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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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DNA Deoxyribonucleic acid 

LAB Lactic acid bacteria 

RNA Ribonucleic acid 

PCR Polymerase Chain Reaction 

RPM Revolutions per minute 

bp Base pair 
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TMP Tape measure protein 

MCP Major capsid protein 

MTP Major tail protein 

HGT  Horizontal gene transfer 

TR Transcriptional regulator 



iv 

 

 

                                            Acknowledgement 
 

First and foremost I would like to thank my supervisor Dr. Heather Hendrickson for her guidance and 

support during my research and study at Massey University. Special thanks to her for giving me this 

opportunity to work on this prestigious project from Fonterra. 

A sincere gratitude goes to INMS and the Head of the Institute Dianne Brunton for funding my study. 

I would like to express my sincere gratitude to Dr. Evelyn Sattlegger and Dr. Weihong Ji for their 

immense support and guidance and for having helped me through this journey. 

I would especially like to thank my Co supervisor Dr. Olin Silander for his constructive criticism and 

for having helped with the bioinformatics part of the research. 

My sincere gratitude to Massey Genome Services especially Patrick Biggs and his team for 

sequencing al the phage DNA in this project and for their continuous support post sequencing. 

I’m also grateful to my colleagues Jessica Fitch for isolating phage DNA and Courtney Davies, Joanna 

Wojitus and other lab members for their support and encouragement throughout my study. 

I’m also grateful to my husband for reading my drafts multiple times without any complaints and my 

parents for their wise counsel throughout this journey. 

Last but not the least our sincere thanks to Fonterra for giving us an opportunity to work on this 

project and funding a part of it. 

 

 

 

 

 

 

 

 



v 

 

Table of Contents 

Abstract ..................................................................................................................................... ii 

Abbreviations .......................................................................................................................... iii 

Acknowledgement ................................................................................................................... iv 

List of Figures ....................................................................................................................... viii 

List of Tables ............................................................................................................................ x 

Chapter 1 ................................................................................................................................... 1 

Introduction ............................................................................................................................... 1 

1.1 Background to the study ................................................................................................. 1 

1.1.1 Dairy industry ...................................................................................................... 1 

1.1.2    Starter culture ......................................................................................................... 2 

1.1.3    Fermentation process in the dairy industry and whey disposal .............................. 3 

1.1.4    Strain Improvement of Starter Culture ................................................................... 4 

1.1.5    Bacteriophage source and infection ........................................................................ 5 

1.1.5.1    Phage Life Cycle ................................................................................................. 5 

1.1.6 Bacterial Resistance to phages .................................................................................. 7 

1.1.7 Taxonomical classification of lactococcal phages..................................................... 9 

1.1.8 Structure of Lactococcal phages .............................................................................. 12 

1.1.9    Previous Study of Dairy phages in New Zealand ................................................. 13 

1.2     Bacteriophage genomics and its significance ................................................................ 15 

1.5     Source of (Pro)phages in Dairy Industry ....................................................................... 18 

1.6   Aims and Objectives of the Study ................................................................................... 19 

Chapter 2 ................................................................................................................................. 21 

Materials and Methods ............................................................................................................ 21 

2.1     Phage Isolation and amplification .................................................................................. 21 

2.1.1   Bacterial strain and media ..................................................................................... 21 

2.1.2 Culture preparation .................................................................................................. 21 

2.1.3 Plaque assay ............................................................................................................. 21 

2.1.4    Phage isolation ............................................................................................................. 22 

2.1.5     Phage amplification ............................................................................................. 22 

2.2     DNA extraction .............................................................................................................. 23 

2.3     Restriction enzyme analysis ........................................................................................... 24 

2.4     DNA sequencing ............................................................................................................ 24 



vi 

 

2.5     Reference alignments and software ............................................................................... 24 

2.6     Tree output software ...................................................................................................... 25 

2.7     Annotation of Phage genomes ....................................................................................... 25 

2.8     Phamerator database construction.................................................................................. 25 

Chapter 3 ................................................................................................................................. 26 

Results ..................................................................................................................................... 26 

3.1     Host strain infection by phages across different fermentation units .............................. 26 

3.2 Determination of similarity and differences between phages through Restriction 

Digests ..................................................................................................................................... 29 

3.3      Bioinformatic analysis of the phage genomes ............................................................. 30 

3.3.1    Blast Analysis .............................................................................................................. 30 

3.3.2     Dot plot analysis for detecting Synteny ...................................................................... 32 

3.3.3     Phage Whole genome alignment ................................................................................ 33 

3.4      Visualization of protein ‘phamilies’ in prophage and................................................... 37 

phage genomes using  phamerator ........................................................................................... 37 

3.5 Phylogenetic analysis .................................................................................................... 42 

3.5.1     Phylogenetic tree and clustering of phages ......................................................... 42 

3.5.2 Classification of P335 type phages based on pairwise comparison ........................ 45 

3.6     Evolutionary history and Strategies adopted for evolution............................................ 46 

3.6.1  Homologous recombination between the P335 phages .......................................... 46 

3.6.2    Horizontal gene transfer and phage evolution ............................................................. 47 

3.7     Prophage in the strain 2356 and its significance ............................................................ 49 

3.7.1 Origin of phages (from prophages) ......................................................................... 50 

3.7.2     Genetic variations surrounding the lysogeny module ......................................... 51 

3.7.3    Identical phages through prophage induction from same strains ................................ 55 

3.8    Functional Annotation of Phage Genomes .................................................................... 57 

 ................................................................................................................................................. 59 

3.9    Rapid Identification of phages ....................................................................................... 61 

3.9.1    Identification of phage group using PCR ............................................................. 61 

3.9.2     In silico Restriction Digests ................................................................................. 64 

Chapter 4 ................................................................................................................................. 65 

Discussion ............................................................................................................................... 65 

4.1    Major findings ................................................................................................................. 65 



vii 

 

4.2    Investigations into mosaicism in P335 phages ............................................................... 66 

4.3        Phage detection techniques and primer recommendations ......................................... 68 

4.3.1    Detection and identification of phage groups through PCR ................................. 68 

4.3.2    Insilico restriction digests and experimental suggestions ..................................... 68 

4.4    Whole genome sequencing and Contributions from this study ...................................... 69 

Conclusion .............................................................................................................................. 70 

Future Directions .................................................................................................................... 71 

References ............................................................................................................................... 72 

Appendix ................................................................................................................................. 80 

Supplementary Data File.......................................................................................................... 80 

Description: ...................................................................................................................... 80 

Filename: .......................................................................................................................... 80 

 

 

 

 

                                            

 

                                           

 

 

 

 

 

 

 

                                                   

 

 

 

 

 
  



viii 

 

                                                    List of Figures 
 

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

study ........................................................................................................................................... 3 

Figure 2 Diagram depicting Lysis versus Lysogeny.. ............................................................... 6 

Figure 3 Illustration of Bacterial defense strategies. A) Restriction modification system. B) 

“Bacterial vs. Baceteriophages: Parallel Evolution of Immune Arsenals”. C) CRISPR-cas 

System ........................................................................................................................................ 8 

Figure 4  Structure of bacteriophages A) Myoviridae depicted by T4 phage showing long 

contractile tail.  B) Podoviridae depicted by ϕ29 showing short non contractile tail. C) 

Siphoviridae depicted by TP901-1 showing long non contractile tail. .................................... 10 

Figure 5 Types of commonly seen Lactococcal phages in the dairy industry. ....................... 11 

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. .............................................................. 15 

Figure 7 Homologous recombination in P335 phages.) .......................................................... 18 

Figure 8 Plates (phages 6090 and A31) showing the formation of plaques or clear zones that 

appear when a phage infects the bacteria. ................................................................................ 27 

Figure 9 Visualization of all the 24 phage genomic DNA on 1% agarose gel.. ..................... 28 

Figure 10 Restriction digestion of phages (sample) using the enzyme ClaI.. ......................... 29 

Figure 11 Dot plot analysis using the tool Gepard before whole genome alignment.. ........... 33 

Figure 12 Illustration 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 

Figure 13 Dotplot analysis (using Gepard) of fifteen phages and one prophage along with 

reference phage genomes ......................................................................................................... 36 

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 the former half of the genome. B) Genome map of the phages (5731, 5904, 5910) 

showing the latter half. C) Genome map of representative phages (A31, 5876, 5807, 5799, 

5812).. ...................................................................................................................................... 41 

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). ........................................................................................................................................ 43 

Figure 16 Bootstrapped Maximum Likelihood trees for the whole genome and parts of the 

genomes. .................................................................................................................................. 47 

Figure 17 A) Illustration 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.. ..... 49 

Figure 18 Illustration of a portion of the phamerator map showing the difference in the 

lysogeny module of representative phages and the prophage. ................................................. 52 

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 ............ 54 



ix 

 

Figure 20 Gepard dot plot analysis  displaying synteny among the P335 phages from 

different locations.. .................................................................................................................. 55 

Figure 21 Illustration of phamerator data for representatives of identical phages (5876, A31, 

5807).    .................................................................................................................................... 56 

Figure 22 Schematic representations of annotated phage genomes in this project using 

DNAmaster along with their most closely related reference strains. ....................................... 60 

Figure 23 Illustration 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 alignment of the gene showing the placement of 

primers.. ................................................................................................................................... 63 

Figure 24 Depiction of Insilico Restriction endonuclease digestion of phage DNA using 

enzyme Cla 1............................................................................................................................ 64 

 

 

 

                                              

 
 

 

 

 

 
 

 

 

 

 

                                              

 

                                              

 

 
                                                     



x 

 

                                    List of Tables 
 

Table 1: List of phages infecting Lactococcus lactis strain in different geographical places 

that have been sequenced to date. ............................................................................................ 12 

Table 2: Location of fermentation plants of Fonterra indicating each phage’s source and the 

titer values that were obtained from the lysate.. ...................................................................... 27 

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

database. ................................................................................................................................... 31 

Table 4: Percentage identity matrix showing pairwise distance between the phages generated 

by Clustal Omega.. ................................................................................................................... 44 

Table 5: Phage type characterization based on location, their distribution on the phylogenetic 

tree (shown on the left) and percentage identity matrix results ............................................... 45 

Table 6: PCR primer specifications for Tape measure protein and Major tail protein of P335 

and 936 group of phages under study ...................................................................................... 62 

 

 

                                             

 

 

 

 

 

 

 

 

 

 

 

 




