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Abstract

The prevalence of bacteriophages and their pernicious effects on the Lactococcus starter

culture in the dairy industry has been an ongoing problem for several decades.

The main purpose of this investigation was to understand the relationship, evolutionary
history and the sources of the phages that have been isolated from the different fermentative
units of Fonterra. We report the genomic comparison results of 15 phages in this study that
were isolated on the host bacteria, Lactococcus lactis cremoris. These phages can be grouped
in two clusters namely P335 and 936, commonly encountered tailed bacteriophages in the
dairy industries. The majority of the phages belong to the P335 species with just one phage
clustering with the 936 species. Although phages of the P335 group display a high level of
synteny with one another, we report nine different types of P335 phages in this study. A
prophage integrated in the host strain has been identified. The prophage and the phages show
homology to the temperate P335 phage, R1T isolated in Netherlands in 1996. The genetic
makeup of these phages is suggestive of their source and evolution from other prophages in
strains that may have been co-cultured with the strain that was used in this study.
Furthermore, we identified that horizontal gene transfer events and homologous

recombination have played a role in the evolution of phages in our study.

Phage annotation was carried out for representatives in both the clusters and forty eight to fifty
seven ORFs have been identified in these phages. Our analyses indicate that majority of the
genes are conserved across these phages. For further detection of phages, this project also
suggests rapid tools like PCR that can be used to better understand the phage species and the
type of phage infecting the starter culture. With the availability of whole genome sequences,
we are hoping that the genome analysis will enlighten our knowledge on the current

distribution of phages and their relationship with one another in the dairy industry.
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Chapter 1

Introduction

Several concepts of the evolution of bacteriophages (commonly referred to as phages), in the
dairy industry have been accumulating over the past two decades owing to their economic
impact. The main purpose of this investigation was to understand the sources, evolutionary
history and the relationship of a set of phages that have been isolated from different

fermentative units of Fonterra on a genomic scale.

1.1 Background to the study

1.1.1 Dairy industry

New Zealand’s climate, rainfall, and good pastures are ideal for cattle thus making
the dairy industry the backbone of the country’s economy. The dairy industry in New
Zealand today is at its pinnacle, exporting around 95% of its milk to about 150 countries
worldwide consequently becoming the biggest export earner of New Zealand (New
Zealand Trade and Enterprise, Export market, n.d). This contributes to about a quarter of
the total economic value of the fermented products produced in the world (Aginvest, New

Zealand dairy industry, Milk products and markets section, 2013).

The dairy industry Co-operative Fonterra, traces back to 1871 when the first cheese
company was opened in the Otago peninsula (Fonterra in New Zealand, Our Heritage
section, 2014). Fonterra as of today produces 22 billion litres of milk annually and is a
major dairy exporter contributing to around 3% of New Zealand’s GDP (Fonterra, Global

Dairy Trade section, 2016). With 33 manufacturing sites in New Zealand alone and



exporting about 95% of the locally produced milk, Fonterra is a leading exporter of milk

and milk products in the world (Fonterra, Our Markets section, 2016).

The fermentation units of the dairy industries use huge volumes of lactic acid
bacteria as starter culture for the production of dairy products like cheese, yogurt etc. The
commonly used starter culture for producing dairy products is Lactococcus bacteria with
other forms such as streptococcus and lactobacillus that are used occasionally (Marco et
al., 2012). A continuous frozen culture collection of these bacterial strains have been
maintained at the Fonterra’s fermentation unit in Palmerston North, NZ. In order to
maintain the growing economy of the country through dairy farming, millions of dollars
are being invested by the dairy industry in conducting research aiming at improving the
efficiency and quality of dairy products (Fonterra, New Zealand dairy industry section,

2014).

The major problem faced by the dairy industry today is contamination of the dairy
products by bacteriophages that infect bacteria. A significant increase in the number of
thermo-resistant phages in the fermentation units of the dairy industries has been observed
in the past few decades and some of these phages are found to be resistant to pasteurization
even at 90°C (Atamer et al., 2009; Marco et al., 2012). The phages can infect the host
starter cultures that disrupt the fermentation process thus bringing huge losses to the

industry.

1.1.2 Starter culture

The process of fermentation depends on the bacteria or the starter culture and the
lactic acid produced by them in order to yield good quality cheese and other dairy products.

Lactic acid bacteria (LAB) that are used as starter cultures are the primordial components



of any dairy fermentation industry (New Zealand institute of Chemistry, 2008.,
Manufacture and use of cheese products). Lactococcus bacteria are gram positive
mesophiles that are being employed in the industry as starter culture for decades owing to
their resistance to bacteriophages (Figurel). Lactococcus lactis subsp. cremoris are

preferred as starter cultures for fermentation due to a superior product flavour compared to

Lactococcus lactis subspecies lactis (Sandine, 1988).

Figure 1 Image of Lactococcus lactis subspecies cremoris strain 2356 bacteria used in this study

1.1.3 Fermentation process in the dairy industry and whey disposal

The process of fermentation for manufacturing cheese starts with pasteurization of
milk to kill the undesired microorganisms, followed by the addition of lactic acid bacteria for
the production of lactic acid. This leads to coagulation of the protein casein in milk. Excess

whey at this stage is expelled to obtain concentrated cheese.

Whey is a common by-product of fermentation. Whey produced during cheese

manufacturing, are low molecular weight soluble components. Whey not only lessens the



oxygen content in water bodies but also acts as a major reservoir of phages. Hence extensive
care is taken during its disposal (New Zealand institute of chemistry, n.d, Manufacture of

ethanol from whey). Approximately 3 to 13 litres of whey is expelled for every kilogram of

cheese produced (Atamer et al., 2013). In total, 4 x 109 litres of whey is produced annually
in New Zealand. The whey produced post cheese manufacturing is finally treated to remove the
phages. Though thermal treatment of whey to eliminate the phages has been common,
membrane separation method has been shown to be very effective and is employed in several
dairy industries. This method allows fat and casein particles to pass through the membrane of

about 1.4um while filtering microorganisms like phages (Atamer et al., 2013).

In spite of a number of strategies adopted in the dairy industries to improve the
starter culture, eliminating infection causing bacteriophages that affect the starter culture

has always been a challenge.

1.1.4 Strain Improvement of Starter Culture

Several strategies to improve the starter culture on a genetic level are being
undertaken by the dairy industries. Among these, classical strain refinement techniques with
respect to improving the texture of the products and resistance against phages are commonly
adopted by the dairy industries. Precisely, some of the strain improvement techniques would
include directed or adaptive evolution, dominant selection and random mutagenesis. In the
directed or adaptive evolution technique, the strain used in the fermentation process is made
to adapt to certain growth conditions and then this strain with the desired qualities is enriched
for further use (Barrick et al., 2013). All three methods have their short comings the

prominent one being the accumulation of undesired mutations (Derkx et al., 2014).



In spite of improving starter cultures, the dairy industries have been combating the
problem of bacteriophage infection for several years and rely on control practices like

improved sanitation, adequate ventilation, strain rotation etc. (Marco et al., 2012).

1.1.5 Bacteriophage source and infection

The ubiquitous nature of phages in the environment makes it difficult to discern their
source. However, in the dairy industry, the most common source appears to be the raw milk
(Madera et al., 2004). In Madera’s study it was reported that 10% of the milk samples
collected from different dairy units of Spain carried infectious lactococcal phages. Another
common source of phage entry is through whey, a by-product of cheese manufacture. In a
recent discovery, researchers were quite intrigued by the presence of genetic material from
C2 and 936 groups of phages on various surfaces of the fermentation units including the
floors and the pipelines (Verreault et al., 2011). On the contrary, the P335 groups of phages
have been found to originate from the starter strains. This group in particular is also known to
produce progeny phages in strains other than their host strains that contribute to host infection

(Chopin et al., 2001).

1.1.5.1 Phage Life Cycle

The phages upon infecting the host (Lactic acid bacteria), can either takeover bacterial
machinery completely or decide to co-exist with the host. The situation where the phage
genome replicates and forms a number of copies, finally leading to their liberation by the
destruction of the host cell is termed “lysis” (Delbruck, 1940). In contrast, lysogeny takes
place if the bacteriophage integrates with the host genome i.e. the Lactic acid bacteria (Figure

2). Lysogen refers to the host/bacterium that contains phage DNA integrated with it.
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Figure 2 Diagram depicting Lysis versus Lysogeny. In the lytic cycle, the phage multiplies and lyses the host cell thereby
releasing themselves. In the lysogenic cycle, phage DNA is incorporated into the host genome, and the host genome
containing the pro(phage) divides subsequently (Source: Todar’s online textbook of Bacteriology by Kenneth Todar.,
2008).

Presence of antibiotics in raw milk, exposure to UV radiation or even a mild
fluctuation in temperature have also shown to induce phages that have been an integral part of

the starter strain thus contributing to lysis of the starter strain (Feirtag & McKay, 1987).

Some of the obvious symptoms of phage attack as observed during the early steps of
fermentation are, low lactic acid content, a high pH and high residual lactose concentration
(Marco et al., 2012). Apart from contributing to poor quality of the fermented product, phage
infection can also lead to completely lost batches. In the case of fermented milk products, the
termination of acid production causes a lack of coagulation, contributing to a grainy texture

with excessive whey off (Marco et al., 2012).

The process of infection commences with the adsorption of the phage with the host

cell. Several studies in the past have been conducted that look into the specificity of



adsorption (Lawrence et al., 1976) and phage resistance. In a research study that addressed the
resistance exhibited by the lacotococcal strains to the bacteriophages, 33 out of 100 strains

were found to be resistant to 34 phages (Madera et al., 2003).

1.1.6 Bacterial Resistance to phages

Several resistance strategies adopted by the bacteria to combat phage infection have
been broadly studied in the past. Some of the commonly studied phage infection
mechanisms include restriction/modification system, abortive infection mechanism, and

CRISPR/Cas mechanism (Figure 3).

In restriction modification system, the host bacterium recognizes the phage genome
and cuts them with their restriction endonucleases (Figure 3A). Its own DNA is protected
by the addition of methyl groups via methyl transferases that are not recognized by the

restriction endonucleases (Schouler et al., 1998).

Abortive infection immunity (Abi) is an innate immunity of bacterial strains which
is triggered post phage infection (Figure 3B). This leads to the death of the infected
bacterial cell itself thus stopping the spread of phage infection (Forde & Fitzgerald, 1999).

More than 20 Abi systems have been reported to date (Dy et al., 2014).

CRISPR (Clustered regularly interspaced palindromic regions)/Cas system consists
of the components crisper and cas (CRISPR associated proteins). The CRISPR locus
consists of short DNA fragments of the phage DNA that had invaded the bacteria
previously. During a phage infection, these short DNA fragments are transcribed into RNA.
These RNA along with cas proteins degrade the invading foreign DNA thus providing an

acquired immunity to the host (Figure 3C) (Szczepankowska, 2012).
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Figure 3 Illustration of Bacterial defense strategies. A) Restriction modification system “Diverse functions of restriction-
modification systems in addition to cellular defense “(Source: Vasu et al., 2013). B) “Bacterial vs. Baceteriophages:
Parallel Evolution of Immune Arsenals”. This is a form of innate immunity that defends the host in several stages. For
example, the phage is blocked from entering the host or its DNA injection is aborted (Source: Shabbir et al., 2016. C)
CRISPR-cas System which is a form of acquired immunity in the host bacteria that recognize and invade the incoming
phage DNA with the help of small RNAs (Source: Samson et al., 2013)

A feature that is shared among all the bacterial defense systems including those
mentioned above is their genetic variability that occurs as a result of the “co evolutionary
arms race” with the phages (Hoskisson and Smith, 2007). Another feature observed among
the prokaryotes is their ability to undergo horizontal gene transfer which allows

procurement and dispersal of novel phage defense systems (Stern & Sorek, 2011).

Phage infection may sometimes prove to be beneficial to the host strain and increase
the host fitness but this comes with a cost for carrying the extra genetic material and also
poses the risk of autoimmunity (Stern & Sorek, 2011). One of the effective and cost free

defense systems is when prophages mediate defense against attacking phages. This type of




immunity against phages is commonly known as homoimmunity (Andam, Williams, &
Gogarten, 2010). Similar to the receptors in lambda phages, lactic acid bacteriophages also
contain the receptors “cro” and “cl” where the expression of the former makes them lyse the
cell while the latter switches the module to lysogeny (Brussow, 2001). Some lysogenic
phages express c1 repressor that stops the propagation of infection by other similar phages
thereby offering immunity to the host. It has been proposed that many strains of
Lactococcus lactis chromosomes carry prophages indicating widespread lysogeny
(Davidson et al., 1990). According to a research which involved the induction of 30
probiotic strains of lactobacilli, about 25 of them contained prophages (Mercanti et al.,
2011). While analysing the phage resistance mechanisms in Lactobacillus delbrueckii,
harbouring prophages it was found that the lysogens express a complete phage resistance

against several L.delbrueckii phages (Riipinen et al., 2007).

Another form of resistance that is established by some prophages is super infection
exclusion mechanism whereby the prophage present in the host cell prevents infection by
other phages by blocking phage DNA injection. This mechanism unlike the repression
system is not just specific to homoimmune phages i.e phages of the same type (Donnelly et

al., 1993).

In the following section I will discuss the classification of the commonly encountered

lactococcal phages in the dairy industries.

1.1.7 Taxonomical classification of lactococcal phages

The structural component of the phages, their morphology, and their physiology

play an important role in the classification of bacteriophages and in the construction of their



taxonomy. All the tailed phages fall under the order Caudovirales, which in turn is divided

into three families namely, Myoviridae, podoviridae and siphoviridae (Figure 4).

A) B) Q)

TP901-1

Figure 4 Structure of bacteriophages A) Myoviridae depicted by T4 phage showing long contractile tail. B) Podoviridae
depicted by ¢29 showing short non contractile tail. C) Siphoviridae depicted by TP901-1 showing long non contractile
tail (Source: Fokine and Rossmann, 2014).

The first taxonomical classification that identified four groups of lactococcal phages
based on serological and DNA hybridization studies was conducted in 1984 (Jarvis et al.,
1984). Further investigation has expanded the classification into 10 groups with the
majority falling in one of the three groups namely, P335, 936 or C2 (Figure 5) (Madera et
al., 2004). The majority of the temperate phages i.e. phages that exist as lysogens in the

bacterial strains belong to P335 group of tailed phages.

Most of the lactococcal phages are characterized by isometric head, long non-
contractile tail and belong to the family siphoviridae (Figure 5). Inspection of the structure

and genome organization of these phages has revealed that only five percent of the

10



lactococcal phages belong to the c2 group (Spinelli et al., 2014). Lactococcal phages
namely P369, KSY1 and 1138 that have been identified as belonging to the family of
podoviridae differ in their tail lengths compared to other virulent phages (Deveau et al.,
2006 and Spinelli et al., 2014). Phages that fall under the 936 group are the most prevalent
lactococcal phages as fifty five of the eighty four sequenced phages 0000belong to this
category (Murphy et al., 2016). These are known to cause most of the outbreaks in the
dairy industries and have been isolated from different geographical origins. The present
classification system is being inspected constantly as new lytic phages have been
emerging in the dairy industries (Chopin et al., 2001). For example, suggestions have
been made in the past to include phages 1483 and T187 in the P335 group of phages
(Jarvis, 1995; Labrie, 2002). It has been established that phages under the P335 group
constitute the most diverse group of phages in the dairy industries (Deveau et al., 2006).
Phages infecting the L. lactis strains used in dairy starters and non-dairy starters that have

been sequenced to date throughout the world are listed in Table 1.

Thus it is understood that significant variations in their structure like the head and tail

morphology have so far helped to classify the phages into various groups.

936 c2
= 50 nm

Figure 5 Types of commonly seen Lactococcal phages in the dairy industry. From left to right: Phage 936 of the 936 phage
species, Phage C2 of the C2 phage species and Phage P335 of the P335 phage species (Source: Oliveira et al., 2017)
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Table 1 List of phages infecting Lactococcus lactis strain in different geographical places that have been sequenced to

date. Country and the year of isolation of the phages are also listed.

Phage Type/Group | Host Country of Year
Isolation
P335 P335 Dairy starter L. lactis subsp. lactis biovar diacetylactis Germany 1979
F7/2
1358 1358 Lactococcus lactis strain SMQ388 New Zealand 1981
936 936 Lactococcus lactis strain 158 New Zealand 1984
LC3 P335 L.lactis Norway 1991
UlI36 P335 Dairy starter L. lactis subsp. cremoris SMQ-86 Canada 1992
Tuc2009 P335 Dairy starter L. lactis subsp. cremoris UC509 Ireland 1994
R1T P335 Dairy starter L. lactis cremoris R1 Netherlands 1996
biL 310 P335 L. lactis 1L1403 (Human vagina) Netherlands 2001
biL 311 P335 L. lactis subsp. lactis 1L1403 Netherlands 2001
biL 286 P335 L. lactis subsp. lactis 1L1403 Netherlands 2001
Fd 13 936 L. lactis cremoris FD13 Denmark 2004
Phi4 936 Dairy starter (Factory isolate) Ireland 2009
Jm2 936 L.lactis cremoris Ireland 2010
BM 13 P335 Dairy starter L. lactis (cheese) Canada 2011
63301 P335 L.lactis Ireland 2016
C41431 P335 L.lactis Ireland 2016
28201 P335 Dairy starter L. lactis Ireland 2016
38502 P335 Dairy starter L. lactis Ireland 2016
49801 P335 L.lactis DS68498 Germany 2016
50101 P335 Dairy starter L. lactis Ireland 2016
50901 P335 Dairy starter L. lactis Ireland 2016
86501 P335 Dairy starter L. lactis Ireland 2016
53802 P335 L.lactis DS56538 Canada 2016
62503 P335 L.lactis DS63625 Australia 2016
98201 P335 L.lactis SMQ-86 Ireland 2016
98204 P335 L.lactis DS 64982 UK 2016
98103 P335 L.lactis DS64981 Japan 2016
P475 936 L.lactis cremoris 455 Europe unknown

1.1.8 Structure of Lactococcal phages

phages and their interaction with the host. Lactococcal phages consist of a head and a long

Structural analyses of phages in the recent years have allowed a detailed inspection of

non contractile tail and have been broadly studied in the past (Spinelli et al., 2014). The head

or the capsid encloses the double stranded DNA and is a solid structure that is strong enough

to withstand the pressure exerted by the DNA (Bebeacua et al., 2013). Most phages isolated

from the dairy industries have small isometric or prolate heads (Chandry et al., 1997). The

majority of the lytic phages that belong to the 936 group are characterized by small isometric

heads (Jarvis et al., 1991; Parreira 1996). The c2 group of phages have a characteristic
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elongated prolate head that distinguishes them from the other two groups. Among the three
groups, only phages in the c2 group have a protein receptor (phage infection protein) that is
used during the host infection (Spinelli et al., 2014). Phages of the siphoviridae family have
long non- contractile tail that is involved in the adsorption of the phage to the bacterial cell.
The tape measure protein (TMP) controls the tail length in the tailed bacteriophages and also
promotes the transfer of DNA into the host cytoplasm during infection (Mahony et al., 2016).
Mutations in the TMP have shown to play a significant role in the size of the tail (Pedersen et
al., 2000). The connector connects the capsid to the tail at the vertex (Spinelli et al., 2014).
Electron microscopy of phage Tuc2009 has revealed a collar-like structure in the region
where the tail connects with the head (Mc Grath et al., 2006). Lactococcal phages are
characterized by the presence of basal plate at the end of their tail. Receptor binding proteins
in the basal plates have been indicated to play a major role in host adsorption (Spinelli et al.,
2014). Their primary role is the recognition of specific receptors at the cell surface for
adsorption (Bebeacua et al., 2013). After analysing several receptor binding proteins of 936
and P335 group of phages, it has been proposed that the architectures of phage adsorption

sites are in accordance with the evolution of the host receptors (Bebeacua et al., 2013).

In the next section | will describe what is known about dairy phages in New Zealand

1.1.9 Previous Study of Dairy phages in New Zealand

Bacteriophages of lactic acid bacteria have been the subject of immense research in
New Zealand for the past several decades. The first phage specific to the lactic acid
bacterium in New Zealand was isolated in 1935 (Whitehead and cox, 1935). Research in
this field has been progressing ever since. Virulent phages are the major cause of

fermentation failures in the dairy industry. A virulent phage Phi 949 was isolated from
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cheese whey in the New Zealand Dairy Institute in 1975 and it was found to infect many
lactococcal strains used in the dairy industry (Samson & Moineau, 2010). A previous study
conducted by Rakonjac et al., (2005) using a new enrichment strategy on phages
isolated from a New Zealand dairy plant have determined host ranges in few
lactococcal species like phages c2 and biL67 successfully. Both these phages isolated from
the dairy industry of New Zealand are prolate-head phages that show an overall identity of
80% with each other. Based on the results obtained from the DNA homology and
morphological analysis, a classification scheme was developed for lactococcal phages that

categorized twenty five lactococcal bacteriophages into four species (Jarvis, 1984).

It has been observed, that among the lactococcal phage groups, P335 is the most
commonly encountered phage in dairy fermentation units (Mahony et al., 2012).
Concurrent with this finding, research on KW2 strain of Lactococcus lactis subsp. cremoris
obtained from fermented corn was found to contain an integrated P335 prophage. In their
study which involved the comparison of 26 different P335 phages showed that the
morphogenesis region comprising the head, tail and the phage structural components was
highly conserved among these phages. Also, it was determined that the integration of the
prophage is site specific and occurs in seven different regions of the chromosome and these

phages are an integral part of the Lactococcus lactis chromsome (Kelly et al., 2013).

Until 1995 it was assumed that industrial starter cultures that carried temperate
phages had no homology to the lytic phages. However in that year an industrial lytic phage
showed genetic relatedness to temperate phages isolated from a cheese factory in New
Zealand (Jarvis 1995). This in turn triggered more genome wide analysis of such phages
dominating the New Zealand dairy units. At Fonterra, a repository of the bacteriophages that

have infected their starter cultures have been maintained for several decades and we have
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taken the initiative along with Fonterra to understand them better on a genetic level (Figure

6).

Figure 6 Electron microscopic images of phages A) Phage 5910 B) Phage 5915 C) Phage 5953 D) Phage 5914 E) Phage
5812 F) Phage 6090. (Images supplied by Fonterra. Scale bar =50 nm)

1.2 Bacteriophage genomics and its significance

A wide range of genetic research has been conducted on bacteriophages especially

dairy phages because of their potential use in the dairy industries.

A recent study that involved the analysis of whole genome of 627
mycobacteriophages categorized them into 28 clusters and it was noticed many groups of

genes were shared among the phages that were in different clusters (Pope et al., 2015)

Research on the lactococcal genomes has revealed very useful information that has
been productive to the dairy industry. According to a 2017 report, complete genome

sequences of 200 phages infecting the LAB are available (Mahony et al., 2017). A
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disparity in the size of the genomes has been seen among the different groups of phages
(C2, P335 and 936). Phage 949 (936 group) isolated from cheese whey in New Zealand
has genome size of 11, 4768 bp (Samson & Moineau, 2010) while c2 phage genome is 22,
163 bp long (Lubbers et al., 1995). Genome sequencing data has also indicated that 936
group phages have evolved from a common ancestor and that they have the ability to

multiply fast in their host strains (Samson & Moineau, 2010).

Phage genomic evolution has been largely influenced by widespread horizontal
gene transfer that includes both homologous and nonhomologous DNA sequences (Rokyta

et al., 2006).

1.4 Horizontal gene transfer and Homologous recombination

Horizontal gene transfer (HGT) in contrast to vertical gene transfer (parent-offspring)
is the transfer of novel DNA sequences in prokaryotes and is fairly common in eukaryotes as
well. HGT in prokaryotes has been found to occur via transformation, conjugation and
transduction. Transformation is a form of HGT when there is uptake of genetic material from
the environment. Conjugation occurs when there is transfer of genetic material between two
prokaryotic cells that are in direct contact. Transduction is a form of HGT where phages carry
genetic material from one bacterium to another. HGT has been considered a fast mode of
evolution in prokaryotes and most of these genes can be lost as easily as they are gained

(Brussow et al., 2004).

HGT has been reported in lactococcal phages as well. For example it was noted that a
distinct GC content in the phage BK5-T was due to the insertion of DNA sequences from a
different origin. Despite being a lactococcal phage, its closest relative was not another

lactococcal phage but a S.thermophilus phage sfi21 (Desiere etal., 1999). Desiere et al in
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2001 also confirmed the insertion of a new tail fiber gene and endonucleases in the phage
biL170. The genes acquired through HGT can subsequently undergo recombination with the
host chromosome and genetically be passed on or may be lost during selection (Andam et al.,

2010).

Recombination among phages has been shown to occur via four major routes namely
homologous recombination, site specific recombination, microhnomologous recombination
and non-homologous or illegitimate recombination (Casjens et al., 1992). DNA exchange that
occurs as a result of homology or similarity between two genomes is termed homologous
recombination. The modular theory of the evolution of phages states that each phage genome
is comprised of various functional units like the capsid genes, tape measure genes and tail
genes apart from the genes involved in lysogeny and replication (Botstein, 1989). These units
are usually conserved across the phage genomes and are capable of undergoing

recombination with phages that share homology.

Studies in the past have shown that the genetic diversity observed among many P335
group members is due to the recombination between phages or with the prophage in the host
cell (Bouchard and Moineau, 2000; Deveau et al., 2006). This study describes the mode of
genetic exchange between a P335 lytic phage (ul36) and its host chromosome that contains a
prophage that shares homology with ul36. Homologous recombination between the phage

ul36 and other P335 members have also been explained in that study (Figure 7)

17



SIMILARITY SCALE

& . I T
Nothing Detected 20% 30% 40% 50% 60% 70% 80% 90% 100% Identity
® 1000 2000 3000 4000 5000 6000 7000
o) [ o 3 o o— c— ) - 3 L
ullé - -
Tuc2009
oo C ) CIE ) S— X Iy 0 COC OOy
° 1000 2000 3000 4000 6000 7000
500 1000 1500 2000 2500 3000
C o )
ulls /'-'w--J
TPYO1-1 I sEm 000 m Z
) A3 J L 12 L 11 1 2
4750 5250 5750 6250
B SIMILARITY SCALE
[ — I R
Nothing Detected 20% 30% 40% s50%  60% "70%  80% 90% 100% Identity
500 1500 2500 3500 4500 5500 6500 7500 8500
as [ 3 s — 11— | | s w3 J o 20 03 | o s % ¢ — O @108 C13 RN
it E 0 e T o oo
[ —"—G—— S e e e s =

e
4000 5000 6000 7000 8000 9000 10000 11000 12000

Figure 7 Homologous recombination in P335 phages. The illustration depicts the pairwise sequence alignments between
the different members of the P335 phage species. Genes or the Open reading frames are indicated in the coloured boxes
whose length is proportional to the length of the ORF (Source: Bouchard and Moineau, 2000)

1.5 Source of (Pro)phages in Dairy Industry

Milk and whey have shown to be a potential source of virulent phages yet most of the
temperate phages (phages capable of becoming lysogenic) belong to the P335 group (Marco
etal., 2012). About 10 to 20% of the all bacterial DNA is made up of prophages (Casjens et
al., 2003). Whole genome sequences of many LAB strains that include both lactococci and
lactobacilli are found to contain prophages (Sechaud et al., 1988). A research that studied the
association of phages with the host has demonstrated that autolysis of starter strains occurs as

a result of prophages integrated in them (O’Sullivan et al., 2000).
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1.6 Aims and Objectives of the Study

Aim: To analyze the phages isolated from the different fermentation units of a dairy industry
on a genomic scale in order to understand their relationships, evolutionary history and source

which influence the quality of dairy products.

Objective 1 Isolate and purify samples obtained from the fermentation units of Fonterra in

order to analyze them individually.

Positive samples from plaque tests will isolated to a single plaque in order to purify it to a
single bacteriophage. To accomplish this, we will follow three rounds of purification for each

phage before amplifying them.

Objective 2: Achieve higher concentration of the purified phages both qualitatively and

quantitatively and extract DNA from them for further bioinformatics analysis.

Following the isolation, phages will be amplified to achieve high titer or high concentration.
In order to amplify the phages, the phage lysate will be precipitated overnight at 4°C and
centrifuged the following day at about 10000 RPM for atleast an hour. DNA will be extracted
from these phages using promega wizard DNA extraction kit. Extracted DNA will be sent to
Massey Genome Services for sequencing. Following the arrival of the DNA sequences my

aims will be to analyse the sequences on a genomic scale.

Objective 3: Address similarities and differences between the phage genomes that have been

sequenced in this study from various fermentation units of Fonterra.

This will be achieved by various bioinformatic tools like MAUVE (Darling et al., 2004) and
Gepard (Krumsiek and Rattei, 2007). Also, phamerator database will be used to identify the

nucleotide and proteins that are shared among these phages.
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Objective 4: Understand the evolutionary relationships between the phages using a whole

genome approach.

In order to accomplish this, we will analyze the evolutionary relationships between all the
phages under study using multiple sequence alignment software such as Clustal Omega
which does multiple alignments of the sequences (Katoh and Standley, 2013). This will give

us an idea about the group or the cluster to which each of the phages belong.

Objective 5: Identify the distribution of genes in these genomes focusing mainly on their

location and function.

In order to achieve this, representatives of the phage genomes will be annotated using DNA
master. DNA master predicts the genes present in the genome and identifies their functions.
This is established by doing a Blast analysis that matches the genes under study to other
genes in the NCBI database. The gene call that is made by DNAmaster is further confirmed
by another gene predicting tool called genemark (Besemer and Borodovsky, 2005) that

verifies the coding potential of the gene.

Aim: Use the genomic information of the sequenced phages to establish methods for rapid

identification of phages attacking the dairy industry

Objective 6: Design and suggest specific PCR primers for regions that are conserved in each
cluster to identify the type of phage. This would help us to rapidly distinguish between
different cluster or groups of phages. Also obtain patterns of restriction digests or fragment
sizes that would help us to discriminate between the two groups of phages that infect the

dairy strains.
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Chapter 2

Materials and Methods

2.1 Phage Isolation and amplification

2.1.1 Bacterial strain and media

The strain Lactococcus lactis subsp.cremoris (2356) was supplied by Fonterra as a
host for the phages to be studied. This strain that came from the factory was a cheese isolate
that was used as starter cultures in 1996. The 2356 strain was retired in 2015. The
lactococcal strain used in my study was cultured in M17 media, 2% lactose and 10 mM

calcium chloride incubated overnight at 30°C between 18 to 24 hours.
2.1.2 Culture preparation

To prepare a culture of Lactococcus lactis subsp. cremoris, 40 pl of the freezer
stock was added to 2 ml of M17 media followed by the addition of 2% lactose solution.
This was incubated for 24 hours at 30 °C. On the following day, 200 ul of this culture was
added to a vial containing 10 ml of M17, 2% lactose and 10 mM calcium chloride. This
was incubated again at 30 °C for 24 hours. This culture was used in further experiments to

test phage infection.

2.1.3 Plaque assay

Bacterial infection was examined by conducting spot tests for each phage at

different dilutions starting from 10'1 to 10'10' Briefly, 10 ul of each phage dilution was

21



spotted on the corresponding position of the spot plate that contained the soft agar (2.5 ml
of M17 agar, 2 ml of M17, 2% lactose and 10mM calcium chloride) and the culture. The
commonly used quantitative method to determine the bacteriophage infection is analysing
the plaques. A clear circular zone resulting from the lysis of the bacteria is known as a

plaque. Clear zones of plaques that indicated lysis were observed in all 24 phages.

2.1.4 Phage isolation

Positive samples from plaque tests were isolated to a single plaque in order to purify
it to a single bacteriophage. To accomplish this, 200ul of culture was combined with 15ul of
a frozen sample that gave a positive spot test. This was made to sit for 15 minutes to allow
phage to infect. To this, 4.5mls of soft M17 agar was added, and poured on a M17 plate.
Once dry, this was inverted and incubated overnight at 30°c. The next day, plaques of all
morphologies from the plate were isolated by picking the plaque and submerging in a micro-
centrifuge tube with 100ul of phage buffer. The sample has now undergone 1 round of

isolation. This procedure was carried out 3 times in order to purify it to a single phage

2.1.5 Phage amplification

Once the phages were isolated, they were amplified to get a high titer or high
concentration. In this method, 500 ul of the culture is infected with 10 pl of the phage and
mixed with 4.5 ml of soft agar. After incubating the plates at 30°C overnight a plaque
count was conducted the following day. In order to estimate the plaque forming units
(PFU) which reflects the titer or count of the phage, the number of plaques was first

divided by the sample plated and then was multiplied by reciprocal of the dilution used. A
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large number of overlapping plaques resulted in a webbing pattern, ideal for DNA

extraction.

In some phages, a low titer was observed. In order to increase the titer, a higher
volume of the phage sample was added which subsequently resulted in more plaques.
Ideally a titer value of about 10° was required for a good yield of DNA. In some
instances, the concentration was further increased by using a combination of the PEG-

NaCl (3.3M) solution.

Once a sufficiently high titer was achieved, ten plate amplification of each phage
was performed. Each plate was flooded with 10ml of phage buffer and kept in room
temperature for up to four hours. The lysate (phage buffer containing the phages) was

filter sterilized to remove bacterial debris and stored in 30 ml vial.

2.2 DNA extraction

Phage DNA was isolated using Promega Wizard DNA clean up kit following
manufacturer’s instructions. Prior to the extraction, phage lysate was treated with DNase
and RNase to get rid of the bacterial DNA and RNA respectively and incubated at 37°C for
30 minutes. The lysate was finally treated with PEG (polyethylene glycol) in the ratio 2:1
to concentrate the phage particles and refrigerated overnight. Centrifugation was
performed the following day at 18000rpm for 2 hours. The extracted DNA was confirmed
by running a 1% agarose gel electrophoresis at 140 VV. DNA concentrations was further

verified by means of spectrophotometric analysis.
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2.3 Restriction enzyme analysis

The isolated genomic DNA of the phages was tested for their restriction patterns with

enzymes, EcoRlI, Hindlll and Clal. It was identified that the enzyme, Clal contained many
restriction fragments common to the P335 group analysed in our study. This enzyme also

distinguished between different groups or clusters of phages clearly.

2.4 DNA sequencing

DNA obtained from the phages was sequenced using lllumina MiSeq at Massey
genome service (NZGL). lllumina MiSeq can produce 2 x 300 paired-end reads in a single
run. The de novo assembler Velvet was used to assemble the genomes from the dataset
(Zerbino and Birney, 2008). The goal was to obtain a contiguous sequence of DNA (contig)
for each phage obtained by assembling overlapping DNA fragments or reads. Also, as some

of the genomes generated big size assemblies, contaminating sequences (bacterial/ host)

within these genomes were suspected. Hence in further analysis, the tool Kraken was chosen

to extract the reads corresponding to the phages from the combined dataset (Davis et al.,

2013). This tool requires a database to search the extracted reads against other genomes. The

minikraken database of bacterial and viral reference genomes was used for this purpose. This

finally led to the construction of a single contig for each of the 15 phage genomes and a

prophage genome.

2.5 Reference alignments and software
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Genome sequences for phages R1T (accession number: U38906.1), 63301
(accession number: KX456211.1), and Phi4 (accession number: KP793101.1) were
obtained from NCBI and were used as reference genomes. A comparative genome analysis
of the phages under study was performed using NCBI Blast (https://blast.ncbi.nlm.nih.gov/)
(Altschul et al., 1990). Clustal Omega (MAFFT V.7) was used to do a multiple sequence

alignment (Katoh and Standley, 2013).

2.6 Tree output software

PHYML version 3.0 was used to deduce maximum likelihood phylogeny (Guindon
et al., 2010). Bootstrap support for the tree was inferred from 100 bootstrap replicates.
Neighbor joining tree was obtained from Clustal Omega multiple sequence alignment

program (Saitou et al., 1987).

2.7 Annotation of Phage genomes

Annotation of the predicted ORFs in the phage genomes were performed using the

tool DNAmaster (http://cobamide2.bio.pitt.edu). The annotated genomes were compiled

in GenBank format for phamerator database construction (Cresawn et al., 2011). Complete

genome sequences of the annotated phages were deposited in GenBank (Appendix).

2.8 Phamerator database construction

All the fifteen phages and the prophage were submitted to the phamerator database

that was built for these lactococcal phages. In order to construct a customized phamerator

25


https://blast.ncbi.nlm.nih.gov/
http://cobamide2.bio.pitt.edu/

database of phage genomes, the genome sequences are first processed in DNAmaster that
consists of all the phage genomes with the same start sites. Phamerator conducts a pairwise
comparison of the amino acid sequences using Blast P (Altschul et al., 1997) and Clustal W
(Larkin et al., 2007). The proteins are further categorized into “phamilies” or “phams” of
related sequences. Once the sequence files are fed into the database, genome maps of

phages that contain nucleotide and amino acid sequence relationships, as well as genes

that are conserved across the genomes are generated.

Chapter 3

Results

3.1 Host strain infection by phages across different fermentation
units

Phages were collected from fermentation units in both North and South island of New
Zealand and one fermentation unit in, Australia (Site S6) (Figure 8). It was confirmed that all
24 phages supplied by Fonterra’s fermentation units lyse the strain 2356 that has been used as

a starter culture for many years.

Following the isolation and purification of the 24 phages by our research
technician Jessica Fitch, | amplified the phages by conducting 10 plate amplification of each
phage in order to obtain a high titer. Clear zones of plaques that indicated lysis were observed in
all the 24 phages. A webbing like pattern indicated large number of overlapping plaques which

was ideal for DNA extraction. An illustration of a high titer plate is represented below (Figure 9)
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Figure 8 Plates (phages 6090 and A31) showing the formation of plaques or clear zones that appear when a phage infects

the bacteria.

The phage titer concentration required for successful amplification followed by DNA

extraction is listed in Table 2.

Table 2 Location of fermentation plants of Fonterra indicating each phage’s source and the titer values that were

obtained from the lysate. (Estimate of DNA concentration obtained using a spectrophotometer for all the phages are also

included). Sites of fermentation plants are shown as (N1-N4, S1-S6).

Phage # | Location/Site Titer DNA conc(ng/ul)
6074 S3 1.1x10" | 270
5697 S2 1.05x10° | 180
A52 S6 2.10x10° | 86
5807 S3 2.17x10° | 152
5904 S5 1.85x10° | 92
5915 S1 1.77x10° | 158
A31 S6 211x10° | 73
5912 S3 1.20x107 | 386
5771 S2 1.90x10° | 201
5799 N3 3.10x10° | 189
5943 S5 5.0x10° | 99
6023 S3 3.12x10° | 108
A58 S6 2.73x10° | 52
5944 S3 1.53x10° | 69
5914 N1 1.37x10° | 58
5910 S4 2.55x10° | 98
6090 N3 2.31x10° | 55
5752 N4 1.97x10° | 53
5809 S2 2.11x10° | 67
5731 S4 1.91x10° | 53
5876 N2 2.87x10° | 128
5953 S4 3.21x10° | 25
5926 S2 1.72x10° | 55
5812 N3 297x10° | 28
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The size and the concentration of the phage DNA was further analysed using agarose
gels (Figure 10). Lambda EcoRI HindlIll ladder was used as a marker to confirm the size of

the DNA.
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Figure 9 Visualization of all the 24 phage genomic DNA on 1% agarose gel. (Lambda EcoRI/Hindlll ladder was used as the
standard for estimating the size of the phage genome. Ladder fragment size is indicated above the ladder. Numbers on the
gel represent the DNA of the 24 phages that were run on the gel).

The whole genome DNA of all the phages along with the host strain 2356 was
submitted to Massey genome services for complete genome sequencing. In the initial round
of sequencing, there were not enough reads to generate an assembly hence the phages were
resequenced. For example, in the first round of sequencing, 6600 to 21300 reads were
obtained for each phage genome. These numbers were three times higher during
resequencing. The reads that were obtained from both the sequencing rounds were combined
in order to obtain better assemblies. The phages that were considered to be complete i.e.

merged to a single contig have genome sizes that range from 31,844 bp to 34,715bp (Table
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3). During the sequencing of the host strain, a prophage was subsequently identified and has

been included in further analyses.

3.2 Determination of similarity and differences between phages
through Restriction Digests

Restriction digests were carried out while the phage DNA was being sequenced at
Massey genome services. The goal of this experiment was to analyse if there was a pattern of
similarity between the phages. This method helps in not only identifying the group or the type
of phage infecting the starter culture based on the banding pattern, but also helps in analysing
if phages isolated from the various fermentative units at different times are similar or
different. Several enzymes were tested and the enzymes EcoRlI, Hindlll and Clal were found
to give readable banding pattern. Results of restriction digestion using the enzyme Clal for
some of the phages are provided in Figure 11. Restriction digest data of sample phages that

showed clear results from our data have only been provided here.

AEcoRI-Hindlll

1kbb 6074 5915 A52 5812 5799
ladder

1,226 bp

10,000 bp

Figure 10 Restriction digestion of phages (sample) using the enzyme Clal. (1 kbp ladder and Lambda EcoRI Hindlll ladders
were used for DNA size determination. High quality sequences could not be obtained for phages 6074 and A52 during DNA
sequencing that were a part of this project).
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Out of the 24 phage DNA samples that were sent for sequencing, a high
throughput sequencing result was obtained for only 15 phage genomes. The host strain
2356 was also sequenced and a prophage was identified in that strain whose sequence was
also obtained. The whole genome sequences of the fifteen phages and the prophage were
subjected to further bioinformatic analyses in order to understand their genetic relatedness

and their sources.

3.3 Bioinformatic analysis of the phage genomes

3.3.1 Blast Analysis

After obtaining the whole genome sequences, we performed initial identification of
the closest relatives of the phages in this study using Blast (Basic local alignment sequence
tool) (Altschul et al., 1990). Our goal in sequencing is to use the complete DNA of these
bacteriophages in order to find out how different they are and how many clusters, or groups
of closely related phages they might represent. Blast nucleotide analysis that matches the
query genome to known sequences in the database indicates the percentage match between
the query sequence and the subject and also indicates the percentage of similarity over the
length of the coverage area. Higher coverage with a high degree of identity indicates a closer
evolutionary relationship between the phages being studied and the phages in the sequenced
database.

The results of this analysis indicated nucleotide sequence identity of fourteen phage
genomes and the prophage to phage R1T, isolated in Netherlands which is a P335 type,
temperate phage. Nucleotide identity results showed at least 97% similarity (between 78 to
89% of sequence coverage) of the phage genomes to phage R1T, phage 6090 being the

notable exception (Table 3). A high blast identity of at least 96% was also noticed between
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the phages and the phage 63301. Phage 63301 was isolated recently in Ireland after the phage

infection of the industrial lactococcal strain Lactococcus lactis. Phage 63301 also has a close

genetic relatedness to phage LC3 which is also a member of the P335 group (Blatny et al.,

2004). Even though phage 6090 had 98% identity to phage R1T there was genome coverage

of only 6%. Phage 6090 isolated from the fermentation plant located in the site N3, NZ has

shown 94% similarity to phage phi4 (71% coverage) that belongs to 936 group indicating that

this phage belongs to 936 group of phages.

Table 3 Bacteriophage genomes and Blast identities to known bacteriophages in the database.

Phage # Genome | Identity | Query Identity to | Query Identity Query
size(bp) | to coverage prophage coverage to Phi4 Coverage
phage (R1T)
R1T

5731 34,335 98% 88% 98% 92% 83% 3%
5904 34,715 98% 83% 98% 89% 83% 3%
5910 33,401 97% 88% 98% 88% 85% 3%
5912 32,129 97% 78% 97% 77% 83% 3%
5915 31,844 99% 84% 98% 83% 85% 3%
5876 33,652 98% 78% 98% 81% 82% 3%
5943 33,019 97% 78% 97% 79% 83% 3%
5953 32,746 97% 84% 97% 79% 83% 6%
5807 33,503 98% 78% 98% 81% 82% 3%
5809 33,260 98% 89% 98% 86% 85% 6%
6023 32,419 99% 78% 97% 79% 85% 4%
5799 33,812 98% 89% 98% 87% 45% 6%
A31 33,652 98% 78% 98% 81% 82% 3%
5812 33,801 98% 83% 98% 87% 85% 3%
6090 32,834 98% 6% 91% 6% 94% 71%
Prophage | 31,090 99% 100% 100% 100% 85% 4%

In order to demonstrate the presence of conserved regions or regions of high

similarity between the sequenced phages that have shown close identity to the P335 and 936

group of phages and to identify their nucleotide synteny, a dot plot analysis was carried out.
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Obtaining a dot plot matrix also helps to visualize the homology across the entire length of

the phage genomes.

3.3.2 Dot plot analysis for detecting Synteny

Synteny refers to the order of genes located in chromosomes of organisms or species
that are related through a common ancestor. Two sets of genomes or chromosomes being
compared with one another are said to be syntenic if there is a conservation of gene order.

In order to identify if the phages were syntenic with one another, we conducted a dot plot

analysis using the tool Gepard (Krumsiek and Rattei, 2007) (Figure 12).

This method uses suffix arrays where a search is made for a word length which is
often 10 bp and a dot is created whenever a match is found. Gepard analysis has several
advantages over the conventional dot plot method. The main ones are the reduction in
computational complexity and the ability to detect and match sequences that are even in

reverse orientation.

Whole genome sequences of 12 phages that were obtained in the initial round of
sequencing were analysed for synteny using this method. The figure illustrated below
indicates the dot plot analysis of the 12 phage genomes that were obtained after the initial
round of sequencing. The dot plot matrix seen below was obtained before a whole genome

alignment of the phages was performed.

32



RIT 63301 5809 5904 5876 5799 6023 5731 A31 5953 5943 5912 6090 Phi4

= = < T
T N7 \,\\, /\\_ \\.\\\\.\. ]
‘ NN T NN N NN N
63301 \\ A \\, ’ NN N \\ \\. \\4 3
NN NN NG RGP TN

7 7 / / / /

el A e R e i e
5809 \\ By g NN P2 N \\ \ N

B 4 NG N N N S
5904 \\ N /\~ \/ : \ N N
5876 & N W .\\ N & \\ \\

/ -~ 7 \ / / \ \ / I/

7| E\ ?\// NN NN NG N TN N N

; N
on NEE \\./ N \\

N\ N\ N\ N N

5N NEEN N N
- RRE U

N7 AN

N V. \ N N\ \\
A31 N ¢ /\ N \/ \\
5953 \\\ \V N \\ \ /\ \ \

\\ 5\\\ oo \ \ \ \ ) \ \
we RESIC R a X

\.\ \.\ 7/ \ N, N \
Sl e S & =5 S
- ;] S g g g g 5 .
Phia )

N\,

Figure 11 Dot plot analysis using the tool Gepard before whole genome alighment. Phage 6090 (936 group) and reference
phage Phi4 (936 group) are not syntenic with the other P335 phages in this study can be observed.

3.3.3 Phage Whole genome alignment

After obtaining the genome sequences from the DNA sequencing center, we noticed a
random order in the genome sequences. This was predicted using Mauve v.2.4.0 (Darling et
al., 2004). If the genome or a part of the genome represented in blocks is in reverse
orientation then it would appear below the centre line. We observed that some of the genomes
after sequencing were in reverse orientation. Such blocks of sequences in reverse orientation
were identified and their compliments were obtained using the reverse compliment software.
In order to align the genomes form the same start point, we followed the sequence convention
in the reference phages (like R1t and phage 63301) i.e all the phage genomes started with the

integrase gene and ended in the gene coding for lysin. The coordinates for these sequences
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coding for these genes were identified in the reference fasta file using NCBI Blast. Following
this order we created a new fasta file for each phage genome starting with the sequence
coding for integrase gene. This allowed us to generate the genome files for all the phage
genomes. The new fasta file that consisted of all the phage genomes in the same gene order

was fed into the Mauve 2.4.0 tool to generate the output.

This tool displays locally collinear blocks that are conserved across the genomes.
Each collinear block has a weight attributed to it by the software. In order to identify similar
regions or conserved blocks, a minimum weight has to be met. Any collinear blocks of low
weight are automatically discarded from the alignment thus assuring the robustness of the
conserved regions that are finally displayed. This tool was helpful to identify genomes that
were in reverse orientation so that a rectification could be done. Regions not included in the
blocks represent non homologous regions. Progressive mauve helps to look into the rates and

patterns of genomic rearrangements.

Figure 13 demonstrates the result obtained from progressive Mauve after reorienting
the phage genomes that were in reverse direction. Mauve results have revealed that a major
portion of these phage genomes are conserved. No genomic rearrangements were observed.
Hence we were able to align all the phage genomes from a common start point with the help
of this tool which also enabled us to observe synteny among the phages. It is noteworthy to
mention that we followed the reference phage genome convention of positioning the gene

coding for integrase in the beginning (Van Sinderan et al., 1996).
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Figure 12 lllustration of multiple alignment of whole genome sequences of the 15 phages and the prophage along with a reference genome R1T, 63301 (P335 group) and Phi4 (936 group)

using Mauve V2.4.0

35



The following dot plot analysis (Figure 14) illustrates synteny observed after whole genome
alignment was completed using progressive Mauve for all the 15 phages and the prophage in

this study.
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Figure 13 Dotplot analysis (using Gepard) of fifteen phages and one prophage along with reference phage genomes
R1T and 63301. (Diagonal lines indicate genomic regions in which base pairs match between two genomes. A continuous
diagonal line indicates that the phages align with themselves while noncontiguous lines show the dissimilarity between
different phage genomes).

From out dot plot analysis we interpret that phages and the prophage that show
identity to R1t (P335 group) are syntenic with one another as represented in continuous
diagonal lines and significantly divergent from phage 6090 and its reference phage phi4 (936

group) as no strong homology lines were detected. This confirms the conservation of gene
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order in these phages that share homology with each other and with their respective reference

phages.

After observing synteny in these phages we wanted to identify regions of high
similarities and differences both at the nucleotide and the protein level. Hence we extended
our analysis further to understand the relationship of genes and the proteins coded by these

genes by using the phamerator database.

3.4 Visualization of protein ‘phamilies’ in prophage and

phage genomes using phamerator

In this study, we have used the tool Phamerator to assign the protein coding
genes of related sequences into specific groups or “phamilies” / “phams” (Cresawn et
al., 2011). This tool elucidates the genetic relationship at both the nucleotide and the
amino acid level by generating a genome map based on the relationships between the
phages in the database. The nucleotide homology between the phage genomes is
considered high if shown in purple and no homology if shown in white. The numbers
inside each box represents the gene number and genes with a score of at least 25%
amino acid identity and/or an E value of 0.0001 were placed in the same pham. The
numbers on top of the genes indicate the phamily with which the gene is associated
(Figure 15). The phams allow the relationships between the different phages to be
analysed using genome maps that enable us to observe the mosaic nature of the

phages.

From our phamerator data we observed that a number of phams are shared
among the P335 phages indicating the conservation of those genes in these phages.

Phamerator data also has provided evidences of horizontal gene transfer among the
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P335 phages. We also interpret that the P335 phages display a high nucleotide identity

with one another and very less identity with the phage 6090 that belongs to the 936

group.
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Figure 14 Schematic representation of phamerator maps presented in three tiers for an expanded view and clarity. A) Genome maps of representative phages (5731, 5904,5910) showing
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Despite obtaining ample evidence on the relationship of the phages at the level of
nucleotide and proteins from phamerator data, in order to understand their evolutionary
history we decided to use phylogenetic approach. Initial BLAST searches from the sequenced
phage genomes indicated that the structural genes and replication machinery of all phages
(and prophage) expect 6090 are more similar to those of the phage R1T of the P335 group
than to any other phage group. Phage 6090 indicated a high similarity to the phage Phi4 of
the 936 group. In order to place these phages and the prophage in a phylogenetic context with

these two groups, we used their whole genome sequences to construct a phylogenetic tree

3.5 Phylogenetic analysis

3.5.1 Phylogenetic tree and clustering of phages

The 15 phage genomes approximately 31-34 kbp were submitted to the Clustal
Omega software in order to obtain a phylogenetic tree using neighbour joining tree algorithm
(Saitou et al., 1987) (Figure 16). Based on our Blast sequence similarity results, temperate
lactococcal phages R1T and 63301 both belonging to the P335 group and virulent phage Phi4
belonging to the 936 group have been included in this study for comparative analysis. The
alignment obtained from Clustal Omega also helps us to cluster them based on their
distribution in the tree and also analyse their evolutionary history. Though an initial
neighbour-joining tree was obtained to observe the clusters in these phages, for further
speculative analysis involving recombination, comparative maximum likelihood trees were

obtained using the PHY ML software (Figure 17).
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The percentage identity matrix between the reference phages and the phages under
study generated a pairwise comparison output between the phage genomes (Table 4). These
results along with the phylogenetic tree that was generated helped us to obtain two clusters
namely Cluster P335 and Cluster 936. These clusters can also be related to their locations of

isolation.

N
& »\"\&
2 R
é? o
L
\\ 936 GROUP
P335 GROUP

Figure 15 Phylogenetic tree (unrooted) obtained from whole genome sequences of phages in this study. Clusters
showing bacteriophages along with Reference bacteriophages (R1t and Phi4). (Whole genome alignment was performed
by (Clustal Omega) and a tree using the neighbour-joining method was subsequently generated. Tree visualization was
performed using the software Figtree. Clusters (P335 and 936) are indicated in pink and yellow shades respectively. An
illustrative geographical map is also provided to indicate the regions of isolation of phages from different units of Fonterra).
Small colour coded hexagons used to represent the fermentation sites are as follows: Site N1 (blue), Site N2 (red), Site S1
(light green), Site S2 (brown), Site S3 (yellow), Site S4 (purple), Site S5 (Dark green), Site S6 (pink). Reference phages (R1T
and phi 4) are shown in dark blue.
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Table 4 Percentage identity matrix showing pairwise distance between the phages generated by Clustal Omega. (Colour code indications: Red: 99.6-100% identity, Green: 95-99.5% identity,
Yellow: 90-94.9% identity and Grey: 53-89% identity).

R1t
prophage

A31

5807
5876
5912
5943
5953
6023
5799
5812
5915
5904
5809
5910
5731
6090
Phi4

R1t

prophage

A3l

91.43

91.17

5807

91.42

91.16

5876

91.43

91.17

5912

91.77

91.54

5943

90.78

90.68

5953

90.78

90.68

6023

91.95

91.9

5799

94.11

93.95

5812

94.11

93.95

5915

93.3

93.03

5904

93.75

93.52

5809

94.18

93.88

5910

94.7

94.43

5731

94.49

94.21

6090

Phi4
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3.5.2 Classification of P335 type phages based on pairwise comparison

Based on our analysis using whole genome pairwise comparison and percentage
identity matrix output, we report 9 (A-1) different P335 phages isolated from the different
fermentation units of Fonterra. The table below indicates that the type of a phage is location
independent. For example, though type A phages are from different locations, exhibit
similarity, while phages 5943 and 5904 both from site S5 are not identical thus falling under
different types (Table 5). Whole genome pairwise comparison of the phages helped us to
evaluate the percentage of relatedness between them. Also, the neighbour joining tree that
was generated illustrates the evolutionary distance between the phages thus categorizing them
as a particular type. The high level of identity observed among some phages thus identifying
them as the same type leads to a plausible conclusion that these phages have coexisted at
some point. It is noteworthy to mention here that most of the Lactococcal strains (lactis and

cremoris) display strong homology in their genomes (Fernandez et al., 2011).

Table 5 Phage type characterization based on location/site, their distribution on the phylogenetic tree (shown on the
left) and percentage identity matrix results

1t Phages Location/site Type
L 2 prophage
5807,5876,A31 S6, N2, S3 A
45807 A
4| 7_5876 5799, 5812 N3 B
15_A31
L 10512 F 5943, 5953 S5, S4 C
12,5943 c
_r‘ﬁ_sssa 6023 S3 D
U&= p 5731, 5910 2 E
|s_sm ] 8 '
6 5812 5912 3 F
1_5915 |
85904 | 5809 S2 G
55BN G
9 5510 5904 S5 H
165731
5915 S1 I
0005
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3.6 Evolutionary history and Strategies adopted for evolution

3.6.1 Homologous recombination between the P335 phages

In order to address the similarity identified among the phages (P335 phages in this
study) and the prophage, that may be due to homologous recombination events, we have
attempted to provide supporting evidence using the variations or incongruence seen in the

phylogenetic trees obtained from the whole genomes of the phages in this study.

We would expect to observe incongruence in the phylogenetic trees if genetic
exchange has occurred via homologous recombination. To address this, we have used a
model that was explained by Boni et al (2010) while describing the phylogeny of influenza
viruses. If a phage is represented in different clusters when different regions of the genomes
are being analysed, then we consider this to be a recombination signal that has occurred. As
a means to establish this, we aligned the phage genomes (P335 group) to make sure that the
gene order displayed synteny. This was followed by a multiple genome alignment using the
MAFFT software in Clustal Omega. The results were fed into the program PHYML to
generate maximum likelihood trees that were used for further comparisons (Figure 17). Phage
5904 clusters with different clades in both the trees (Bootstrap values of 100% and 89%).
This phage clusters with 5910 and 5731, 5809 and 5915 in the first half of the genome
(Figure 17B) and with A31, 5876 and 5807 in the second second half of the genome (Figure
17C). Phage 5809 which shares a more common ancestor with 5915 in the first tree appears

to jJump clades in the second tree and this is supported by a bootstrap value of 100%. Such
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discordant topologies are indicative of homologous recombination events.

Entire genome First half of genome Second half of genome
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Figure 16 Bootstrapped Maximum Likelihood trees for the whole genome and parts of the genomes. Tree A represents
the entire genome of the P335 group phages in this study. Tree B was inferred for the first half of all the phage genomes
and Tree C was inferred for the second half of the genomes. Trees inferred for the different regions with PHYML are
different thus supporting the hypothesis of homologous recombination (Yellow and blue colours indicate cluster 1 and
cluster 2. Phages specific to the clusters in trees A and B are shuffled in tree C indicating homologous recombination).

3.6.2 Horizontal gene transfer and phage evolution

In this section, we have attempted to address mosaicism observed in our P335 phages.
Mosaicism genomes consist of regions that share homology with other similar genomes
interspersed with unrelated regions. According to research, phage populations exhibit
mosaicism in their genetic makeup as they are constantly involved in exchanging genes
(Hendrix et al., 1999 and Brussow et al., 2001). In this study we observed that genes coding

for ABC binding ATP transporter protein that is only 39 amino acids long is identified in
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only certain phages. The GC content of this gene is 29.67% which is different from the GC

content of genes in all the phage genomes in this study (Figure 18A).

Similarly the gene coding for the endonuclease str-PAP-1 identified in phages 5904
and 5912 are only 72 amino acids long with a GC content of 40% which is higher than the

GC content of the rest of the genes in this study

Based on these results we infer that these genes may have been acquired via HGT
from another infecting phage. Apart from a variable GC content, evidence to substantiate non
homologous horizontal gene transfer events is provided by the lack of sequence similarity
both upstream and downstream of this gene with the other phages (Figure 18 B). Therefore it

is evident that HGT has played a significant role in the evolution of these phages.

. GCcontent : 29.67%
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Figure 17 A) lllustration of Horizontal gene transfer in specific phages (Phage 5799) depicted by the gene coding for ATP
transporter. B) Horizontal gene transfer of the gene coding for endonuclease str-PAP-1 observed in phage 5904 and
absent in other phages. The arrow indicates the presence of the gene coding for str-PAP-1 seen in phage 5904 while
missing in other phage genomes. Specific regions showing HGT have been obtained and highlighted from phamerator
genome maps (Lack of nucleotide similarity represented in white colour confirms nonhomologous gene transfer of this
gene).

3.7 Prophage in the strain 2356 and its significance

The L. lactis subsp.cremoris strain 2356 consists of an integrated prophage of size
31090 bp. The prophage contains 50 ORFs. The prophage showed at least 90% nucleotide
identity to the other phages in this study. The prophage also revealed 99% nucleotide
identity with 100% query coverage to the phage R1T isolated from Netherlands. It is
noteworthy to mention here that the phage R1T that is used as a reference P335 phage in
this study owing to its similarity with the phages, was first isolated in the year 1996 in

Netherlands and the strain L. lactis subsp.cremoris (2356) was also introduced in the same
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year in Fonterra. The prophage isolated from the strain 2356 has been annotated and will be
submitted to Genbank (Appendix). The presence of a prophage in the host strain instigated

us to probe further into its relationship with the sequenced phages.

3.7.1 Origin of phages (from prophages)

A number of studies on dairy strains have revealed the presence of one or more
temperate bacteriophages in them and these can be induced by various factors (Huggins and
Sandine, 1977). When | started my investigation of the whole genome sequences regarding
the origin and the evolutionary relationship of the phages under study, | considered various

hypotheses.

A) We first hypothesized that these phages may share a more common ancestry with the
prophage in the strain 2356 used in this study, and have undergone homologous

recombination with other infecting lytic phages.

Phamerator data suggests that though some of these phages exhibit a high sequence
similarity with the prophage, a huge variation is observed in the lysogeny module of the

prophage and the phages (Figure 19).

Also the differences in percentage identity matrix between the prophage and the
phages obtained after pairwise sequence comparison is not suggestive of a recent common

ancestor between these phages and the prophage in the strain 2356.

B) We also considered the hypothesis that the phages in this study especially the phages in
the P335 may be independent or free living phages. The strong nucleotide similarity observed
between these phages gives us an indication that these are not independent phages and have

evolved from a common ancestor. The presence of genes coding for integrase in all the
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isolated fourteen P335 phages and their striking similarity with the temperate phage R1T

imply that these are not free living phages but are capable of integrating with a host strain

C) Based on the phamerator data that revealed the presence of lysogeny modules that were
common to certain P335 phages in this study, we decided to test the hypothesis that the
similarities observed among some P335 phages in this study may be a result of a prophage in
a strain (part of the multiple starters) that underwent a lytic cycle infected new strains

carrying prophage(s).

Majority of the lactococcal strains carry prophages that exist as lysogens (Casjens et
al., 2003). Lysogeny module of the P335 phages comprises of genes that allows a phage to
integrate with its host chromosome (Bruttin et al., 1997). In our study we noticed that a
4.5kbp DNA segment covers the putative lysogeny module of the P335 phages. The lysogeny
module was chosen in our analysis because it contained genes that were similar across the
P335 phages that were investigated in this study. Phage integrases that are a part of the
lysogeny module mediate integration between the phage and the host chromosome

attachment sites (attP and att B respectively) (Groth et al., 2000).

3.7.2 Genetic variations surrounding the lysogeny module

Characterization of the lytic phages from their temperate (lysogenic) homologues has
shown that the difference is mainly due to the inactivation of the lysogeny module (Mikkonen
et al., 1996). Transcription of the c1 gene coding for the repressor promotes an autoregulatory
function that maintains the phage in a lysogenic state. A comparative analysis of this gene in
the prophage and a few representative phages in this study is illustrated in Figure 19. A

similarity in the gene coding for repressor was observed in the phages (5731, 5809, 5915,
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5904 and 5910). This gene is not only homologous across the above mentioned phages but
also differs from the prophage in the strain 2356 that was infected by these phages. In
addition, a transcriptional activator that was common to just the above mentioned phages was
also observed. Transcriptional activators and regulators are known to play an important role

in DNA packaging and lysis in many Lactococcal bacteria (Quiles et al., 2013).
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Figure 18 lllustration of a portion of the phamerator map showing the difference in the lysogeny module of
representative phages and the prophage (White colour signifies difference in the nucleotide sequences and purple colour
signifies the similarity. TR indicates transcriptional regulator found in these phages that is absent in the prophage.

The XRE family transcriptional regulators and the oxidoreductase gene clusters in the
lysogeny modules of the phages (5943, 5953, 6023 A31, 5876, 5807, 5812, 5799 and 5912) is
also suggestive of a prophage containing these genes had undergone lysis and infected other
strains. Interestingly, the XRE family of transcriptional regulators are known to be involved
in a broad range of regulatory processes like controlling transcription, stress response,
plasmid copying including its role in restriction modification system (Santos et al., 2009).
This gene has recently been identified in one of the two prophages PLg-IPLA3145a in the L.
garvieae strain. The other prophage PLg-IPLA31405b in this strain shows a high identity to

the strain R1T which is closely related to the phages in this project. L. garvieae which
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colonizes diverse environmental niches is known to share more than 900 genes with
Lactococcus lactis strains used in the fermentation industries (Eraclio et al., 2017). Therefore
the consistent differences observed in the lysogeny module of these phages and the prophage
in the strain 2356 demonstrates that prophages in other strains that have become lytic and

infected new strains share a higher homology with these phages.

The oxidoreductase gene represents the phage antirepressor genes. In the phages
5943, 5953, 6023, there is only partial representation of these genes (Figure 20). Another
interesting feature observed in this set of three phages is the duplication of genes coding for
HNH homing endonuclease intervened by a second tape measure protein that is only 39

amino acids long (Figure 20).

Majority of the lactococcal strains used in the dairy industries carry one or more
prophages in them. Most of these temperate phages that exist as lysogens belong to the P335
group of phages (Madera et al., 2004). In this study, a high degree of similarity is observed

among certain P335 phages primarily sharing genes in their lysogeny module.

With the evidence obtained from our phamerator database, we interpret that one or
more prophages that have lysed from a strain (that has been a part of the starter cultures) have
infected new strains that exist as lysogens. Homology among these phages has allowed
recombination to occur between them that has significantly contributed to the genetic
architecture of these phages. Hence isolation and detection of such phages in the different

fermentation units have clearly helped us to understand their relationship with each other.
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Figure 19 Similarities and differences between the phages of the P335 group based on the distribution of genes in the lysogeny module and genes involved in horizontal gene

transfer.
Black solid boxes (Il ) indicate the presence of a gene and white boxes ((_] ) indicate the absence of that gene. Grey box indicates either that gene is represented partially or is duplicated
or is an additional gene. Phylogenetic tree generated by Clustal omega (MAFFT V.7) is provided for a clear interpretation of the gene distribution that signify diversity and clustering of phages
largely due to the differences in their lysogeny module. “TR” represents transcription regulator. Pham (short form for phamily) number is provided based on the phamerator genome map
data. Grey triangles represent identical phages (in each type) that are suspected of having derived by lytic cycle of a prophage within a dairy starter lysogen. * represents genes in the
lysogeny module.
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3.7.3 Identical phages through prophage induction from same strains

Based on the strong identity and synteny observed among the phages A31 (A) 5807(A)
5876(A), 5799 (B) 5812 (B) 5943 (C) 5953 (C) and 5731(E) 5910(E), we hypothesize that the

source of these identical phages could be location dependent or independent.

Q) To start with we hypothesized that the similarity observed in the phages A31,
5876, 5807 (A), 5799, 5812 (B), 5943, 5953, 6023 (C) and 5731, 5910 (E) could
be due to the region (or proximity between the regions) of their isolation. Hence
investigation on their geographical regions of isolation (location) was carried
out.

Based on our analysis, we report that the phages that belong to the same type were not
from the same location. Also, it was observed that phages that were isolated from the same
locations did not display a high level of synteny (Figure 21). These results allowed us to dismiss
this hypothesis and suggested that the phages of the same type had a shared source that was

location independent.
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Figure 20 Gepard dot plot analysis displaying synteny among the P335 phages from different locations. Solid diagonal lines
without breaks throughout the length of their genome observed among some phages that have been isolated from different
locations(Sites S3, S4, S5) is indicative of strong identity among them.
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(i) In order to test our alternative hypothesis that the phages are location
independent and to demonstrate that induction of prophages from the same
strains that have been rotated in the different fermentation units has resulted in
the detection of identical phages [5876 (A), A31 (A), 5807(A) and 5799,
5812(B) and 5943, 5953(C) and 5731, 5910(E)], we have taken the evidence
from phamerator data.

Examination of these phage genomes with the help of the phamerator database revealed
identity in their nucleotide and amino acid architecture. No insertion or deletion of a specific
gene was observed. We also did not notice any recombination or horizontal gene transfer in
these phages (Figure 22). Clustering of the specific phages (Type A, B, C, E) earlier in the
phylogenetic tree further revealed their close evolutionary distance with each other. Based on
these evidences. we have recognized that phages that belong to the same type are identical

phages.

phisg7s

[ (U 2 5

Figure 21 lllustration of phamerator data for representatives of identical phages (5876, A31, 5807). A strong nucleotide and
amino acid identity can be observed between these identical phages. The nucleotide homology between the phage genomes
is considered high if shown in purple and no homology if shown in white.

As previously reported, most of the starter cultures have one or more prophages in them. The

conditions that would allow the induction of a prophage from the starter culture has always been
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of importance and questioned in the dairy industries (Lunde et al., 2005). Induction of
prophages from LAB has been found to occur under various environmental conditions like heat,

starvation, temperature and antibiotics (Marco et al., 2012).

Hence we propose that the identical phages in each type are prophages that have been

induced from the same starter strain that has been rotated in the different fermentation units.

To better understand the ORFs (open reading frame) that are shared among these similar
phages and to identify the genes that have been acquired from other phages, we decided to

annotate selective phage gnomes from our study.
3.8 Functional Annotation of Phage Genomes

Open reading frames were identified in both the strands. Forty eight to fifty seven open
reading frames were identified in all the phages. Putative genes and the appropriate start codons
were identified using Genemark and Glimmer (Delcher et al., 1999) that are associated with
DNAmaster. DNA master is a tool for locating specific genes that are required for further
analysis. Information about a gene can also be obtained by this tool by clicking on the gene to
obtain its size or its amino acid composition and looking into its function that is obtained by

Blast search.

In order to identify the similarity or relatedness of the phages under study with other
sequenced phages in the database, DNAmaster searches for proteins that are identical or
similar to the ORFs using the tool Blast P. Blast results revealed high degree of similarity of
several genes in our phage genomes to the phages R1T (Van Sinderen et al., 1996) and the
phage Phi4 (Murphy et al., 2016) in the database. Representative phages 5943, 5912, 5799,
A31 and 6090 and the prophage were selected and have been annotated. Finally our
phamerator database for our phage genomes was customized with the help of DNAmaster.
Figure 23 demonstrates the genome maps generated for each phage genome along with the

genome maps of the reference phages used in this study.
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Figure 22 Schematic representations of annotated phage genomes in this project using DNAmaster along with their most closely related reference strains (Red boxes indicate genes that
are transcribed in reverse orientation and green boxes indicate forward orientation).
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3.9 Rapid Identification of phages

3.9.1 Identification of phage group using PCR

PCR is a simple and a quick method that has been commonly employed in different
fermentation industries to experimentally identify phage groups. In order to detect the P335
and the 936 phage members in our study, a PCR method was devised by targeting certain

conserved regions.

Analysis of the 15 phage genomes showed the presence of many conserved regions
in both the groups. The region corresponding to Major tail protein, Tape measure protein
and Major capsid protein was found to be conserved in all our phages that have shown
strong identity to the P335 phage R1T. Specific primers for the major tail protein and major
capsid protein unique to each cluster have been designed to identify phages that belong to
these groups. The primer specifications are mentioned in Table 6. The specificity of the
primers was verified using primer blast (Ye et al., 2012). Significant band differences could
be observed between the two clusters hence we suggest that this approach would aid in the
rapid identification of the phage species infecting the starter culture in the dairy industry.
Colony PCR is a quick and easy method for determining the presence or absence of specific
DNA sequences or gene of interest. In this method, the host bacterium is infected with the
phage that has been isolated and incubated overnight. Phage infection leads to the formation
of plaques that can be picked. These plaques can be either lysed in water following a brief
heating step or added directly to the PCR mixture and lysed during the initial denaturation
step. Heating during denaturation causes the release of DNA from the phage, which serves
as a template for the amplification reaction. As PCR tests are sensitive and rapid, they can be

used to investigate the type of phage that is isolated. An illustration of the primer specific to
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the major tail protein of all the phages in this study pertaining to the P335 group has been

provided (Figure 24)

Table 6 PCR primer specifications for Tape measure protein and Major tail protein of P335 and 936 group of phages under

study

Primer name Sequence Primer length Region amplified | Product size
MCP-936.F TGAAAGCCGAAACGCTTTGAA 21 Major capsid 1167
protein
MCP-936.R CAACCAAAATCATGTTGC 18
MTP-936.F GCAGTAATCGGTTCAACA 18 Major Tail 842
Protein
CCTTAATCACTGATGTTAC
MTP-936.R 19
MCP-P335.F GACGGAAAAGATGGAGCT 18 Major capsid 970
protein
MCP-P335. R CACGTCTTCCTTATTCAGC 19
TCAGCGCCAAAAGGTACAGC ) .
MTP-P335.F 20 Major Tail
TAGAGTTTTGCGTCCCCTACG Protein 552
MTP-P335.R 21
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prophage ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
) 5799 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5812 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5912 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
A3l ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5876 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5807 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5943 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5953 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
6023 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5731 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5915 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5809 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5904 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA
5910 ATGGCACAAGTAGAAAATGTAACTACTGCAAAGCCCAAAATTGATGGTGCTATTTACTCAGCGCCAAAAGGTACAGCTTTACCAACTGA

prophage ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5799 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5812 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5612 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
A3l ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5876 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5807 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5943 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5953 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
6023 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5731 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5915 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5809 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5904 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA
5910 ACTAATGACCCCGTAGTCGGTCAAGCCGCCGTAGGGGACGCAAAACTCTAAATATTAAATAAAGAAAGCGAGAAATATGTTAAAAGGA

Phi4
GCAGTAATCGGTTCAACAACGTACTGCATAAAAAAATAAAAAGGAAAATAAAAAATGAAATTAGATTATAACTCACGTGAG
ATTTTCTTTGGTAATGAAGCTCTAATCGTAGCTGATATGGCTAAGGGAAGCAACGGAAAACCAGAGTTCACTAACCATAAAA
TCGTAACTGGTTTAGTATCAGTTGGCGAAATGGAAGACCAAGCGGAGACAAACAGCTATCCTGCTGATGACGTGCCAGACC
ATGGAGTAAAAAAAGGTGCTACCTTGCTTCAAGGCGAAATGGTATTTATTCAAACAGACCAAGCACTTAAAGAAGATATTTT
AGGTCAACAAAGAACAGCGAATGGTTTGGGTTGGTCTCCTACTGGTAATTGGAAAACGAAATGTGTTCAGTACCTTATTAAA
GGTCGCAAGCGTGATAAAGTTACAGGAGAATTTATTGACGGTTACCGTGTAGTCGTTTATCCAAGTTTGAGACCAACAGCAG
AAGCTACAAAAGAATCAGAAACAGATTCAGTAGACGGTGTAGACCCTATTCAATGGACTCTGGCAGTACAAGCGACTGAAT
CAGATATTTATTTGAATGGCGATAAAAAAGTTCCTGCTATTGAGTATGAAATTTGGGGAGAACAAGCTAAAAGCTTTGCTAA
GAAAATGGAAGCAGGCTTATTCATCATGCAACCTGACACAGTTCTAGCTGACACATTTACACTTGTACCTCCTGTTATTCCTAA
TACGATTACTGCTAAACATGGAGGAAATGACGGAGCAATCATAGTACCTACCACTTTGAAAGACTCTAATGGTGAAACTGTA
AAAGTAACATCAGTGATTAAGGACGCACATGGAAAAGAAGCAACAAATGGGAAACTTGCGCCCGGTATCTATCTCGTAACG

6090
GCAGTAATCGGTTCAACAACGTACTGCATAAAAATATAAAAAGGAAAATAAAAAATGAAATTAGATTATAATTCACGTGAG
ATTTTCTTTGGTAATGAAGCTCTAATCGTAGCTGATATGGCCAAGGGAAGTAACGGAAAACCAGAGTTCACTAACCATAAAA
TCGTAACTGGTTTGGTATCAGTTAGCGAAATGGAAGACCAAGCGGAAACTAACAGTTATCCAGCTGATGACGTGCCAGACC
ATGGAGTTAAAAAAGGCGCTACCTTACTTCAAGGCGAAATGGTATTTATTCAAACAGACCAAGCGCTCAAAGAAGACATTTT
AGGTCAACAAAGAACAGCAAATGGTTTGGGTTGGTCTCCAACTGGTAATTGGAAAACGAAATGTGTTCAGTACCTTATTAAA
GGGCGCAAACGTGATAAAGTTACAGGAGAATTTATTGACGGTTACCGTGTAGTCGTTTATCCAAATTTGAGACCAACAGCAG
AAGCTACAAAAGAATCAGAAACAGATTCAGTAGACGGTGTAGACCCTATCCAATGGACTTTGGCAGTACAAGCGACTGATT
CAGATATTTATTTGAATGGAAATAAAAAAGTCCCTGCTATTGAGTACGAAATTTGGGGAGAACAAGCAAAAGATTTCGCCA
AAAAAATGGAAAGCGGACTGTTCATCATGCAACCTGATACAGTTCTAGCTGGTGCAATTACACTTGTAGCTCCTGTTATTCCT
AATGTAACTACTGCTACAAAGGGTAATAATGACGGAACAATCGTAGTGCCTGACACTTTGAAAGATTCTAATGGTGGAACTG
TAAAAGTAACATCAGTGATTAAGGACGCACATGGAAAAGCAGAAACAAATGGACACCTTGCGCCCGGTGTTCATATCGTAA

Figure 23 lllustration of PCR primer specificity showing the placement of primers for the gene coding for Major tail protein in P335 and 936 group members. A) Genome map generated by phamerator for
the gene in P335 members along with a zoomed region showing the Major tail protein. B) DNA sequence alighment of the gene showing the placement of primers. (The primers were designed using primer

blast. Green colour represents forward primer and red represents reverse primer).
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3.9.2 Insilico Restriction Digests

We also attempted to perform in silico restriction digests using the whole genome of
the phages with the enzyme Clal that gave identifiable bands in some phages during manual
restriction digests in our study. This was mainly performed to identify bands that
differentiated the P335 group from 936 group and to observe any patterns of similarity among
the P335 group of phages. This method also helped us to observe bands that could not be
visualized in manual restriction digests. There were at least three fragments sizes that were
similar across the P335 members in this study (Figure 25). The single representative of the
936 group, phage 6090 that clustered with the phage Phi4 has just one restriction site

identified by Clal.
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Figure 24 Depiction of Insilico Restriction endonuclease digestion of phage DNA using enzyme Cla 1. (Fragments obtained
from NEB V2.0. DNA fragment patterns unique to each cluster are observed between the two phage clusters P335 and 936.
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Chapter 4

Discussion

4.1 Major findings

Whole genome sequencing based approach was informative in not only revealing the
relatedness between the phages but also helped in clustering the phages based on their
evolutionary history. Two clusters or groups (P335 and 936) have been generated based on
the fifteen genome sequences. A high degree of similarity is observed among the phages
obtained from the different units of Fonterra that are categorized into the P335 cluster. Blast
results show high degree of relatedness (at least 97%) of 14 phages to phage R1T (isolated
from Netherlands). The P335 cluster (containing reference phage R1T found in Netherlands)
is widespread in New Zealand and has been isolated in Fonterra plants from both North
and south islands. The cluster 936 represents phage 6090 and this single representative was
isolated in the north island (Site N3). Despite the prevalence of P335 members in our
study, it has been widely accepted that the 936 group of phages are the major causal
organisms of fermentation failures (Marco et al., 2012). Although a high degree of diversity
may not be common in the 936 group of phages, a genetic divergence has been observed in

this group due to horizontal transfer events (Murphy et al., 2016).

From our analysis, it is quite evident that P335 phages in this study have been found
to emerge from the starter culture themselves. This is substantiated by doing a comparative
analysis of these phages. Distribution of identical genes in the lysogeny module in certain
phages that showed similarity and the similarity observed in their amino acid alignment

demonstrates that prophages from other strains have been lysed and infected new lysogens.
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However, the heterogeneity or the mosaicism observed among the P335 members is

attributed to various factors.

4.2 Investigations into mosaicism in P335 phages

Previous research (Bouchard et al., 2000) and the results obtained from our study
indicate that homologous recombination between the prophages in the starter strain and
the incoming lytic phages plays a significant role contributing to a high degree of genetic
diversity or mosaicism among the P335 group. Previous work on these phages involves
division of this group into four sub groups owing to their mosaic nature (Deveau et al., 2006).
As prophages have been shown to be an integral part of the host cell, the probability of a
phage to undergo recombination with a prophage is quite high (Kelly et al., 2013). This kind
of rearrangement can not only lead to the formation of new phages but can also lead to the
emergence of new host strains (Labrie et al., 2007). The impact of prophages on their hosts
has given a clear understanding that prophages have coevolved with their host genome. As a
result both the prophage and the Lactococcus lactis strains are subjected to the same selection

(Kelly et al., 2013).

Mosaicism in the P335 phages can be attributed to recombination that occurs not only
between genomes that share homology but also between genomes that require little or no
homology like horizontal gene transfer of novel genes. Their presence in just one or few
phages may represent the loss of that gene in other phages or could indicate acquirement of
the gene by horizontal gene transfer. For example, the presence of certain phams in only
some phages in our study represents genes that participate highly in the evolutionary flux and
have been transferred horizontally. A software tool like phamerator is extremely useful to
study the mosaicism in phage genomes by analysing at the level of amino acids thereby
showing any evidence of horizontal gene transfer.
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Though novel genes are introduced from time to time through evolutionary pathways,
they may also be homologous to the genes that already exist in their genome. These genes
can subsequently undergo recombination and genetically be passed on or may be lost during
selection (Andam et al., 2010). Genetic mosacism of the P335 phages has been discussed
in several studies and it has been postulated that the flexibility in their genome is a provision

to adapt to a new host (Botstein, 1980; Labrie et al., 2008).

The presence of multiple endonucleases in lactococcal phages like HNH endonuclease
has been reported to play a significant role in phage DNA recombination (Crutz et al., 2002).
In this study phages that belong to the P335 group consist of genes coding for HNH
endonucleases commonly seen in other phages of this group. HNH/Homing endonucleases
have also shown to drive horizontal gene transfer and promote genetic exchange of not just
their genes but also genes that are localized around them (Belfort and Bonocora, 2014). Also,
HGT augments a strong similarity between members that share a more common ancestry

(Andam et al., 2010).

Other than horizontal gene transfer, factors like point mutations and gene disruption
have also shown to play a big part that have led to the diversification of the P335 group of
phages thus justifying the formation of subgroups or sub clusters (Labrie, 2008). Also,
natural phage defense systems like the abortive infection mechanism have been influential in

the evolution of lytic phages in the P335 group (Labrie et al., 2007).

Thus the genetic diversity common to lactococcal phages studied previously and
phages in our study suggests that homologous recombination and horizontal gene transfer
events have contributed to a significant portion of their mosaic architecture. Despite the

mosaicism observed in the P335 group, in order to identify the presence of these phages, it has
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been suggested in the past to target the dUTPase gene using PCR detection techniques as it is

conserved in this entire species (Labrie and Moineau, 2002).

4.3 Phage detection techniques and primer recommendations

4.3.1 Detection and identification of phage groups through PCR

Basic detection and enumeration of phages in the dairy industries, like plaque assays,
spot tests have not been very helpful in identifying the exact phage species. In the recent years
however microbiological assays and PCR techniques have been able to provide a great source
of information about the phages infecting the starter cultures (Mahony et al., 2012). As
discussed above, the dUTPase gene was suggested to be used as a target for detection of these
phages, however a lot of the P335 species phages including several phages in this study lack
this gene. The C2 species could be easily identified by this technique by targeting the major

capsid protein (Labrie and Monieu, 2000).

In this study, based on the gene conservation, we have selected the major capsid
protein and major tail protein to distinguish between the 2 groups P335 and 936. PCR analysis
has the benefit of simultaneously detecting the presence as well as the species to which the
lactococcal phages belong directly from samples. The method however, is incapable of
indicating the viability of the phages and if they are able to attack the starter culture. Thus,
this method may be used to confirm the presence of phages in a positive sample and most
significantly to rapidly identify the group of the phages that are currently infecting the starter
strains. This method can also be useful in identifying any new species that infects the starter

culture.

4.3.2 Insilico restriction digests and experimental suggestions
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Our manual restriction digestion data has so far not yielded thorough results that would
help us to identify the phages in each cluster yet we have provided in silico digests indicative
of patterns that distinguish the two clusters or groups we observed in this study. This method
is not only rapid but also helps to identify recurring phages. The reappearance of similar
phages can be suggestive of their source and this can be useful to prevent further
contamination. Therefore we suggest that restriction digestion is a quick method to

differentiate between the clusters.

However, with the availability of whole genome sequences of these phages, it is now
not only possible to know the diversity of the phages but also understand the phage host

interaction, necessary for alleviating the ordeal faced by the dairy industry.

4.4 Whole genome sequencing and Contributions from this study

In dairy industries where commercial strains are used, the presence of prophages has
always been considered a threat, as lysis of the cells leading to phage excision leading to

infection can happen at any time.

Despite several measures being undertaken to eradicate phages from the fermentation
units of the dairy industries, their repeated occurrence has been of great concern. Analysing
lysogeny in bacteria gives useful information on the phage recombinants that play a major role
in the process of infection inhibition. DNA homology studies in streptococci strains conducted
using hybridization techniques in the past have provided a good source of information about
genetic relatedness between the prophages in the host chromosome and the temperate phages
that were induced from the host strain (Jarvis, 1984). However, whole genome sequencing
which is more specific and rapid than the conventional techniques opens up a plethora of

possibilities that can cope with the phage diversity as well as cater to the demands of the dairy
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industry today. It allows precise characterisation of the phages and their virulence nature at

the genetic level that can help in preventing fermentation outbreaks.

Conclusion

Comparative sequence analysis of phages obtained from Fonterra has provided
information about the evolutionary history of the phages and has also revealed the
predominance of P335 phages infecting a single strain in the fermentation units. This project

has also helped us to identify 9 types of P335 phages in this study and an R1T type prophage.

After a thorough analysis we suggest that the striking similarity found among some phages in
this group especially with respect to their lysogeny module reflects on the prophages that
became lytic and further infecting new strains that exist as lysogens. This could suggest that
many of the lactococcal phages exist as prophages in the dairy strains. Some of them are
inducible and have been identified in this study. Homologous recombination between the
lysogen and the infecting phage has contributed to the similarities observed among these
phages. In order to identify if a phage isolated from the dairy industry shares a close
relatedness to other similar phages that have been identified earlier, PCR can be a very
helpful tool and the primers suggested in this project would be suggestive of the type and the

probable source of phages that exist in the dairy industry.
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Future Directions

In our research we have annotated a set of Fonterra phage genomes. Future directions for

the project include:

1.

2.

More such lactococccal phage annotations should be carried out.

In the future, other strains that were used in the different fermentation units at the time
of the phage isolation will be analysed in order to identify prophage(s) since these
phages may have evolved from one or more prophages present in starter strains. This
will also help in addressing the horizontal transfer events that are reported in this study.
The primers that we have suggested in this study can be tested with more phages and
if required additional primers targeting other conserved regions can be designed for
rapid identification of phages in the New Zealand Dairy Industry.

The whole genome sequence data gives us perspicacity about the relatedness among
the phages in the P335 group in this study. Albeit a strong relatedness between the
members of the P335 group in this study with the temperate phage R1T, typically for
lysis to take place, the genes coding for the lysogeny module have to be repressed. In
order to identify the lytic lifestyle of the P335 members in the genes coding for the
replication module and the genes that are involved in the lytic/lysogenic switch can be
investigated further

Despite several efforts taken in the dairy industry to eliminate these phages, only
modest progress has been observed. More genetic screening is required to understand
phage biology and phage multiplication in order to increase productivity and find

better ways to benefit New Zealand’s dairy industry.
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Appendix

Supplementary Data File

Description:

The information present in the CD consists of GenBank files for six phage genomes that have
been annotated for this project. The phages include 5912, 5799, 5943, A31, 6090 and the
prophage in the strain 2356.

Filename:

Genbank files of Fonterra phages.mp4
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