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production would be of great benefit for a cell to thrive in this environment. In L.
lactis DPC6856, contig R163 carries a yydFGHIJ-like gene cluster (Fig. 9) similar to
that found in Bacillus subtilis (Butcher et al., 2007). This operon appears to possess
all of the necessary genes for the production and secretion of a small antimicrobial
like peptide. Based on analyses performed using the Antimicrobial Peptide Database
(http://aps.unmc.edu/AP/main.html) (Wang, et al., 2009, Wang and Wang, 2004),
ORF 6 encodes a small protein (68 amino acids) which possesses antimicrobial
associated properties; namely the capacity to form an α-helix structure with 12
residues on the same surface, a +2.4 charge at a neutral pH and is 36% hydrophobic.
Alignment of this protein using the Antimicrobial peptide database (Wang et al., 2009,
Wang and Wang 2004) showed that this peptide exhibited the greatest similarity to a
cyto-insectotoxin of Lachesana tarabaevi (Fig. 11) which possesses activity against
Arthrobacter globiformis, Bacillus subtilis and Pseudomonas aeruginosa that can be
commonly found in soil.
BLASTp analysis of ORF 8 revealed the presence of an ATP-binding cassette
(cd03228) domain, conserved in multidrug resistance protein-like transporters. ORF
9 encodes a putative papain cysteine protease family protein with 27% amino acid
identity to Carnobacterium maltaromaticum.

This protein contained a Pept-C1

domain (smart00645) indicative of a papain family cysteine protease which may
function in peptide cleavage. ORF 10 encodes a protein (344 amino acids) exhibiting
a 62% amino acid identity to a hypothetical protein of Streptococcus sp. HSISS3.
Consistent with the YydG protein of Bacillus subtilis (Butcher et al., 2007) this protein
possesses a rSAM-yydG (TIGR04078) and a Fe-S oxidoreductase (COG0535)
domain, and may function in peptide modification. TOPCONS analysis of ORFs 11
and 12 identified one and five trans-membrane motifs respectively and suggests that
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these proteins may function as permease subunits of the system. In Bacillus subtilis,
the modified peptide produced by the yydFGHIJ operon evokes a response by the
LiaRS two component system which also responds to disruption of the cell envelope
caused by antibiotics such as vancomycin and nisin (Cao et al., 2002; Mascher et al.,
2003; Mascher et al., 2004). Overall, this gene cluster identified in DPC6856 may
play a role in inhibiting the growth of other bacteria and may be of importance to this
strain in adapting to the rumen environment.

5.4.6. Unique presence of cobQ in L. lactis
Vitamin B 12 or cobalamin is of crucial importance in cellular growth, acting as
a coenzyme in numerous metabolic reactions. For the formation of this molecule,
approximately 30 enzymatic steps are required which can proceed under aerobic or
anaerobic conditions. In ruminants, Vitamin B 12 is synthesised by the microbes that
inhabit the rumen (Wolin et al., 1997). A putative cobyric acid synthase was identified
in strain DPC6856, which is absent in all other L. lactis genomes. This ORF exhibited
a 67% amino acid identity to cobQ of Bacillus cereus which is involved in the
conversion of cobyrinic acid to vitamin B 12 and comprises part of the porphyrin
metabolic pathway. This gene possesses a G-C content of 25.95% much lower than
the 35-36% G-C content of Lactococcus lactis, and is a clear contender for horizontal
gene transfer.

Previously, analysis of the ORFeomes of Clostridium and

Ruminococcus species identified cobQ in Clostridium species only which the author
stated, highlights the ongoing adaptation of Ruminococcus to the rumen environment
(Altermann, 2012).
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5.5. Conclusions
In conclusion, draft genome sequencing and FGD offered a rapid means of
identifying genes/ gene clusters specific to non-dairy isolates. Similarily, analysis of
non-alignment contigs identified genetic regions which may correspond to plasmid
DNA or genomic islands. Non-dairy isolates possessed traits associated with dairy L.
lactis strains that would be beneficial in the milk environment (lactose and casein
utilisation). These strains appeared to possess diverse mechanisms for overcoming
phage attack, and may be beneficial in dairy fermentations. In addition, these strains
also possessed niche-specific genes which may play an important role in adaptation
to their respective environment, most notably genes involved in carbohydrate
utilisation and heavy metal resistance.
Based on genome analyses, L. lactis DPC6856 has acquired traits which may
enable it to thrive in the rumen while concurrently forfeiting others such as xylose
fermentation. In all, the acquisition and loss of specific traits is reminiscent of the
domestication of L. lactis to milk, and suggests that this organism is a typical
inhabitant of the rumen environment. Overall, non-dairy strains exhibited enhanced
genetic diversity and demonstrated the capacity to thrive under harsher conditions than
those presented in an industrial dairy setting. Further analysis of specific gene sets
identified in this study will shed further light on the role that they may play in niche
specialisation and may be beneficial in understanding the capacity of L. lactis to
respond to its environment.
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Table 1. General features and sequencing statistics of DPC genomes.
L. lactis DPC6853

L. lactis DPC6856

L. lactis DPC6860

Approximate
size (Mb)

2.5

2.9

2.62

% G+C

35%

35.3%

35.6%

Total
assembled
reads

240887

223535

210608

Total no. of
contigs

116

163

104

Avg. length of
assembled
reads

414

422

416

Avg. quality of
assembled
reads

29

29

28

Contig N 50
score

40kb

39kb

57kb

Fold coverage

40x

32x

33x

No. of nonalignment
contigsa

31

57

30

2b

7c

4d

No. of
plasmids
a

Non-alignment contigs were mapped against the reference strains IL1403 and MG1363

b

plasmid sizes: ~42 kb, ~75 kb.

c

plasmid sizes: ~2 kb, ~3 kb, ~5 kb, ~25 kb, ~48 kb, ~50 kb, ~51 kb.

d

plasmid sizes ~25 kb, ~40 kb, ~45 kb, ~51 kb.
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Table 2. Carbohydrate fermentation profiles of DPC strains and the type strains
MG1363 (subspecies cremoris) and IL1403 (subspecies lactis).
DPC6853

DPC6856

DPC6860

MG1363

IL1403

Monosaccharides
ᴅ -arabinose
L-arabinose
ᴅ -xylose
ᴅ -galactose
ᴅ -mannose
ᴅ -ribose
rhamnose
lyxose
ᴅ -glucose
ᴅ -fructose

−
−
−
+++
++++
+++
−
−
+++
++++

−
+
−
++++
+++
−
−
−
+++
++++

−
−
++++
++++
++++
+++
−
−
++++
++++

−
−
−
++++
++++
−
−
−
++++
++++

−
−
−
+++
++
++
−
−
+++
+++

Disaccharides
ᴅ -maltose
cellobiose
lactose
trehalose
melibiose
sucrose
lactulose

+++
+++
++++
++++
−
++++
++++

++++
++++
++++
++++
+
−
+++

+++
+++
++++
++++
−
−
++++

+++
++++
−
++++
−
−
−

++
++
−
++
−
−
−

Trisaccharides
raffinose
melezitose

−
−

−
−

−
−

−
−

−
−

ᴅ -mannitol
xylitol

−
−

−
−

+++
−

+++
+

−
−

Oligosaccharide
Inulin

++

++

+

−

+

Polyol
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Table 3. Putative cold shock proteins (CSPs) identified in DPC lactococcal strains.
Best Blast hit

Contig

E-value

Amino acid identity (%)

Size (aa)

MW (Da)

cold shock protein C [L. lactis ssp. cremoris GE214]

G37

1e-42

69/ 69 (100)

69

8135

cold shock protein CspD [L. lactis ssp. lactis IO-1]

G37

2e-39

66/ 66 (100)

66

7198

cold shock domain protein CspD4 [L. lactis ssp. cremoris KW2]

G40

2e-39

66/ 66 (100)

66

7198

cold shock domain protein CspD3 [L. lactis ssp. cremoris KW2]

G51

3e-39

66/ 66 (100)

66

7268

cold shock domain protein CspD2 [L. lactis ssp. cremoris KW2]

G51

2e-40

66/ 66 (100)

66

7137

cold shock domain protein CspD1 [L. lactis ssp. cremoris KW2]

G7

1e-38

65/ 65 (100)

65

7137

cold-shock protein [L. lactis ssp. cremoris GE214]

R66

9e-39

66/ 66 (100)

66

7216

cold shock domain protein CspD4 [L. lactis ssp. cremoris KW2]

R52

1e-39

65/ 65 (100)

66

7198

cold shock domain protein CspD1 [L. lactis ssp. cremoris KW2]

R6

1e-38

65/ 65 (100)

65

7137

cold shock protein CspC [L. lactis ssp. lactis CV56]

R53

2e-40

66/ 66 (100)

66

7677

cold shock protein CspC [L. lactis ssp. lactis CV56]

R54

2e-40

66/ 66 (100)

66

7677

cold-shock protein [L. lactis ssp. lactis KF147]

R54

2e-38

64/ 66 (97)

66

7242

cold shock-like protein cspA [L. lactis ssp. cremoris MG1363]

R72

2e-40

66/ 66 (100)

66

7589

cold shock domain protein CspD2 [L. lactis ssp. cremoris KW2]

R72

2e-40

66/ 66 (100)

66

7589

cold shock protein D [L. lactis ssp. lactis]

R115

2e-51

84/ 91 (92)

90

10382

cold shock protein CspC [L. lactis ssp. lactis CV56]

C48

2e-40

66/ 66 (100)

66

7677

cold shock-like protein cspD2 [L. lactis ssp. cremoris MG1363]

C48

2e-39

66/ 66 (100)

66

7198

cold shock protein CspD [L. lactis ssp. lactis IO-1]

C67

8e-39

66/ 66 (100)

66

7200

cold-shock protein [L. lactis ssp. lactis KF147]

C7

1e-38

65/ 65 (100)

65

7123

DPC6860

DPC6856

DPC6853
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Fig. 1. Type I restriction modification (R-M) systems identified in L. lactis DPC6853. Values between ORFs indicate % amino acid identity.
276

Fig. 2. Putative operons encoding for carbohydrate/ sugar utilisation identified in (A) DPC6853 and DPC6860, (B) DPC6860 and DPC6856, (C)
DPC6856 and DPC6860, (D) DPC6853, (E) DPC6856.
hypothetical;

lyase;

transcription regulator;

PTS component;

esterase;

kinase;

membrane associated.
277

Fig. 3. Growth of dairy strains (MG1363, IL1403) and non-dairy strains (DPC6853,
DPC6856, DPC6860) at 6 oC over 20 days.

278

Fig. 4. PGGXGTXXE motif identified in the putative lysine decarboxylase gene of
L. lactis DPC6853.

279

A

B

Fig. 5. Cobalt (Co2+) transport systems identified in (A) DPC6853 and (B) DPC6860. No putative Co2+ transport systems were identified in
DPC6856.

ATP binding,

membrane associated,

pseudogene,

possible CbiN protein,

non-transport associated proteins.

280

Fig. 6. Growth of non-dairy lactococci at increasing concentrations of Co2+ at 30 oC. (A) DPC6860, (B) DPC6856, (C) DPC6853, (D) IL1403. 0
mM (
), 1 mM (
), 2 mM (
), 3 mM (
), 4 mM (
), 5 mM (
), 6mM (
)The average of duplicate experiments
is presented.

281

Fig. 7. Alignment of WXG secretion system (Wss) identified in L. lactis DPC6860
and DPC6856. Non-secretion system associated ORFs are shown in orange.

282

Fig. 8. Exopolysaccharide (EPS) biosynthesis gene cluster identified in strain DPC6860.

hypothetical protein,

mobile element protein,

tyrosine kinase,

glycosyltransferase,

polysaccharide biosynthesis protein,

undecaprenyl phosphategalactose phosphotransferase,

transcription regulator,

tyrosine phosphatase,

acetylglucosamine transferase.
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Fig. 9.Putative yydFGHIJ like gene cluster identified on contig R163 of DPC6856.
protease,

ATP binding,

hypothetical,

transport,

mobile element protein,

modification.

284

Fig. 10. Alignment of the putative antimicrobial compound identified in DPC6856 using the Antimicrobial Peptide Databasea (Wang, 2010,
Wang and Wang, 2004).
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5.8. Appendices
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Appendix 5-1
ORF table of non-alignment contigs to reference genomes for DPC6856 (Rumen)
ORF

Start

Stop

Size (aa)

Predicted function

Identity

Accession no.

Evalue

Size

1
2
3

3
1851
2284

464
655
3132

153
398
282

139/ 153 (91)
394/ 398 (99)
282/ 282 (100)

YP_003354674.1
WP_023349300.1
YP_001966493.1

2e-75
0.0
0.0

183
398
282

4
5
6
7
Contig_R115
1
2
3
4
5
6
7
8
9

3151
3865
4580
5318

3450
4545
5178
6288

99
226
208
323

Gls24 family general stress protein [Lactococcus lactis ssp. lactis KF147]
plasmid replication initiation protein [Lactococcus lactis]
replication-associated protein [Lactococcus lactis ssp. lactis biovar. diacetylactis
LD61]
hypothetical protein [Lactococcus lactis]
insertion sequence IS946 transposase [Lactococcus lactis]
transposase element IS1297 [Streptococcus thermophilus MN-ZLW-002]
oxalate/ formate antiporter [Lactococcus lactis ssp. cremoris MG1363]

98/ 99 (99)
223/ 226 (99)
177/ 204 (87)
321/ 324 (99)

WP_023349301.1
NP_047328.1
YP_006339954.1
YP_001032006.1

8e-63
8e-162
7e-117
0.0

99
226
226
418

542
895
3021
3344
3993
4184
4848
5056
6286

303
623
1672
3039
3370
4020
4258
5736
5849

79
90
449
101
207
54
196
226
145

77/ 79 (97)
70/ 78 (90)
449/ 449 (100)
101/ 128 (79)
207/ 207 (100)
50/ 54 (93)
196/ 196 (100)
221/ 226 (98)
145/ 145 (100)

WP_017864515.1
WP_021213978.1
YP_006965841.1
YP_006965842.1
YP_006965843.1
YP_005704819.1
YP_006965845.1
WP_016177626.1
YP_796557.1

5e-41
4e-41
0.0
2e-60
1e-152
9e-27
1e-139
6e-162
1e-98

79
97
449
128
207
54
196
226
145

10
Contig_R103
1
2
3
4
5
6
7

7902

6295

535

membrane protein [Lactococcus lactis]
transposase, partial [Lactococcus lactis ssp. cremoris TIFN5]
di-hydrolipoamide dehydrogenase [Lactococcus lactis ssp. cremoris]
hypothetical protein pLP712_46 [Lactococcus lactis ssp. cremoris]
isochorismatase family protein [Lactococcus lactis ssp. cremoris]
hypothetical protein EF62_0834 [Enterococcus faecalis 62]
putative HTH-type transcriptional regulator [Lactococcus lactis ssp. cremoris]
transposase [Enterococcus durans]
universal stress protein UspA-like nucleotide-binding protein [Lactococcus lactis
ssp. cremoris SK11]
Mn2+/ Fe2+ transporter [Lactococcus lactis ssp. cremoris A76]

532/ 535 (99)

YP_005877251.1

0.0

535

33
2363
2577
3708
3209
3857
4415

2036
2584
3209
3848
3565
4411
5215

667
73
210
118
46
184
266

Phage replicative DNA helicase, repA [Lactococcus garvieae]
hypothetical protein [Lactococcus garvieae]
hypothetical protein CVCAS_0996 [Lactococcus lactis ssp. lactis CV56]
hypothetical protein [Lactococcus garvieae]
peptidase M56 [Desulfitobacterium hafniense]
hypothetical protein [Lactococcus garvieae]
hypothetical protein [Lactococcus garvieae]

526/ 664 (79)
59/ 73 (81)
126. 221 (57)
106/ 118 (90)
13/ 33 (39)
135/ 182 (74)
139/ 242 (57)

WP_004260205.1
WP_004260212.1
YP_005868379.1
WP_004260223.1
WP_005813145.1
WP_017369939.1
WP_017369938.1

0.0
1e-35
2e-64
8e-70
9.2
5e-96
9e-86

764
74
224
118
617
182
269

Contig_R104

287

8
Contig_R105
1
2

5225

5704

159

hypothetical protein Q33_0030 [Lactococcus phage ФQ33]

143/ 152 (94)

AFV51059.1

2e-101

152

189
376

16
831

57
151

39/ 43 (91)
139/ 146 (95)

YP_008567868.1
YP_005875645.1

3e-07
3e-100

458
152

3
4
5
Contig_R110
1
2

1924
2193
2706

974
1999
2332

316
64
124

hypothetical protein kw2_0196 [Lactococcus lactis ssp. cremoris KW2]
transposase for insertion sequence element IS904 [Lactococcus lactis ssp.
cremoris A76]
ribonucleoside-diphosphate reductase [Lactococcus lactis ssp. lactis A12]
lipid hydroperoxide peroxidase [Streptococcus infantarius]
transposase [Lactococcus lactis ssp. cremoris TIFN3]

315/ 316 (99)
51/ 55 (93)
123/ 124 (99)

YP_001174719.1
WP_006532146.1
WP_021215593.1

0.0
5e-26
6e-85

316
163
126

111
885

791
1460

226
191

220/ 226 (97)
190/ 191 (99)

WP_016177626.1
YP_007000490.1

9e-160
2e-130

226
191

3
Contig_R51
1
2
3
4
Contig_R114
1
2
3
4
5
Contig_R150
1
2
3
Contig_R145
1
2
3
4
5
6
7
8

240

1725

251

transposase [Enterococcus durans]
glycopeptide antibiotics resistance protein [Lactococcus lactis ssp. cremoris
UC509.9]
oxalate/ formate antiporter [Lactococcus lactis ssp. cremoris UC509.9]

213/ 213 (100)

YP_007000511.1

2e-145

418

79
1232
1318
1683

465
597
1665
1964

128
211
115
93

hypothetical protein, partial [Lactococcus lactis]
PIL6_6 [Lactococcus lactis ssp. lactis]
transposase [Streptococcus thermophilus M17PTZA496]
hypothetical protein, partial [Lactococcus garvieae]

127/ 128 (99)
206/ 211 (98)
115/ 115 (100)
87/ 90 (97)

WP_021215402.1
YP_006962314.1
ETW90402.1
WP_017370935.1

3e-86
7e-144
5e-75
1e-54

128
211
148
151

167
1363
3882
4465
4552

1165
2739
2797
4031
4812

332
458
361
144
86

hypothetical protein kw2_1451 [Lactococcus lactis ssp. cremoris KW2]
ᴅ-xylose-proton symporter [Lactococcus lactis ssp. cremoris KW2]
GntR family transcriptional regulator [Lactococcus lactis ssp. lactis KF147]
disaccharide permease [Lactococcus lactis ssp. lactis KF147]
transposase [Lactococcus lactis ssp. lactis IL1403]

280/ 332 (84)
452/ 457 (99)
356/ 361 (99)
138/ 144 (96)
86/ 86 (100)

YP_008569094.1
YP_008569093.1
YP_003354048.1
YP_003354047
NP_266244

0.0
0.0
0.0
4e-89
4e-53

417
457
361
421
86

637
1796
2653

89
630
3333

182
388
226

repB family protein [Lactococcus lactis ssp. cremoris HP]
repA [Lactococcus lactis]
transposase [Listeria inocua Clip11262]

169/ 182 (93)
387/ 388 (99)
222/ 226 (98)

EUN33389.1
CAA42983.1
NP_569202.1

1e-111
0.0
2e-161

170
388
226

474
535
948
1552
1784
2137
2310
2713

332
1358
1358
1406
1632
1835
2134
2447

47
94
136
48
50
100
58
88

transposase [Lactobacillus helveticus R0052]
replication initiation protein [Leuconostoc lactis]
GNAT family acetyltransferase [Lactococcus lactis ssp. lactis CV56]
hypothetical protein [Lactococcus lactis ssp. cremoris A76]
hypothetical protein llmg_0669 [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein llmg_0670 [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein llmg_0671 [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein LLNZ_03480 [Lactococcus lactis ssp. cremoris NZ9000]

35/ 35 (100)
89/ 91 (98)
135/ 136 (99)
47/ 48 (98)
49/ 50 (98)
99/ 100 (99)
56/ 58 (97)
87/ 88 (99)

YP_006656720.1
NP_862729.1
YP_005869715.1
YP_005875627
YP_001032008
YP_001032009.1
YP_001032010.1
YP_006356107

8e-18
5e-59
5e-90
7e-25
1e-25
9e-65
3e-31
6e-57

79
208
136
48
50
100
58
88

288

9
10
Contig_R112
1
2
3
4
Contig_R108
1
2
3
4
5
6
7
8

3394
3457

2873
3717

173
86

hypothetical protein llmg_0673 [Lactococcus lactis ssp. cremoris MG1363]
transposase [Lactococcus lactis ssp. lactis IL1403]

173/ 173 (100)
85/ 86 (99)

YP_001032012
NP_267352

5e-124
3e-52

205
86

2217
3251
3468
4574

64
2214
4208
4209

717
345
246
121

glycoside hydrolase GH92 family [Lactococcus lactis ssp. cremoris KW2]
transcriptional regulator GntR family [Lactococcus lactis ssp. cremoris KW2]
glycoside hydrolase GH125 family [Lactococcus lactis ssp. cremoris KW2]
hypothetical protein [Lactococcus lactis]

700/ 717 (98)
345/ 345 (100)
229/ 234 (98)
121/ 121 (100)

YP_008569091.1
YP_008569090
YP_008569089.1
WP_021211150.1

0.0
0.0
6e-171
2e-81

717
345
431
121

91
1408
3133
4918
5239
6247
7182
7708

447
509
1700
3212
4922
5267
6250
7193

118
299
477
568
105
326
310
171

115/ 118 (97)
297/ 299 (99)
475/ 477 (99)
567/ 568 (99)
102/ 105 (97)
326/ 326 (100)
310/ 310 (100)
171/ 171 (100)

WP_003769216.1
YP_006965846.1
YP_004761515.1
WP_003131734.1
WP_002411590.1
YP_796532.1
YP_004761518
YP_796534.1

2e-78
0.0
0.0
0.0
7e-68
0.0
0.0
4e-122

118
299
477
568
105
326
310
171

9
10
11
12

8150
8547
8638
10470

7725
8687
9405
9904

141
46
255
188

IS431 transposase, partial [Listeria inocua]
lacX [Lactococcus lactis ssp. cremoris]
phospho-beta-D-galactosidase [Lactococcus lactis ssp. lactis]
PTS lactose transporter subunit IIBC [Lactococcus lactis]
PTS lactose transporter subunit IIA [Enterococcus faecalis]
tagatose 1,6-diphosphate aldolase [Lactococcus lactis ssp. cremoris SK11]
tagatose 6-P kinase [Lactococcus lactis ssp. lactis]
galactose-6-phosphate isomerase subunit LacB [Lactococcus lactis ssp. cremoris
SK11]
galactose 6-P isomerase subunit LacA [Lactococcus lactis ssp. lactis]
hypothetical protein [Lactococcus lactis]
lactose transport regulator [Lactococcus lactis ssp. cremoris SK11]
site-specific recombinase, DNA invertase Pin related protein [Lactococcus lactis
ssp. cremoris SK11]

141/ 141 (100)
45/ 46 (98)
255/ 255 (100)
186/ 188 (99)

YP_004761520.1
WP_003131724.1
YP_796536.1
YP_796537.1

3e-95
7e-22
0.0
4e-130

141
46
255
193

2392
2657
3025
3896
5873
6963
7526
7693
8437
9330
9747

38
3022
3909
5182
5322
6379
7684
8193
9132
9476
10247

784
121
294
428
183
194
52
166
231
48
166

cell surface protein, partial [Streptococcus thermophilus]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
transposon Tn552 DNA-invertase binR [Lactococcus lactis]
dTDP-4-dehydrorhamnose 3,5-epimerase [Lactococcus lactis ssp. lactis CV56]
hypothetical protein [Lactococcus lactis ssp. cremoris A76]
ADP-ribose pyrophosphatase [Lactococcus lactis ssp. cremoris A76]
hypothetical protein [Enterococcus durans]
hypothetical protein [Lactococcus lactis ssp. cremoris A76]
transposase, partial [Lactococcus lactis]

429/ 803 (53)
121/ 121 (100)
292/ 294 (99)
427/ 428 (99)
181/ 183 (99)
193/ 194 (99)
50/ 52 (96)
166/ 166 (100)
223/ 231 (97)
45/ 48 (94)
106/ 107 (99)

WP_023909488.1
WP_017864521.1
WP_021214709.1
WP_021214708.1
WP_021214707.1
YP_005867336.1
YP_005875632.1
YP_005875631.1
WP_016176879.1
YP_005875627.1
WP_021211177.1

0.0
2e-81
0.0
0.0
3e-130
3e-140
2e-28
3e-118
2e-147
2e-23
8e-70

1016
121
294
428
183
194
52
166
231
48
108

1
1232

465
598

154
211

transposase, partial [Lactococcus lactis]
PIL6_6 [Lactococcus lactis ssp. lactis]

153/ 154 (99)
206/ 211 (98)

WP_021165891.1
YP_006962314.1

8e-108
7e-144

157
211

Contig_R109
1
2
3
4
5
6
7
8
9
10
11
Contig_R147
1
2

289

3
4
Contig_R121
1
2
3
4
Contig_R106
1
2
3
Contig_R107
1
2
3
4
5
6
7
8
Contig_R149
1
2
3
Contig_R120
1
2
Contig_R158
1
2
3
4
Contig_R111
1
2
3
4

1375
1623

1656
1946

94
108

hypothetical protein L137335 [Lactococcus lactis ssp. lactis IL1403]
unnamed protein product [Lactococcus lactis]

94/ 94 (100)
107/ 108 (99)

NP_266292.1
CAA55220.1

1e-59
3e-68

96
299

691
752
1125
1417

23
636
981
1283

222
38
47
44

putative replication protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
unknown protein
unknown protein

214/ 222 (96)
34/ 38 (89)

AAF27320.1
WP_003132681.1

1e-154
9e-16

383
38

363
507
1593

44
1256
1751

106
249
53

hypothetical protein [Lactococcus lactis]
nicotinamide mononucleotide transporter [Lactococcus lactis ssp. lactis KF147]
sugar ABC transporter permease [Streptococcus dysgalactiae ssp. equisimilis 167]

75/ 76 (99)
249/ 249 (100)
39/ 53 (74)

WP_021214051.1
YP_001174683.1
YP_008630542.1

4e-44
1e-172
3e-17

90
249
296

1
1282
2274
3665
3865
5463
6166
7760

423
456
1304
2298
5448
6164
7611
10228

140
277
323
455
527
233
481
822

transposase, partial [Lactococcus lactis]
disaccharide permease [Lactococcus lactis ssp. lactis KF147]
alpha-N-arabinofuranosidase [Lactococcus lactis ssp. lactis KF147]
arabinose-proton symporter [Lactococcus lactis ssp. lactis Dephy 1]
L-Ribulokinase [Lactococcus lactis ssp. lactis KF147]
L-ribulose-5-phosphate 4-epimerase [Lactococcus lactis ssp. lactis A12]
L-arabinose isomerase [Lactococcus lactis ssp. lactis A12]
phosphoketolase [Lactococcus lactis ssp. cremoris KW2]

140/ 140 (100)
257/ 270 (95)
305/ 324 (94)
451/ 455 (99)
521/ 527 (99)
228/ 233 (98)
473/ 481 (98)
813/ 822 (99)

WP_021165254.1
YP_003354047.1
YP_003354046.1
WP_023188764.1
YP_003354044.1
WP_021723025.1
WP_021723026.1
YP_008569092.1

5e-99
3e-155
0.0
0.0
0.0
7e-168
0.0
0.0

142
421
323
455
527
233
481
822

1
257
1219

191
476
575

63
72
214

hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]

58/ 60 (97)
72/ 72 (100)
213/ 214 (99)

WP_021166198.1
WP_021166197.1
WP_021166196.1

7e-33
1e-43
1e-147

75
93
218

403
1243

93
893

101
116

transposase [Lactococcus lactis ssp. lactis IO-1]
RepB family protein [Lactococcus lactis ssp. cremoris HP]

100/ 101 (99)
113/ 116 (97)

YP_007507882.1
EUN33389.1

3e-64
2e-72

101
170

617
1473
1949
2346

120
778
1473
1963

165
231
158
127

acetyltransferase [Lactococcus lactis ssp. lactis biovar. diacetylactis]
peptidase E [Lactococcus lactis ssp. cremoris SK11]
phosphoribosylanthranilate isomerase [Lactococcus lactis]
XRE family transcriptional regulator [Lactococcus lactis]

164/ 165 (99)
231/ 231 (100)
158/ 158 (100)
117/ 118 (99)

WP_023349305.1
YP_809513.1
WP_023349307.1
WP_023349308.1

4e-117
7e-166
8e-106
3e-74

165
231
158
122

1
1235
2854
3261

426
459
1829
2869

141
258
341
130

transposase, partial [Lactococcus lactis]
abortive phage resistance protein [Streptococcus parasanguinis]
RecAlp [Lactococcus lactis]
hypothetical protein CVCAS_pA0014 [Lactococcus lactis ssp. lactis CV56]

141/ 141 (100)
136/ 242 (56)
335/ 341 (98)
125/ 130 (96)

WP_021165254.1
WP_003014061.1
YP_001966451.1
YP_005867340.1

9e-100
4e-87
0.0
1e-86

142
295
341
131

290

5
6

4724
5503

3258
4865

488
212

7
Contig_R151
1
2

5862

6752

296

30
1475

443
624

765
2122

Contig_R152
1
2
Contig_R146
1
2
3
Contig_R118
1
2
Contig_R122
1
2
Contig_R126
1
2
3
4
Contig_R127
1
2
3
Contig_R155
1
2
3
4
5

impB/ MucB/ SamB family protein [Lactococcus lactis ssp. lactis CV56]
hypothetical protein LLDT4_12715 [Lactococcus lactis ssp. lactis biovar.
diacetylactis TIFN4]
transposase [Lactococcus lactis ssp. cremoris SK11]

484/ 488 (98)
208/ 212 (98)

YP_005867341.1
WP_021214678.1

0.0
2e-148

488
212

293/ 296 (99)

YP_808666.1

0.0

296

137
283

integrase, partial [Lactococcus lactis]
nisin leader peptide-processing serine protease nisP [Lactococcus lactis ssp. lactis
CV56]

137/ 137 (100)
280/ 282 (99)

WP_021166222.1
YP_005867988.1

9e-95
0.0

137
682

88
1799

225
108

putative replication initiator protein [Lactococcus garvieae]
putative cytochrome B [Lactococcus lactis ssp. cremoris UC509.9]

224/ 224 (100)
93/ 108 (86)

YP_005351612.1
YP_006998540.1

8e-163
1e-58

383
107

431
890
1217

4
435
921

142
151
98

putative resolvase [Lactococcus lactis ssp. lactis biovar. diacetylactis]
hypothetical protein [Lactococcus lactis]
hypothetical protein pIL4_48 [Lactococcus lactis ssp. lactis]

142/ 142 (100)
148/ 151 (98)
81/ 98 (83)

YP_001098358.1
WP_003132677.1
YP_004761488.1

3e-95
7e-101
5e-50

199
151
98

664
757

4
1208

220
150

transposase [Lactococcus lactis ssp. lactis IO-1]
site-specific recombinase, DNA invertase Pin related protein [Lactococcus lactis]

197/ 211 (93)
128/ 129 (99)

YP_007508154.1
WP_023189736.1

6e-135
2e-84

370
193

15
374

377
997

120
207

replication protein RepB [Lactococcus lactis ssp. lactis]
putative replication associated protein [Lactococcus garvieae]

120/ 120 (100)
166/ 201 (83)

YP_004761555.1
YP_005351613.1

2e-76
4e-103

383
207

509
876
1367
1369

60
712
1242
1539

149
54
41
57

putative transporter protein [Lactococcus lactis ssp. cremoris UC509.9]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]

146/ 148 (99)
54/ 54 (100)
40/ 41 (98)
56/ 57 (98)

YP_006998507.1
WP_021166195.1
WP_021166194.1
WP_021214051.1

1e-96
3e-29
2e-18
2e-30

150
54
53
90

5
723
1366

433
1268
1704

142
181
112

transposase, partial [Lactococcus lactis]
hypothetical protein LLKF_0283 [Lactococcus lactis ssp. lactis KF147]
hypothetical protein [Streptococcus thoraltensis]

133/ 140 (95)
51/ 143 (36)
38/ 100 (38)

WP_021165254.1
YP_003352755.1
WP_018380804.1

5e-95
6e-09
9e-13

142
143
172

92
1356
1892
2558

1259
1709
2398
3115

388
117
168
185

371/ 400 (93)
115/ 117 (98)
129/ 153 (84)
177/ 184 (96)

WP_010014574.1
WP_010014573.1
WP_021730194.1
YP_003353150.1

0.0
4e-75
3e-84
3e-123

992
145
614
184

4360

3173

395

cell surface protein precursor, partial [Lactobacillus coryniformis]
MarR family transcriptional regulator [Lactobacillus coryniformis]
acyltransferase [Tetragenococcus halophilus HO]
DNA invertase Pin-like site-specific recombinase [Lactococcus lactis ssp. lactis
KF147]
abiGii [Lactococcus lactis ssp. cremoris]

236/ 296 (80)

AAB38313.1

1e-166

397

291

6
7
Contig_R142
1
2
3
Contig_R154
1
2
3
Contig_R141
1

4536
4808

4796
4879

86
24

transposase [Lactococcus lactis ssp. lactis IL1403]
truncated transposase B [Lactococcus lactis]

86/ 86 (100)
24/ 24 (100)

NP_266244.1
YP_005877382.1

2e-43
5e-08

86
107

97
1316
3445

684
747
1424

195
189
673

hypothetical protein [Lactobacillus fermentum]
transposase [Pediococcus claussenii ATCC BAA-344]
nickase [Lactococcus lactis ssp. cremoris TIFN7]

193/ 195 (99)
139/ 162 (86)
662/ 673 (98)

WP_021349473.1
YP_005004471.1
WP_021211359.1

2e-137
1e-94
0.0

404
205
673

47
610
2039

538
1197
1828

163
195
70

transposase IS1216 [Lactococcus lactis]
hypothetical protein [Lactococcus garvieae]
unknown

158/ 163 (97)
186/ 195 (95)

WP_021166207.1
WP_017370784.1

1e-111
2e-136

226
195

9

323

104

104/ 104 (100)

EQC55638.1

2e-68

128

2
3
Contig_R133
1
2
3
Contig_R130
1
2
Contig_R129
1

345
1725

572
1264

75
153

hypothetical protein LLT6_13815, partial [Lactococcus lactis ssp. cremoris
TIFN6]
hypothetical protein [Lactococcus garvieae]
hypothetical protein [Mycoplasma yeatsii]

36/ 70 (51)
51/ 150 (34)

WP_019293275.1
WP_004426892.1

1e-13
1e-20

133
180

53
559
854

355
882
1013

100
107
52

integrase/recombinase plasmid associated, putative [Lactococcus lactis]
cytochrome B [Lactococcus lactis ssp. lactis CV56]
hypothetical protein [Lactobacillus helveticus]

96/ 98 (98)
102/ 107 (95)
46/ 52 (88)

WP_023189051.1
YP_005867402.1
WP_003627881.1

5e-64
9e-68
5e-25

154
107
52

808
1164

158
805

216
119

replication-associated protein [Lactococcus lactis ssp. cremoris]
replication protein RepB [Lactococcus lactis ssp. cremoris HP]

175/ 213 (82)
104/ 118 (88)

YP_006964733.1
EUN33281.1

3e-110
2e-64

239
388

200

763

187

methionine ABC transporter substrate-binding protein [Lactococcus lactis ssp.
cremoris KW2]

176/ 177 (99)

YP_008567989.1

6e-120

286

729

1

243

replication protein [Lactococcus lactis ssp. lactis biovar. diacetylactis]

229/ 242 (95)

NP_690629.1

4e-164

423

2
752
1637
1668
2772
3591
4548
5055

181
294
927
2573
3557
3797
4103
6629

59
152
236
301
261
68
149
524

universal stress protein UspA-like protein [Lactococcus lactis ssp. lactis]
transposase [Enterococcus faecium EnGen0015]
IS946 transposase [Lactococcus lactis ssp. cremoris]
ltrC [Lactococcus lactis]
cobyric acid synthase cobQ [Bacillus cereus]
hypothetical protein [Bacillus cereus]
transposase [Lactococcus lactis ssp. lactis IO-1]
hypothetical protein [Enterococcus caccae]

59/ 59 (100)
150/ 152 (99)
236/ 236 (100)
66/ 144 (46)
173/ 260 (67)
30/ 54 (56)
104/ 124 (84)
252/ 524 (48)

YP_004761547.1
WP_002329974.1
WP_023349245.1
NP_047307.1
WP_000692380.1
WP_002016733.1
YP_007508154.1
WP_010770548.1

5e-34
8e-106
5e-173
5e-28
5e-118
2e-09
1e-61
1e-164

145
152
236
355
266
101
370
525

Contig_R131
1
Contig_R163
1
2
3
4
5
6
7
8

292

9

8438

6669

589

10
11
12
13
14
15
16
17
18
19
20
21

9560
10065
10705
11846
11810
12296
13775
14156
15845
16073
17624
19786

8526
9553
10163
10998
12274
12523
13215
14866
15672
15873
16203
17639

344
170
180
282
154
75
186
236
57
66
473
715

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

20944
21156
21339
21753
22209
23902
24563
25172
25180
25671
26038
26529
27503
27795
28887
29639
29754
30404
31451
32504
32994
34105

20045
20896
21193
21439
23165
23234
24003
24801
25305
25835
26490
27185
27285
27568
28300
28959
30224
31249
31600
32133
32650
33647

299
86
48
104
318
222
186
123
41
54
150
218
72
75
195
226
156
281
49
123
114
152

papain cysteine protease family protein [Carnobacterium maltaromaticum
LMA28]
hypothetical protein [Streptococcus sp. HSISS3]
hypothetical protein [Streptococcus thoraltensis]
putative DNA-binding protein, XRE family [Lactococcus lactis ssp. lactis IO-1]
transposase [Lactococcus lactis]
transposase, partial [Lactococcus lactis]
hypothetical protein [Lactococcus garvieae]
antibiotic ABC transporter [Oribacterium sinus]
transposase IS1216 [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
Putative uncharacterized protein [Lactococcus lactis]
lactococcin A secretion protein LcnD [Lactococcus lactis ssp. cremoris UC509.9]
lactococcin A ABC transporter ATP-binding protein/ permease [Lactococcus
lactis ssp. lactis IL1403]
transposase [Lactococcus lactis ssp. cremoris A76]
transposase, partial [Lactococcus lactis]
GNAT family acetyltransferase [Lactococcus lactis ssp. lactis CV56]
replication initiation protein [Lactococcus lactis ssp. cremoris A76]
nisin resistance protein [Lactococcus lactis]
CAAX amino terminal protease [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
HTH domain-containing protein [Lactococcus lactis ssp. cremoris HP]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
putative transporter protein [Lactococcus lactis ssp. cremoris UC509.9]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus garvieae]
transposase IS1216 [Lactococcus lactis]
restriction endonuclease subunit R [Enterococcus faecium]
aldo/keto reductase [Enterococcus faecium]
hypothetical protein [Lactococcus lactis]
hypothetical protein CAR_c24020 [Carnobacterium sp. 17-4]
hypothetical protein LSEI_0032 [Lactobacillus casei ATCC 334]
integrase [Lactococcus lactis]

141/ 524 (27)

YP_006992557.2

5e-30

850

209/ 336 (62)
69/ 175 (39)
51/ 143 (36)
252/ 272 (93)
146/ 152 (96)
36/ 70 (51)
62/ 179 (35)
232/ 236 (98)
53/ 57 (93)
31/ 64 (48)
464/ 472 (98)
674/ 715 (94)

WP_021151537.1
WP_018380804.1
YP_007507912.1
WP_017865390.1
WP_021165590.1
WP_019293275.1
WP_007158144.1
WP_023349245.1
WP_021166204.1
WP_021722479.1
YP_006998503.1
NP_266235.1

2e-159
2e-32
4e-09
0.0
1e-102
1e-13
3e-26
5e-170
3e-28
1e-04
0.0
0.0

340
172
143
284
154
133
185
236
57
72
474
715

298/ 299 (99)
86/ 86 (100)
45/ 46 (98)
100/ 101 (99)
316/ 318 (99)
221/ 222 (99)
179/ 183 (98)
98/ 116 (84)
40/ 41 (98)
54/ 54 (100)
149/ 150 (99)
216/ 218 (99)
72/ 72 (100)
73/ 75 (97)
186/ 195 (95)
222/ 226 (98)
154/ 156 (99)
280/ 281 (99)
48/ 49 (98)
61/ 121 (50)
61/ 107 (57)
152/ 152 (100)

YP_005876626.1
WP_021211123.1

0.0
2e-53
4e-20
2e-68
0.0
3e-148
3e-121
1e-61
2e-18
3e-29
9e-99
5e-150
1e-43
7e-45
2e-136
7e-162
1e-108
0.0
6e-26
1e-23
2e-34
1e-106

300
115
136
105
318
222
185
171
53
54
150
218
93
75
195
226
156
281
49
123
119
152

YP_005875625.1
ACE80201.1
WP_021214621.1
WP_021214620.1
EUN33279.1
WP_021166194.1
WP_021166195.1
YP_006998507.1
WP_021166196.1
WP_021166197.1
WP_021166198.1
WP_017370784.1
WP_021166207.1
WP_002307466.1
WP_002314393.1
WP_023349359.1
YP_004376073.1
YP_805340.1
WP_021215110.1

293

44
45
46

34134
34678
36249

34568
35934
36052

144
418
65

143/ 144 (99)
415/ 418 (99)
30/ 61 (49)

WP_021165382.1
YP_001032006.1
YP_007655304.1

8e-99
0.0
1e-09

145
418
298

102
99
296

transposase, partial [Lactococcus lactis]
oxalate/ formate antiporter [Lactococcus lactis ssp. cremoris MG1363]
putative transposase InsK for insertion sequence element IS150 [Lactobacillus
brevis KB290]
replication initiation protein [Lactococcus lactis ssp. cremoris A76]
GNAT family acetyltransferase [Lactococcus lactis ssp. lactis bv. diacetylactis]
transposase [Lactococcus lactis ssp. cremoris A76]

47
48
49
Contig_R164
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Contig_R165
1
2
3
4
5
6
7
8
Contig_R166
1
2
3
4

36256
36638
37832

36564
36937
36942

101/ 105 (96)
97/ 98 (99)
291/ 296 (98)

YP_005875625.1
YP_004770029.1
YP_005876203.1

8e-67
6e-60
0.0

105
136
296

1
441
2039
2103
3101
3983
4266
5492
6550
6750
9943
11094
12204
12788
13252

399
1316
1329
2933
2892
3123
4126
4272
5516
8702
9299
9943
12494
13234
14091

132
291
236
276
39
286
46
406
344
650
214
383
97
148
279

integrase, partial [Lactococcus lactis
hypothetical protein Y016_10255 [Streptococcus thermophilus TH985]
transposase IS1216 [Lactococcus lactis]
hypothetical protein L37749 [Lactococcus lactis ssp. lactis IL1403]
Putative uncharacterized protein, phage protein [Lactococcus lactis]
Putative uncharacterized protein [Lactococcus lactis ssp. lactis A12]
transposase IS431, partial [Lactococcus lactis]
cell wall surface anchor protein [Lactococcus lactis]
peptidase C39 family [Lactococcus lactis ssp. cremoris KW2]
hypothetical protein [Lactococcus lactis ssp. cremoris A76]
putative replication initiator protein [Lactococcus garvieae]
putative replication associated protein [Lactococcus garvieae]
hypothetical protein, partial [Lactococcus lactis]
ISLL6 transposase/hypothetical protein fusion [Lactococcus lactis]
transposase [Lactococcus lactis ssp. cremoris SK11]

132/ 132 (100)
263/ 301 (87)
236/ 236 (100)
163/ 235 (69)
32/ 39 (82)
240/ 286 (84)
14/ 15 (93)
338/ 406 (83)
277/ 344 (81)
192/ 467 (41)
382/ 383 (99)
166/ 214 (78)
55/ 67 (82)
119/ 136 (88)
278/ 279 (99)

WP_021166222.1
EWM56040.1
WP_023349245.1
NP_266805.1
WP_021722049.1
CDG03865.1
WP_021214232.1
WP_014734938.1
YP_008568127.1
WP_021164893.1
YP_005351612.1
YP_005351613.1
WP_021164893.1
YP_005877591.1
YP_808650.1

7e-91
7e-66
5e-173
2e-102
7e-11
6e-161
5.2
0.0
2e-164
2e-88
0.0
2e-104
9e-23
2e-73
0.0

137
678
236
389
39
279
72
405
344
1077
383
207
110
409
279

249
554
777
2091
3539
3946
5302
5617

1
246
1775
3542
3934
4971
5135
5408

83
102
332
483
131
341
55
69

nisin resistance protein [Lactococcus lactis]
enolase [Mycoplasma mycoides]
abiI [Lactococcus lactis]
SOS response UmuC protein [Lactococcus lactis ssp. lactis IO-1]
hypothetical protein CVCAS_pA0014 [Lactococcus lactis ssp. lactis CV56]
recombinase A [Lactococcus lactis ssp. lactis CV56]
abiEii [Lactococcus lactis]
putative orotidine-5-phosphate decarboxylase [Lactococcus lactis]

82/ 83 (99)
18/ 59 (31)
332/ 332 (100)
448/ 483 (93)
130/ 131 (99)
341/ 341 (100)
47/ 50 (94)
69/ 69 (100)

ACE80201.1
WP_017697988.1
AAB66882.1
YP_007508452.1
YP_005867340.1
YP_005867339.1
YP_001966452.1
YP_002332310.1

7e-51
1.3
0.0
0.0
1e-89
0.0
9e-23
1e-38

318
451
332
483
131
341
298
317

336
522
847
1515

1
818
1311
1847

112
98
154
110

transposase IS1216 [Lactococcus lactis]
hypothetical protein pNZ4000_15 [Lactococcus lactis ssp. cremoris]
hypothetical protein pNZ4000_14 [Lactococcus lactis ssp. cremoris]
cytochrome B [Lactococcus lactis ssp. lactis CV56]

112/ 112 (100)
98/ 98 (100)
154/ 154 (100)
102/ 107 (95)

WP_021216434.1
NP_053020.1
NP_053019.1
YP_005867402.1

1e-75
8e-64
8e-110
1e-67

226
98
154
107

294

5
6
7
8
9
10
11
12
13
14
15
Contig_R157
1
2
3
Contig_R156
1
2
3
Contig_R160
1
2
3
4
5
Contig_R138
1
2
3
4
5
6
Contig_R167
1
2

2854
3122
4904
5088
5842
7017
7742
8247
9874
10056
10299

2375
4201
4446
4894
7020
7733
8242
8561
9188
9922
10129

159
359
152
65
392
238
166
105
228
44
56

hypothetical protein LLKF_0688 [Lactococcus lactis ssp. lactis KF147]
Abi-like protein [Veillonella sp. oral taxon 780]
transposase [Enterococcus faecium]
hypothetical protein [Lactococcus lactis]
replication protein [Lactococcus lactis ssp. lactis]
replication-associated protein [Lactococcus lactis ssp. cremoris]
hypothetical protein pMRC01_043 [Lactococcus lactis]
hypothetical protein pMRC01_042 [Lactococcus lactis]
IS1216 transposase [Enterococcus faecalis]
hypothetical protein [Lactococcus lactis]
hypothetical protein LLCHP_2335 [Lactococcus lactis ssp. cremoris HP]

154/ 159 (97)
167/ 368 (45)
150/ 152 (99)
40/ 42 (95)
340/ 391 (87)
184/ 243 (76)
151/ 151 (100)
104/ 105 (99)
228/ 228 (100)
38/ 38 (100)
56/ 56 (100)

YP_003353152.1
WP_009352868.1
WP_010728590.1
WP_017865304.1
YP_004761466.1
YP_006964733.1
NP_047327.1
NP_047326.1
YP_003896017.1
CAA73217.1
WP_021212881.1

2e-106
2e-97
8e-106
9e-20
0.0
3e-115
2e-107
3e-63
2e-166
5e-19
5e-31

159
371
152
57
394
239
286
107
228
221
56

270
1040
1240

50
417
1596

73
207
118

hypothetical protein [Streptococcus sp. oral taxon 056]
hypothetical protein, partial [Streptococcus mutans]
ISLL6 transposase/ hypothetical protein [Lactococcus lactis ssp. lactis]

32/ 68 (47)
75/ 223 (34)
117/ 117 (100)

WP_009754589.1
WP_019319068.1
YP_004761559.1

2e-09
4e-16
5e-77

79
212
120

2
766
1647

307
368
777

101
132
289

hypothetical protein, partial [Lactococcus lactis]
transposase IS1077, partial [Lactococcus lactis]
MucBP domain-containing cell surface protein [Lactococcus lactis ssp. cremoris
KW2]

101/ 101 (100)
131/ 132 (99)
273/ 286 (95)

WP_021216519.1
WP_021164987.1
YP_008569303.1

9e-69
2e-92
0.0

101
132
523

194
419
735
1132
1447

3
231
427
818
1260

64
62
102
104
63

transposase, partial [Lactococcus lactis]
hypothetical protein kw2_1771 [Lactococcus lactis ssp. cremoris KW2]
hypothetical protein kw2_1772 [Lactococcus lactis ssp. cremoris KW2]
EsaC-like protein [Lactococcus lactis ssp. cremoris KW2]
putative acetyltransferase [Lactococcus lactis ssp. cremoris NZ9000]

64/ 64 (100)
39/ 39 (100)
100/ 102 (98)
104/ 104 (100)
57/ 62 (92)

WP_021211111.1
YP_008569411.1
YP_008569412.1
YP_008569413.1
YP_006355503.1

3e-38
6e-19
1e-66
7e-68
3e-30

116
279
102
104
150

398
1037
1246
1816

96
486
1058
1256

100
183
62
186

88/ 92 (96)
182/ 183 (99)
62/ 62 (100)
175/ 186 (94)

YP_005867944.1
YP_007507909.1
YP_001032567.1
WP_003131013.1

2e-54
1e-121
1e-33
2e-111

96
183
62
186

2076
2869

1846
2588

76
90

transposase [Lactococcus lactis ssp. lactis CV56]
general stress protein, Gls24 family [Lactococcus lactis ssp. lactis A12]
hypothetical protein llmg_1259 [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein LLCRE1631_01277 [Lactococcus lactis ssp. lactis CNCM I1631]
hypothetical protein llmg_1257 [Lactococcus lactis ssp. cremoris MG1363]
cold shock protein D [Lactococcus lactis ssp. lactis]

75/ 76 (99)
84/ 91 (92)

YP_001032565.1
YP_006962316.1

4e-39
1e-51

79
91

3
1009

145
1449

47
146

putative nicotinamide mononucleotide transporter [Lactococcus lactis]
hypothetical protein [Lactococcus garvieae]

47/ 47 (100)
143/ 146 (98)

YP_001174683.1
YP_005352404.1

2e-21
1e-96

249
146

295

3
4
5
6

1530
1892
2787
3645

1845
2794
3524
3941

104
300
245
98

68/ 95 (72)
298/ 300 (99)
245/ 245 (100)
95/ 98 (97)

YP_005352405.1
YP_005875640.1
YP_005875639.1
YP_004761488.1

9e-33
0.0
2e-171
1e-61

104
300
245
98

148/ 151 (98)

WP_003132677.1

8e-101

151

199/ 199 (100)
34/ 38 (89)

YP_001098358.1
WP_003132681.1

7e-140
9e-16

199
38

371/ 383 (97)
36/ 54 (67)

WP_023349383.1
WP_021216441.1

0.0
9e-10

383
53

127
93
138
141

hypothetical protein [Lactococcus garvieae]
ABC transporter like protein [Lactococcus lactis ssp. cremoris A76]
ABC transporter permease [Lactococcus lactis ssp. cremoris A76]
DNA-directed DNA polymerase [Lactococcus lactis ssp. lactis biovar.
diacetylactis str. LD61]
hypothetical protein LLCRE1631_02432 [Lactococcus lactis ssp. lactis CNCM I1631]
putative resolvase [Lactococcus lactis ssp. lactis biovar. diacetylactis]
hypothetical protein LLCRE1631_02433 [Lactococcus lactis ssp. lactis CNCM I1631]
RepB protein [Lactococcus lactis]
hypothetical protein LLDT2_03950 [Lactococcus lactis ssp. lactis biovar.
diacetylactis TIFN2]
hypothetical protein llh_13965 [Lactococcus lactis ssp. cremoris A76]
hypothetical protein LLCHP_2200 [Lactococcus lactis ssp. cremoris HP]
cytidine deaminase [Staphylococcus lentus]
IS6 family transposase [Lactococcus lactis ssp. cremoris UC509.9]

7

3972

4427

151

8
9

4431
5560

5030
5676

199
38

10
11

5621
6773

6772
6937

383
54

12
13
14
15
Contig_R168
1
2
3
4
5
6
7
Contig_R169
1
Contig_R171
1
2
Contig_R173
1
2
3
4
5
Contig_R174

7329
7616
8729
8851

6946
7335
8312
9273

125/ 127 (98)
93/ 93 (100)
131/ 138 (95)
141/ 141 (100)

YP_796552.1
EUN33409.1
WP_017000533.1
YP_006998524.1

2e-78
2e-56
6e-93
6e-99

127
93
138
236

2343
3082
4104
4343
4989
5235
5827

295
2345
3418
4645
4789
5116
5432

682
245
228
100
66
39
131

nisP [Lactococcus lactis ssp. lactis]
nisin immunity protein nisI [Lactococcus lactis ssp. lactis CV56]
transposase [Lactococcus garvieae]
hypothetical protein uc509_p8064 [Lactococcus lactis ssp. cremoris UC509.9]
hypothetical protein LLT5_13880 [Lactococcus lactis ssp. cremoris TIFN5]
hypothetical protein [Lactococcus lactis]
transposase IS904, partial [Lactococcus lactis]

676/ 682 (99)
241/ 245 (98)
226/ 228 (99)
100/ 100 (100)
66/ 66 (100)
39/ 39 (100)
131/ 131 (100)

ADJ56357.1
YP_005867987.1
WP_003134290.1
YP_006998461.1
WP_021166208.1
WP_021166209.1
WP_021216565.1

0.0
1e-173
2e-163
6e-66
4e-40
5e-29
4e-94

682
245
228
100
66
39
134

1

1398

466

mucus binding protein [Leuconostoc citreum KM20]

426/ 457 (93)

YP_001727229.1

0.0

1977

339
1159

7
479

111
226

oxalate:formate antiporter, MFS family [Lactococcus lactis ssp. cremoris A76]
transposase element IS1297 [Streptococcus thermophilus MN-ZLW-002]

111/ 111 (100)
221/ 226 (98)

YP_005877273.1
YP_006339954.1

5e-70
2e-160

418
226

193
1335
2004
2639
3790

3
1198
1774
2013
2639

63
45
76
208
383

putative replication initiator protein [Lactococcus garvieae]
hypothetical protein [Lactococcus lactis]
repC [Lactococcus lactis ssp. cremoris]
hypothetical protein pND324p2 [Lactococcus lactis]
replication protein [Lactococcus lactis]

63/ 63 (100)
39/ 40 (98)
76/ 76 (100)
208/ 208 (100)
382/ 383 (99)

YP_005351620.1
WP_017865385.1
NP_858116.1
YP_783821.1
YP_783820.1

3e-34
1e-17
7e-49
2e-141
0.0

386
62
76
208
383

296

1
Contig_R175
1
2
3
Contig_R176
1
2
3
4
5
6
Contig_R177
1
2
Contig_R178
1
2
3
Contig_R179
1
2
3
4
Contig_R180
1
2
3

2

193

63

Gluconate permease, Bsu4004 homolog [Lactococcus lactis]

62/ 63 (98)

WP_023190130.1

1e-35

234

499
1537
2477

194
989
1530

101
182
315

transposase [Lactococcus lactis ssp. lactis IO-1]
RepB family protein [Lactococcus lactis ssp. cremoris HP]
repA [Lactococcus lactis]

100/ 101 (99)
169/ 182 (93)
314/ 315 (99)

YP_007507882.1
EUN33389.1
CAA42983.1

4e-64
1e-111
0.0

101
170
338

212
385
738
1577
2164
3084

388
687
890
1167
2568
2728

58
100
50
136
134
118

hypothetical protein llmg_0671 [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein llmg_0670 [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein LLT6_04635 [Lactococcus lactis ssp. cremoris TIFN6]
GNAT family acetyltransferase [Lactococcus lactis ssp. lactis CV56]
hypothetical protein LLNZ_03495 [Lactococcus lactis ssp. cremoris NZ9000]
acetyltransferase [Lactococcus lactis ssp. lactis biovar. diacetylactis str. LD61]

57/ 58 (98)
99/ 100 (99)
49/ 50 (98)
135/ 136 (99)
132/ 134 (99)
117/ 118 (99)

YP_001032010.1
YP_001032009.1
WP_021213338.1
YP_005869715.1
YP_006356110.1
WP_023349305.1

8e-32
9e-65
1e-25
5e-90
1e-89
3e-81

58
100
50
136
134
165

3
1318

1188
1188

395
66

transposase [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein, partial [Lactococcus lactis]

321/ 358 (90)
66/ 66 (100)

AAB01067.1
WP_021216559.1

0.0
2e-41

385
94

2
604
2297

496
1173
1314

164
189
327

hypothetical protein LLT6_14725 [Lactococcus lactis ssp. cremoris TIFN6]
transposase [Pediococcus claussenii ATCC BAA-344]
hypothetical protein [Lactobacillus fermentum]

164/ 164 (100)
139/ 162 (86)
324/ 327 (99)

EQC54512.1
YP_005004471.1
WP_021349473.1

6e-114
1e-94
0.0

431
205
404

138
855
1157
1369

326
1037
1312
1962

62
61
51
197

hypothetical protein llmg_0689 [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein LLT7_14225 [Lactococcus lactis ssp. cremoris TIFN7]
hypothetical protein LLT6_14610 [Lactococcus lactis ssp. cremoris TIFN6]
repB [Lactobacillus acidophilus]

33/ 39 (85)
28/ 29 (97)
51/ 51 (100)
129/ 186 (69)

YP_001032028.1
WP_021211588.1
WP_021213379.1
NP_862699.1

2e-15
3e-10
7e-27
7e-96

42
84
51
192

630
780
1237

1
649
749

210
43
162

hypothetical protein LLNZ_06175 [Lactococcus lactis ssp. cremoris NZ9000]
hypothetical protein LLNZ_06170 [Lactococcus lactis ssp. cremoris NZ9000]
hypothetical protein llmg_1198 [Lactococcus lactis ssp. cremoris MG1363]

208/ 210 (99)
43/ 43 (100)
162/ 162 (100)

YP_001032512.1
YP_006356621.1
YP_001032511.1

3e-144
4e-23
9e-115

275
43
162

297

Appendix 5-2
ORF table of non-alignment contigs to reference genomes for DPC6853 (Corn)
ORF
contig_C30
1
2
3
4
5
6
contig_C99
1
contig_C91
1
contig_C96
1
2
3
4
contig_C97
1
contig_C101
1
2
3
contig_C24
1
2
3
4
5
6

Start

Stop

Size
(aa)

Predicted function

Identity

Accession no.

E-value

Size

283
498
988
1345
1926
3462

5
971
1194
1542
3314
4115

92
157
68
65
462
217

hypothetical protein P620_09490 [Lactococcus lactis ssp. lactis KLDS 4.0325]
hypothetical protein N036_57170 [Enterococcus gallinarum EGD-AAK12]
Transcriptional regulator, Cro/CI family [Lactococcus lactis]
hypothetical protein N036_62475 [Enterococcus gallinarum EGD-AAK12]
hypothetical protein N036_56625, partial [Enterococcus gallinarum EGD-AAK12]
CAAX amino terminal protease family protein [Lactococcus lactis]

80/ 81 (99)
156/ 157 (99)
68/ 68 (100)
64/ 64 (100)
188/ 191 (98)
206/ 217 (95)

YP_008703326.1
ERE52201.1
WP_023189708.1
ERE50927.1
ERE52372.1
WP_023189704.1

1e-46
5e-103
5e-41
9e-37
8e-119
2e-142

331
157
68
80
191
217

595

1230

141

hypothetical protein N036_63560, partial [Enterococcus gallinarum EGD-AAK12]

140/ 141 (99)

ERE50473.1

1e-91

141

9

861

291

peptidase M13, partial [Lactococcus lactis]

279/ 291 (96)

WP_023349133.1

0.0

293

60
267
1379
2319

266
1343
2326
3744

68
358
315
475

family 2 glycosyltransferase [Lactococcus lactis ssp. lactis KF147]
group 1 glycosyltransferase [Lactococcus lactis ssp. lactis KF147]
glycosyltransferase [Lactococcus lactis ssp. lactis KF147]
polysaccharide biosynthesis export protein [Lactococcus lactis ssp. lactis KF147]

68/ 68 (100)
350/ 358 (98)
310/ 315 (98)
447/ 474 (99)

YP_003352612.1
YP_003352613.1
YP_003352614.1
YP_003352615.1

1e-37
0.0
0.0
0.0

295
358
315
474

10

1947

645

DNA-directed RNA polymerase subunit beta [Lactococcus lactis ssp. lactis IL1403]

641/ 642 (99)

WP_017864927.1

0.0

1196

142
483
1518

399
686
3458

85
67
646

transposase for insertion sequence-like element IS431mec [Enterococcus faecalis]
hypothetical protein [Lactococcus garvieae]
tetracycline resistance protein [Lactococcus garvieae]

85/ 85 (100)
67/ 67 (100)
646/ 646 (100)

WP_010730026.1
WP_017370349.1
YP_001798653.1

2e-52
3e-38
0.0

85
67
646

983
1817
2281
2623
3558

864
1056
1913
2303
2803

39
253
122
106
251

38/ 39 (97)
249/ 253 (98)
103/ 105 (98)
106/ 106 (100)
249/ 251 (99)

WP_003131874.1
NP_266293.1
YP_004761559.1
YP_001174687.1
CCC56315.1

4e-18
0.0
8e-66
3e-69
4e-176

39
253
120
106
251

4206

3555

216

hypothetical protein [Lactococcus lactis]
transposase of IS904B [Lactococcus lactis ssp. lactis IL1403]
IS-LL6 transposase/hypothetical protein [Lactococcus lactis ssp. lactis]
membrane protein [Lactococcus lactis]
ABC-type uncharacterized transport system, permease component [Weissella
thailandensis fsh4-2]
ABC transporter ATP-binding protein [Lactobacillus plantarum JDM1]

215/ 216 (99)

YP_003064165.1

7e-157

216

298

7
8
9
10
11
12
contig_C102
1
2
3
4
5
contig_C104
1
2
contig_C72
1
2
contig_C49
1
2
3

5178
5425
5835
6994
8351
9852

4288
5150
6977
8331
9019
9395

296
91
380
445
222
153

transposase AB of ISLL6 [Lactococcus lactis]
transposase [Lactococcus lactis ssp. cremoris MG1363]
Na+/ H+ antiporter [Lactococcus lactis ssp. lactis]
putative K+ transporter [Lactococcus lactis ssp. lactis biovar. diacetylactis]
putative K+ transport system [Lactococcus lactis]
mobile element protein [Lactococcus lactis]

288/ 296 (98)
90/ 91 (99)
376/ 380 (99)
445/ 445 (100)
222/ 222 (100)
149/ 151 (99)

WP_021723386.1
YP_001031998.1
YP_004761490.1
YP_004770067.1
YP_001174694.1
WP_023189783.1

0.0
4e-57
0.0
0.0
6e-158
2e-104

296
91
380
445
222
152

11
620
3526
3677
4207

427
2648
2846
4258
4611

138
676
226
193
134

transposase [Enterococcus faecalis]
potassium transport system protein kup 1 [Lactococcus lactis ssp. lactis KF147]
transposase [Streptococcus macedonicus ACA-DC 198]
transposase [Lactococcus lactis ssp. cremoris SK11]
transposase [Lactococcus lactis]

136/ 138 (99)
651/ 675 (95)
225/ 226 (99)
192/ 193 (99)
122/ 123 (99)

WP_010711741.1
YP_003354939.1
YP_005094019.1
YP_811975.1
WP_021723058.1

1e-93
0.0
3e-163
2e-137
3e-38

214
675
226
193
287

1241
1363

459
1247

260
38

gluconate transport protein [Lactococcus lactis ssp. lactis IO-1]
ABC transporter permease protein [Lactococcus lactis ssp. cremoris KW2]

253/ 253 (100)
37/ 38 (98)

YP_007509476.1
YP_008567945.1

1e-172
2e-15

471
266

2380
2755

578
2486

600
89

oligopeptide transporter protein A [Lactococcus lactis ssp. lactis biovar. diacetylactis]
hypothetical protein [Lactococcus lactis]

582/ 600 (97)
88/ 89 (99)

YP_004770063.1
WP_021214635.1

0.0
2e-54

600
89

140
377
586

367
565
1137

75
62
183

75/ 75 (100)
62/ 62 (100)
183/ 183 (100)

WP_017864513.1
YP_001032567.1
YP_004770016.1

9e-44
9e-34
2e-122

107
62
183

4
5
6
7
8
9
10
11
contig_C95
1
2
3
4

1263
2252
3597
3902
4626
5577
5793
5960

2213
3193
4462
4462
4432
4672
5587
6589

316
313
102
186
64
301
68
209

hypothetical protein [Lactococcus lactis]
hypothetical protein llmg_1259 [Lactococcus lactis ssp. cremoris MG1363]
putative Gls24 family general stress protein [Lactococcus lactis ssp. lactis biovar.
diacetylactis]
Mg2+ and Co2+ transporter, CorA family [Lactococcus lactis]
N(5)-(carboxyethyl)ornithine synthase [Lactococcus garvieae]
hypothetical protein [Streptococcus criceti]
lysine decarboxylase [Streptococcus agalactiae]
hypothetical protein ACD_45C00259G0003 [uncultured bacterium]
hypothetical protein CVCAS_0617 [Lactococcus lactis ssp. lactis CV56]
Cro/CI family transcriptional regulator [Lactococcus lactis ssp. lactis CV56]
hypothetical protein [Lactococcus garvieae]

314/ 316 (99)
302/ 313 (97)
74/ 100 (74)
122/ 186 (66)
24/ 60 (40)
277/ 301 (92)
68/ 68 (100)
41/ 49 (84)

WP_021721703.1
WP_017371283.1
WP_004225830.1
WP_000704750.1
EKD73576.1
YP_005868013.1
YP_005868014.1
WP_017371284.1

0.0
0.0
6e-48
3e-90
4.3
0.0
8e-41
1e-16

316
313
105
188
103
301
120
52

144
266
745
1136

227
415
542
990

27
49
71
48

protein-tyrosine phosphatase [Lactococcus lactis ssp. lactis KF147]
50S ribosomal protein L33 [Lactococcus lactis ssp. lactis IL1403]
peptide deformylase [Gracilibacillus halophilus]
transposase [Lactococcus lactis ssp. cremoris TIFN7]

25/ 26 (96)
47/ 49 (96)
13/ 46 (28)
35/ 53 (62)

YP_003354428.1
NP_266249.1
WP_003467263.1
WP_021211370.1

3e-07
1e-23
4.8
3e-13

248
49
184
96

299

5

1244

2146

300

298/ 300 (99)

WP_023349368.1

0.0

300

300

LytR family transcriptional regulator [Lactococcus lactis ssp. lactis biovar.
diacetylactis LD61]
polysaccharide biosynthesis protein [Lactococcus lactis ssp. lactis KF147]

6
contig_C90
1
2
3
contig_C93
1
2
3
4
5

3073

2171

294/ 300 (98)

YP_003352616.1

0.0

300

1074
1363
1438

28
1157
1773

348
68
111

integrase [Lactococcus lactis ssp. lactis CV56]
excisionase [Lactococcus lactis ssp. lactis CV56]
IS3 family transposase [Lactococcus lactis ssp. cremoris UC509.9]

330/ 332 (99)
67/ 68 (99)
101/ 111 (91)

YP_005868036.1
YP_005868035.1
YP_006998519.1

0.0
7e-41
1e-66

379
68
111

78
696
3298
3654
3893

536
1094
1180
3299
4443

152
132
705
119
184

152/ 152 (100)
130/ 132 (98)
705/ 705 (100)
72/ 118 (61)
182/ 184 (99)

WP_023189783.1
WP_021164987.1
NP_862600.1
WP_016612416.1
WP_023349229.1

5e-107
1e-91
0.0
2e-43
3e-129

152
132
705
119
184

6

5869

4583

428

416/ 428 (97)

WP_021214708.1

0.0

428

7
8

6741
7109

5856
6746

294
121

288/ 294 (88)
121/ 121 (100)

WP_017864520.1
WP_017864521.1

0.0
2e-81

294
121

9
10
11
12
13
14
15
contig_C98
1
2
3
4
5
6
7

7721
8903
9199
10749
11511
11754
13618

7984
8154
9879
10020
10753
11521
12266

87
249
226
242
252
77
450

mobile element protein [Lactococcus lactis]
transposase IS1077, partial [Lactococcus lactis]
cadmium efflux ATPase cadA [Lactococcus lactis ssp. lactis]
cadmium efflux system accessory protein [Enterococcus faecium]
transposon Tn552 DNA-invertase binR [Lactococcus lactis ssp. lactis biovar.
diacetylactis LD61]
hypothetical protein LLDT4_03920 [Lactococcus lactis ssp. lactis biovar. diacetylactis
TIFN4
hypothetical protein [Lactococcus lactis]
hypothetical protein LLDT4_03930 [Lactococcus lactis ssp. lactis biovar. diacetylactis
TIFN4]
transposase of IS1297 [Lactococcus lactis]
nicotinamide mononucleotide transporter [Lactococcus lactis ssp. lactis KF147]
transposase of IS946V [Lactococcus lactis]
partition protein B [Lactococcus lactis]
partition protein A [Lactococcus lactis]
hypothetical protein llh_13910 [Lactococcus lactis ssp. cremoris A76]
replication protein [Lactococcus lactis ssp. lactis KF147]

72/ 76 (95)
249/ 249 (100)
221/ 226 (98)
242/ 242 (100)
252/ 252 (100)
77/ 77 (100)
450/ 450 (100)

YP_005863074.1
YP_001174683.1
YP_001174682.1
YP_001174681.1
YP_001174680.1
YP_005877367.1
YP_001174679.1

1e-42
9e-173
2e-162
1e-169
5e-178
4e-47
0.0

226
249
226
242
252
77
450

1184
2262
3390
4144
4930
5680
6469

336
1198
2320
3460
4166
4985
5690

282
354
356
228
254
231
259

273/ 278 (98)
348/ 354 (98)
347/ 356 (97)
216/ 228 (95)
252/ 254 (99)
229/ 231 (99)
258/ 259 (99)

YP_003352612.1
YP_003352611.1
YP_003352610.1
BAN70288.1
YP_008701604.1
YP_008701603.1
YP_005874683.1

0.0
0.0
0.0
2e-157
0.0
1e-163
0.0

295
354
356
228
254
231
259

8
9

7278
7530

6565
7312

237
72

family 2 glycosyltransferase [Lactococcus lactis ssp. lactis KF147]
polysaccharide biosynthesis protein [Lactococcus lactis ssp. lactis KF147]
group 1 glycosyltransferase [Lactococcus lactis ssp. lactis KF147]
putative glucose-1-phosphate transferase [Lactococcus lactis ssp. lactis]
tyrosine protein phosphatase [Lactococcus lactis ssp. lactis KLDS 4.0325]
tyrosine protein kinase [Lactococcus lactis ssp. lactis KLDS 4.0325]
tyrosine-protein kinase trans-membrane modulator epsC [Lactococcus lactis ssp.
cremoris A76]
polysaccharide biosynthesis protein [Lactococcus raffinolactis]
transcription regulator epsR [Lactococcus garvieae Lg2]

233/ 236 (99)
105/ 105 (100)

WP_003137843.1
YP_005870176.1

2e-164
7e-70

255
105

300

10
11
12
contig_C65
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
contig_C103
1
2
contig_C101
1

8030
8560
10250

8611
9423
9555

193
287
231

transposase [Lactococcus lactis ssp. cremoris SK11]
transposase [Lactococcus lactis ssp. cremoris A76]
hypothetical protein [Lactococcus lactis ssp. cremoris A76]

193/ 193 (100)
283/287 (99)
223/ 231 (97)

YP_811975.1
YP_005874679.1
YP_005874678.1

1e-135
0.0
5e-158

193
287
231

521
1655
2462
3805
4638
5003
6074
6440
7341
7600
8812
9068
9558
9852
10169
10649
12813
13960
14104
14520
14960
15387
15688
15854
17152
17429
17843
18532

964
2443
2937
3050
3780
4635
5169
6048
7478
8689
9081
9335
9676
10151
10645
12335
13967
14076
14433
14831
15220
15599
15906
17143
17415
17839
18112
18125

147
262
158
251
285
122
301
118
45
359
89
95
70
99
158
561
384
38
109
103
86
70
72
429
87
136
83
135

hypothetical protein LLKF_0688 [Lactococcus lactis ssp. lactis KF147]
hypothetical protein LLKF_0291 [Lactococcus lactis ssp. lactis KF147]
hypothetical protein lilo_0593 [Lactococcus lactis ssp. lactis IO-1]
hypothetical protein LLKF_0292 [Lactococcus lactis ssp. lactis KF147]
ABC transporter ATP-binding protein [Lactococcus lactis ssp. lactis CV56]
R family transcriptional regulator [Lactococcus lactis ssp. lactis CV56]
hypothetical protein LLKF_0296 [Lactococcus lactis ssp. lactis KF147]
Cro/ CI family transcriptional regulator [Lactococcus lactis ssp. lactis KF147]
Cro/ Cl family transcriptional regulator [Lactococcus garvieae]
hypothetical protein CVCAS_2301 [Lactococcus lactis ssp. lactis CV56]
hypothetical protein [Flavobacterium sp. SCGC AAA160-P02]
testis-specific gene 13 protein [Condylura cristata]
hypothetical protein PPL_04202 [Polysphondylium pallidum PN500]
hypothetical protein CVCAS_0622 [Lactococcus lactis ssp. lactis CV56]
hypothetical protein [Lactococcus garvieae]
cell division protein ftsK [Lactococcus lactis]
phosphoglucomutase [Lactococcus lactis ssp. lactis IO-1]
hypothetical protein [Lactococcus lactis]
hypothetical protein LLKF_0308 [Lactococcus lactis ssp. lactis KF147]
hypothetical protein [Lactococcus lactis]
hypothetical protein LLKF_0310 [Lactococcus lactis ssp. lactis KF147]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
hypothetical protein [Lactococcus lactis]
hypothetical protein LLKF_0314 [Lactococcus lactis ssp. lactis KF147]
hypothetical protein [Lactococcus lactis]
conjugative transposon protein, ATPase [Lactococcus lactis ssp. lactis KF147]
hypothetical protein, partial [Lactococcus lactis]

81/ 143 (57)
254/ 262 (97)
155/ 158 (98)
242/ 251 (96)
276/ 285 (97)
121/ 122 (99)
297/ 301 (99)
117/ 118 (99)
41/45 (91)
307/ 363 (85)
21/ 49 (43)
23/ 57 (40)
21/ 61 (34)
98/ 99 (99)
153/ 158 (97)
544/ 561 (97)
378/ 384 (98)
36/38 (95)
107/109 (98)
100/ 103 (97)
83/ 86 (97)
69/ 70 (99)
66/ 72 (92)
425/ 429 (99)
86/ 87 (99)
134/ 136 (99)
81/ 83 (98)
124/ 130 (95)

YP_003353152.1
YP_003352763.1
YP_007507920.1
YP_003352765.1
YP_005869663.1
YP_005869662.1
YP_003352768.1
YP_003352769.1
WP_017371265.1
YP_005869652.1
WP_020081317.1
XP_004677245.1
EFA82514.1
YP_005868017.1
WP_017371130.1
WP_003129470.1
YP_007507932.1
WP_021214793.1
YP_003352780.1
WP_003129461.1
YP_003352782.1
WP_021214796.1
WP_003131791.1
WP_023349079.1
YP_003352786.1
WP_021214799.1
YP_003352788.1
WP_021214740.1

4e-45
9e-178
3e-103
8e-163
0.0
1e-79
0.0
5e-78
2e-19
1e-169
0.93
0.25
1.2
3e-62
1e-106
0.0
0.0
4e-05
2e-71
2e-64
7e-55
2e-41
3e-40
0.0
2e-50
1e-89
4e-46
8e-88

159
261
158
251
285
122
301
118
106
362
818
228
419
99
158
561
384
38
109
103
86
70
72
429
87
136
818
143

124
419

441
961

105
180

hypothetical protein N036_33270, partial [Enterococcus gallinarum EGD-AAK12]
amino acid amidohydrolase [Lactococcus lactis ssp. lactis CV56]

97/ 97 (100)
142/ 161 (89)

ERE47138.1
YP_005867664.1

4e-56
6e-94

555
384

201

428

75

copper chaperone [Lactococcus lactis ssp. lactis KF147]

75/ 75 (100)

YP_003354950.1

3e-44

75

301

2
3
4
5
6
7
8

477
1108
1933
2160
2403
2678
2771

1022
1797
2097
2339
2579
2538
3704

181
229
54
59
58
46
310

DNA binding protein [Lactococcus lactis]
transcriptional regulator type FNR [Lactococcus lactis]
putative secreted protein [Lactococcus lactis ssp. lactis A12]
hypothetical protein LLT5_01685 [Lactococcus lactis ssp. cremoris TIFN5]
hypothetical protein llmg_0680 [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein LLNZ_03620 [Lactococcus lactis ssp. cremoris NZ9000]
oligopeptide ABC transporter ATP binding protein [Lactococcus lactis ssp. lactis
IL1403]

180/ 181 (99)
228/ 229 (99)
54/ 54 (100)
56/ 59 (95)
57/ 58 (99)
42/ 46 (91)
292/ 309 (94)

YP_001174737.1
WP_021723416.1
WP_021723415.1
WP_021214056.1
YP_001032019.1
YP_006356135.1
NP_267998.1

2e-127
5e-166
8-27
4e-30
1e-32
1e-17
0.0

181
229
54
62
58
47
338

13

327

104

gluconate permease, Bsu4004 homolog [Lactococcus lactis]

104/ 104 (100)

WP_023190130.1

5e-64

234

213
593

548
1414

111
273

IS3 family transposase [Lactococcus lactis ssp. cremoris UC509.9]
transposase [Lactococcus garvieae]

101/ 111 (91)
263/ 273 (96)

YP_006998519.1
WP_019298997.1

1e-66
0.0

111
273

1055
1860
2414

688
1042
1857

125
272
185

ISLL-6 transposase [Lactococcus lactis ssp. cremoris]
transposase [Enterococcus faecalis 62]
transposase [Lactococcus lactis ssp. cremoris SK11]

116/ 123 (94)
269/ 272 (99)
181/ 185 (98)

AFK83768.1
YP_005704815.1
YP_808648.1

5e-77
0.0
4e-130

125
272
185

30

146

38

24/ 24 (100)

YP_005094017.1

4e-07

634

2
3
4
5
6
7

382
1284
1826
1932
2114
2353

684
994
1284
1648
2338
3825

100
96
180
94
74
490

100/ 100 (100)
55/ 60 (92)
175/ 180 (97)
91/ 94 (97)
74/ 74 (100)
483/ 490 (99)

WP_017865389.1
WP_000300474.1
WP_023043047.1
WP_002330552.1
YP_003354168.1
YP_003354167.1

9e-58
2e-29
2e-123
1e-59
8e-46
0.0

100
102
180
94
74
490

8
9
10
11
12
13
14

4261
4535
4837
5233
5626
7468
7950

3959
4404
5133
5472
6195
6701
8375

100
43
98
79
189
255
141

100/ 100 (100)
43/ 43 (100)
98/ 98 (100)
64/ 79 (81)
172/ 188 (91)
253/ 255 (99)
141/ 141 (100)

YP_006998461.1
WP_017865348.1
WP_002375293.1
EQC57506.1
WP_017865303.1
WP_017865301.1
YP_004770089.1

6e-66
2e-21
4e-64
5e-15
5e-119
0.0
3e-95

100
43
98
79
193
255
141

15

8392

8907

171

lead, cadmium, zinc and mercury transporting ATPase [Streptococcus macedonicus
ACA-DC 198]
hypothetical protein [Lactococcus lactis]
MerR family transcriptional regulator, partial [Streptococcus agalactiae]
transposase [Enterococcus faecium]
transposase for insertion sequence-like element IS431mec [Enterococcus faecium]
hypothetical protein LLKF_1763 [Lactococcus lactis ssp. lactis KF147]
cation binding protein, hemerythrin HHE domain family [Lactococcus lactis ssp. lactis
KF147]
hypothetical protein uc509_p8064 [Lactococcus lactis ssp. cremoris UC509.9]
hypothetical protein [Lactococcus lactis]
conserved hypothetical protein [Enterococcus faecalis E1Sol]
hypothetical protein LLT6_00185 [Lactococcus lactis ssp. cremoris TIFN6]
transposon Tn552 DNA-invertase binR [Lactococcus lactis]
DeoR family transcriptional regulator [Lactococcus lactis]
galactose-6-phosphate isomerase subunit lacA [Lactococcus lactis ssp. lactis biovar.
diacetylactis]
galactose-6-phosphate isomerase subunit lacB [Lactococcus lactis ssp. lactis biovar.
diacetylactis]

171/ 171 (100)

YP_004770088.1

4e-122

171

contig_C105
1
contig_C107
1
2
contig_C108
1
2
3
Contig_C89
1

302

16
17
18

8918
9853
10861

9850
10833
11178

310
326
105

19

11178

12884

568

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
Contig_C109
1
2
3
4
5
Contig_C110
1
2
3
4

13022
14720
15868
15856
16707
17575
17829
19340
20957
22017
22255
22919
23109
23758
24162

14428
15619
15680
16377
17312
17724
18674
18843
19755
21361
22845
23119
23732
24165
24506

834
1153
1806
1957
2222

Contig_C111
1
2
Contig_C112

310/ 310 (100)
325/ 326 (99)
105/ 105 (100)

WP_004256005.1
EIT67213.1
YP_004770085.1

0.0
0.0
2e-69

310
326
105

566/ 568 (99)

YP_004770084.1

0.0

568

468
299
62
173
201
49
281
165
400
218
196
66
207
135
114

tagatose-6-phosphate kinase [Lactococcus garvieae]
tagatose 1,6-diphosphate aldolase [Lactococcus garvieae IPLA 31405]
PTS family lactose-N,N-diacetylchitobiose-beta-glucoside transporter subunit IIA
[Lactococcus lactis ssp. lactis biovar. diacetylactis]
PTS system lactose-specific transporter subunit IIBC [Lactococcus lactis ssp. lactis
biovar. diacetylactis]
6-phospho-beta-galactosidase [Streptococcus salivarius]
protein lacX [Lactococcus lactis]
hypothetical protein LLT6_12330, partial [Lactococcus lactis ssp. cremoris TIFN6]
gp5 [Lactococcus lactis]
pyrrolidone-carboxylate peptidase [Lactococcus lactis ssp. cremoris UC509.9]
transposon resolvase [Enterococcus faecium]
transcriptional regulator, AraC family [Enterococcus sp. HSIEG1]
acetyltransferase [Lactococcus lactis ssp. cremoris SK11]
oxalate:formate antiporter, MFS family [Lactococcus lactis ssp. cremoris A76]
transposase IS1216 [Lactococcus lactis]
putative HTH-type transcriptional regulator [Lactococcus lactis ssp. cremoris]
hypothetical protein [Lactococcus lactis]
isochorismatase [Lactococcus lactis]
hypothetical protein N036_51545 [Enterococcus gallinarum EGD-AAK12]
dihydrolipoamide dehydrogenase [Lactococcus lactis]

467/ 468 (99)
295/ 299 (99)
61/ 62 (98)
169/ 172 (98)
198/ 198 (100)
40/ 40 (100)
281/ 281 (100)
162/ 165 (98)
399/ 400 (99)
210/ 218 (96)
195/ 196 (99)
66/ 66 (100)
206/ 207 (99)
135/ 135 (100)
115/ 115 (100)

WP_002889671.1
WP_017865297.1
EQC57084.1
AAC38348.1
YP_005877563.1
WP_010722379.1
EQC79108.1
YP_796476.1
YP_005877273.1
WP_017865296.1
YP_006965845.1
WP_017865294.1
WP_017865293.1
ERE60112.1
WP_017865291.1

0.0
0.0
1e-35
2e-113
4e-141
1e-18
0.0
8e-116
0.0
3e-153
2e-138
7e-41
3e-152
2e-92
2e-72

487
299
81
332
215
115
281
165
418
226
196
66
207
135
449

154
872
1225
2241
2261

226
93
193
94
129

transposase [Streptococcus macedonicus ACA-DC 198]
transposase [Lactococcus lactis ssp. cremoris SK11]
transposase [Lactococcus lactis ssp. cremoris SK11]
transposase for insertion sequence-like element IS431mec [Enterococcus faecium]
transposase [Streptococcus sp. C150]

225/ 226 (99)
81/ 82 (99)
192/ 193 (99)
93/ 94 (99)
109/ 113 (96)

YP_005094019.1
YP_808825.1
YP_811975.1
WP_002330552.1
WP_008534710.1

3e-163
3e-52
2e-137
9e-61
1e-73

226
181
193
94
127

204
1218
2158
3127

1136
2177
3117
3564

310
319
319
146

Oligopeptide transporter D [Lactococcus lactis ssp. lactis A12]
Oligopeptide transporter F [Lactococcus lactis ssp. lactis A12]
Oligopeptide transporter B [Lactococcus lactis ssp. lactis A12]
Oligopeptide transport system permease protein oppC [Lactococcus lactis ssp. lactis
A12]

285/ 303 (94)
317/ 319 (99)
317/ 319 (99)
146/ 146 (100)

WP_021722648.1
WP_021468831.1
WP_021722649.1
YP_004770062.1

0.0
0.0
0.0
1e-96

338
319
319
294

1331
1315

2
1458

443
45

endopeptidase pepO2 [Lactococcus lactis ssp. lactis A12]
unknown protein

412/ 426 (97)

WP_021722256.1

0.0

627

303

1
Contig_C113
1
Contig C114
1
2
Contig_C116
1

130

1445

439

histidine kinase, partial [Lactococcus lactis]

513/ 515 (99)

WP_017864819.1

0.0

475

1070

1

356

ABC transporter ATP-binding protein, partial [Enterococcus gallinarum EGDAAK12]

110/ 112 (98)

ERE51620.1

0.0

421

154
223

1
1014

47
264

UDP-diphosphatase [Lactococcus lactis ssp. lactis KF147]
1,4-alpha-glucan-branching protein [Lactococcus lactis ssp. lactis KF147]

43/ 47 (91)
262/ 264 (99)

YP_003354828.1
YP_003352601.1

2e-21
0.0

284
648

227

1

409

Predicted cell-wall-anchored protein sasA (LPXTG motif) [Lactococcus lactis ssp.
lactis Dephy 1]

393/ 409 (96)

WP_023188733.1

0.0

809

304

Appendix 5-3
ORF table of non-alignment contigs to reference genomes for DPC6860 (Grass)
ORF

Start

Stop

Size
(aa)

Predicted function

Identity

Accession no.

E-value

Size

Contig_G74
1
2
3
4
5
6
7
8
9

318
424
1526
3501
4025
4467
4993
5928
6936

1
1059
2450
2781
4450
4982
5925
6908
7253

106
211
310
241
141
171
310
326
105

95/ 100 (95)
200/ 211 (95)
267/ 309 (86)
231/ 241 (96)
141/ 141 (100)
171/ 171 (100)
310/ 310 (100)
326/ 326 (100)
103/ 105 (98)

WP_010723073.1
WP_021211520.1
YP_005867344.1
WP_021166432.1
YP_004761520.1
YP_004761519.1
YP_004761518.1
YP_796532.1
YP_004770085.1

4e-62
3e-62
0.0
2e-162
3e-95
7e-122
0.0
0.0
1e-68

256
206
307
243
141
171
310
326
105

10

7258

8964

568

566/ 568 (99)

WP_003131734.1

0.0

568

11
12
13
14
15
16
17
18
19
20
21
22
Contig_G75
1
2
3
4
Contig_G76
1
2

9024
10767
12408
13457
13792
20608
22485
22889
23538
23729
24393
24601

10475
11666
11728
12558
19680
19928
21136
22503
22915
23565
23803
25005

477
299
226
299
1962
226
449
128
207
54
196
135

transposase [Enterococcus faecium EnGen0264]
hypothetical protein LLT7_02890 [Lactococcus lactis ssp. cremoris TIFN7]
hypothetical protein CVCAS_pA0018 [Lactococcus lactis ssp. lactis CV56]
DeoR family transcriptional regulator [Lactococcus lactis ssp. cremoris TIFN5]
galactose 6-P isomerase lacA subunit [Lactococcus lactis ssp. cremoris A76]
galactose 6-P isomerase subunit lacB [Lactococcus lactis ssp. lactis]
tagatose 6-P kinase [Lactococcus lactis ssp. lactis]
tagatose 1,6-diphosphate aldolase [Lactococcus lactis ssp. cremoris SK11]
PTS family lactose-N,N-diacetylchitobiose-beta-glucoside transporter subunit
IIA [Lactococcus lactis ssp. lactis biovar. diacetylactis]
PTS lactose transporter subunit IIBC [Lactococcus lactis ssp. lactis biovar.
diacetylactis str. LD61]
6-phospho-beta-galactosidase [Lactococcus lactis ssp. cremoris TIFN7]
lacX [Lactococcus lactis ssp. cremoris]
transposase [Listeria inocua Clip11262]
prtM [Lactococcus lactis ssp. lactis biovar. diacetylactis]
prtP lactocepin I [Lactococcus lactis ssp. cremoris UC509.9]
transposase element IS1297 [Streptococcus thermophilus MN-ZLW-002]
dihydrolipoamide dehydrogenase [Lactococcus lactis ssp. cremoris]
hypothetical protein pLP712_46 [Lactococcus lactis ssp. cremoris]
isochorismatase family protein [Lactococcus lactis ssp. cremoris]
conserved hypothetical protein [Enterococcus faecalis T8]
putative HTH-type transcriptional regulator [Lactococcus lactis ssp. cremoris]
transposase [Lactococcus lactis]

476/ 477 (99)
296/ 299 (99)
222/ 226 (98)
297/ 299 (99)
1914/ 1962 (98)
220/ 226 (97)
448/ 449 (99)
128/ 128 (100)
207/ 207 (100)
51/ 54 (94)
196/ 196 (100)
134/ 135 (99)

YP_004761515.1
YP_006965846.1
NP_569202.1
ACF37493.1
YP_007000506.1
YP_006339954.1
YP_006965841.1
YP_006965842.1
YP_006965843.1
WP_002388567.1
YP_006965845.1
CAA42988.1

0.0
0.0
2e-162
0.0
0.0
2e-161
0.0
3e-87
1e-152
1e-27
1e-139
8e-93

477
299
226
299
1974
226
449
128
207
56
196
175

3
1513
2166
2222

664
774
1585
2527

213
247
193
101

hypothetical protein [Lactococcus lactis ssp. cremoris A76]
transposase [Lactococcus lactis ssp. cremoris A76]
transposase [Lactococcus lactis ssp. cremoris SK11]
transposase [Lactococcus lactis ssp. lactis IO-1]

203/ 207 (98)
239/ 247 (97)
191/ 193 (99)
100/ 101 (99)

YP_005874678.1
YP_005874679.1
YP_811975.1
YP_007507882.1

3e-143
8e-174
5e-138
4e-64

231
287
193
101

468
1497

163
1922

101
141

transposase [Lactococcus lactis ssp. lactis IO-1]
ArsC family protein [Lactococcus lactis ssp. cremoris KW2]

100/ 101 (99)
135/ 141 (96)

YP_007507882.1
YP_008568786.1

4e-64
2e-92

101
141

305

3
4
5
6
Contig_G77
1
Contig_G78
1
Contig_G79
1
2
3
Contig_G101
1
Contig_G92
1
2
3
Contig_G88
1
Contig_G89
1
2
3
Contig_G96
1
2
Contig_G98
1
2
3
4
Contig_G91
1
2
Contig_G95

2697
2870
4023
5012

2287
3727
4268
4689

136
285
81
108

transcriptional regulator [Lactococcus lactis ssp. cremoris SK11]
aldo/ keto reductase family protein [Lactococcus lactis ssp. cremoris KW2]
hypothetical protein kw2_1146 [Lactococcus lactis ssp. cremoris KW2]
phage-associated peptidase [Lactococcus lactis ssp. cremoris SK11]

135/ 136 (99)
280/ 285 (98)
81/ 81 (100)
26/ 43 (60)

YP_809305.1
YP_008568788.1
YP_008568789.1
YP_809104.1

3e-93
0.0
1e-47
4e-06

136
285
81
979

536

2

178

hypothetical protein [Lactococcus lactis ssp. cremoris A76]

170/ 174 (98)

YP_005874678.1

3e-116

231

3

1247

414

cation transporter E1-E2 family ATPase [Lactococcus lactis ssp. cremoris
MG1363]

403/ 406 (99)

YP_001031895.1

0.0

775

523
692
1041

398
964
889

41
91
50

hypothetical protein LLT6_10665 [Lactococcus lactis ssp. cremoris TIFN6]
unknown
integrase [Lactococcus phage r1t]

40/ 41 (98)

EQC58098.1

5e-19

41

34/ 38 (89)

NP_695029.1

2e-13

374

61

1224

388

DNA adenine methylase [Streptococcus macacae NCTC 11558]

245/ 385 (64)

WP_003081814.1

4e-166

653

261

271

136

124/ 133 (93)

YP_001032544.1

2e-79

218

677
2532

874
1258

65
424

cyclic nucleotide-binding domain-containing protein [Lactococcus lactis ssp.
cremoris MG1363]
transposase IS431, partial [Lactococcus lactis]
major facilitator superfamily permease [Lactococcus lactis ssp. cremoris]

64/ 65 (98)
424/ 424 (100)

WP_021214046.1
YP_006965834.1

1e-37
0.0

67
457

1074

37

345

multi-copper oxidase [Lactobacillus mali KCTC 3596 = DSM 20444]

345/ 345 (100)

WP_003690689.1

0.0

345

286
907
968

1
441
1172

95
115
68

D-alanyl-D-alanine carboxypeptidase [Lactococcus lactis ssp. cremoris SK11]
bactoprenol glucosyl transferase [Lactococcus lactis ssp. cremoris MG1363]
transposase IS431, partial [Lactococcus lactis ssp. cremoris TIFN6]

79/ 96 (82)
144/ 152 (95)
59/ 68 (87)

YP_808983.1
YP_001031496.1
EQC54564.1

3e-38
3e-96
2e-32

248
316
80

841
1555

221
2286

206
244

DNA methyltransferase [Haemophilus influenzae]
RepB protein [Lactococcus lactis ssp. cremoris TIFN7]

120/ 206 (58)
241/ 244 (99)

WP_005671623.1
WP_021211532.1

8e-75
2e-176

360
388

10
496
816
2020

417
771
1676
1673

135
91
286
115

transposase ISRSO8, partial [Lactococcus garvieae]
transposase A of ISLL6 [Lactococcus lactis]
hypothetical protein [Lactococcus garvieae]
transposase ISRSO8, partial [Lactococcus garvieae]

134/ 135 (99)
90/ 91 (99)
261/ 273 (96)
114/ 115 (99)

WP_017371154.1
YP_001174741.1
WP_016170872.1
WP_017371154.1

3e-96
9e-58
0.0
3e-80

135
91
273
135

950
1074

597
1419

117
115

hypothetical protein SMA_2045 [Streptococcus macedonicus ACA-DC 198]
signal transduction histidine kinase lytS [Streptococcus salivarius JIM8777]

109/ 113 (96)
111/ 113 (98)

YP_005095608.1
YP_006070303.1

9e-70
4e-70

126
200

306

1

423

22

133

129/ 131 (98)

YP_004887832.1

2e-88

226

164
172

putative transposase for insertion sequence element [Tetragenococcus
halophilus NBRC 12172]
mobilization protein [Enterococcus faecalis]
relaxase/mobilization nuclease domain protein, partial [Enterococcus faecalis]

2
3
Contig_G90
1
2
3
Contig_G99
1
2
3
Contig_G84
1
2
Contig_G102
1
2
Contig_G81
1
2
Contig_G92
1
Contig_G86
1
2
Contig_G104
1
2
3
4
5
6
7
8
9
10

757
1230

1251
1745

162/ 164 (99)
147/ 161 (91)

WP_002395943.1
WP_002395941.1

3e-112
8e-101

164
181

59
1432
1977

415
797
2730

118
211
251

cadmium efflux ATPase cadA [Lactococcus lactis ssp. lactis]
PIL6_6 [Lactococcus lactis ssp. lactis]
type II restriction endonuclease [Streptococcus equi ssp. zooepidemicus]

118/ 118 (100)
206/ 211 (98)
153/ 250 (61)

YP_004761537.1
YP_006962314.1
YP_002744129.1

2e-70
2e-143
1e-100

705
211
580

227
714
1138

51
364
707

58
116
143

hypothetical protein LLT7_01885 [Lactococcus lactis ssp. cremoris TIFN7]
Replication-associated protein [Lactococcus lactis]
repB [Lactococcus lactis ssp. lactis Dephy 1]

49/ 58 (84)
69/ 108 (64)
135/ 140 (96)

WP_021211526.1
WP_023189083.1
YP_001098359.1

4e-22
2e-31
3e-88

62
106
383

58
727

730
1350

223
207

relaxase [Lactococcus lactis]
putative mobilization protein [Lactococcus lactis ssp. cremoris]

212/ 223 (95)
186/ 207 (90)

WP_023349257.1
NP_053038.1

4e-146
2e-131

410
207

84
485

389
1246

101
253

transposase [Lactococcus lactis ssp. lactis IO-1]
transposase of IS904B [Lactococcus lactis ssp. lactis IL1403]

100/ 101 (99)
252/ 253 (99)

YP_007507882.1
NP_266293.1

4e-64
0.0

101
253

353
1243

108
728

81
171

RepB protein [Lactococcus garvieae]
putative mobilization protein [Lactococcus lactis ssp. lactis]

77/ 77 (100)
171/ 171 (100)

WP_017370412.1
YP_004761554.1

2e-44
9e-121

385
200

1052

11

346

restriction endonuclease [Streptococcus equi ssp. equi 4047]

189/ 334 (57)

YP_002746828.1

2e-126

541

1
528

531
1118

176
196

RepB protein [Lactococcus garvieae]
RepB family protein [Lactococcus lactis]

175/ 176 (99)
153/ 197 (78)

WP_017370412.1
WP_023349254.1

4e-120
3e-96

385
197

348
1353
2625
3365
3489
4091
4858
5681
6869
7435

1028
1763
2035
3012
4091
4882
5694
6481
6696
6845

226
136
196
117
200
263
278
266
57
196

225/ 226 (99)
136/ 136 (100)
195/ 196 (99)
109/ 113 (96)
197/ 200 (99)
260/ 263 (99)
273/ 278 (98)
263/ 266 (99)
56/ 57 (98)
153/ 197 (78)

WP_016897246.1
WP_017865380.1
YP_004761469.1
YP_005095608.1
YP_006726566.1
WP_000130447.1
YP_001578094.1
WP_003005192.1
YP_001450217.1
WP_023349254.1

2e-163
2e-92
2e-137
9e-70
6e-139
0.0
0.0
0.0
6e-33
3e-96

226
136
196
126
200
263
278
266
57
197

8589

7432

385

transposase IS1216 [Aerococcus viridans]
GNAT family acetyltransferase [Lactobacillales]
resolvase [Lactobacillales]
hypothetical protein SMA_2045 [Streptococcus macedonicus ACA-DC 198]
hypothetical protein LBUCD034_1995 [Lactobacillus buchneri CD034]
ABC transporter permease [Streptococcus oralis]
ABC transporter [Lactobacillus helveticus DPC 4571]
cobalt ABC transporter ATPase [Streptococcus parasanguinis]
HsdD protein [Streptococcus gordonii str. challis substr. CH1]
RepB family protein [Lactococcus lactis ssp. lactis biovar. diacetylactis str.
LD61]
RepB protein [Lactococcus garvieae]

11

384/ 385 (99)

WP_017370412.1

0.0

385
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12
13
14
15
Contig_G105
1
2
3
4
5

9566
10206
11435
11908

8964
9583
10203
11414

200
207
410
164

putative mobilization protein [Lactococcus lactis ssp. lactis]
mobilization protein [Lactococcus raffinolactis]
Relaxase/ Mobilisation nuclease domain [Enterococcus sp. 7L76]
mobilization protein [Enterococcus faecalis]

198/ 200 (99)
203/ 207 (98)
403/ 410 (98)
162/ 164 (99)

YP_004761554.1
WP_003140517.1
YP_007809070.1
WP_002395943.1

2e-140
1e-145
0.0
3e-112

200
207
410
164

284
637
810
1213
1828

132
335
634
947
1358

50
100
58
88
156

hypothetical protein llmg_0669 [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein llmg_0670 [Lactococcus lactis ssp. cremoris MG1363]
hypothetical protein LLT6_04645 [Lactococcus lactis ssp. cremoris TIFN6]
hypothetical protein LLNZ_03480 [Lactococcus lactis ssp. cremoris NZ9000]
transposase for insertion sequence element IS904 [Lactococcus lactis ssp.
cremoris A76]

46/ 50 (92)
99/ 100 (99)
55/ 58 (95)
87/ 88 (99)
143/ 148 (97)

YP_001032008.1
YP_001032009.1
WP_021213339.1
YP_006356107.1
YP_005875645.1

8e-24
9e-65
5e-31
6e-57
3e-103

50
100
58
88
152

2
903
2104
2220
3602
4046
4077
4846
6451

910
1577
1895
2041
2361
3581
4787
6411
7401

302
224
69
59
413
154
236
521
316

RepB protein [Lactococcus lactis ssp. cremoris TIFN7]
OrfX replication associated protein [Lactococcus lactis ssp. cremoris UC509.9]
hypothetical protein LLT5_12605 [Lactococcus lactis ssp. cremoris TIFN5]
hypothetical protein LACR_0119 [Lactococcus lactis ssp. cremoris SK11]
hypothetical protein LACR_0118 [Lactococcus lactis ssp .cremoris SK11]
bactoprenol glucosyl transferase [Lactococcus lactis ssp. cremoris MG1363]
transposase IS1216 [Lactococcus lactis]
putative multi-copper oxidase [Lactococcus lactis ssp. lactis]
MFS transporter permease [Lactococcus lactis ssp. cremoris TIFN5]

286/ 302 (95)
170/ 224 (76)
60/ 61 (98)
47/ 47 (100)
407/ 411 (99)
143/ 152 (94)
235/ 236 (99)
519/ 520 (99)
312/ 314 (99)

WP_021211532.1
YP_006998518.1
WP_021213809.1
YP_808164.1
YP_808163.1
YP_001031496.1
WP_023349245.1
YP_004761475.1
WP_021166413.1

0.0
3e-107
9e-34
4e-23
0.0
9e-94
8e-172
0.0
0.0

388
176
69
60
411
316
236
520
457

393
1213
1428

103
560
1312

96
217
38

48/ 109 (44)
192/ 216 (89)
23/ 25 (92)

WP_017864523.1
YP_005352348.1
WP_021214973.1

3e-19
2e-142
3e-08

109
217
138

4
5
Contig_G108
1
2
3
Contig_G109
1

1398
2791

2108
2492

236
99

hypothetical protein [Lactococcus lactis]
putative replication protein [Lactococcus garvieae]
hypothetical protein LLDT4_13465 [Lactococcus lactis ssp. lactis biovar.
diacetylactis TIFN4]
transposase IS1216 [Lactococcus lactis]
major facilitator superfamily permease, partial [Lactobacillus paracasei]

234/ 236 (99)
99/ 99 (100)

WP_023349245.1
WP_016379903.1

3e-171
5e-59

236
188

722
1117
4960

42
2868
2932

223
583
676

transposase [Enterococcus durans]
type II restriction endonuclease [Streptococcus equi ssp. zooepidemicus]
Adenine-specific methyltransferase [Enterococcus faecalis MTUP9]

223/ 226 (99)
343/ 576 (60)
419/ 656 (64)

WP_016177626.1
YP_002744129.1
KAJ81323.1

3e-162
0.0
0.0

226
580
670

436

776

112

81/ 83 (98)

YP_006998531.1

2e-47

220

2
3

1441
1670

872
2029

189
119

189/ 189 (100)
119/ 119 (100)

AFK83769.1
YP_004770500.1

2e-136
1e-78

189
119

4

2026

4143

705

abortive infection mechanism-related protein [Lactococcus lactis ssp. cremoris
UC509.9]
site-specific recombinase [Lactococcus lactis ssp. cremoris]
cadmium resistance regulator cadC [Lactococcus lactis ssp. lactis biovar.
diacetylactis]
cadmium efflux ATPase cadA [Lactococcus lactis ssp. lactis]

705/ 705 (100)

NP_862600.1

0.0

705

Contig_G106
1
2
3
4
5
6
7
8
9
Contig_G107
1
2
3

308

5
Contig_G110
1
2
3

5159

4525

211

PIL6_6 [Lactococcus lactis ssp. lactis]

204/ 211 (97)

YP_006962314.1

3e-142

211

422
532
1348

75
1167
1908

115
211
201

transposase, partial [Lactococcus garvieae]
PIL6_6 [Lactococcus lactis ssp. lactis]
transposase IS1216 [Lactococcus lactis ssp. lactis biovar. diacetylactis str.
LD61]

115/ 115 (100)
207/ 211 (98)
201/ 205 (98)

WP_017370934.1
YP_006962314.1
WP_023349245.1

2e-75
1e-144
5e-144

115
211
236
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Chapter 6

General discussion
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6.1. General discussion
Lactococcus lactis is a lactic acid bacterium (LAB) used the world over in
the manufacture of fermented dairy products, most notably cheese. It is widely
held that dairy strains used in modern dairy fermentations are descended from
plant associated ancestors (Kelly et al., 2010). The adaptation of these organisms
to milk is likely to have been a long and complex process involving numerous
events of plasmid gain and loss, and genome reduction (Passerini et al., 2010).
The movement from plant matter to milk is associated with both gene loss and
genome decay, and the acquisition of genes enabling rapid growth in milk. By
examining non-dairy strains of L. lactis we are essentially turning back the clock
to before these organisms were domesticated to milk, and lost many of the
physiological traits which enabled them to thrive in harsher environments. With
the abolishment of milk quotas in Ireland in 2015, an increased volume of milk
will be available on the market and subsequently fermented dairy products, such
as cheese, are foreseen as target end products. In terms of diversifying cheese
flavour, the use of non-dairy cultures could allow companies to expand their
product range without the added cost of purchasing new processing equipment.
Previous studies have investigated the application of ‘wild’ LAB to dairy
fermentations (Ayad et al., 2000; Randazzo et al., 2008; Ciocia et al., 2013);
however, it is important to highlight the potential drawbacks of the use of these
cultures such as biogenic amine production, antibiotic resistance or off-flavour
production.
With the increased isolation and characterisation of ‘wild’ LAB isolates,
much interest surrounds their application in food fermentations and their capacity
for flavour diversification. This thesis focuses on the characterisation of non-
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dairy lactococci and their application to dairy fermentations, specifically cheese.
It examines the genetic diversity of L. lactis subspecies and highlights the
potential issues of L. lactis subspecies taxonomy. A bank of non-dairy lactococci
was examined for traits important for use in dairy applications with emphasis on
flavour diversification and phage insensitivity. Furthermore, this thesis examined
non-conserved genes in non-dairy lactococci which may offer strains from outside
the milk environment an advantage in their respective niche. Non-dairy habitats
remain a rich source of L. lactis strains and could potentially solve some of the
problems encountered with the use of lactococcal strains in dairy fermentations
such as vat failure caused by bacteriophage.
Chapter 2 describes the phenotype-genotype mismatching of L. lactis from
grass, vegetables and rumen samples with applications in dairy fermentations. L.
lactis strains were isolated from non-dairy origins which were capable of growing
in milk. The characterisation of subspecies is important in the development of
cultures for cheese production as cremoris strains are more suited to Cheddar
cheese production creating cheeses with better flavour and with little bitterness,
while both are used in the production of certain French cheese varieties (Godon
et al., 1992). In all, eight strains were isolated, seven of which possessed a
cremoris genotype while all strains possessed a lactis phenotype. This supports
the hypothesis that cremoris phenotypes are a rarity outside of the milk niche
(Kelly and Ward, 2002). To date much discussion surrounds the classification of
L. lactis subspecies. Numerous studies have classified L. lactis on the basis of
MLST but, to date, none have performed species-wide analysis using average
nucleotide identity (ANI) (Rademaker et al., 2007; Taïbi et al., 2010; Fernández
et al., 2011). Based on ANI and tetra nucleotide (TETRA) analysis performed in
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this study, L. lactis ssp. lactis strains from ‘wild’ environments, including strain
IL1403, appear to form a new species. The grouping of IL1403 with non-dairy
lactis strains may be due to the plasmid cured nature of the strain. Future analysis
of L. lactis genomes using ANI and TETRA which includes the parental strain of
IL1403 may shed further light on the results obtained from this analysis. Based
on ANI values only subspecies cremoris and lactis appear to form different
species. However, this analysis differentiated species based on genomic analysis
only and does not take into account the physical traits of the strains. If the current
taxonomy of L. lactis is revised, designating subspecies cremoris strains as
Lactococcus paralactis and subspecies lactis strains Lactococcus lactis could be
a feasible option.
A polyphasic approach to prokaryotic taxonomy takes into account both the
phenotypic and genotypic traits of an organism, and with specific parameters in
place, may be the most suitable means for prokaryote taxonomy in the future
(Kämpfer and Glaeser, 2012). In an age where sequence data and software tools
are readily available, it is crucial to describe the phenotype to a sufficient degree
to allow for appropriate circumscription. Genome sequence data obtained from
the NCBI database, included reports where no information on strain phenotype
was available. Many of these reports corresponded to genome announcements,
which offer little information on the physical characterisation of the strain.
Therefore, the subspecies phenotype of each strain was not determined and,
pending further analysis, we may only speculate as to whether a proposal to define
a new L. lactis species is valid one. This in turn highlights the importance to the
L. lactis community of stating both the phenotype and genotype for analysis such
as that performed in this study.
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Chapter 3 describes the application of non-dairy cultures isolated in Chapter
2 to a miniature Gouda-type cheese model. In milk fermentations, non-dairy
lactococci produced aroma profiles unlike those of their dairy counterparts and,
on this basis, five strains were selected as adjuncts in a mini cheese system.
Although a slower acidification rate was observed for 2 cheeses made using nondairy strains; overall, the application of non-dairy lactococci to cheese making in
conjunction with a commercial lactococcal starter mix did not negatively impact
on the cheese make. Similarily, the addition of non-dairy cultures did not
adversely impact on cheese composition. During cheese ripening, bacteria are
exposed to low temperature, differential nutrient availability and varying moisture
content, at a pH of 4.9-5.3 (Cogan et al., 2007; Settanni and Moschetti, 2010).
From day 14 to day 42, viable cell counts on LM17 agar plates increased for
cheeses made using DPC6860 as an adjunct. Recently transcriptomic analysis of
Lactobacillus rhamnosus, a non-starter LAB, during cheese ripening, revealed
that this organism utilises pyruvate and ribose released by cell lysis for growth
(Lazzi et al., 2014). The exploitation of cellular lysis products may be responsible
for the increase in viable cell numbers of L. lactis DPC6860 during cheese
ripening.

With the elucidation of non-dairy L. lactis genomes (Chapter 5)

transcriptome analysis of these strains in cheese, may prove a useful in
understanding the growth of DPC6860 in cheese.
Flash sensory analysis was performed using 21 descriptors which represent
the main attributes of Gouda cheese. In comparison to flash sensory analysis,
descriptive sensory analysis uses a trained sensory panel to detect and describe
the quantitative and qualitative constituents of a food product (Meilgaard et al.,
2006). Sensory analysis of Gouda-type cheeses showed that non-dairy strains
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formed different flavour profiles in comparison to those made with dairy cultures
only; with non-dairy cheeses more associated with a nutty flavour and aroma.
However, a large difference was observed in moisture levels between cheeses and
the experiment should be repeated in a model where similar moisture levels can
be created in all cheeses to confirm these results. In aged Cheddar cheese Strecker
aldehydes (2-methylpropanal, 2-methylbutanal, 3-methylbutanal) have been
shown to contribute greatly to the formation of a nutty flavour; however, without
volatile analysis of these cheeses, we may only speculate as to the compounds
responsible for the nutty flavour and aroma (Avsar et al., 2004). It is important
to note that the volatile compounds detected by instruments such as GC-MS may
not give a true account of the aroma of that compound in food (Drake and Civille,
2003). Gas chromatography olfactometry (GC-O) permits assessors to identify
and quantify the compounds which form an odour (Delahunty et al., 2006).
Although not used in this study, tandem use of descriptive sensory analysis with
GC-O coupled with GC-MS, may offer a valuable insight into the compounds
produced by non-dairy strains and their odour forming capacity during cheese
ripening in the future.
Bitterness is an undesirable trait amongst cheese producers and was found
to be strongly associated with cheeses made using non-dairy cultures in this study.
Microfluidisation is emerging as a means of altering cheese flavour which
involves forcing bacterial cells at high pressure against a solid surface within a
chamber, permeabilising the cells, which slowly leak their intra-cellular contents
into the cheese matrix (Yarlagadda et al., 2014). The use of microfluidisation has
been successfully applied to adjunct cultures used in a Gouda-type cheese,
whereby industrial dairy lactococci (with the exception of strain Z8) formed
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flavour profiles different from cheeses made with a commercial dairy adjunct
(Yarlagadda et al., 2014). In Chapter 3, this pre-treatment of cells showed
potential in the reduction of bitterness using non-dairy lactococci, and may be a
viable route for the future application of these strains. Although non-dairy strains
showed potential to diversify flavour in dairy fermentations, consumer
acceptability of the use of such cultures remains to be established. Artisan and
raw milk cheeses contain a multitude of bacteria from different environments; for
example, analysis of the microbiota of artisanal cheeses identified bacteria
belonging to the Prevotella genus which are associated with the gastrointestinal
tract of hooved animals (Quigley et al., 2012). Time will tell whether such strains
have a future in the dairy industry; however, further analyses in terms of sensory
analysis and examining specific aromas generated by these strains is warranted.
Attack by bacteriophage remains a significant problem in the dairy industry,
leading to large economic losses each year. Thus, the isolation of strains with
increased insensitivity/ resistance to dairy lactococcal phages could prove useful
in minimising vat failure. Chapter 4 describes the phage insensitivity of non-dairy
lactococci isolated in Chapter 2 to dairy phages. This in turn led to the isolation
of ФL47, which infects the non-dairy strain DPC6860.

Overall, non-dairy

lactococci were mostly insensitive to dairy lactococcal phages.

In dairy

fermentations such strains may be useful in starter culture rotations to reduce
phage titres from reaching high enough numbers to affect fermentation. Careful
use of these strains must be employed however, as phages are capable of rapidly
overcoming host defences and may adapt to lyse non-dairy strains if they are not
properly employed.
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To further our knowledge of lactococcal phages, and particularly those
capable of infecting non-dairy isolates, we set about isolating lactococcal phages
from raw sewage. Due to the relatively limited sequence data available on large
lactococcal phages, ФL47 was selected for genome sequencing based on
restriction digest profiles. Comparative genome analysis showed that ФL47 was
most similar to Ф949 a large lactococcal phage isolated almost 40 years ago. A
multiple alignment of Ф949 with previously sequenced L. lactis phages showed
that this phage formed a single group; however, with the isolation of ФL47 it
appears that Ф949 is not unique, but the first representative of the so-called ‘949
group’ (Samson and Moineau, 2010). In contrast to Ф949, imaging of ФL47
showed that this phage possesses a long tail fiber not previously reported in dairy
lactococcal phages. Four ORFs sharing 60-94% aa identity to ФbIL286 were
putatively assigned to the formation of this tail fiber.

Tail fibers of other

Siphoviridae are held to be important in different aspects of host infection such as
cell adsorption (Stockdale et al., 2013). Mutational events occurring in the tail
fiber gene have been shown to modify the host range of the phage as shown in
Bacillus anthracis phages Wβ and γ (Schuch and Fischetti, 2006).
Characterisation studies mapping the role the tail fiber plays in host specificity
may prove useful in understanding the insensitivity of non-dairy strains to dairy
phages and determine the importance of this extended tail fiber in phage infection.
The final study, Chapter 5, analysed three selected non-dairy lactococcal
strains for unconserved ORFs which may offer a competitive advantage in their
respective environments. This was performed in tandem with detailed analysis of
contigs which did not align with reference genomes (IL1403 and MG1363) and
may correspond to putative plasmids or genomic islands. All non-dairy isolates

317

possessed gene clusters associated with dairy organisms such as those encoding
lactose utilisation.

Only one strain, DPC6856, encoded the extra-cellular

proteinase, prtP, and its maturation protein, prtM. It is of interest to note that only
the strain associated with cattle encoded these genes which may hint at a possible
route for the acquisition of genes enabling rapid growth in milk. Therefore, the
question must be raised therefore: why do these non-dairy isolates encode genes
for the utilisation of a milk-associated sugar and protein?

One hypothesis

involves the acquisition of plasmids encoding for lactose or casein utilisation
which also encode for other important traits such as bacteriophage resistance,
heavy metal resistance or bacteriocin production. Corresponding with Chapter 4,
non-dairy strains appeared to possess diverse phage resistance mechanisms which
may contribute to their insensitivity to dairy lactococcal phages. The possession
of these systems may be of benefit to currently established dairy systems and may
contribute to enhancing phage resistance in specific dairy strains.
Non-dairy environments are more varied in their composition in terms of
their chemical make-up, and bacterial inhabitants are exposed to various stresses
that dairy organisms are not. Previously, genome analyses of other non-dairy
lactococci have revealed information on their ability to thrive in their respective
environments (Siezen et al., 2008; Passerini et al., 2013). In the current study,
this was most strongly evident for genes involved in carbohydrate utilisation. For
example, it is presumable that DPC6856 came to inhabit the rumen through the
animal’s ingestion of grass; however, both DPC6860 and DPC6856 possess
diverse genes involved in carbohydrate utilisation. In turn, this suggests that
DPC6856 is not transient, but a common inhabitant of the rumen. This was further
supported by lack of a Co2+ transport system in DPC6856 and absence of genes
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encoding EPS production. Overall, this chapter highlights the diversity that exists
amongst L. lactis from different environmental niches and the traits they possess
which reflect the environment that they inhabit.
In conclusion, the results presented in this thesis demonstrate the diversity
that exists within L. lactis from non-dairy environments, and the potential
application of these non-dairy lactococci to cheese making. Phenotype-genotype
disparity in L. lactis highlights the potential need for a revised means of
subspecies description whereby both traits are explicitly understood. Non-dairy
strains exhibit diverse amino acid transferase activity which in dairy
fermentations may lead to the formation of diverse flavour profiles. In milk and
cheese matrices, non-dairy strains can diversify volatile and flavour profiles as
determined by GC-MS and flash sensory analysis respectively. Not only can such
strains be used to alter flavour, but they also appear to possess enhanced
insensitivity to dairy lactococcal phages which may be of added benefit when
applying these strains to starter systems. Genome analysis of non-dairy strains
revealed numerous genes/ gene clusters which may be important in niche
specialisation and survival in their respective environments. Overall, this thesis
demonstrates the genetic and metabolic diversity of non-dairy L. lactis isolates
and the potential application of these strains to cheese diversification.
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