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 Viruses are the most abundant biological entities in seawater. They influence 

the population dynamics, genetic heterogeneity, and biogeochemical cycles in marine 

ecosystems. Isolation and characterization of viruses which infect specific hosts have 

greatly advanced our knowledge on the biological and ecological interactions 

between viruses and their hosts. Roseobacter is an important lineage of marine 

bacteria which are genetically diverse, abundant and ubiquitous in the ocean. 

Roseobacters can make up to 25% of bacterial communities in coastal environments 

and play an active role in the marine sulfur cycle. However, only few bacteriophages 

which infect marine roseobacters had been isolated at the time when I began my 

studies. To understand the types of bacteriophages that infect roseobacters and how 

they interact with their hosts, I devoted my research to isolation and characterization 

of the bacteriophages infecting roseobacters (roseophages hereafter).  

 In this dissertation, fourteen different phages infecting a marine strain, 



   

Ruegeria pomeroyi DSS-3, are described in terms of their morphology, growth, 

genomics and global distributions. These 14 roseophages were divided into four 

different groups: ssDNA, CbK-like, Chi-like, and N4-like roseophages. Two ssDNA 

phages belongs to an unclassified group of Microviridae. They contain only four ORFs 

with a genome size of 4.2 kb, representing the smallest and of all known ssDNA 

phage isolates. Interestingly, the ssDNA roseophages fall into a large group of 

uncultivated viral sequences identified by viral metagenomics. The isolation of CbK-

like roseophages uncovers a new type of Siphoviridae infecting a member of 

Roseobacter lineage, Prior to this work, CbK-like phages had only been reported in 

a freshwater bacterium Caulobacter. The two CbK-like roseophage genomes are 

highly mosaic, containing features from siphoviruses, podoviruses, gene transfer 

agents, integrases and a large number of tRNAs. Chi-like siphophages are another 

newly discovered group of roseophages. Five different Chi-like phages (Siphoviridae) 

were isolated from DSS-3. A resistant strain of R. pomeroyi DSS-3 was found during 

superinfection with Chi-like roseophage DSS3Φ1. Genome sequencing confirmed 

that the resistant strain contains the intact genome of DSS3Φ1. The ability to integrate 

phage genome into host chromosome confirms that DSS3Φ1 is a temperate phage. 

Five N4-like roseophages of DSS-3 were isolated. They belong to the phage N4 

lineage in Podoviridae. Genomes of N4-roseophages are highly syntenic, sharing a 

very similar genomic arrangement.  

 The genomic conservation of N4-like phages allowed me to design N4-like 

phage specific primers based on their DNA polymerase genes. The primer set was 

used to PCR amplify the DNA pol gene of N4-like phages from 56 DNA samples to 



   

investigate the diversity and distribution of N4-like phages in the Chesapeake Bay. 

Surprisingly, N4-like phage sequences were only detected in the winter samples 

collected over two years. Metagenomic recruitments also confirmed that N4-like 

phages appear to prevail in the cold environment, such as Organic Lake, a 

hypersaline lake in Antarctica, where the temperature is usually below -10 °C. 

According to metagenomic analyses, homologs of other DSS-3 phages (non-N4-like) 

are present in freshwater and marine habitats, Antarctica, human gut and feces, and 

coral-associated environments. This wide range distribution of roseophages seems 

to reflect the cosmopolitan nature of the Roseobacter clade. The discovery of different 

types of phages infecting a single strain and their wide distribution suggest that we 

are only seeing the tip of the iceberg of phages.  

  

  



   

  
 
 
 

ISOLATION, GENOMICS AND ECOLOGY OF BACTERIOPHAGES INFECTING 
MARINE ROSEOBACTERS 

 
 
 

by 
 
 

Yuanchao Zhan 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, College Park, in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 

2017 
 

 

 

Advisory Committee: 
 

Professor Feng Chen, Chair 
Professor Alison Buchan 
Professor Russell T. Hill 
Professor Harold J. Schreier 
Professor Eric K. Wommack 

  



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
© Copyright by 
Yuanchao Zhan 

2017 
 



   ii 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dedication 

I dedicate this dissertation to my husband Mingming Yu, and my parents Wenbin 
Zhan and Yuanhong Wang for their unconditional love and support.  



   iii 

Acknowledgements 

  

 First and foremost, I would like to thank Dr. Feng Chen, my mentor of 

throughout Ph.D study, for spending enormous amounts of time with me on designing 

experiments, discussing results, and revising manuscripts and thesis chapters. While 

he has a high expectation for me, he always encourages me to think creatively and 

work independently. I am grateful to his patience, open mind, trust, and friendship. I 

gained so much from him, scientifically and personally. Six years have gone by so 

quickly as if it just happened yesterday. I still remember when Dr. Chen picked me up 

at the midnight of August 4, 2011 when I first landed on the BWI airport. 

 I also extend sincere thanks to my other committee members for their guidance 

and expertise: Dr. Alison Buchan for initiating the diversity study on N4-like phages 

and forging a productive collaboration; Dr. Eric Wommack for providing sequencing 

support and suggestion on viral metagenomic project; Dr. Hal Schreier for his great 

course and discussion on bacterial physiology; and Dr. Russell Hill for scientific 

discussions and encouragements that helped to steer my project and my academic 

career.  

 I greatly thank all the members of the Chen laboratory in the past six years. 

Specially, I thank Yongle Xu for instructing me on basic laboratory skills; David 

Marson for lively discussions on all types of topics from science, travel, history, to 

politics; Zhao Zhao for the company as a wonderful lab mate and roommate. I also 

want to thank my lab mates Mengqi Sun, Ana Sosa Morfin, Daniel Fucich for being 

helpful lab mates in so many ways. I’d love to thank Dr. Tsetso Bachvaroff for his kind 



   iv 

helps on command lines and bioinformatics. Samuel Major, Shadaesha Green, 

Ernest Williams, Daniela Tizabi, Daniel Chen and Heidi Li are thanked for 

proofreading my thesis.  

 I acknowledge the four-year fellowship from the Chinese Scholar Council; the 

financial support from the Ratcliffe Environmental Entrepreneurs Fellowship; and the 

funding supports from the Maryland Industrial Partnership Program. 

 Finally, I am forever in debt to my parents who raised me up and always 

supported me along the way. And to my husband, who always stands next to me and 

provides moral and emotional support in my life.   



   v 

State of Contribution 

 

 Dr. Sijun Huang, from South China Sea Institute of Oceanology, Chinese 

Academy of Sciences, provided the TEM image and genome sequence of DSS3Φ1. 

The genome of DSS3Φ8 was sequenced by Dr. Sonja Voget, from the Institute for 

Microbiology and Genetics at the University of Göttingen, and Dr. Meinhard Simon, 

from the Institute for Chemistry and Biology of the Marine Environment at the 

University of Oldenburg. Dr. Eric Wommack and Daniel J. Nasko from the College of 

Earth, Ocean, and Environment at the University of Delaware, helped sequencing a 

pooled sample of roseophage using PacBio. The primers targeting on the DNA 

polymerase gene of N4-like phages were designed by Dr. Alison Buchan from the 

Department of Microbiology at the University of Tennessee. 

 



   vi 

Table of Contents 

Dedication ................................................................................................................ ii 
Acknowledgements ................................................................................................ iii 
State of Contribution ............................................................................................... v 
Table of Contents ................................................................................................... vi 
List of Tables ........................................................................................................... x 
List of Figures ......................................................................................................... xi 
Chapter 1. Introduction ............................................................................................ 1 

1.1 The need to isolate marine viruses ............................................................. 2 
1.1.1 Isolation of marine viruses continues to surprise us ................................ 2 
1.1.2 Marine bacteriophages with known genomes ......................................... 6 
1.1.3 Viral isolation is beneficial to viral metagenomics ................................... 8 
1.1.4 Viral isolation provides a system to study phage-host interaction ........... 9 

1.2 The marine Roseobacter lineage .............................................................. 11 
1.3 Bacteriophages of roseobacters ............................................................... 16 

1.3.1 SIOΦ1, the first isolated roseophage .................................................... 16 
1.3.2 Novel N4-like Roseophages .................................................................. 17 
1.3.3 Other lytic roseophages ........................................................................ 19 
1.3.4 Roseobacters contain prophages .......................................................... 20 

1.4 Scope of this dissertation .......................................................................... 21 
Chapter 2. A small and novel ssDNA bacteriophage infecting a marine 
bacterium unveils highly mosaic genomic evolution ........................................ 24 

2.1 Abstract ..................................................................................................... 25 
2.2 Introduction ............................................................................................... 25 
2.3 Method ...................................................................................................... 27 

2.3.1 Isolation and concentration of phage DSS3Φ22 ................................... 27 
2.3.2 Transmission electron microscopy ........................................................ 28 
2.3.3 Host range and one-step growth curve ................................................. 28 
2.3.4 Confirmation of single stranded DNA nature of phage .......................... 29 
2.3.5 Genome sequencing and annotation of phage ..................................... 29 
2.3.6 SDS-PAGE and mass-spectrometry ..................................................... 30 
2.3.7 Metagenomic recruitments .................................................................... 31 



   vii 

2.4 Results and Discussion ............................................................................. 31 
2.4.1 Phage morphology, growth and specificity ............................................ 31 
2.4.2 Genomic features .................................................................................. 35 
2.4.3 The simplest genome content for ssDNA phage ................................... 37 
2.4.4 ssDNA phage can be highly mosaic ...................................................... 39 
2.4.5 Missing attachment protein in DSS3Φ22 .............................................. 43 
2.4.6 Evidence of DSS3Φ22 homologs in environmental metagenome ........ 50 

2.5 Conclusion ................................................................................................ 54 
Chapter 3. A novel roseobacter phage possesses features of podoviruses, 
siphoviruses, prophages and gene transfer agent ............................................ 56 

3.1 Abstract ..................................................................................................... 57 
3.2 Introduction ............................................................................................... 58 
3.3 Methods and Materials .............................................................................. 60 

3.3.1 Isolation of phage .................................................................................. 60 
3.3.2 Transmission electron microscopy (TEM) ............................................. 61 
3.3.3 Cross infection ....................................................................................... 61 
3.3.4 One-step growth curve .......................................................................... 61 
3.3.5 DNA extraction ...................................................................................... 62 
3.3.6 Sequencing and annotation ................................................................... 63 
3.3.7 Metagenomic recruitment ...................................................................... 64 

3.4 Results and Discussion ............................................................................. 64 
3.4.1 Morphology and biological features ....................................................... 64 
3.4.2 General genome features ...................................................................... 65 
3.4.3 Homology between DSS3Φ8 and CbK-like phages .............................. 69 
3.4.4 Difference between DSS3Φ8 and CbK-like phages .............................. 73 
3.4.5 Prophage ............................................................................................... 75 
3.4.6 The GTA genes ..................................................................................... 76 
3.4.7 Environmental Distribution of DSS3Φ8 ................................................. 79 

3.5 Conclusion ................................................................................................ 81 
Chapter 4. Distinct groups of bacteriophages infecting a single marine 
roseobacter strain Ruegeria pomeroyi DSS-3 .................................................... 82 

4.1 Abstract ..................................................................................................... 83 
4.2 Introduction ............................................................................................... 84 



   viii 

4.3 Methods and Materials .............................................................................. 87 
4.3.1 Phage isolation ...................................................................................... 87 
4.3.2 Phage morphology, growth curve and cross-infectivity ......................... 88 
4.3.3 DNA extraction and sequencing ............................................................ 88 
4.3.4 Annotation, codon usage and genomic comparison ............................. 90 
4.3.5 Core genome analysis, phylogeny and average nucleotide identity ..... 91 
4.3.6 Lysogen formation assay ...................................................................... 91 
4.3.7 Genomic sequence of the phage resistant strain. ................................. 92 

4.4 Results and Discussion ............................................................................. 92 
4.4.1 Genomic features of DSS-3 phages ...................................................... 94 
4.4.2 Growth curves of DSS-3 phages ........................................................... 96 
4.4.3 Chi-like roseophages ............................................................................. 98 
4.4.4 N4-like roseophages ........................................................................... 103 
4.4.5 CbK-like phages .................................................................................. 110 
4.4.6 ssDNA phages .................................................................................... 110 
4.4.7 tRNA, codon usage and phage-host interactions ................................ 111 
4.4.8 DSS-3 phages within each cluster are genetically stable .................... 114 

Chapter 5. Novel N4 bacteriophages prevail in the cold biosphere ................ 117 
5.1 Abstract ................................................................................................... 118 
5.2 Introduction ............................................................................................. 119 
5.3 Materials and methods ............................................................................ 121 

5.3.1 Sample collection and preparation ...................................................... 121 
5.3.2 PCR primers and amplification ............................................................ 123 
5.3.3 Clone library, sequencing and phylogenetic analysis .......................... 124 
5.3.4 Diversity indices and metagenomic analysis ....................................... 124 

5.4 Results and Discussion ........................................................................... 125 
5.4.1 Detection of N4-like phages in the Chesapeake Bay .......................... 125 
5.4.2 N4 phages are diverse in the Chesapeake Bay .................................. 128 
5.4.3 Identification of N4-like phages in cold environments ......................... 137 

5.5 Conclusion .............................................................................................. 140 
Chapter 6. Conclusion and Future Prospects ................................................... 141 

6.1 Isolation and genomics of roseophages ................................................. 142 
6.2 Ecological diversity and global distribution of marine roseophages ........ 146 



   ix 

6.3 Future prospects ..................................................................................... 148 
6.3.1 Ecological relevance of N4-like roseophages ..................................... 148 
6.3.2 Cold adaptation of N4-lik roseophages ............................................... 149 
6.3.3 Roseobacters and roseophages interaction ........................................ 155 

6.4 Significance of work ................................................................................ 156 
Bibliography ......................................................................................................... 158 
  



   x 

List of Tables 

Table 2.1 The summary of Microviridae isolates ..................................................... 34 
Table 4.1 List of primers used for qPCR in one-step growth curve experiment ...... 89 
Table 4.2 The isolation parameter and genomic feature for 15 completely 
sequenced DSS-3 phages. ..................................................................................... 93 
Table 4.3 Bacteriophages related to roseophage Cluster I ................................... 100 
Table 4.4 List of N4-like marine Roseophages ..................................................... 104 
Table 4.5 Core genes shared by N4-like Roseophages ........................................ 106 
Table 4.6 Genomic similarities among the DSS-3 phages within each cluster. .... 115 
Table 5.1 Environmental and community parameters at sampling stations .......... 130 
Table 5.2 Distribution of phylogenetic clusters and diversity indices among the five 
clone libraries. ....................................................................................................... 134 
Table 6.1 Summary of all published bacteriophages infecting marine roseobacters.
............................................................................................................................... 143 
Table 6.2 The burst sizes and latent period of selected phages growing at different 
temperature. .......................................................................................................... 154 
  



   xi 

List of Figures 

Figure 1.1 The diverse morphologies of marine viruses ........................................... 5 
Figure 1.2 Number of bacterial, phage and marine phage genomes submitted per 
year to the INSDC ..................................................................................................... 7 
Figure 1.3 A matrix describing the presence of select genes or gene pathways in 
the 32 genomes ....................................................................................................... 13 
Figure 2.1 The morphology and one-step growth curve of DSS3Φ22. ................... 33 
Figure 2.2 The agarose gel showing enzyme digestion of ssDNA phage DSS3Φ22
................................................................................................................................. 36 
Figure 2.3 Genome map and annotation of DSS3Φ22. .......................................... 38 
Figure 2.4 Maximum-likelihood analysis of DSS3Φ22 based on amino acid 
sequences of major capsid protein. ......................................................................... 41 
Figure 2.5 Genomic organization of the putative microvirus prophages residing in 
the genomes of Sphingomonas and Novosphingobium. ......................................... 42 
Figure 2.6 Visualization of the DSS3Φ22 structural protein separated by SDS-
PAGE. ..................................................................................................................... 45 
Figure 2.7 Multiple sequences alignment of major capsid proteins of Microviridae 
phages. .................................................................................................................... 46 
Figure 2.8 The predicted 3-D structure comparison of the major capsid protein of 
DSS3Φ22 alongsite that of Sprioplasma phage 4 major capsid protein ................. 49 
Figure 2.9 Abundance of DSS3Φ22-like sequences in different habitats based on 
viral metagenomic search. ...................................................................................... 51 
Figure 2.10 A maximum-likelihood phylogenetic relationship of known members of 
the Microviridae and the metagenomic assembled microviruses based on amino 
acid sequences of the major capsid gene. .............................................................. 52 
Figure 3.1 Morphology and growth curve of DSS3Φ8. ............................................ 66 
Figure 3.2 Genome map of roseophage DSS3Φ8. ................................................. 68 
Figure 3.3 Genome wide comparison between roseophage DSS3Φ8 and 
Caulobacter phage phiCbK. .................................................................................... 70 
Figure 3.4 The maximum-likelihood phylogenetic tree of DNA polymerase I of 
bacteriophages. ....................................................................................................... 72 
Figure 3.5 The maximum-likelihood phylogenetic tree of concatenated protein 
sequences of RcGTA-like genes 12-15 from bacteriophages and bacteria ............ 78 
Figure 3.6 Rates of occurrences of DSS3Φ8 genes in various metagenomic 
databases. ............................................................................................................... 80 
Figure 4.1 Genomic comparison and morphology of bacteriophages infecting R. 
pomeroyi DSS-3. ..................................................................................................... 95 



   xii 

Figure 4.2 The one-step growth curves, latent period and burst size of selected 
phages from four clusters. ....................................................................................... 97 
Figure 4.3 Genome map of roseophage DSS3Φ1. ............................................... 101 
Figure 4.4 A maximum- likelihood and neighbor-joining phylogeny based on the 13 
concatenated core genes of the 17 Chi-like phages. ............................................ 102 
Figure 4.5 Alignment of the 15 N4-like roseophage genomes. ............................. 105 
Figure 4.6 Core-genome and pan-genome analysis of N4-like roseophages ....... 109 
Figure 4.7 Codon usage frequencies of three dsDNA phages in different clusters 
compared with the codon frequencies of their host. .............................................. 113 
Figure 5.1 The locations of the winter Chesapeake Bay samples that were positive 
for N4-like specific DNA pol PCR products. .......................................................... 122 
Figure 5.2 The amplification of N4-like phages in the Chesapeake Bay using 
degenerated primers. ............................................................................................ 127 
Figure 5.3 The neighbor-joining phylogenetic relationship of translated DNA pol 
gene sequences recovered from the clone libraries, known N4-like phages, and 
metagenomic databases. ...................................................................................... 131 
Figure 5.4 The comparison of proportion of DNA pol subclusters between the upper 
and lower Chesapeake Bay. ................................................................................. 135 
Figure 5.5 Rarefaction curve of five clone libraries. .............................................. 136 
Figure 5.6 The occurrence of N4-like phages reads in metagenomic database and 
corresponding temperature. .................................................................................. 138 
Figure 6.1 The recovery rate of four bacteriophages infecting R. pomeroyi DSS-3 
after they were incubated at different temperatures for 14 days. .......................... 152 
Figure 6.2 Growth curves of four different phages infecting R. pomeroyi DSS-3 at 
different temperature. ............................................................................................ 153



   1 

Chapter 1. Introduction 
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1.1 The need to isolate marine viruses 

 Marine viruses first entered microbial ecologists’ view in 1989 when Bergh et 

al. used transmission electron microscopy to illustrate the abundance of marine 

viruses in seawater (Bergh et al., 1989). It has been estimated that there are 

approximately 106 virus-like particles (VLPs) ml�1 in open oceans and 107 VLPs ml�

1 in productive coastal waters (Suttle 2005). Since then, extensive studies have been 

conducted to understand the role of viruses in the marine environment. It is clear now 

that marine viruses are involved in shaping host population structure, mediating 

genetic exchange between hosts, and modulating trophic transfer in marine food 

webs (Fuhrman, 1999; Wommack and Colwell, 2000; Suttle, 2005, 2007; Breitbart, 

2012). Culture-independent marine viral metagenomic studies suggest that viruses 

are the largest genetic repertoire in the ocean, and a great number of marine viruses 

await discovery (Angly et al., 2006; Hurwitz and Sullivan, 2013; Brum et al., 2015; 

Paez-Espino et al., 2016). While the rapid advance in high throughput sequencing 

technology allows me to explore microbial diversity with deep coverage and relatively 

low cost, isolation and characterization of infectious viruses lags behind. Isolating 

viruses is an important step towards understanding their morphology, infectivity, 

genetics/genomics, ecology and evolution. It is also now evident that isolation of 

viruses helps in the interpretation of rapidly increasing virome databases.  

 

1.1.1 Isolation of marine viruses continues to surprise us 

 It has been estimated that there are thousands of different viral genotypes in 

every liter of seawater (Edwards and Rohwer, 2005). Variable morphotypes of marine 
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bacteriophages (viruses that infect bacteria) have been observed under transmission 

electronic microscopy (Brum et al. 2013). Marine phages are generally divided into 

tailed and non-tailed forms. Tailed phages fall into the order Caudovirales, all of which 

are dsDNA viruses. Caudovirales consists of three families: Myoviridae, Podoviridae 

and Siphoviridae (Figure 1.1 a-c) (Ackermann, 1992). Non-tailed phages often have 

ssDNA genome and belong to the Microviridae and Inoviridae families. Phages of 

these types have recently been isolated from marine systems (i.e., the strait of 

Öresund (Holmfeldt et al., 2013) and Arctic sea ice (Yu et al., 2014)). 

 The discovery of archaeal viruses provides an example of how viral isolation 

contributes to our knowledge on the diversity and evolution of viruses. Isolated 

archaeal viruses have many different types of morphology, such as being bottle-

shaped, spindle-shaped, droplet-shaped, or spherical (Figure 1.1 d) (Prangishvili, 

2013). These unusual virion morphologies have not been observed in bacteriophages 

or viruses infecting eukaryotes (Pietilä et al., 2014). Genomic sequencing reveals an 

extreme diversity of archaeoviruses making up fifteen viral families that have been 

assigned to 29 different archaeovirus isolates (Dellas et al., 2014). The 

characterization of archaeoviruses helps us understand the taxonomy and evolution 

of viruses. For example, the major capsid proteins of archaeoviruses, STIV and 

HSTV-1, share structural similarities with the viruses infecting organisms from other 

domains of life (Snyder et al., 2015). This observation infers the existence of ancient 

viral lineages before the separation of three life domains. Studies on the replication 

cycle of STIV demonstrate that a cellular protein of STIV is essential for the replication 

cycle of several eukaryotic viruses, such as HIV and Ebola (Carlton and Martin-



   4 

Serrano, 2007; Snyder et al., 2013). Isolation of Acidianus convivator virus ATV  

allows the discovery that viral tails are developed outside host cells after viral particles 

are released (Häring et al., 2005). Despite that only a limited number of 

archaeoviruses have been isolated, they have shown a greater phenotypic diversity 

compared to bacteriophages (Nasir et al., 2014). 

 The discovery of giant viruses also expands our knowledge on virology. 

Mimivirus, which infects ubiquitous protozoa amoeba, was the first isolated giant virus 

(Scola et al., 2003). Mimivirus was first thought to be a bacterium due to its large 

particle size (Figure 1.1 e), but was identified as a virus 10 years after its discovery 

(Scola et al., 2003). More giant viruses have been isolated since then (Arslan et al., 

2011; Philippe et al., 2013; Legendre et al., 2014, 2015). Currently, giant viruses can 

be divided into four distinct families, which are Mimiviridae, Pandoraviridae, 

Pithovirus and Mollivirus (Abergel et al., 2015). Genomes of giant viruses can be as 

complicated as genomes of bacteria or parasitic eukaryotes. Many signature cellular 

genes, including transcription signaling, protein translation and delivery mechanism 

have been found in giant viruses (Abergel et al., 2015). Interestingly, virophages 

which replicate within the giant viruses were discovered (Figure 1.1 f) (La Scola et 

al., 2008). A recent study found that virophages can integrate into giant virus genome, 

and protect its protozoan host from being infected by giant viruses infection (Fischer 

and Hackl, 2016). The cell-like genetic capacity encoded by giant viruses has 

challenged our current view on the evolution of viruses. Discovery of novel viruses 

through isolation and laboratory study will no doubt continue to surprise us. 
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Figure 1.1 The diverse morphologies of marine viruses. (a-c) Typical morphology of 

marine bacteriophages: a) Myoviridae; b) Podoviridae; c) Siphoviridae. Scale bar = 

50 nm. (d) Electron micrographs of archaeal virions collected form a coastal hot, 

nonacidic spring at Kagoshima in Japan. Scale bar = 100 nm. (e-f) Electron 

microscope image of e) mamavirus and f) mimivirus with virophage. Scale bar = 100 

nm. Figures were adapted from Suttle 2007, Prangishvili 2013, and La Scola et al. 

2008. 

e f 

d 
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1.1.2 Marine bacteriophages with known genomes  

 Despite the ecological importance of marine viruses, the number of marine 

bacteriophages with known genomic sequences remains still limited, particularly 

compared to the genomes of marine bacteria (Figure 1.2). The first bacteriophage 

genome (ΦX174) which infects enterobacteria was sequenced in 1977 (Sanger et al., 

1977); twenty-two years later the first complete genome of a bacteriophage with 

marine origins (PM2), which infects the heterotrophic bacterium Pseudoalteromonas 

(Männistö et al., 1999), was sequenced. The genome of the first marine cyanophage 

(P60) was sequenced in 2002. P60 is a phage which infects a marine Synechococcus 

WH7803 (Chen and Lu, 2002). The complete genome of the first Prochlorococcus 

phage was reported in 2003 (Sullivan et al., 2003). In 2013, several phages which 

infect the marine bacterium Pelagibacter ubique (a cultivated representative of the 

ubiquitous and abundant SAR11) were isolated and sequenced (Zhao et al., 2013).  

 By May 2015, a total of 130 complete genomes of marine phage isolates have 

been reported, although bacteriophage genomes assembled from metagenomes are 

available (Perez Sepulveda et al., 2016). Less than 6% of bacteriophages with 

complete genomes were isolated from marine environments. Current studies on 

marine phages appear to be selective and focus on a few virus-host systems. For 

example, phages infecting cyanobacteria contribute more than 40% of all available 

marine phage genomes. The sequenced marine phages come from hosts belonging 

to 5 classes of bacteria, which only represents a minute fraction of marine bacterial 

communities.  
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Figure 1.2 Number of bacterial, phage and marine phage genomes submitted per 

year to the INSDC (International Nucleotide Sequence Database Collaboration). 

Dates were extracted for all sequences within the EBI phage database 

(http://www.ebi.ac.uk/genomes/phage.html). Prophages are not included unless they 

have been specifically sequenced independently of their host bacterium. Phages 

were classified as marine if they were isolated from a marine environment. The peak 

of marine bacteriophages in 2013 included the bacteriophage genomes assembled 

from metagenomic databases. Adapted from Perez Sepulveda et al. 2016.  
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1.1.3 Viral isolation is beneficial to viral metagenomics 

 Viral isolation helps explain unknown metagenomic reads and unidentified 

viral populations. More than 60% of sequences in viral metagenomic databases 

remain unknown due to the small pool of viral references. For example, in the Pacific 

Ocean Virome, 87-93% of unknown reads do not match with any known viral taxa 

(Hurwitz and Sullivan, 2013). Part of this issue is due to the low number of sequenced 

phages. With the rapid development of next generation sequencing technology, viral 

metagenomics is at the forefront of viral diversity discovery. The number of identified 

viral populations has reached a plateau, according to the global marine viral 

metagenomic analysis (Brum et al., 2015; Paez-Espino et al., 2016). By using the 

large contigs (up to 100kb), Brum et al. were able to identify 5,476 pelagic viral 

populations in Tara Ocean Virome databases (Brum et al., 2015), but only 39 have 

cultured representatives. A recent analysis based on assembled marine phages 

genome identified 617 genus-level operational taxonomic units (OTUs), among which 

only 17 OTUs contained representatives from known viruses (Nishimura et al., 2017). 

The large proportion of unknown viral sequences is referred as the “phage dark 

matter” in viromics. Genome sequences of new viral isolates could uncover the 

mysterious sequences in the viral metagenomic databases. A good example is the 

discovery of four bacteriophages infecting ‘Candidatus Pelagibacter ubique’ 

HTCC1062, an isolated marine bacterium belonging to the ubiquitous SAR11 clade 

(Morris et al., 2002). Genome sequences of these four phages were highly 

represented in marine viral metagenomes. Particularly, HTVC010P-like podoviruses 

were 2.5 times more abundant than all T4-like cyanophages combined, representing 
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a highly abundant phage group (Zhao et al., 2010). Another example is phage HMO-

2011 which infects another important strain of marine bacteria from the SAR116 

clade. The genome sequence of HMO-2011 successfully explained up to 10%-25% 

of previous unknown reads in viral metagenomes (Kang et al., 2013). The 

combination of phage genome sequences and metadata allows for global 

biogeographic studies of SAR11 and SAR116 phages. Therefore, in this era of high 

throughput sequencing of viral communities, the need for isolation and 

characterization of viruses in the natural environment is critical.  

 

1.1.4 Viral isolation provides a system to study phage-host interaction 

 Viral isolation allows us to study the morphology, infection dynamics (i.e. one-

step growth curve, burst size, etc.), host range, niche adaptation, genome evolution 

and phylogenetic relationship of viruses. Cyanobacteria, as important primary 

producers in the ocean, stimulate interest to study bacteriophages infecting them. 

More than 80 viruses which infect marine Synechococcus and Prochlorococcus have 

been isolated and characterized (Suttle and Chan, 1993; Waterbury and Valois, 1993; 

Wilson et al., 1993; Lu et al., 2001; Wang and Chen, 2008; Labrie et al., 2013; Sullivan 

et al., 2003). Currently, all the isolated cyanophages are dsDNA phages and belong 

to three well-established phage families (Myoviridae, Podoviridae, and Siphoviridae). 

Isolation of these cyanophages unveiled interesting virus-host strategies. For 

example, T7-like cyanophages tend to be very host specific, whereas T4-like 

cyanophages can cross infect both Prochlorococcus and Synechococcus (Weigele 

et al., 2007; Sullivan et al., 2003; Wang and Chen, 2008). A recent transcriptomic 
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study of the broad host-range cyanomyophage, Syn9, and its three distinct 

Synechococcus hosts, suggested that the broad host-range of Syn9 results from the 

effectiveness of host defense strategies, rather than the infectivity of the phage 

(Doron et al., 2016). The genome sequence of cyanophages provides knowledge on 

their diversity, evolution and phage-host interaction. Sets of core genes have been 

established within cyanomyoviruses and cyanopodoviruses, respectively, inferring 

the genomic conservation within each group (Sullivan et al., 2010; Huang et al., 2015; 

Labrie et al., 2013). In contrast, genomes of cyanosiphoviruses appear to be highly 

mosaic and variable (Huang et al., 2012; Mizuno et al., 2013a). The finding of 

cyanophage-encoded photosynthetic genes has raised many questions regarding the 

role of phages in regulating host photosynthetic activity (Millard et al., 2004; Lindell 

et al., 2005; Crummett et al., 2016). Cyanobacterial resistance to viral infection occurs 

frequently (Avrani et al., 2011), yet it is not easy to isolate phage mutants that 

overcome this resistance (Schwartz and Lindell, 2017).  

 In short, viral isolation is a fundamental step towards understanding the 

biological features of viruses and how they interact with their hosts. Genomic 

information of isolated phages is greatly needed to interpret many unknown 'viruses' 

in the vast viral metagenomic databases. The integration of viral genomics and viral 

metagenomics has become a powerful way to understand the diversity and 

interaction between viruses and microbes in the natural environment. 
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1.2 The marine Roseobacter lineage 

 The marine Roseobacter group serves as an important model organism for 

studying marine microbial ecology. All members of the Roseobacter lineage cluster 

form a distinct lineage within the Rhodobacteraceae family of the Alphaproteobacteria 

class. Based on the 16S rRNA gene phylogeny, the Roseobacter lineage is 

comprised of five deeply branching clades (Buchan et al., 2005). Multiple studies 

based on concatenated core genes further support these five clades (Newton et al., 

2010; Luo and Moran, 2014; Simon et al., 2017). To clarify, I use “Roseobacter” 

(instead of Roseobacter) to refer the lineage of Roseobacter, and “roseobacters” to 

refer the members and isolates within this lineage.  

 The Roseobacter lineage is one major clade of marine heterotrophic bacteria 

that was first found in the coastal waters of Georgia, in the south eastern U.S. 

(Gonzalez and Moran, 1997). This lineage accounts for a large proportion of the 

bacterioplankton community, comprising upwards of 20% of the coastal and 15% of 

mix-layer ocean bacterioplankton (Buchan et al., 2005). Members of the Roseobacter 

lineage are distributed across diverse habitats, including Antarctic, Artic, biofilms, 

deep sea, sediment, hypersaline mat and reef environments (Allgaier et al., 2003; 

Jonkers and Abed, 2003; Selje et al., 2004; Gifford et al., 2014; Wemheuer et al., 

2015). Roseobacters are commonly associated with microalgae, especially during 

phytoplankton blooms (Sass et al., 2010; Laass et al., 2014; Buchan et al., 2014). 

 Roseobacters are considered to be ecological generalists with versatile 

metabolic features (Wagner-Döbler and Biebl, 2006; Buchan et al., 2005). Some are 

capable of aerobic anoxygenic photosynthesis (AAnP) (Beja et al., 2002; Allgaier et 
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al., 2003), oxidation of carbon monoxide (Todd et al., 2007; Cunliffe, 2011), 

degradation of multiple organic sulfur compounds (Moran et al., 2003; Lenk et al., 

2012), aromatic compounds (Gulvik and Buchan, 2013), and production of a variety 

of bioactive secondary metabolites (Geng et al., 2008; Sonnenschein et al., 2017). 

Several roseobacters have close symbiotic and pathogenic relationships with both 

vertebrates and invertebrates (Zan et al., 2012; Patzelt et al., 2013; Collins et al., 

2015). More importantly, roseobacterial members are able to degrade the 

phytoplankton produced osmolyte dimethylsulfoniopropionate (DMSP) using either 

the cleavage or the demethylation/dethiolation pathway (Moran et al., 2004, 2012). 

Field studies have shown that members in the Roseobacter lineage can affect the 

fate of DMSP in nature (Howard et al., 2008; Vila-Costa et al., 2014; Varaljay et al., 

2015), inferring that the marine Roseobacter lineage is a key player in the global 

sulfur cycle.  

 Diverse functions seen in the Roseobacter lineage are reflected by their 

flexible genomes. A recent phylogenomic analysis revealed that marine genomes 

evolved from ancestral Rhodobacteraceae and diverged from their non-marine 

counterparts through gaining and lossing of genes, which improved their fitness in 

marine habitats (Simon et al., 2017). By January, 2017, genomes of at least 69 

marine roseobacters species have been sequenced 

(http://www.roseobase.org/index.html and http://www/arb-silva.de). Among them, 14 

genomes are complete, and genome size ranges from 3.02 to 5.75 Mbp. Genes 

encoding diverse metabolic pathways, including nitrogen uptake, carbon utilization, 

sulfur degradation and secondary product production, have been found within 
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Figure 1.3 A matrix describing the presence of select genes or gene pathways in the 
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32 genomes (Newton et al. 2010.). A colored box containing a dot indicates the 

presence of the gene/pathway. An ultra-metric tree has been placed above the gene 

matrix for reference. 
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roseobacter genome (Figure 1.3) (Newton et al., 2010; Luo and Moran, 2014; Simon 

et al., 2017). 

 Interestingly, nearly all roseobacter genomes contain a complete or nearly 

complete gene transfer agent (GTA) operon (Figure 1.3) (Newton et al., 2010; Luo 

and Moran, 2014). GTAs were first discovered in Rhodobacter capsulatus (RcGTA), 

another Rhodobacteraceae member(Lang and Beatty, 1999). GTAs are phage-like 

particles, encoding 15 to 17 genes. In contrast to bacteriophages, which package 

their own genomes, GTA particles usually package bacterial DNA (Lang et al., 2012). 

It has been shown that GTA is able to mediate higher rates of gene transfer, 

compared with transformation and transduction (McDaniel et al., 2010). The 

Roseobacter lineage is the only marine bacterial lineages, known to carry GTA genes 

(Luo and Moran, 2014). The production of GTA-like particles by using R. pomeroyi, 

Roseovarius nubinhibens, and R. mobilis has been demonstrated (Biers et al., 2008; 

McDaniel et al., 2010). Although Roseobacter-like GTA genes can be detected from 

estuarine waters (Zhao et al., 2010), the abundance and global distribution of GTA 

particles remains unclear. The presence of GTA genes in roseobacter genomes and 

the ability of strains to produce GTA particles implies an important role for GTA in the 

Roseobacter lineage.  

 Recently sequenced genomes of pelagic roseobacters provides evidence for 

different strategies. The isolation of Planktomarina temperate RCA23 demonstrated 

the streamlined genomes of pelagic roseobacters and their possible adaptation 

machinery to oligotrophic environments (Voget et al., 2015). Analyses based on 

genome comparison (Newton et al., 2010), single-cell genomics (Luo et al., 2014; 
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Zhang et al., 2016), and metagenomics of uncultivable roseobacters (Luo et al., 2012) 

seem to suggest that the current culture collection of the Roseobacter lineage may 

not represent the whole roseobacter community in the natural environment.  

 In summary, the members of marine Roseobacter are a dominant group of 

marine heterotrophic bacteria with versatile lifestyles, high genomic plasticity and 

important biogeochemical roles.  

 

1.3 Bacteriophages of roseobacters 

 Compared to the knowledge gained on roseobacters over the last two 

decades, much less is known about the phages which infect this group of bacteria 

(hereafter refer as roseophage).  

1.3.1 SIOΦ1, the first isolated roseophage 

 Phage SIOΦ1 is the first roseophage isolated from a marine roseobacter strain 

(Rohwer et al., 2000). SIOΦ1, which infects Roseobacter SIO67, was isolated from 

the coastal seawaters of California. SIOΦ1 has an isometric capsid and a short tail, 

and belongs to the Podoviridae family. SIOΦ1 has a genome size of 39.9 kb, and its 

genome contains 30 open reading frames (ORFs) that can be divided into three 

modules: nucleotide synthesis and DNA replication, phosphate metabolism, and 

capsid structural proteins (Angly et al., 2009). SIOΦ1 is closely clustered with a clone 

sequence from the Strait of Georgia (SOG) and is distinct from the T7 enterophages 

within Podoviridae (Labont et al., 2009). 

 Four additional podoviruses were isolated from the same location using the 

same host Roseobacter SIO67, 12 years after SIOΦ1 was isolated (Angly et al., 
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2009). These four new phages share a high degree of genomic similarity with SIOΦ1 

(Angly et al., 2009). This indicates that podoviruses of Roseobacter SIO67 are 

relatively stable in the natural environment.  

 

1.3.2 Novel N4-like Roseophages 

 Since the first report of the SIOΦ1 roseophage in 2000, a few more 

roseophages have been discovered. In 2009, two novel phages, DSS3Φ2 and 

EE36Φ1 were isolated from the marine roseobacters, Ruegeria pomeroyi DSS-3 and 

Sulfitobacter sp. EE-36, respectively (Zhao et al., 2009b). Phages DSS3Φ2 and 

EE36Φ1 were isolated from Baltimore Inner Harbor Pier V and belong to the phage 

family Podoviridae, with icosahedral capsids (~70 nm in diameter) and visible short 

tails (~26 nm long). The genome sequences of these two phages show that they are 

closely related to phage N4 that infects E. coli (Schito et al., 1966). The isolation of 

DSS3Φ2 and EE36Φ1 marks the second case for both roseophage and N4-like 

phage. Prior to the discovery of DSS3Φ2 and EE36Φ1, phage N4 had been 

considered a genetic and taxonomic orphan for more than forty years, lacking any 

comparable counterparts.  

 In recent years, more N4-like roseophages were isolated in different 

laboratories. RLPΦ1 and RPPΦ1, were found from the coastal waters of the United 

Kingdom, which can specifically infect two strains of Roseovarius (Chan et al., 2014). 

A N4-like phage which infects Sulfitobacter sp. strain 2047 was discovered from 

Raunefjorden, Norway (Ankrah et al., 2014a). After that, three N4-like roseophages 

infecting Dinoroseobacter shibae DFL12 (Cai et al., 2015; Ji et al., 2015b; Li et al., 
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2016) and two N4-like roseophages infecting Roseobacter dinitrificans OCh114 were 

further isolated and characterized (Li et al., 2016).  

 Interestingly, all N4-like phages contain a large virion-encapsidated RNA 

polymerase gene (vRNAP). It has been reported that vRNAP in phage N4 (Zivin and 

Zehring, 1981) is packaged in viral particles and injected into host cells upon infection, 

and is responsible for early and middle transcription (Choi et al., 2008). All the N4-

like roseophages contain the vRNAP gene homologous to the vRNAP gene in phage 

N4. Therefore, it is postulated that N4-like roseophages use a similar transcription 

machinery as phage N4.  

 Genome sizes of known N4-like roseophages range from 73 to 75kb, similar 

to the genome size (70kb) of coliphage N4. In general, N4-like phages appear to 

contain a larger genome than the typical T7 like phages in the family Podoviridae. It 

is noteworthy that all N4-like roseophages share a similar genomic arrangement, 

suggesting the conserved evolution of this group of phages. 

 In the recent years, new N4-like phages, which infect other bacteria, such as 

Vibrio, Pseudomonas, Salmonella, and Achromobacter have been reported (Born et 

al., 2011; Kulikov et al., 2012; Fouts et al., 2013; Gan et al., 2013). These studies 

suggest that N4-like phages could infect a wide range of bacterial genera. However, 

we know little about the diversity and distribution of N4 phages in the natural 

environment. Most of our knowledge on the distribution of N4-like phage is based on 

metagenomic recruitment. Searching the Global Ocean Survey (GOS) metagenomic 

database using N4 roseophage DNA polymerase genes showed that roseobacter N4 

phages are relatively abundant in coastal areas but are rare in open oceans (Zhao et 
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al., 2009b). A later study shows that N4 phages are present in the Antarctic Ocean, 

Saltern Sea and GOS metagenomes (Chan et al., 2014).  

 

1.3.3 Other lytic roseophages 

 Roseophage RDJLΦ1 and RDJLΦ2 which infect Roseobacter denitrificans 

OCh114 were isolated from the South China Sea (Zhang and Jiao, 2009; Liang et al., 

2016) and coastal seawater of Xiamen, China, respectively. Morphologically, these 

two phages belong to Siphoviridae family. The genomes of RDJLΦ1 and RDJLΦ2 

exhibited 88% genome sequence similarity (Liang et al., 2016). Both phages contain 

four genes that are highly homologous to the four genes found in the gene transfer 

agent (GTA) of Rhodobacter capsulatus (Huang et al., 2011). The shared genetic 

features between a lytic phage and GTA suggest was proposed to common prophage 

ancestor (Huang et al., 2011).  

 ΦCB2047-A and ΦCB2047-C are two lysogenic podoviruses, infecting 

Sulfitobacter sp. strain 2047 (Ankrah et al., 2014b). They were isolated from an 

induced algal bloom mesocosm study in Raunefjorden, Norway. ΦCB2047-A and 

ΦCB2047-C were nearly identical at the nucleotide level. They shared 17 highly 

homologous genes with the uncultivated ΦEBPR podovirus (Ankrah et al., 2014b). 

Integrases were found in both phage genomes, suggesting their temperate lifecycle. 

In contrast, these two phages did not carry well-characterized genes related with 

replication and nucleotide metabolism (Ankrah et al., 2014b), which infers that 

ΦCB2047-A and ΦCB2047-C may heavily depend on host systems for production.  
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1.3.4 Roseobacters contain prophages 

 Not only have lytic bacteriophages have been isolated from roseobacters, but 

many prophages have also been identified in roseobacter genomes. Prophage refers 

to the temperate phage that can integrate into the bacterial chromosome and enter 

the lysogenic cycle. Under certain circumstances, such as UV radiation, chemical 

exposure or other environmental stresses, the prophage can be induced and enter 

into lytic cycle to release the virulent phage particles. Both temperate phages and 

hosts benefit from the lysogenic cycle (Sime-Ngando, 2014). For phages, lysogenic 

cycle provides an opportunity to survive when the host cells are not abundant. For 

host cell, prophages affect the features of host in many ways, such as increasing 

growth (Edlin et al., 1975), providing pathogenesis (Waldor and Mekalanos, 1996) 

and adaptation to variable environments (Zeng et al., 2016), leading to expand the 

fitness of host cells (Feiner et al., 2015) 

 It has been reported that a wide range of marine bacterial isolates contain 

inducible prophages (Jiang and Paul, 1994, 1996, 1998; Weinbauer and Suttle, 1999; 

Stopar et al., 2003). Based on the screening of 113 marine bacterial genomes, 43% 

of marine bacteria contain prophage-like elements in their genomes (Paul, 2008). 

These prophages are considered to be “the key to survival in the seas” due to their 

important roles in genetic exchanges of their hosts (Paul, 2008). However, the 

ecological roles of lysogenic infection remain underexplored compared to those of 

lytic infections (Howard-Varona et al., 2017).  

 Prophages are commonly found in roseobacters (Chene et al., 2006; Paul, 

2008; Zhao et al., 2010). After identifying prophage-like regions in Silicibacter sp. 
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TM1040 genome, Chen et al. successfully induced multiple prophages from 

roseobacters using mitomycin C (Chene et al., 2006). A prophage was first identified 

in silico on the Roseovarius nubinhibens genome and later proved to be an active 

prophage via mitomycin C induction (Zhao et al., 2010). In the natural environment, 

upon mitomycin C induction, the Roseobacter-associated phage integrase genes 

were detected at both genomic and transcriptomic levels (McDaniel et al., 2008), 

suggesting the presence of lysogenized roseobacters in nature. 

 

1.4 Scope of this dissertation 

 Although only a few phages infecting marine roseobacters were described at 

the beginning of my dissertation work, they have shown some interesting features 

indicating a possible different phage-host strategy compared to the better-studied 

cyanobacteria-cyanophage systems. What kind of viruses infect roseobacters? Are 

viruses infecting roseobacters different from those infecting marine Synechococcus 

or Prochlorococcus? Are N4-like phages a common type of phage infecting 

roseobacters? If so, are they genetically conserved, like T7 podoviruses? How are 

roseophages distributed in different marine habitats?  

 This dissertation is devoted to understanding the diversity, ecology and 

evolution of roseobacter phages through isolation and characterization of the phages 

infecting marine roseobacters. At the very beginning of my study, four roseobacter 

strains, Roseovarius nubinhibens ISM, Silicibacter sp. TM1040, Sulfitobacter sp. EE-

36 and Ruegeria pomeroyi DSS-3, were used to isolate bacteriophages. However, 

bacteriophages were only isolated using Ruegeria pomeroyi DSS-3 as host strain. 
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Therefore, I decided to use Ruegeria pomeroyi DSS-3 as my model strain to study 

bacteriophages infecting marine roseobacter.  

 

Hypothesis I: Diverse phages which infect a single strain are present in aquatic 

environments. Diverse roseophages exhibit distinct geographic distribution. 

 Only few roseophages have been isolated and described. Phage isolation 

permits the study of diversity and evolution of phages, and could provide insight into 

the potential interactions between bacteria and bacteriophages. R. pomeroyi DSS-3 

has been referred as the model strain to study marine heterotrophic bacteria (Rivers 

et al., 2014; Sun et al., 2017; Moran et al., 2004), with important biogeochemical 

features, such as degrading DMSP and utilizing carbon monoxide (Newton et al., 

2010). Two phages infecting R. pomeroyi DSS-3, DSS3Φ1 (Zhang and Jiao, 2009) 

and DSS3Φ2 (Zhao et al., 2009a), have been isolated from Baltimore Inner Harbor 

in previous studies. These two DSS-3 phages are distinct from each other: one is a 

siphovirus and the other is N4-like podovirus. For this dissertation, I asked: how many 

different types of phage infecting R. pomeroyi DSS-3 can be isolated?  

 

Hypothesis II: N4-like phages infecting various lineages of roseobacters are 

conserved at the genomic level. N4-like phages can be detected in the marine 

environments.  

 A high proportion of roseophages are N4-like phages. The coliphage N4 

possesses a unique mode of infection that prompted decades of fundamental 

research to elucidate the molecular mechanisms that facilitate its propagation in its 
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host (E.coli) (Schito et al., 1966). However, little is known about the distribution and 

genetic diversity of N4-like phage. With many N4-like phages being isolated in 

roseobacters and other bacterial lineages, we know now that N4-like phage can be 

present in different ecological habitats. All the known N4-like phages share many 

conserved genes, which allowed me to design specific PCR primers to explore the 

distribution and diversity of N4-like phage in the natural environment. 

 

Hypothesis III: N4 phage can proliferate more effectively in cold environments 

than non N4 phages. 

 Based on preliminary studies of the geographic distribution of N4-like phage, 

marine N4 phages appear to be restricted to high latitudes and/or colder seasons. N4 

phages, with their unique features, such as large burst size and viral encapsidated 

RNA polymerase, may allow them to thrive under cold environment. For the 

dissertation, I thought it would be interesting to compare the persistence of N4 phage 

and non-N4 phage under different temperatures. Since several different phages 

infecting R. pomeroyi DSS-3 have been isolated and characterized, they were used 

as reference phages to compare N4-like roseophages infecting the same host.  
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Chapter 2. A small and novel ssDNA bacteriophage infecting a marine 

bacterium unveils highly mosaic genomic evolution 
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2.1 Abstract  

 A lytic ssDNA phage, DSS3Φ22, infecting the marine bacterium Ruegeria 

pomeroyi DSS-3, was isolated from the Baltimore Inner Harbor. DSS3Φ22 contains 

only four open reading frames originating from diverse sources. A phylogeny based 

on the phage capsid gene shows that DSS3Φ22 is distantly related to known ssDNA 

phages and belongs to an unclassified ssDNA phage within the family Microviridae. 

The genome size of DSS3Φ22 is 4,248 kb, making it the smallest and simplest ssDNA 

phage among currently known ssDNA phage isolates. The GC content of DSS3Φ22 

is high (58%) and similar to that of its host (64%). DSS3Φ22 lacks the spike protein 

commonly to ssDNA phages, suggesting that ssDNA phages can be more diverse 

than previously thought. Metagenomic analysis indicates that DSS3Φ22-like phages 

are widely distributed in diverse environments, ranging from human guts, coral reefs 

and deep ocean. Multi-origins of four DSS3Φ22 ORFs challenge the current view that 

point mutations are the principle driving force in the evolution of small ssDNA phages. 

The unique and highly mosaic genomic architecture of DSS3Φ22 indicates that 

horizontal gene transfer may be important in the genomic diversification of ssDNA 

phages.  

2.2 Introduction  

 Viruses are the most abundant microbial entities in the marine environment. 

They are comprised mostly of bacteriophages. Viruses play pivotal roles in shaping 

host population structures, mediating gene transfer, and modulating biogeochemical 

cycling in the world's oceans (Suttle, 2005, 2007). Current knowledge on marine 

viruses is highly biased towards double-stranded DNA (dsDNA) viruses, and little is 
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known about the diversity of single-stranded DNA (ssDNA) or RNA viruses (Roux et 

al., 2012b). Recent metagenomic studies have revealed that various marine 

environments harbor extensive previously unknown ssDNA viruses, suggesting a 

cosmopolitan distribution of ssDNA viruses (Tucker et al., 2010; Labonté and Suttle, 

2013b; Bryson et al., 2015).  

 Currently, only a handful of marine ssDNA viruses have been isolated and 

characterized (Székely and Breitbart, 2016), including a few ssDNA viruses infecting 

marine diatoms (Kimura and Tomaru, 2013, 2015) and a few ssDNA phages infecting 

a marine Bacteroidetes of the genus Cellulophaga (Holmfeldt et al., 2012, 2013). 

Most of our knowledge on lytic ssDNA phages is built on the phage family 

Microviridae. Microviridae contains two major subfamilies of ssDNA phages, 

Bullavirinae and Gokushovirinae, which infect Escherichia coli and Chlamydia, 

respectively (ICTV, 2015 release). The four ssDNA phages which infect the marine 

bacterium Cellulophaga baltica are distantly related to Bullavirinae and 

Gokushovirinae and belong to an unclassified cluster within the Microviridae 

(Holmfeldt et al., 2013). Except for Cellulophaga, no ssDNA bacteriophages have 

been isolated from other phyla of marine bacteria.  

 Members of the Roseobacter lineage are abundant and widely distributed from 

nearshore to pelagic waters (Brinkhoff et al., 2008; Buchan et al., 2005; Wagner-

Döbler and Biebl, 2006). They can contribute up to 20% of bacterial communities in 

the coastal ocean. Roseobacters are known to have diverse metabolic capabilities, 

including the ability to degrade dimethylsulfoniopropionate, an important sulfur 

compound in the marine environment (Newton et al., 2010; Luo and Moran, 2014). 
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Currently, several lytic phages have been isolated from marine roseobacters (Rohwer 

et al., 2000; Zhao et al., 2009b; Zhan et al., 2015), but no ssDNA phages infecting 

roseobacters have been reported. 

 Here, I report the isolation of a ssDNA bacteriophage, DSS3Φ22, which infects 

the marine roseobacter strain, Ruegeria pomeroyi DSS-3. Phage DSS3Φ22 is a 

novel ssDNA phage with the least number of coding genes and the smallest genome 

size of the known ssDNA phages. The morphology, genomic characteristics and 

potential origin of coding genes for DSS3Φ22 are described in this study. 

Furthermore, analysis of viral metagenome databases reveals that DSS3Φ22-like 

phages are widely present in the marine and human gut environments. 

 

2.3 Method  

2.3.1 Isolation and concentration of phage DSS3Φ22 

 R. pomeroyi DSS-3 was grown in ½ YTSS medium (4 g yeast extract, 2.5 g 

trypone and 20 g Crystal Sea per liter) at 28 °C. To isolate phage, a water sample 

was collected from the Baltimore Inner Harbor Pier V in January 2013. The water 

sample was filtered through 0.22 μm pore-size polycarbonate membrane filters 

(Millipore, USA). Two milliliters of filtered water were added to 20 ml of an 

exponentially growing R. pomeroyi DSS-3 culture. The mixture (DSS-3 culture and 

the filtered water) was incubated for 48 h at 28 °C. A plaque assay was performed to 

isolate and purify lytic viruses (Zhan et al., 2016). Each lytic phage was purified at 

least three times using plaque assay.  
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 To concentrate phage particles, one liter of phage lysate was precipitated by 

polyethylene glycol 8000. The phage concentrate was purified by iodixanol density 

gradient ultracentrifugation (OptiPrepTM, Sigma-Aldrich, USA). The precipitated 

phage lysate was centrifuged at 41,000 rpm, at 4 °C for 12 hours using a SORVALL 

Discovery 1000 ultracentrifuge. Purified phages were dialyzed in TM buffer (50mM 

Tris-HCl, 2.5 mM MgCl2, pH = 7.0) twice and stored at 4 °C.  

 

2.3.2 Transmission electron microscopy 

 One drop (2 μl) of purified phage particles was adsorbed to a 200-mesh 

Formvar/carbon-coated copper grid and stained with 1% phosphotungstic acid (PTA) 

for one minute. The phage sample was examined using a FEI Tecnai T12 

transmission electron microscope at the University of Maryland Baltimore. 

 

2.3.3 Host range and one-step growth curve 

 Cross-infectivity of DSS3Φ22 was tested against five marine roseobacter 

strains: including Roseovarius nubinhibens ISM, Silicibacter sp. TM1040, 

Sulfitobacter sp. EE-36, Dinoroseobacter shibae DFL-12 and Roseobacter 

denitrificans OCh114. For each host strain, one drop of phage lysate was spotted 

onto a soft-agar overlay plate and incubated for 2 to 3 days at 28 °C. The formation 

of plaques was an indication of cross-infectivity (Rohwer et al., 2000). The original 

host was also tested in parallel, as a positive control. 

 A one-step growth curve was determined using a previously reported method 

(Zhan et al., 2016). Briefly, purified phages were added into an exponentially growing 
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DSS3 culture with an MOI = 0.1. After 20 min of adsorption, cells were pelleted, re-

suspended and diluted 100-fold. Free-living bacteriophages were collected at 

different time points and quantified by qPCR (based on the phage capsid gene). 

Phage ssDNA was extracted by ZR-96 RNA Clean & Concentrator (Zymo Research, 

USA). The growth curve was conducted in triplicates. Three qPCR reactions were 

performed for each biological triplicate sample.  

 

2.3.4 Confirmation of single stranded DNA nature of phage  

 Purified phage concentrate was treated with a combination of SDS (final 

concentration 1% w/v), proteinase K (final concentration 25 μg/ml) and EDTA (final 

concentration 5 μm) at 55 °C for 3 h. Phage DNA was extracted using 

phenol/chloroform/isoamyl alcohol (25:24:1), and precipitated with isopropanol 

(Steward and Culley, 2010).  

 To identify the nucleic acid type (DNA, RNA, ssDNA vs. dsDNA) of phage, 

aliquots (1 μl) of phage nucleic acids were digested with DNase I (final concentration 

1 μg/ml), RNase A (final concentration 1 μg/ml), and S1 nuclease (final concentration 

100 U), respectively, at 37 °C for 1 h. The treated nucleic acid was stained with 1X 

SYBR Gold and analyzed using gel electrophoresis.  

 

2.3.5 Genome sequencing and annotation of phage 

 In order to sequence ssDNA phage, DNA was extracted as a replicative 

double-stranded form during phage infection using a QIAprep Spin Miniprep Kit 

(Qiagen, USA). Two hours after adding the DSS3Φ22, 2 ml of bacterial culture were 
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collected and centrifuged for 20 min at 12,000 rpm. The circular dsDNA was extracted 

by QIAprep Spin Miniprep Kit. Two different methods were used to sequence the 

phage genome: 1) The circular dsDNA was digested by EcoRI and BamHI, yielding 

two bands. The pBluescript SK+ plasmid was used to clone these two bands 

separately, and Sanger sequencing (ABI 3100 genetic analyzer, PE Applied 

Biosystems, USA) was performed to obtain the full genome sequence. 2) dsDNA was 

directly sequenced by Illumina MiSeq platform. Reads were assembled by the CLC 

Genomic Workbench.  

 Open reading frames (ORFs) were predicted using GeneMarkS, 

GeneMarkhmm and ORFfinder, then annotated by using BLASTp against the NCBI 

nonredundant databases with an E-value ≤ 1E-3. The sequence data was deposited 

in GenBank under accession number MF101922. The putative amino acid sequences 

of major capsid protein, replication initiator and peptidase were aligned to their closest 

homologs using Cluster W with default parameters. Maximum-likelihood phylogenetic 

trees were built using MEGA7 (Kumar et al., 2016), with bootstrap value of 500. 

 

2.3.6 SDS-PAGE and mass-spectrometry  

 Proteins from phage lysate were analyzed using SDS-PAGE with a Criterion 

XTTM Precast Gel (Bio-Rad, USA). Protein extracted from each gel band were further 

analyzed by Electro Spray Ionization Mass Spectrometry (ESI-MS) at the University 

of Maryland Baltimore County. The protein structure of the major capsid protein was 

analyzed using I-TASSER (Zhang, 2008), with default settings. 
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2.3.7 Metagenomic recruitments 

 A reciprocal BLAST analysis was conducted to assess the distribution of 

DSS3Φ22 in the natural environment. Due to the nature of ssDNA viruses, I only 

recruited DSS3Φ22-like sequences from the metagenomic databases in which viral 

DNA was amplified by multiple displacement amplification. Reads were recruited to 

predict ORFs by using tBLASTn (E-value ≤ 1E-3). The recruited sequences were 

further confirmed to be DSS3Φ22-like phages as BLAST queries against the NCBI 

Virus RefSeq database. 

 

2.4 Results and Discussion 

 DSS3Φ22 is a unique phage in the ssDNA phage family Microviridae based 

on the genomic and phylogenetic analyses (see the later sections). Henceforth, I refer 

to members of Microviridae as “microviruses”.  

2.4.1 Phage morphology, growth and specificity  

 The bacterium R. pomeroyi DSS-3 was isolated from coastal waters of the 

Atlantic Ocean and has been referred to as a model strain for marine heterotrophic 

bacteria (Moran et al. 2004). It is a member of the Clade I of Roseobacter (Figure. 

1.3). Several novel phages, including two N4-like phages and one CbK-like phage, 

have been isolated using DSS-3 as a host (Zhao et al., 2009b; Zhan et al., 2016). To 

identify other phages, this bacterium was employed to screen Inner Harbor water for 

novel phages. Phage forming plaques on R. pomeroyi DSS-3 was isolated and its 

properties were evaluated.  
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 In order to determine the type of phage causing the plaques, DSS3Φ22 was 

examined by TEM using phosphotungsitic acid as a negative stain (Figure 2.1a). The 

DSS3Φ22 capsid was ca. 22 nm in diameter with no visible tail. This small size is on 

the small end of the range of characterized microviruses (22-34 nm) (Table 2.1). 

 To assay DSS3Φ22 replication, a culture of R. pomeroyi DSS-3 was 

inoculated at an MOI of 0.1 and phage populations monitored using qPCR of the 

capsid gene. Phage populations remain constant until three hours and then 

increased, indicating that DSS3Φ22 had a latent period of ca. 3 hours. The burst size 

was approximately 8 as calculated from the increase of phage population. DSS3Φ22 

has a delayed latent period compared to the ssDNA viruses infecting E. coli, likely 

due to the slower growth rate of host DSS-3. 

 In order to understand the host range of DSS3Φ22, a cross-infecting test was 

conducted. DSS3Φ22 do not cross infect other five marine species tested 

(Roseovarius nubinhibens ISM, Silicibacter sp. TM1040, Sulfitobacter sp. EE-36, 

Dinoroseobacter shibae DFL-12 and Roseobacter denitrificans OCh114). 

Microviruses infecting E. coli and Bacteroidetes are known to restrict their infection to 

a single species (Bowes and Dowell, 1974; Holmfeldt et al., 2007; Zhong et al., 2015). 

However, several microviruses infecting Chlamydia are able to cross-infect different 

Chlamydia species (Read et al., 2000a; Garner et al., 2004) 
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Figure 2.1 The morphology and one-step growth curve of DSS3Φ22. (a) Transmission electron microscopy image of 

DSS3Φ22. The image in the box provides a zoom-in view of phage particle (b) The one-step growth curve of DSS3Φ22.  
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Table 2.1 The summary of Microviridae isolates  

Taxonomy Phage name Host 
capsid 

size 
(nm) 

Genome 
size (kb) 

G+C 
content 

(%) 

Number 
of 

ORFs 
Reference 

Bullavirinae 

Enterobacteria phage alpha3 E.coli C NA 6.09 45 10 Kodaira, 1992 

Escherichia phage phiX174 E.coli C NA 5.39 45 11 Sanger, 1977 

Enterobacteria phage G4 E.coli C NA 5.58 46 11 Godson, 1978 

Enterobacteria phage phiK E.coli K-12 NA 6.09 45 10 Kodaira, 1996 

Enterobacteria phage ST-1 E.coli K-12 26 6.09 45 11 Bowes, 1994  

Enterobacteria phage MED1 E.coli SMQ-1277 ca. 25 5.39 45 11 Labrie, 2014 

Gokushovirinae 

phiMH2K Bdellovibrio bacteriovorus 27 4.79 46 11 Brentlinger, 2002 

Chlamydia phage 1 Chalmydia psittaci (ducks) 22 4.88 37 12 Storey, 1989 

Chlamydia phage 2 C. psittaci; C. abortus 25 4.56 41 8 Liu, 2000 

Chlamydia phage CPAR39 C. pneumoniae AR39 NA 4.52 41 6 Read, 2000 

Chlamydia phage CPG1 C. psittaci (Guinea pig) 25 4.53 41 9 Hsia, 2000 

Chlamydia phage 3 C. pecorum  NA 4.55 41 8 Garner, 2004 

Chlamydia phage 4 C. abortus NA 4.53 41 8 Sait, 2011  

Spiroplasma phage 4 Spiroplasma melliferum B63/G1 27 4.42 32 9 Renaudin 1987; Chipman, 1998 

Unclassified  

Cellulophaga phi 18:4 Cellulophage baltica #18 30-34 6.48 34 13 Holmfedlt, 2007, 2012, 2013 

Cellulophaga phi 12:2 C. baltica #12 29-33 6.45 35 13 Holmfedlt, 2007, 2012, 2013 

Cellulophaga phi 12a:1 C. baltica OL12a 28-32 6.48 34 13 Holmfedlt, 2007, 2012, 2013 

Cellulophaga phi 48:1 C. baltica NN016048 NA 6.48 34 13 Holmfedlt, 2007, 2012, 2013 

Roseophage DSS3Φ22 R. pomeroyi DSS-3 22 4.25 58 4 This Chapter 
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2.4.2 Genomic features 

 To determine the type of nucleic acid carried by DSS3Φ22, the nucleic acids 

from purified phage were extracted, and digested with S1 nuclease (specific to ssDNA 

and RNA), DNase I (Specific to both dsDNA and ssDNA) and RNase A (specific to 

RNA). After SYBR Gold staining, the phage genome could only be observed in RNase 

A treated samples, but not in S1 nuclease and DNase I treated samples. This result 

indicated that DSS3Φ22 is a ssDNA bacteriophage (Figure 2.2). 

 Further genomic sequencing, by both cloning and Illumina MiSeq, confirmed 

that DSS3Φ22 is a circular ssDNA phage with a genome size of 4,248 bp. 

Microviruses are among the smallest DNA viruses (Krupovic, 2013), with genomes 

ranging from 4.4 kb to 6.5 kb (Table 2.1). Although many microviruses which were 

assembled from metagenomic database carry a slightly smaller genome compared 

with my isolate, DSS3Φ22 has the smallest genome among isolated microviruses 

and also represents the smallest bacteriophage in terms of genome size ever 

isolated.  

 DSS3Φ22 is GC-rich (58% G+C) compared to other isolated microviruses. 

This high GC content is reflected in its codon selection and overall amino acid 

composition, i.e. guanine and cytosine are preferred at the third position for 

synonymous codons. The most frequent amino acids are Gly and Ala, both of which 

are encoded by GC rich codons and represent ca. 10% of total amino acids in 

translated ORFs. The GC-rich feature of DSS3Φ22 is consistent with the high GC 

content (64.2%) of its host, R. pomeroyi DSS-3 (Moran et al., 2004).   
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Figure 2.2 The agarose gel showing enzyme digestion of ssDNA phage DSS3Φ22. 

Nucleic acids of DSS3Φ22 were treated with DNase I (lane 2), S1 nuclease (lane 

3), RNase A (lane 4). A GeneRuler 1kb plus DNA Ladder (Thermo Scientific) was 

used as molecular weight marker. The gel was stained by 1X SYBR Gold.  
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2.4.3 The simplest genome content for ssDNA phage 

 Consistent with its small genome size, DSS3Φ22 contains only four putative 

protein-coding sequences (CDS) encoding a replication protein, major capsid protein, 

M15_3 family peptidase, and a hypothetical protein (Figure 2.3). A 300 bp gap is 

present between the hypothetical gene and the capsid gene, which is atypical and 

was confirmed by multiple annotation strategies, although gaps with this size have 

been found in other microviruses (Brentlinger et al., 2002; Sait et al., 2011). DSS3Φ22 

contains a different gene arrangement compared to other microviruses. The genome 

organization and coding content in microviruses are relatively conserved, particularly 

for those infecting E.coli Microviruses utilize overlapping reading frames to increase 

the protein coding capacity within their small viral genomes (Cherwa and Fane, 2011). 

Therefore, microvirus genomes usually contain 6 to 13 CDSs (Table 2.1). In contrast, 

DSS3Φ22 does not contain overlapping reading frames despite its smaller genome 

size. By far, DSS3Φ22 appears to contain the least number of CDSs among the 

isolated microviruses. DSS3Φ22 encodes three known genes responsible for viral 

replication, major capsid protein and lysis, and does not contain the genes related to 

the spike protein, DNA pilot protein and scaffolding protein commonly seen in 

microviruses (Sanger 1977; Brentlinger et al. 2012). The reduced genomes of 

microviruses have been found in the metagenomic assembled genomes recovered 

from soil, human and seawater (Tucker et al., 2010; Roux et al., 2012b; Labonté and 

Suttle, 2013a; Quaiser et al., 2015), but no ssDNA phages with a reduced genome 

like DSS3Φ22 have been isolated. Meanwhile, in some metagenomic assembled  
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Figure 2.3 Genome map and annotation of DSS3Φ22. The top three hits from NCBI database are listed for each 

gene. 
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genomes from human gut, a similar genomic arrangement was observed when 

compare with that of DSS3Φ22.  

 The reduced genome size and minimized number of CDSs in DSS3Φ22 

certainly places it in the class of smallest and simplest viruses. It is unclear how small 

microvirus genomes can be further reduced. The smallest ssDNA virus (Porcine 

circoviruses PCV1) has a genome size of 1,759 bp and only needs two CDSs 

(replication and capsid genes) to be a lytic virus (Finsterbusch and Mankertz, 2009). 

It will be interesting to determine whether the peptidase is essential for the lytic 

function and to understand the potential function of the hypothetical protein of 

DSS3Φ22.  

 

2.4.4 ssDNA phage can be highly mosaic 

 Accumulation of point mutations has been thought to be more important than 

horizontal gene transfer (HGT) for the evolution of small ssDNA phages (Székely and 

Breitbart, 2016), mainly due to the fact that ssDNA phages have limited genome size 

and relatively high nucleotide mutation rate (Rokyta et al., 2006; Sanjuán et al., 2010). 

The DSS3Φ22 encoded genes appear to have multiple origins (Figure 2.3) indicating 

that HGT may be a dominant force in the evolution of its genome. The major capsid 

gene of DSS3Φ22 was distantly related to that of other known microvirus isolates 

(Figure 2.4). Capsid genes found in bacteria such as those in Rhizobiales and 

Sphingomonadales seem to share a common ancestor with DSS3Φ22. Rhizobiales, 

Sphingomonadales and Roseobacter are closely related lineages within the 

Alphaproteobacteria (Williams et al., 2007). The presence of ssDNA capsid gene in 
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these bacterial genomes suggests a historical integration of ssDNA phage DNA 

within Alphaproteobacteria (see below). It is possible that ssDNA phages infecting 

Proteobacteria could be more closely related to each other, as seen from the ssDNA 

phages infecting Cellulophaga, Chlamydia and enterobacteria (Figure 2.4). Earlier 

studies have shown that microviruses appear to have narrow host ranges and 

sequences from different microviruses infecting the same host tend to cluster together 

(Székely and Breitbart, 2016).  

 A replication gene was identified next to a major capsid gene in 

Novosphingobium tardaugens NBRC 16725 (Figure 2.5). Also, a homolog of the 

DSS3Φ22 peptidase gene was found upstream of a capsid gene in Sphingomonas 

sp. 67-36 (Figure 2.5). The finding of these DSS3Φ22 homologs in bacterial genomes 

suggests that the two Sphingomonadales species may contain Microviridae-like 

prophages. Prophages attributed to Microviridae have been previously identified in 

Bacteroides genomes (Krupovic and Forterre, 2011). By analyzing assembled phage 

genomes from a peatlands metagenomic, Microviridae-associated prophages were 

also predicted in Bacteroides genomes (Quaiser et al., 2015). 

 DSS3Φ22 contains the M15_3 family peptidase, which has not been 

previously reported in microviruses. The M15 family peptidase is widely distributed in 

bacteria, where it is involved in cell wall biosynthesis and metabolism (Bochtler et al., 

2004). In dsDNA phages, homologous peptidases cleave the amino acid bond of cell 

wall peptidoglycan (Loesser et al., 1995). Having a peptidase enables phage to 

circumvent bacterial resistance afforded by the cell wall and adapt to new 

environmental conditions (Oliveira et al., 2013).The best matches of the DSS3Φ22  
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Figure 2.4 Maximum-likelihood analysis of DSS3Φ22 based on amino acid sequences of major capsid protein. 

Bootstrap replicates = 500.  
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Figure 2.5 Genomic organization of the putative microvirus prophages residing in the genomes of Sphingomonas and 

Novosphingobium. 
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peptidase by BLAST are the peptidases from Firmicutes and Proteobacteria (Figure 

2.3), suggesting that DSS3Φ22 may have acquired this gene from bacteria through 

HGT. Although the M15_3 family peptidases have not been found in known 

microvirus isolates, they were found in 11 metagenomic assembled microvirus 

genomes collected from human guts and lungs (Roux et al., 2012b).  

 The highly mosaic nature of the DSS3Φ22 genome, conservation of genetic 

arrangement and sequence of DSS3Φ22 relatives in bacterial genomes and 

genetic/nucleotide diversity in environmental microvirus metagenomes suggest that 

HGT is also important for the genomic evolution and diversification of ssDNA phages. 

With more ssDNA phages being discovered, the role of HGT in microviruses can be 

better assessed. 

 

2.4.5 Missing attachment protein in DSS3Φ22 

 Currently, Bullavirinae (represented by ΦX174 which infects E.coli) and 

Gokushovirinae (represented by ΦMH2K which infects Bdellovirbrio bacteriovorus) 

are the two large subfamilies in Microviridae. The vast majority of ssDNA phage 

isolates belong to these two subfamilies. The principal difference between 

Bullavirinae and Gokushovirinae is the existence of two structural genes and the 

complexity of the major capsid protein (Székely and Breitbart, 2016). Members within 

Bullavirinae all encode a spike protein and external scaffolding protein, involved in 

attachment and viral entry (Jazwinski et al., 1975). Gokushovirinae lack these two 

genes, but they encode a more complex major capsid protein compared to 

Bullavirinae. The genes coding for the capsid proteins of Gokushovirinae contain an 
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insertion loop (IN5) that forms a “mushroom-like” surface protrusion at each 

icosahedral threefold axis (Chipman et al., 1998). This insertion loop is thought to be 

a relic of the spike protein and external scaffolding protein (Brentlinger et al., 2002), 

and responsible for receptor recognition (Read et al., 2000b).  

 The major capsid protein is the only annotated structural gene for DSS3Φ22. 

Only one band was seen on the protein gel (Figure 2.6) and was confirmed to be the 

major capsid protein by mass spectrometry. No spike protein and scaffolding protein 

were found in the DSS3Φ22 genome by in silico annotation. The multiple alignment 

of major capsid proteins among diverse microviruses revealed that DSS3Φ22 also 

lacks the IN5 insertion loop common to members within Gokushovirnae (Figure 2.7). 

Furthermore, a 3-D model of the DSS3Φ22 major capsid protein was constructed 

using and compared with the Gokushovirinae SpV4 protein VP1 (PDBID: 1KVP). The 

comparison of 3-D protein structures further confirms the absence of an extended 

loop in the major capsid protein of DSS3Φ22, which forms the “mushroom-like” 

protrusion in the Gokushovirinae homologs (Figure 2.8). These results suggest that 

DSS3Φ22 does not contain the attachment proteins described for Bullavirinae and 

Gokushovirinae representatives. It is noteworthy that the IN5 insertion loop and the 

spike protein are also not found in ssDNA phages infecting marine Bacteroidates 

(Holmfeldt et al., 2013).Therefore, it is possible that the attachment protein might be 

provided by the hosts. 
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Figure 2.6 Visualization of the DSS3Φ22 structural protein separated by SDS-PAGE. 

The arrow indicates the only structural protein of DSS3Φ22.The molecular weights of 

standard proteins were listed next to the bands.  
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Figure 2.7 Multiple sequences alignment of major capsid proteins of Microviridae phages. 

Different colors represent different amino acids. The box indicates the insertion loop (IN5) 

which is specifically found in Gokushovirinae.  
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Figure 2.8 The predicted 3-D structure comparison of the major capsid protein of 

DSS3Φ22 alongside that of Sprioplasma phage 4 major capsid protein (shown in 

purple backbone trace, PDB ID: 1KVP). The arrow indicates the extended loop of 

Sprioplasma phage 4 that is missing from DSS3Φ22. 
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2.4.6 Evidence of DSS3Φ22 homologs in environmental metagenome 

 Based on the reciprocal Blast metagenomic search using DSS3Φ22-like 

sequences as query, sequences similar to the DSS3Φ22 genes can be found in a 

wide range of environments, ranging from deep sea, human gut and feces to coral-

associated environments (Figure 2.9). The majority of the matches were to the capsid 

gene and replication initiator gene. I did not intend to compare the resultant 

sequences from different habitats due to the bias on ssDNA viruses by the multiple 

displacement amplifcation (MDA) (Roux et al., 2016). Therefore the relative 

abundance of ssDNA virus from metagenomic search is not corelated with their 

abundance in the natural enviroment.  

 The major capsid gene has been widely used as a gene marker to study the 

diversity and evolution of Microviridae (Labonté and Suttle, 2013a). I conducted a 

phylogenetic analysis that includes all the microvirus isolates and hundreds of 

assembled microvirus genomes obtained from metagenomes. Bullavirinae, 

Gokushovirinae and three candidate subfamilies (Alpavirinae [Roux et al., 2012b], 

Aravirinae [Quaiser et al., 2015], Pequenovirus [Bryson et al., 2015]) defined by 

assembled microvirus genomes were well separated based on the capsid gene 

phylogeny (Figure 2.10). Surprisingly, DSS3Φ22 clusters together within the 

candidate subfamily Alpavrinae (Figure 2.10). Currently, Alpavirinae only contains 

assembled ssDNA phage genomes from human gut and feces metagenomes (Roux 

et al., 2012b), and no isolated phage has been reported for Alpavirinae. Alpavirinae 

appears to include multiple distinct lineages, and DSS3Φ22 forms a deep branch  
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Figure 2.9 Abundance of DSS3Φ22-like sequences in different habitats based on 

viral metagenomic search.  
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Figure 2.10 A maximum-likelihood phylogenetic relationship of known members of the Microviridae and the 

metagenomic assembled microviruses based on amino acid sequences of the major capsid gene. Bootstrap = 500. The 
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phages (red) included here are DSS3Φ22; Chlamydia phage 1 (NP_044312.1), 2 (NP_054647.1), and 4 

(YP_338238.1); Spiroplasma phage 4 (NP_598320.1) and Bdellovibrio bacteriovorus phiMH2K (NP_073538.1); 

Escherichia phage phiX174 (NP_040711.1), G4 (NP_040678.1), phiK (NP_043949.1) and ST-1(YP_002985212.1); 

Cellulophaga phi18:4 (AGO49230.1), 12:2 (YP_008241486.1), 12a:1 (YP_008242204.1) and 48:1(AGO49404.1). The 

metagenomic assembled microviruses include: 19 assembled phage genomes from peatlands (purple) (KM589498-

KM589516), 6 assembled phage genomes from seawater (pink) (KC131021-KC131025, HQ157198 and HQ157198), 

22 assembled phage genomes from methane seep sediments (light blue) (KP0879360-KP087957), 18 assembled 

phage genomes from pelagic sediments (dark blue) (DRA000564), 81 assembled phage genomes from human gut 

(dark green), human feces (green), human lung (lime), fresh lake (orange), seawater (pink) 

(http://dx.doi.org/10.5061/dryad.8ht80), 2 assembled phage genomes from hot spring (Maroon) (NC_028994, 

NC_028993.1), and others (grey) (HQ2664138 and KM276541).
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within this subfamily. A lack of resolution indicates that the number of isolated ssDNA 

phages is still very limited (Figure 2.10, red branches).  

 In general, microviruses have been discovered in diverse environments, 

including peatlands (Quaiser et al., 2015), seep sediments (Bryson et al., 2015), 

North Atlantic Ocean (Tucker et al., 2010), deep sea (Yoshida et al., 2013), coastal 

water (Labonté and Suttle, 2013a) and human-related related environments (Roux et 

al., 2012b). Comparing the relative abundance of ssDNA viruses across different viral 

metagenomic databases can be challenging due to the lack of standardization and 

rapid improvement of sequencing technologies. Currently, nearly all of the marine 

viral metagenomic databases are biased for dsDNA viruses (Hurwitz and Sullivan, 

2013; Brum et al., 2015). Meanwhile, the use of MDA selects for small circular ssDNA 

templates, which obscures the relative abundance of ssDNA viruses (Kim and Bae, 

2011; Marine et al., 2014). The development of new metagenomic strategies, 

especially in library preparation, is necessary in order to fully understand the diversity 

of ssDNA viruses (Székely and Breitbart, 2016; Roux et al., 2016). 

 

2.5 Conclusion 

 I isolated a lytic phage, DSS3Φ22, which infects a marine roseobacter strain, 

R. pomeroyi DSS-3 and belongs to an unclassified genus within the Microviridae. 

Among the known microvirus isolates, DSS3Φ22 contains the fewest number of 

coding genes (4 ORFs) and has the smallest genome size (4.3 kb). The genomic 

arrangement of DSS3Φ22 is unique relative to known microvirus isolates and may be 

diagnostic for detecting prophage integration into bacterial genomes. The lack of a 
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spike protein and the presence of a host-like peptidase gene are other novel features 

compared to isolated ssDNA microviruses. Evidence for HGT of DSS3Φ22 genes 

suggest that ssDNA viruses can be highly mosaic and that gene transfer can play a 

substantial role in their evolution. The model of mutation-mediated evolution has been 

thought to be the major force diversifying microviruses, but may now be challenged 

as new microviruses are being discovered. The finding of this unclassified phage in 

Microviridae provides new insight into the biology, evolution and diversity of 

microviruses.  

 Current viral metagenomic databases are heavily biased towards dsDNA 

viruses due to the technological limitations of sequencing other genome types. 

Typical sequencing methods, such as Illumina and PacBio, heavily biased towards 

dsDNA than ssDNA. Several recent virome studies that considered ssDNA viruses 

have unveiled a tremendous diversity of microviruses across different environments 

(Tucker et al., 2010; Labonté and Suttle, 2013a; Labonté and Suttle, 2013b; Yoshida 

et al., 2013; Hopkins et al., 2014 Quaiser et al., 2015; Bryson et al., 2015). With 

rapidly increasing ssDNA viromics, I predict novel lineages of assembled 

microviruses will continue to emerge. However, too few microvirus isolates are 

currently available. Our study demonstrated the value of phage isolation. I propose 

DSS3Φ22 as a potential model phage for infection of Proteobacteria by ssDNA 

viruses. Isolated phages not only provide important links to hosts, but also permit 

studying phage morphology, infectivity and genomics. The combination of viral 

genomics and viral metagenomics has become a powerful way to understand the 

diversity and interaction between viruses and microbes in the natural environment. 
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Chapter 3. A novel roseobacter phage possesses features of podoviruses, 

siphoviruses, prophages and gene transfer agent
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3.1 Abstract 

 Bacteria in the Roseobacter lineage have been studied extensively due to their 

significant biogeochemical roles in the marine ecosystem. However, our knowledge 

on bacteriophages which infect roseobacters is limited. Here, I report a new 

bacteriophage, phage DSS3Φ8(a lytic siphovirus), which infects a marine 

roseobacter strain, Ruegeria pomeroyi DSS-3. Genomic analysis shows that 

DSS3Φ8 is most closely related to a group of siphoviruses, termed CbK-like phages, 

which infect the freshwater bacterium Caulobacter crescentus. DSS3Φ8 contains a 

smaller capsid and has a reduced genome size (146 kb) compared to other CbK-like 

phages (205-279 kb). DSS3Φ8 contains a DNA polymerase gene which is closely 

related to those of T7-like podoviruses. DSS3Φ8 also contains integrase and 

repressor genes, indicating its potential to enter the lysogenic cycle. In addition, four 

GTA (gene transfer agent) homologs were identified in the DSS3Φ8 genome. 

Genomic analysis suggests that DSS3Φ8 is a highly mosaic phage that inherited 

genetic features from siphoviruses, podoviruses, prophages and GTAs. This is the 

first report of CbK-like phages infecting marine bacteria. I believe phage isolation is 

a powerful tool that can lead to discovery of new phages and help interpret the vast 

numbers of unknown sequences in the viral metagenomics.   
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3.2 Introduction 

 Bacteria in the Roseobacter clade are abundant and widely distributed in the 

marine environment (Moran et al., 2007; Gonzalez and Moran, 1997). The broad 

distribution of roseobacters in nature can be largely attributed to their diverse 

metabolic capabilities (Buchan et al., 2005; Wagner-Döbler and Biebl, 2006; Brinkhoff 

et al., 2008; Moran et al., 2012). Currently, more than 69 genomes of different marine 

Roseobacter species have been sequenced, and analyses of representative genome 

sequences have generated new insight into ecological adaptation and evolution of 

the marine Roseobacter lineage (Luo and Moran, 2015). 

 Compared to the knowledge we gained on roseobacters, much less is known 

about bacteriophages which infect those bacteria (roseophage). Marine viruses, as 

the most abundant biological entities in the biosphere, play important roles in shaping 

host population structures, mediating genetic exchange between hosts, and 

modulating trophic transfer in marine food webs (Fuhrman, 1999; Wommack and 

Colwell, 2000; Suttle, 2005, 2007). Viral metagenomic studies have greatly expanded 

our knowledge of viral diversity in nature (Angly et al., 2006; Hurwitz and Sullivan, 

2013; Brum et al., 2015), but the interpretation of data is often hampered due to the 

limitation of our knowledge of isolated viruses. Recent isolations of phages infecting 

two abundant marine bacteria are the great examples for linking the unknown phages 

in the metagenomic database with known phages (Zhao et al., 2013; Kang et al., 

2013). In addition, for the isolated phages, a wealth of biological information such as 

morphology, lytic activity, host specificity, genomics, and evolution can be retrieved. 
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 Currently, only a handful of phages which infect roseobacters have been 

isolated and characterized. Roseophage SIO1 was the first described phage which 

infects Roseobacter SIO67 (Rohwer et al., 2000), and similar SIO1-like phages were 

found at the same site 10 years later (Angly et al., 2009). Two N4-like phages 

infecting two different roseobacter strains (Silicibacter pomeroyi DSS-3 and 

Sulfitobacter sp. EE-36) were discovered, and they represent the first report of N4-

like phages infecting marine bacteria (Zhao et al., 2009b). Recently, several N4-like 

phages were isolated from different strains within the Roseobacter clade (Ankrah et 

al., 2014a; Chan et al., 2014; Ji et al., 2015b), suggesting that N4-like phages may 

be a common type of phages infecting roseobacters. One siphovirus, phage RDJLΦ1, 

which infects Roseobacter denitrificans OCh114 was isolated from the South China 

Sea (Zhang and Jiao, 2009). Most recently, two temperate podoviruses infecting 

Sulfitobacter sp. strain 2047 were also described (Ankrah et al., 2014b). These two 

temperate phages are almost identical at nucleotide level and were isolated from a 

mesocosm study in Raunefjorden.  

 Roseobacters also contain inducible prophages. Prophages have been 

induced from two strains, Roseobacter sp. TM1040 (Chene et al., 2006) and 

Roseovarius nubinhibens ISM (Zhao et al., 2010). Some bacterial strains (i.e. 

TM1040) may contain multiple prophages in their genomes (Paul, 2008). Another 

phage-like structure, the gene transfer agent (GTA), has been found in nearly all the 

roseobacter genomes (Zhao et al., 2009a; Newton et al., 2010; Luo and Moran, 

2015). GTA is a phage-like entity that transfers random pieces (~4kb in size) of 

genome from donor cells to recipient cells (Lang and Beatty, 1999). Interestingly, 



60 

 

roseophage RDJLΦ1 contains four GTA-like genes in its genome (Huang et al., 

2011). Roseobacters are a group of highly diverse and adaptable bacteria. It is 

believed that phages, prophages and GTAs are the driving force for genomic 

diversification of marine Roseobacter lineage.  

 In this study, I report a new phage, phage DSS3Φ8, which infects a marine 

roseobacter, R. pomeroyi DSS-3. Phage DSS3Φ8 is a highly mosaic phage because 

it contains genetic elements of podoviruses, siphoviruses, prophages, and GTAs. To 

our knowledge, no phage similar to the very unusual DSS3Φ8 has been found in 

marine bacteria prior to this study. 

 

3.3 Methods and Materials 

3.3.1 Isolation of phage 

 Host stain R. pomeroyi DSS-3 was grown in YTSS medium (4 g yeast extract, 

2.5 g trypone and 20 g Crystal Sea per liter) at 28 °C. Water samples, collected from 

Baltimore Inner Harbor Pier V in January 2012, were filtered through 0.22 μm 

polycarbonate membrane filters (Millipore, Bedford, MA, USA). Filtrate of 10 ml was 

added into 50 ml of exponentially growing bacterial cultures and incubated for two 

days. The DSS-3 culture was filtered through 0.22 μm polycarbonate membrane filter 

(Millipore, Bedford, MA, USA) to remove bacteria. 100 μl of this cell-free lysate was 

added to 500 μl of exponentially growing DSS-3 culture, and plated using plaque 

assay. Phage isolates were purified three times by plaque assay.  
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3.3.2 Transmission electron microscopy (TEM) 

 For TEM, one drop (2 μl) of purified phage lysate was adsorbed to the 200-

mesh Formvar/carbon-coated copper grid and stained with 1% phosphotungstic acid 

(PTA) for one minute (Brenner and Horne, 1959). Samples were examined with a 

JEOL JEM2100F transmission electron microscope, at the University of Oldenburg.  

 

3.3.3 Cross infection  

 Cross-infectivity of roseophage DSS3Φ8 was tested against five other marine 

roseobacter stains, including Roseovarius nubinhibens ISM, Silicibacter sp. TM1040, 

Sulfitobacter sp. EE-36, Dinoroseobacter shibae DFL-12 and Roseobacter 

denitrificans OCh 114. For each strain, 500 μl of exponentially growing cells was 

added to 5 ml top agar and poured on the plates. After the agar was solidified, one 

drop of purified phage lysate was spotted onto each plate, and incubated for 2–3 days 

at 28 °C (Angly et al., 2009). The formation of plaques was assessed. 

 

3.3.4 One-step growth curve 

 One-step growth curve was determined using a method described elsewhere 

(Hyman and Abedon, 2009). Generally, exponentially growing cultures of R. pomeroyi 

DSS-3 were incubated on ice for 20 min to synchronize the growth of the host. After 

the DSS-3 culture was recovered to room temperature, roseophage DSS3Φ8 was 

added into the culture at a multiplicity of infection (MOI) of 0.5. After 20 min 

attachment, cells were pelleted, re-suspended and diluted 100 times to avoid possible 
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secondary infection. An aliquot of the cell suspension was collected at different time 

points between 30 min and 12 h.  

 The number of phages was enumerated by using qPCR (Edelman and 

Barletta, 2003; Anderson et al., 2011; Ankrah et al., 2014c). Collected samples were 

filtered through 0.22 µm polycarbonate membrane filters (Millipore, Bedford, MA, 

USA) and DNA was extracted by Wizard® PCR Preps DNA Purification System 

(Promega Corporation, WI, USA). A set of PCR primers was designed based on the 

sequence of the phage DNA polymerase (Forward: ATGCTGCTCCGAACGTATCT, 

Reverse: ACTCGCCCTTCTTTTCCTTC). qPCR was conducted by Applied 

Biosystems®, 7500 Fast Real-time PCR system (ThermoFisher Scientific, New York, 

USA). qPCR reactions were performed in a 25 μl volume with 12.5 μl PerfeCTa® 

SYBR® Green SuperMix (Quanta Biosciences, Gaithersburg, MD, USA), 400 nM 

forward and reverse primers and 5 μl of template. The amplification program was set 

as: 95 °C for 10 min, 40 cycle of 95 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s. 

Fluorescence measurements were conducted at 60 °C of each cycle. Standards were 

developed using DNA extracted from phage lysate with known titer (1E10 viral 

particles/ml) and 10-fold serial dilutions of the DNA (until 1E5 viral particles/ml) were 

used in the reactions. Standard curves were determined as the correlation between 

the log of gene copy numbers and the Ct (R
2
 = 0.99).  

 

3.3.5 DNA extraction  

 One-liter phage lysate was treated with DNase and RNase at a final 

concentration of 2 μg/ml (for both enzymes) at 4 °C to remove free DNA and RNA. 
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Phage particles in the supernatant were precipitated with polyethylene glycol 8000 

(final 10% w/v), and centrifuged in an OptiPrep™ Density Gradient Medium for 12 h 

at 41,000 g. The visible viral band was extracted and dialyzed against TM buffer 

overnight at 4 °C. The purified phage particles were treated with a combination of 

sodium dodecyl sulfate (SDS, final concentration 1% w/v), proteinase K (final 

concentration 30 μg/ml) and EDTA (final concentration 5 μM) at 55 °C for 3 h. Phage 

DNA was then extracted using phenol/chloroform/isoamyl alcohol (25:24:1).  

 

3.3.6 Sequencing and annotation 

 The genome of roseophage DSS3Φ8 was sequenced on an Illumina GAIIx 

sequencer. A 112 bp paired-end run resulted in 157,500 reads. The high quality reads 

were assembled by MIRA assembler, resulting in three contigs (139,090 bp, 2,108 

bp and 4,767 bp in size). Primer walking with the Sanger sequencing method was 

used to close the circular phage genome. Sanger sequencing was performed using 

an ABI 3100 genetic analyzer (PE Applied Biosystems, Foster City, CA, USA) at the 

Institute of Marine and Environmental Technology, University of Maryland Center for 

Environmental Science. 

 The open reading frames (ORFs) were predicted using GeneMarkS (Besemer 

et al., 2001) and tRNAscan-SE (Lowe and Eddy, 1996) was used to identify tRNA 

sequence. Translated ORFs were compared with known protein sequences using 

BLASTp against NCBI’s non-redundant databases (E-value ≤ 1E-5 and identity ≥ 

30%). The complete genome sequence was submitted to GenBank with the 

accession number KT870145. 
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 Sequence alignment and phylogenetic analysis for both polA and four 

concatenated GTA were performed using the CLC Genomic 7 program. The amino 

acids sequences of the polA and the GTA genes were used for alignment. A 

maximum-likelihood method was used to construct the phylogenetic tree, with 

bootstrap value of 500. 

 

3.3.7 Metagenomic recruitment  

 To explore the geographic distribution of DSS3Φ8, the phage genes were 

used as queries to search against the metagenomic databases in iMicrobe 

(http://data.imicrobe.us/). A reciprocal BLASTp analysis was conducted. Each of the 

recruited metagenomic reads was compared against the NCBI RefSeq database 

(June 2015), which contains all complete viral and bacterial genomes. The 

metagenomic reads were considered as DSS3Φ8 origin only if the DSS3Φ8 genes 

were the best hits. The relative abundance of each gene in every metagenomic 

database was calculated following the methods described elsewhere (Zhao et al., 

2013). The count for each recruited read was divided by the number of total reads in 

the database, and further divided by the size of the gene product. Samples were 

scaled using the mean of all samples.  

 

3.4 Results and Discussion 

3.4.1 Morphology and biological features 

Roseophage DSS3Φ8 was isolated from Baltimore Inner Harbor, Baltimore, 

USA in January 2012. DSS3Φ8 has a prolate cylindrical head and a long, flexible, 
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non-contractile tail. The capsid size of DSS3Φ8 is ca. 100 nm long and 35 nm wide, 

and the tail length is ca. 300 nm (Figure 3.1 A). Based on its morphology, DSS3Φ8 

is a member of the B3 morphotype of Siphoviridae, which comprises approximately 

1% of all known phages (Ackermann, 2001). Genome sequence showed that 

DSS3Φ8 belongs to the phiCbK genus under Siphoviridae, which contains five B3 

morphotype bacteriophages infecting the freshwater bacterium Caulobacter 

crescentus (Gill et al., 2012). Phage CbK was first isolated in 1970, and has been an 

important genetic and cytological tool for studying cell cycle regulation, because it 

specifically infects the “swarmer” cell of its host (Agabian-Keshishian and Shapiro, 

1970). Roseophage DSS3Φ8 is much smaller than previously characterized the five 

CbK-like phages in terms of capsid size and tail length. 

 The cross infectivity tests showed that DSS3Φ8 specifically infects its own 

host, R. pomeroyi DSS-3, but none of the other marine strains tested. The latent 

period of DSSΦ8 was about 2 hours, and it reached the growth plateau in 6 hours. 

The burst size of DSSΦ8 is ca. 120 (Figure 3.1 B).  

 

3.4.2 General genome features 

 DSS3Φ8 is a circular, double-stranded DNA virus. The genome size of 

DSS3Φ8 is 146,135 bp. In general, the genome of DSS3Φ8 is homologous to that of 

the CbK-like phages (see the later section), but the genome size of DSS3Φ8 is much 

smaller compared to the known CbK-like phages (205-279 kb) (Gill et al., 2012). The 

G+C content of the phage genome is 56%, lower than that of other CbK-like phages  
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Figure 3.1 Morphology and growth curve of DSS3Φ8. (A) Transmission electron 

microscopy image of roseophage DSS3Φ8. Scale bar = 100 nm. (B) One-step growth 

curve of roseophage DSS3Φ8. 
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(62%-66%). The G+C content is 64 and 67% for R. pomeroyi DSS3 and Caulobacter 

crescentus, respectively.  

 A total of 229 predicted open reading frames (ORFs) was identified in the 

DSS3Φ8 genome, of which 106 ORFs had recognizable homologs in GenBank 

(Figure 3.2). Among the recognizable proteins, only 50 have described function, 

consistent with the idea that marine siphoviruses encode proteins that are under-

represented in the database (Sullivan et al., 2009).  

 DSS3Φ8 contains 34 tRNA genes coding 14 different amino acids. Most of 

tRNA genes found in phage DSS3Φ8 overlapped with those found in the host R. 

pomeroyi DSS3. The parallel possession of tRNA genes between DSS3Φ8 and host 

DSS3 is considered as a result of co-evolution of phage and host (Krakauer and 

Jansen, 2002; Bahir et al., 2009). On the other hand, two tRNAs, tRNA
Lys/CTT

 and 

tRNA
Gln/CTG

, were only found in DSS3Φ8. The anticodon CTT and CTG account for 

more than 90% codon usage for Lys and Gln respectively for phages, however, these 

anticodon are the rarest codons in the host (Moran et al., 2004). This finding 

supported previous findings that phages tend to carry tRNAs corresponding to 

codons that are used frequently by the phage genes while rare in the host genome 

(Bailly-Bechet et al., 2007). Also, it is possible that tRNA genes present in phages 

facilitate the expression of the late phage gene encoding structural proteins as 

proposed from cyanophage Syn9 (Weigele et al., 2007).  
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Figure 3.2 Genome map of roseophage DSS3Φ8. Gene features (unknown, hypothetical, tRNA genes, GTA and 

others) and genome modules (structure, lysis and DNA replication) are color-coded according to the legend below the 

figure
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3.4.3 Homology between DSS3Φ8 and CbK-like phages 

 Genome wide comparison between DSS3Φ8 and the CbK-like phages reveals 

that they all share similar modules (Figure 3.3). Of the 106 characterized ORFs in the 

DSS3Φ8 genome, 24 were related to the CbK-like phages, including the genes 

involved in DNA metabolism, replication, structure and the genes with unknown 

functions. The phylogenetic analyses based on the DNA polymerase gene support 

the proposal that DSS3Φ8 is more closely related to the CbK-like phages than to 

other phages (Figure 3.4 B). It forms a deep branch of its own among the CbK-like 

podoviruses clade. Similar pattern was observed by using large subunit of terminase 

and major capsid protein as gene markers.  

 Although siphoviruses are usually highly mosaic in terms of their genomic 

evolution, siphoviruses with prolate capsid appear to maintain a conserved genomic 

architecture among them even though their genome sizes vary dramatically. For 

example, phage S-CBS2 (Sullivan et al., 2009), a siphovirus with prolate capsid, 

infecting a marine Synechococcus strain, exhibits a genomic arrangement similar to 

P-SS2 (Sullivan et al., 2009), a siphovirus with prolate head, infecting a marine 

Prochlorococcus strain. The genome size of phage S-CBS2, however, is only two 

thirds of that of phage P-SS2 (Huang et al., 2012). In my case, DSS3Φ8 infecting a 

marine Alphaproteobacterium, R. pomeroyi DSS3, shared the highest genome 

homology with six siphoviruses CbK-like phages infecting a freshwater 

Alphaproteobacterium, Caulobacter crescentus, despite that the genome size of 

DSS3Φ8 is about half of the genome sizes of CbK-like phages. The high genetic 

homology between DSS3Φ8 and CbK-like phages is remarkable because they infect 
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Figure 3.3 Genome wide comparison between roseophage DSS3Φ8 and Caulobacter phage phiCbK. White arrows 

represent ORFs for which no putative function can be attributed. Yellow, green, red and purple arrows represent 

structure, lysis, replication and packaging ORFs, respectively. Pink arrows stand for GTA structure, while orange arrows 

represent prophage-related ORFs. Grey color stands for hypothetical proteins. Related genes of these two phages are 

connected by blue shading. The color box corresponds to different amino acid identities. The figure was the created by 

Easyfig.  
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Figure 3.4 (A) The maximum-likelihood phylogenetic tree of DNA polymerase I of bacteriophages. Orange, blue and 

green colors represent Podoviridae, Myoviridae and Siphoviridae, respectively. Red color represents the CbK-like 

phages. Bootstrap = 500. (B) Zoom in of region B in Figure 3.4 A.  
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bacteria inhabiting two different environments (marine vs. freshwater). Together, the 

above studies tend to suggest that the genomes of siphoviruses with prolate capsids 

(B3 morphotype of Siphoviridae) are more conserved compared to the siphoviruses 

with no elongated heads. A recent survey of the global oceans showed that 

siphoviruses with prolate capsids can make up 48% of siphoviruses observed in the 

marine environment (Brum et al., 2015). The relatively conserved genomes among 

the siphoviruses with prolate heads may allow me to identify a marker gene to explore 

the diversity of these type of siphoviruses in aquatic ecosystems. 

 

3.4.4 Difference between DSS3Φ8 and CbK-like phages 

 Despite the conserved genome arrangement between DSS3Φ8 and the CbK-

like phages, an obvious genome reduction of DSS3Φ8 was observed. DSS3Φ8 

contains 229 ORFs, while ‘our reference set ’ CbK-like phages have 318 to 448 ORFs 

(Gill et al., 2012). The majority of genes which are not shared between DSS3Φ8 and 

CbK-like phages, are those without any matches in the NCBI database. The structure 

genes of DSS3Φ8 are much smaller than those of phiCbK, especially for the tail 

related genes. For instance, the length of pre-tape measure gene of DSS3Φ8 is half 

that of phiCbK. The reduction of structure genes in DSS3Φ8 is consistent with the 

smaller head and shorter tail of DSS3Φ8 in comparison to the CbK-like phages. It 

appears that the loss of genes and the reduction of gene size both contribute to the 

reduction of the DSS3Φ8 genome. 

 For CbK-like phages, a lysis gene cassette coding for endolysin, holin and 

spanin was found between structure and replication gene cassettes. However, at the 
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same region, DSS3Φ8 only contains one lysis gene - peptidoglycan amidohydrolase 

(Figure 3.2 and Figure 3.3). On the other hand, DSS3Φ8 contains two hypothetical 

genes upstream to the endolysin gene, which are likely involved in the lysis of the 

host cell based on their location.  

 DSS3Φ8 contains a conserved replication system, which includes genes 

coding for DNA polymerase, helicase, ligase, recombinase and nucleotide 

metabolism. DSS3Φ8 and the CbK-like phages are siphoviruses, but they likely 

hijacked the DNA polymerase gene from T7-like podoviruses. Such a genetic 

recombination between siphoviruses and podoviruses was first reported in the CbK 

like phages (Gill et al., 2012). Phylogenetic analysis based of the polA amino acid 

sequence showed that DSS3Φ8 and the CbK-like phages form their own cluster 

within the Podoviridae clade (Figure 3.4).  

 DSS3Φ8 and the CbK-like phages possess the helicase gene. But both of 

them lack the primase gene and the single strand binding protein gene. In the T7-like 

podovirus, DNA polymerase, helicase-primase, a single-stranded DNA binding 

protein, and exonuclease make up the conserved replication system (Huang et al., 

2015). Unlike the CbK-like phages, DSS3Φ8 contains a thioredoxin, which is a key 

protein to increase the processing rate of the DNA polymerase (Mark and Richardson, 

1976; Huber et al., 1987). Thioredoxin genes have been found in many podoviruses 

infecting marine bacteria (Pope et al., 2007; Rohwer et al., 2000; Chen and Lu, 2002)  
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3.4.5 Prophage 

 DSS3Φ8 encodes an integrase and transcriptional regulator (possible 

repressor) between the structure and replication modules, suggestive of a lysogenic 

potential of this phage. The closest match (E-value < 2.5E-51, 32% identity) to the 

DSS3Φ8 integrase gene is a putative integrase gene in roseobacter strain, Ruegeria 

sp. 6PALISEP08. Those two bacteria show 99% identity at the 16S rRNA genes. The 

genome of R. pomeroyi DSS-3 does not contain a prophage (Moran et al., 2004). I 

searched for evidence of site-specific attachment sites (attP and attB) in the genomes 

of phage DSS3Φ8 and host DSS-3, but no identical sequences between phage 

DSS3Φ8 and host DSS-3 were found. The lack of attP-attB pairing between DSS3Φ8 

and its host is unexpected as the attP-attB sites have been found in many 

bacteriophages, including siphoviruses infecting marine picocyanobacteria (Sullivan 

et al., 2009; Huang et al., 2012), and have been used to link phages with their 

potential hosts (Mizuno et al., 2013b). One possible attachment site is a 63 bp 

sequence near the tRNA upstream of the integrase gene, which is 81% identical to 

the tRNA-Met4 gene in the host genome. Because of the conserved nature of tRNAs, 

they can become the integration sites for temperate phages (Campbell, 2003). 

Prophages are commonly found in roseobacter genomes, and more roseophages 

and their genomes are available now. It would be interesting to compare the genomic 

similarity between roseobacter prophages and roseophages to look for putative 

integration sites, further understanding the lysogenic nature of temperate phages 

infecting members of the Roseobacter clade.  
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3.4.6 The GTA genes 

 Several hallmark genes of DSS3Φ8 are homologous to genes 12, 13, 14 and 

15 in RcGTA of the gene transfer agent found in Rhodobacter capsulatus. These four 

GTA related genes have been found in the CbK-like phages (Gill et al., 2012), phage 

ΦJL001 infecting marine Rhizobiales str. JL001 (Lohr et al., 2005), and roseophage 

RDJLΦ1 infecting Roseobacter denitrificans Och114 (Huang et al., 2011). Both gp47 

and gp49 in DSS3Φ8 were homologous to GTA gene 12, which encodes a glycoside 

hydrolase and contains the conserved superfamily DUF2460, a group of hypothetical 

proteins with apparent phage-derived regions of bacterial chromosomes. Interestingly, 

DSS3Φ8 carries two copies of RcGTA gene 12 in its genome, which share 34% amino 

acid identity and are separated by an unknown protein. This duplication of RcGTA 

gene 12 has not been seen in GTA. Also, the sizes of gp47 and gp49 products are 

larger than that of RcGTA gene 12, which is highly conserved between RcGTA and 

the phages containing the four GTA genes. gp50 is most closely related to the structure 

proteins detected by proteomic approaches, which could also be the product of RcGTA 

gene 13. gp51 contains a phage-related cell wall peptidase domain and was predicted 

to encode a hydrolase belonging to the NlpC/P60 superfamily (Lang and Beatty, 2001). 

gp 52 encoded a tail fiber protein has also been found in RcGTA as gene 15. Although 

all of the phages that carry RcGTA structures possess four genes, DSS3Φ8, the CbK-

like phages and ΦJL001 have no sequence homology with RcGTA and RDJLΦ1 on 

gene 13 and 15. When DSS3Φ8, the CbK-like phages and ΦJL001 were aligned with 

RcGTA and other phages containing the four GTA genes, 200-430 bp and 380-490 bp 

insertions from products of gene 13 and gene 15, respectively, have been found. 
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GTA is a well-preserved genetic structure in Alphaproteobacteria, especially in the 

Roseobacter lineage. A phylogenetic analysis based on concatenated translated 

sequences of these four GTA genes showed that all roseobacters fall into their own 

clades (Figure 3.5), which are consistent with the phylogeny based on whole genome 

sequence analysis (Newton et al., 2010). Interestingly, phage-derived four GTA genes 

belonged to three different clades, which were not closely related to those of their 

potential hosts. This result suggests a host-independent evolution of phage-encoded 

GTA genes. Despite the fact that DSS3Φ8 and the CbK-like phages infect different 

bacterial species, the GTA gene phylogeny clusters these phages together, 

suggesting that DSS3Φ8 and the CbK like phages acquired these four GTA genes 

from a common ancestor (Figure 3.5). 

It is noteworthy that these four GTA genes are not found in several SIO-like 

phages and N4-like phages (podoviruses) that infect different marine roseobacter 

strains (Angly et al., 2009; Zhan et al., 2015). It is possible that these four GTA genes 

are common in siphoviruses infecting different strains, including phages ΦJL001, 

RDJLΦ1, and DSS3Φ8. These four GTA genes were also found in a few unpublished 

siphoviruses infecting roseobacters (e.g. KT253150, NC_026608 and KT266805). The 

finding of roseophages carrying the four GTA genes indicates that there is a long and 

tangled evolutionary relationship between GTAs, phages and even prophages (Lang 

et al., 2012). Isolation and genome sequencing of more roseophages will provide new 

insight into the evolutionary relationship between roseophages, GTAs and the 

Roseobacter lineage. 
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Figure 3.5 The maximum-likelihood phylogenetic tree of concatenated protein 

sequences of RcGTA-like genes 12-15 from bacteriophages and bacteria. The circle 

represents the phage-derived four GTA genes, while the diamond indicates the GTA 

gene cluster came from the bacteria. Bootstrap = 500. The width of the branch 

corresponds to the bootstrap value. 
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3.4.7 Environmental Distribution of DSS3Φ8 

 Metagenomic recruitments show that DSS3Φ8 reads were detected at the 

rates ranging from 10
-10

 to 10
-7

 per base pair in the viral metagenomic databases from 

iMicrobe by June 2015. The DSS3Φ8 homologs can be found in a wide range of 

aquatic environments, ranging from freshwater to open ocean (Figure 3.6). The 

highest recruitment rate came from the samples from Scripps Pier of Pacific Ocean 

Virome, where many SIO-like roseophages were isolated (Rohwer et al., 2000; Angly 

et al., 2009). DSS3Φ8 homologs were present in Antarctica, especially Organic Lake 

and Ace Lake, where abundant N4-like phages (Roseobacter N4-like phages) were 

observed (Chan et al., 2014; Zhan et al., 2015). DSS3Φ8 homologs were also 

recruited from other environments, such as chimney biofilm, stromatolite and 

whalebone. It appears that DSS3Φ8-like phages are widely spread in nature.  
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Figure 3.6 Rates of occurrences of DSS3Φ8 genes in various metagenomic databases. The absolute counts of 

retrieved reads were normalized against the data sizes of metagenomes and the average gene size.  
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3.5 Conclusion 

 Lytic phage DSS3Φ8 is a new member of marine roseophages, and 

represents the first CbK-like phage found in the marine environment. The genome 

sequence of DSS3Φ8 differs largely from all the known roseophages. DSS3Φ8 

contains many features related to Podoviridae, Siphoviridae, prophage and GTA. 

Acquisition of T7-like DNA polA gene suggests DSS3Φ8 is less dependent on host 

transcriptional machinery compared with other siphoviruses. On the other hand, the 

presence of integrase and repressor genes implies the lysogenic potential of 

DSS3Φ8. With its highly mosaic genome, DSS3Φ8 could serve as an ideal phage 

system to study the genomic evolution of phages and how the acquisition of different 

genetic elements (i.e. pol, int, or GTA genes) affect the phenotypic characteristics of 

phage. 
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Chapter 4. Distinct groups of bacteriophages infecting a single marine 

roseobacter strain Ruegeria pomeroyi DSS-3 
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4.1 Abstract 

 Roseobacter is an important lineage of marine bacteria, especially in coastal 

waters. Marine roseobacters have been well studied in terms of their ecological 

distribution, biogeochemical role, genetic diversity and genomic evolution. However, 

little is known about phages that infect marine roseobacters. Here, I report the 

isolation of 12 different bacteriophages that infect a single strain of marine 

roseobacters, Ruegeria pomeroyi DSS-3. A wide range of genomic and 

morphological features has been observed among these roseophages 

(bacteriophages infecting roseobacters). Comparative genome analysis delineated 

three diverse clusters, with few genes shared between the clusters. The four clusters 

divide these phage isolates into Chi-like, CbK-like, N4-like and ssDNA phages. Chi-

like roseophages carry the integrase gene and are able to enter lysogenic cycle. CbK-

like phages, with large genome sizes, possess highly mosaic genomes. N4-like 

phage appears to be a common phage group infecting R. pomeroyi DSS-3. The two 

novel ssDNA viruses isolated from DSS-3 represent the smallest and simplest marine 

phage ever isolated. Despite the great diversity among these roseophage clusters, a 

high degree of genome conservation within each cluster indicates that members 

within each cluster evolve slowly and maintain their genomic stability compared to 

other members across clusters. Analysis of codon usage, GC content and number of 

tRNA shows different adaptation strategies among these phages. The presence of 

distinct phage types (N4-like phages, novel ssDNA phages, CbK-like siphoviruses 

and temperate Chi-like phages) infecting a single host implies that new types of 

phages could exist for the phylogenetically diverse Roseobacter lineage.  
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4.2 Introduction 

 Viruses are part of the microbial life cycle. They interact with hosts frequently, 

regulate host population structure, mediate genetic exchanges, and effect the 

biogeochemical cycle (Suttle, 2005, 2007). The diversity of viruses can be seen at 

the phenotypic and genetic levels. In fact, different types of phages can infect the 

same host strain (Hatfull, 2010; Holmfeldt et al., 2013). Genomic sequences of marine 

viruses have contributed greatly to our understanding of adaption, evolution and 

phage-host relationship.  

 Currently, phage genomes were only found in phages infecting eight of 29 

bacteria phyla. Although in the marine environment thousands of bacteriophage 

genomes were assembled from metagenomes, only 130 complete genomes from 

marine phage isolates are available (by May 2015) (Perez Sepulveda et al., 2016). 

These marine phages were isolated from 22 genera of bacteria (Perez Sepulveda et 

al., 2016), which represent a small fraction of marine bacterial populations.  

 Metagenomic studies have revealed that marine viruses are extremely diverse 

(Hurwitz and Sullivan, 2013; Brum et al., 2015; Paez-Espino et al., 2016). According 

to recent global metagenomic surveys, a total of 1,075,761 viral protein clusters were 

observed (Brum et al., 2015). However, 63-93% of surveyed sequences could not be 

annotated taxonomically or functionally (Hurwitz and Sullivan, 2013; Brum et al., 

2015). The large proportion of unknown sequences is fundamentally due to the 

limitation of our knowledge on reference genomes. Only 39 of these 5,476 

populations contains cultured viral genomes as references (Brum et al., 2015). The 

era of metagenomic databases calls for a significant increase in the isolation and 
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characterization of viruses in their natural environment. Large clusters of marine 

bacteria have been difficult to grow in laboratories for decades. Tremendous efforts 

have been made to cultivate some major groups of marine bacteria, including 

ubiquitous SAR11 and SAR116 clade (Giovannoni et al., 1990; Morris et al., 2002). 

Recently, the isolation of phages infecting SAR11 and SAR116 demonstrated that 

their phages are highly abundant in the ocean (Zhao et al., 2013; Kang et al., 2013). 

The isolation of SAR11 and SAR116 phages successfully explained up to 25% of 

previous unknown reads in metagenome. 

 The isolation of viruses is not only helpful to viral metagenomics, but also 

allows us to study the morphology, biology, and genomics of marine viruses. Phages 

infecting cyanobacteria (cyanophages) are probably the most well-studied marine 

phages. Many cyanophages have been isolated and characterized. Additionally their 

genomic sequences provide a comprehensive knowledge on their diversity, life-style, 

and evolution (Sullivan et al., 2010; Sabehi et al., 2012; Huang et al., 2012; Labrie et 

al., 2013; Huang et al., 2015;). The discovery of cyanophage-encoded 

photosynthesis genes raised many questions regarding the role of phages on 

regulating host photosynthetic activity (Millard et al., 2004; Lindell et al., 2005; 

Thompson et al., 2011).  

 Members of the Roseobacter lineage are abundant in the marine environment, 

representing about 20% of the bacterial cells in coastal waters and 2-8% in open 

ocean waters (Buchan et al., 2005; Newton et al., 2010). They have been isolated 

from various habitats including deep pelagic oceans, coastal sediments, and polar 

oceans (Brinkhoff et al., 2008). Marine roseobacters can be abundant in the microbial 
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communities associated with algal blooms because roseobacters are able to degrade 

the dimethylsulfoniopropionate (DMSP) produced by algae (Moran et al., 2004). The 

ability to metabolize sulfur compounds makes roseobacters a prominent player in 

global sulfur cycles. Currently, at least 69 genomes of marine roseobacters have 

been sequenced, and analyses of representative genome sequences have generated 

new insights into ecological adaptation and the evolution of the marine Roseobacter 

clade. Many roseobacter genomes contain intact prophages or phage-like gene 

transfer agents (Paul, 2008; Newton et al., 2010) suggesting their close interaction 

with phages.  

 Currently, only a handful of phages that infect roseobacters have been isolated 

and characterized. In 2000, Rohwer et al. isolated the first roseophage, SIO1, which 

infects a marine Roseobacter SIO67 (Rohwer et al., 2000). SIO1-like phages were 

isolated from the same region many years later (Angly et al., 2009). The second 

report of roseophages was the discovery of N4 like phages, DSS3Φ2 and EE36Φ1, 

which infect Ruegeria pomeroyi DSS-3 and Sulfitobacter sp. EE-36, respectively 

(Zhao et al., 2009b). More N4-like phages have been isolated from roseobacters 

since then (Chan et al., 2014; Ankrah and Budinoff, 2014; Ji et al., 2015a; Cai et al., 

2015; Li et al., 2016), suggesting that this type of phage could be prevalent for 

roseobacters. Two siphoviruses, phage RDJLΦ1 and RDJLΦ2, which infect 

Roseobacter denitrificans OCh114 were isolated recently (Zhang and Jiao, 2009; 

Liang et al., 2016). Two temperate podoviruses infecting Sulfitobacter sp. strain 2047 

were also described (Ankrah et al., 2014b). Most recently, a new type of phage, CbK-

like phage, DSS3Φ8, was isolated infecting R. pomeroyi DSS-3 and found to be 
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highly mosaic (Zhan et al., 2016). CbK-like phage has not been reported in the marine 

system prior to the isolation of DSS3Φ8. All of these studies indicate that the diversity 

of roseophages exceeds our expectations.  

 Here, I report the isolation of 12 roseophages that infect R. pomeroyi DSS-3. 

R. pomeroyi DSS-3 was chosen because it is a coastal strain with important 

biogeochemical features, such as its capability for degrading DMSP and utilizing 

carbon monoxide (Newton et al., 2010). In addition, DSS-3 has been referred as the 

model strain to study marine heterotrophic bacteria (Moran et al., 2004). The 

morphology, growth, host specificity, and genome sequences of these DSS-3 phages 

are described. The isolation of these roseophages provides a new insight into the 

diversity, evolution and phage-host interactions for marine roseobacters.  

 

4.3 Methods and Materials 

4.3.1 Phage isolation 

 Around 500 ml water were collected monthly from the surface water of the 

Baltimore Inner Harbor using a bucket from 2012 to 2013. Temperature and salinity 

were measured immediately after collection. Collected water was pre-filtered through 

20 µm filter. Ten mL of water were added to 50 ml of R. pomeroyi DSS-3 in 

exponential growth phase (OD between 0.2 to 0.3). The host and water were then 

incubated at 28 °C for 24-48 hours. After an enrichment step, viral lysate was 

collected via centrifugation at 8000g for 20 minutes. The plaque assay was conducted 

following the described protocol. At least three plaques were picked from each of the 

plates. One of the three was further purified three times by plaque assay.  
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4.3.2 Phage morphology, growth curve and cross-infectivity 

 Viral morphology was examined using an FEI Tecnai T12 transmission 

electron microscope at University of Maryland, Baltimore. Samples were prepared 

following the procedures described elsewhere (Brenner and Horne, 1959). Briefly, 

one drop (2 μl) of purified phage lysate was adsorbed to the 200-mesh 

Formvar/carbon-coated copper grid and stained with 1% phosphotungstic acid (PTA) 

for one minute.  

 For the one-step growth curve, the number of phages was enumerated by 

qPCR, following a previous description (Zhan et al., 2016). The qPCR primers were 

designed based on the sequence of the phage major capsid gene. The detailed 

sequences of qPCR primers were listed in Table 4.1. Standards were developed 

using DNA extracted from phage lysate with a known titer. Cross-infection of DSS-3 

phages were tested against five other marine roseobacter stains: Roseovarius 

nubinhibens ISM, Silicibacter sp. TM1040, Sulfitobacter sp. EE-36, Dinoroseobacter 

shibae DFL-12 and Roseobacter denitrificans OCh 114, as previously described 

(Zhan et al., 2016).  

 

4.3.3 DNA extraction and sequencing 

 Bacteriophage genomes were sequenced using Illumina MiSeq and/or Pacific 

Biosciences (PacBio) shown in Table 4.2. For the phages sequenced by Illumina, 1 

liter of lysis was concentrated and purified by ultracentrifugation following the protocol 

previously described (Zhan et al., 2016). DNA was extracted by 

phenol/chloroform/isoamyl alcohol (25:24:1) and precipitated in isopropanol. Phage   
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Table 4.1 List of primers used for qPCR in one-step growth curve experiment 
 

Primer Name  Forward Primer (5’-3’) Reverse Primer (5’-3’) 
DSS3Φ1_MCP ACCTCTACGCGGTCATCTTC ACTTGGCGATCTCAACAACC 
DSS3Φ2_MCP TGCTACGATTGGTCTGCAAG ATCGAGGAGAACCCGATCTT 
DSS3Φ8_MCP CTGCAACTGACACCACCATC ATACCAACGAGCCATTCGAC 
DSS3Φ22_MCP AAATGGGCATGCAGGAAATG GATCGTACAGAAGAAGCTCAGG 
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DNA samples were sent to the BAS Lab at the Institute of Marine and Environmental 

Science, UMCES and sequenced by Illumina MiSeq platform. Sequences were 

assembled by the CLC Genomic Workbench, with at least 450x coverage. For 

bacteriophages sequenced by PacBio, individual lysate was collected from a 3-time 

purified phage plaque. The phage titer was determined by the epi- fluorescence 

microscopic count method. Bacteriophages were then pooled together based on their 

abundance. DNA of the “pooled phage community” was extracted and sequenced by 

PacBio. Phage contigs were assembled using the hierarchical genome-assembly 

process version 3 (HGAP). Since the barcode were not added into each pooled 

bacteriophage, PCR identification was needed to assign contigs to corresponding 

phages. The PCR primers were designed based on the sequence information in the 

assembled contigs. 

 

4.3.4 Annotation, codon usage and genomic comparison 

 Open reading frames (ORFs) were predicted by using GeneMarkS (Besemer 

et al., 2001), and were annotated using BLASTp against NCBI’s non-redundant 

databases (E-value ≤ 1E-5 and identity ≥ 30%). The genome maps were generated 

in R using GenoplotR package (Guy et al., 2010). tRNAs of representative phages 

(DSS3Φ1, DSS3Φ2, DSS3Φ8 and DSS3Φ22) were identified by using tRNAscan-SE 

(Lowe and Eddy, 1996). Codon usage of the host, R. pomeroyi DSS-3, and 

representatives of phages were analyzed using CodonW 

(http://codonw.sourceforge.net//culong.html). An “all-to-all” BLASTp was used to 
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calculate the percentage of genes shared between pairwise DSS-3 phages, with the 

cut off E-value ≤ 1E-5.  

 

4.3.5 Core genome analysis, phylogeny and average nucleotide identity 

 The core genomes of N4-like roseophages and Chi-like phages were analyzed 

using previous described methods (Sullivan et al., 2010; Huang et al., 2015; Labrie 

et al., 2013). A reciprocal best BLASTp was conducted to compare proteins within 

each group. Homologous relationships were assigned when BLASTp results met the 

cut off E-value ≤ 1E-5 and alignment region covered more than 50% of shorter 

sequence. Homologous pairs were then transiently grouped and clustered 

orthologous groups (COG) were further built. Details of phages used for this analysis 

are listed in Table 4.3 (Chi-like phages) and Table 4.4 (N4-like roseophages). 

 For phages included in core genome analysis, each core protein sequence 

was aligned using Clustal W (Thompson et al., 1994), and further concatenated. A 

maximum-likelihood tree of the aligned concatenated proteins was constructed using 

MEGA7 (Kumar et al., 2016). Bootstrap values were determined from 1,000 

resampling events. The average nucleotide identity (ANI) was calculated from 

JSpecies Web Server (Richter et al., 2016). The measurement of ANI was based on 

BLAST+ and MUMmer. 

 

4.3.6 Lysogen formation assay 

 To test prophage formation for Chi-like DSS-3 phages, R. pomeroyi DSS-3 

was infected by DSS3Φ1 with MOI = 10 and plated in a soft agar overlay. Resistant 
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strains that grew on the plate were picked and purified 3 times. A primer pair specific 

to DSS3Φ1 was used to test the presence of prophage sequence in the phage 

resistant strains. Wild-type DSS3 was used as a negative control, and DSS3Φ1 DNA 

served as the positive control.  

 

4.3.7 Genomic sequence of the phage resistant strain.  

 One of the mutant colonies with a phage signal was selected and cultivated in 

liquid ½ YTSS medium. The resistant strain was named DSS-3-P1R. The genome of 

DSS-3-P1R was extracted using the UltraClean Microbial DNA Isolation Kit (MoBio). 

A PCR was conducted using DSS3-3-P1R DNA as a template to confirm the phage 

signal. The genome of DSS-3-P1R was sequenced using Illumina Miseq. CLC 

genomic workbench was used for quality control, read pairing and assembly. A total 

of 51 contigs (≥1 kb) were assembled. Among them, one 49 kb contig with a coverage 

of 780x was found. This contig shared 99% nucleotide sequence identity and 82% 

coverage with DSS3Φ1.  

 

4.4 Results and Discussion 

 Twelve new bacteriophages were isolated using R. pomeroyi DSS-3 (referred 

as DSS-3 phages hereafter), from the Baltimore Inner Harbor between 2012 and 

2013. Each phage was isolated from a different water sample (Table 4.2). The 

temperature of each water samples ranged from 7 to 31°C, and the salinity ranged 

from 5 to 14 psu (Table 4.2). Currently, 15 DSS-3 phages, including 3 previously 

published DSS-3 phages (Zhao et al., 2009; Zhan et al., 2015, Chapter 2), have been 
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Table 4.2 The isolation parameter and genomic feature for 15 completely sequenced DSS-3 phages. 

 
 

 

Classification Phage Genome 
Size (kb) 

GC content 
(%) 

Number of 
ORFs 

Number 
of tRNAs 

Collection 
Date 

Temperature 
(°C) 

Salinity 
(psu) Sequences Reference 

Podoviridae (N4-like) DSS3Φ2 74.91 47.91 81 3 Jan. 2007 NA NA Sanger Zhao et al. 

Podoviridae (N4-like) DSS3Φ12 74.68 47.89 85 3 NA NA NA Illumina this Chapter 

Podoviridae (N4-like) DSS3Φ13 74.83 50.77 79 4 Jul. 2012 29 10 PacBio this Chapter 

Podoviridae (N4-like) DSS3Φ14 74.79 47.91 88 3 Sept. 2012 23 14 PacBio this Chapter 

Podoviridae (N4-like) DSS3Φ17 74.68 47.93 83 3 Oct. 2012 20 8 Illumina/PacBio this Chapter 

Podoviridae (N4-like) DSS3Φ21 74.67 47.91 82 3 Jun. 2012 24 5 Illumina/PacBio this Chapter 

Siphoviridae (Chi-like) DSS3Φ1 59.60 64.13 82 0 NA NA NA Illumina this Chapter 

Siphoviridae (Chi-like) DSS3Φ7 59.57 64.12 84 0 NA NA NA 454 this Chapter 

Siphoviridae (Chi-like) DSS3Φ18 59.11 64.03 82 0 Nov. 2012 16 12 Illumina/PacBio this Chapter 

Siphoviridae (Chi-like) DSS3Φ11 59.55 64.02 83 0 Feb. 2013 7 6 Illumina/PacBio this Chapter 

Siphoviridae (Chi-like) DSS3Φ16 61.38 63.64 85 0 Aug. 2012 31 7 Illumina/PacBio this Chapter 

Siphoviridae (CbK-like) DSS3Φ8 146.13 56.35 229 34 Feb. 2012 9 6 454 Zhan et al. 

Siphoviridae (CbK-like) DSS3Φ10 147.48 56.37 235 35 Mar. 2012 8 8 PacBio this Chapter 

Microviridae (unclassified) DSS3Φ22 4.25 57.70 4 0 Jan. 2013 7 7 Sanger Chapter 2 

Microviridae (unclassified) DSS3Φ15 4.25 57.70 4 0 May, 2012 16 12 Illumina this Chapter 



94 
 

isolated from Baltimore Inner Harbor (Table 4.2). Cross infection experimentation 

indicates that these 15 DSS-3 phages all have a narrow host range, as they did not 

infect other strains tested.  

 

4.4.1 Genomic features of DSS-3 phages 

 Complete genomes of the 12 new DSS-3 phages were sequenced and 

analyzed. Together with three previously described DSS-3 phages, these DSS-3 

phages show a wide range of genome size, G+C contents and the number of tRNAs 

that they encode (Table 4.2). The genomes of fifteen DSS-3 phages range in size 

from 59 to 147 kb, encoding for 79 to 235 ORFs (Table 4.2).  

 The GC content of DSS-3 phages ranged from 47 to 64%. Except for the N4-

like phages, the remaining DSS-3 phages have relatively high GC contents (56-64%), 

which are consistent with high GC content of host R. pomeroyi DSS-3 (64%) (Moran 

et al., 2004), indicating that they could be more host dependent compared to the N4-

like phages. A variety number of tRNAs were found among these fifteen DSS-3 

phages (Table 4.2). Half of the isolates do not carry any tRNAs. The genomes of six 

DSS-3 phages contain 3 or 4 tRNAs. A high number of tRNAs have been found in 

genomes of DSS3Φ8 and DSS3Φ10, encoding 34 and 35 tRNAs, respectively. This 

high number of tRNAs is rare for phages. A maximum of 20 and 24 tRNAs have been 

found in phages infecting E.coli and marine Cellulophaga, respectively 

(Chithambaram et al., 2014b; Holmfeldt et al., 2013).  

 Comparative genomics delineated the thirteen DSS-3 phages into four 

different clusters (Figure 4.1 A). At least 78% of phage genes were shared within  
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Figure 4.1 Genomic comparison and morphology of bacteriophages infecting R. pomeroyi DSS-3. (A) A heat map 

showing the percentage of shared genes between 13 DSS3 bacteriophages. (B) TEM images of 13 bacteriophages 

grouped based on gene comparisons. Scale bar = 50nm.  
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each cluster, while only a negligible number of genes (up to 8%) were shared 

between the clusters (Figure 4.1 A). Cluster I does not contain any previously 

characterized phages, and the phages in this cluster (DSS3Φ1, Φ7, Φ11, Φ16 and 

Φ18) have a long, flexible tail and an isometric head (Figure 4.1 B). Cluster I phages 

belong to Siphoviridae based on their morphological characteristics (Figure 4.1 B). 

Phage DSS3Φ10 displays an elongated head and a long tail, and clusters with a 

previously described CbK-like phage DSS3Φ8 (Zhan et al., 2016) in Cluster II (Figure 

4.1). Cluster III contains six DSS-3 phages, including DSS3Φ2, a N4-like phage 

(Zhao et al., 2009b) (Figure 4.1 A). All members in Cluster III (DSS3Φ2, Φ12, Φ13, 

Φ14, Φ17, and Φ21) share a N4-like phage morphology, with a short non-contractile 

tail (Figure 4.1 B). Lastly, DSS3Φ15, with extreme small capsid and invisible tail, is 

closely related to ssDNA phage, DSS3Φ22 (see Chapter 2). DSS3Φ15 and 

DSS3Φ22 belong to Cluster IV (Figure 4.1) 

 

4.4.2 Growth curves of DSS-3 phages 

 One-step growth curves show that phages in different clusters differ in growth 

patterns (Figure 4.2). DSS3Φ1, a Chi-like phage in Cluster I, has the shortest latent 

period (< 45 mins) and a burst size of 20. DSS3Φ8, a CbK-like phage in Cluster II, 

has a relatively longer latent period (ca. two hours), and a burst size of 130. DSS3Φ2, 

a N4-like phage in Cluster III has the largest burst size (~800) among the selected 

DSS-3 phages. The large burst size of N4-like roseophages has been reported (Zhao 

et al., 2009b), with the largest burst size (~3,000) observed in coliphage N4 (Schito 

et al., 1966). DSS3Φ22, a ssDNA phage in cluster IV has a burst size of 10, the  
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Figure 4.2 The one-step growth curves, latent period and burst size of selected 

phages from four clusters.  
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smallest among the selected DSS-3 phages. It is unclear why DSS3Φ22 has such a 

small burst size.  

 Together, different phenotypic and genomic characteristics seen in the above-

mentioned DSS-3 phages imply that phages infecting a single host strain can be very 

diverse in nature.  

 

4.4.3 Chi-like roseophages  

 DSS-3 phages in Cluster I all have an isometric head (~70 nm in diameter) 

and a long, flexible, non-contractile tail (~140 nm) (Figure 4.1 B). Genome sizes of 

Cluster I roseophages are similar, ranging from 59 to 61 Kb. The average G+C 

content of Cluster I phages is 64%, nearly identical to that of host (Table 4.2). Cluster 

I roseophages contain 82 to 85 predicted genes, only 22 of these predicted genes 

were assigned with putative functions. At least 86% genes were shared between 

members within Cluster I (Figure 4.1 B). 

Manual annotation revealed that the Cluster I roseophages are closely related 

to the phages within Chivirus genus. Chivirus is a genus under Siphoviridae (ICTV 

2015 release), and contains several phage isolates infecting E.coli (Kazaks et al., 

2012; Lee et al., 2013;), Salmonella (Moreno Switt et al., 2013), Burkholderia (Lynch 

et al., 2012) and Xylella (Ahern et al., 2014) (Table 4.3). Members contained in this 

genus share a similar organization of four major functional modules and have a 15 

kb highly divergent left arm of the genome (Ahern et al., 2014). All the DSS-3 Chi-like 

phages shared 17 to 26 homologs with 12 other known Chi-like phages (Table 4.3). 

Phylogenetic analysis based on the concatenated 13 core genes of the 17 Chi-like 
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phages (5 DSS-3 phages and 12 other phages) showed that DSS3 Chi-like phages 

clustered with phage pCB2051-A, which infects a host Loktanella sp. (Figure 4.3). 

 Chi-like phages are generally thought to be lytic. Prior to this study, no 

integration genes have been found in Chiviruses, except for Burkholderia phages 

AH2 (Lynch et al., 2012). Two Chi-like phage members, phage Sano and Salvo, were 

also used to create phage resistant isolates. Phage lysogens were not detected in 

these resistant isolates, further demonstrating the a lytic life cycle of these two Chi-

like phages (Ahern et al., 2014). Interestingly, all of the DSS-3 Chi-like phages contain 

an integrase gene, which is accompanied by a DNA binding protein and a helix-turn-

helix domain containing protein. These genes constitute an integration-related 

module, located between the modules of head morphogenesis and DNA metabolism 

(Figure 4.4). The finding of this integration module infers that DSS-3 Chi-like phages 

may be able to convert to the lysogenic cycle.  

 To test this, a lysogenic formation assay was conducted. I was able to obtain 

many DSS3Φ1 resistant strains upon super-infection (MOI = 10). After careful 

purification, DSS3Φ1 specific signals were detected by PCR in around 30% of the 

mutant colonies. One of these PCR-positive colonies was picked up and confirmed 

to contain DSS3Φ1 prophage based on the genome sequencing. This study suggests 

that DSS-3 Chi-like phages can enter the lysogenic cycle by integrating their 

genomes into the host genome. The wild type of R. pomeroyi DSS-3 does not carry 

detectable prophages in its genome (Moran et al., 2004), the impact of host DSS-3 

being lysogenized by prophage is not known. It would be interesting to investigate 

the effect of phage-integration on the physiological behaviors of DSS-3. 
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Table 4.3 Bacteriophages related to roseophage Cluster I 

Phage Genome size 
(kb) 

GC 
content 

(%) 
Host Classification Accession No. of homologs to DSS-3 

phage cluster 1 

Burkholderia phage AH2 58.0 61.3 Burkholderia cenocepacia C6433 Siphoviridae NC_018283  26 

Burkholderia phage BcepNazgul 57.4 60.6 Burkholderia cepacia Siphoviridae NC_005091 24 

Xylella phage Salvo 55.6 63.0 Xylella fastidiosa Siphoviridae KF626668 22 

Xylella phage Sano 56.1 62.4 Xylella fastidiosa Siphoviridae KF626665 22 

Providencia phage Redjac 58.1 49.5 Providencia stuartii MRSN 2154 Caudovirales NC_018832 17 

Salmonella phage FSL SP-030 59.7 56.6 Salmonella enterica Siphoviridae NC_021779  26 

Salmonella phage FSL SP-088 59.4 56.4 Salmonella enterica Siphoviridae NC_021780 26 

Salmonella phage SPN19 59.2 56.5 Salmonella sp. Siphoviridae NC_019417 25 

Enterobacteria phage Chi 59.4 56.5 E coli, Salmonella, Serratia Siphoviridae NC_021315 26 

Enterobacter phage Enc34 60.4 51.1 Enterobacter cancerogenus Siphoviridae NC_019524 25 

Loktanella phage pCB2051-A 56.9 55.0 Loktanella sp. CB2051 unclassified NC_020853 24 

Achromobacter phage phiAxp-1 62.0 60.1 Achromobacter xylosoxidans A22732 Siphoviridae NC_029033.1 24 
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Figure 4.3 Genome map of roseophage DSS3Φ1. The arrows show the predicted genes and direction of transcription 

(left-pointing arrow: reverse, right-pointing arrow: forward). Colored arrows indicate genes with predicted function. 

Functional modules of lysis cassette, tail morphogenesis, head morphogenesis and DNA metabolism are indicated by 

yellow, blue, purple and green lines under the arrows, respectively. 
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Figure 4.4 A maximum- likelihood and neighbor-joining phylogeny based on the 13 

concatenated core genes of the 17 Chi-like phages. Bootstrap values (1000 testing 

replicates for both NJ and ML methods) showing on the node are in the order of ML/NJ.  
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4.4.4 N4-like roseophages 

 Five newly isolated phages (DSS3Φ12, Φ13, Φ14, Φ17and Φ21) within Cluster III 

have a capsid head size of 70 nm and a short tail length of 26nm (Figure 4.1 B). They are 

morphologically similar to a N4-like phage, DSS3Φ2, which was also isolated from DSS-

3 (Zhao et al., 2009b). All of the members within Cluster III shared at least 78% of the 

genes between each other (Figure 4.1 A). Prior to this study, 10 complete genomes of 

N4-like roseophages have been reported, and they infect seven different strains of 

roseobacters (Zhao et al., 2009b; Chan et al., 2014; Ankrah et al., 2014a; Ji et al., 2015; 

Cai et al., 2015; Li et al., 2016) (Table 4.4). It is noticeable that all these N4-like 

roseophages were isolated from the coastal environment, where marine roseobacters 

thrive (Newton et al., 2010).  

 N4-like phages belong to a genus under Podoviridae. The genome sizes of N4-

like roseophages ranged from 72.7 to 76.5 kb (Zhao et al., 2009b; Ji et al., 2015; Chan et 

al., 2014; Cai et al., 2015; Li et al., 2016) (Table 4.4), which are larger than the genome 

size of podoviruses infecting Roseobacter SIO67 (Rohwer et al., 2000) (39.9 Kb), and 

T7-like podoviruses infecting marine cyanobacteria (Huang et al., 2015) (42.3-47.7 Kb). 

Genomes of N4-like roseophages are highly syntenic, sharing a very similar genomic 

arrangement (Figure 4.5).  

 A detailed genome-wide comparison was conducted and further identified 207 

COGs across all 15 N4-like roseophages. Among the 207 COGs, a core-genome of 39 

COGs shared by all 15 N4-like roseophages genomes was identified. The core genome 

mainly consists of genes involved in replication and structure (Figure 4.5, Table 4.5). This 

set of core genes contains two new core genes (gp61 and gp75 in DSS3Φ2) and one 
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Table 4.4 List of N4-like marine Roseophages 

Phage Host Isolation location  Collection 
time 

Genome 
size (kb) 

GC content 
(%) 

Number 
of 

ORFs 

Number 
of 

tRNAs 

Accession 
Number References 

DSS3Φ2 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA Jan-2007 74.6 47.9 81 3 FJ591093 Zhao et al. 

ESS36Φ1 Sulfitobacter sp. EE-36 Baltimore Inner Harbor, USA Jan-2007 73.3 47.0 79 3 FJ591094 Zhao et al. 

phiCB2047-B Sulfitobacter sp. 2047 Mesocosm Raunefjorden Norway Jun-2008 74.5 43.0 77 15 HQ317387 Ankrah et al. 

RLP1 Roseovarius sp. 217 Langstone Harbor, Hampshire, 
UK Sep-2005 74.6 49.0 92 3 FR682616 Chan et al. 

RPP1 R. nubinhibens  L4 sampling station, Plymouth, 
UK Nov-1998 74.7 49.1 91 3 FR719956 Chan et al. 

vB_DshP-R1 D. shibae DFL12 Baicheng Harbor, Xiamen, China May-2012 75.0 49.3 86 2 KJ621082 Ji et al. 

vB_DshP-R2C D. shibae DFL12 Huangcuo station, Xiamen, China Oct-2012 74.8 49.2 85 2 KJ803031 Cai et al. 

DS-1410Ws-06 D. shibae DFL12 Sanya Bay, China Oct-2014 76.5 50.0 77 0 KU885988 Li et al. 

RD-1410W1-01 R. denitrificans 
OCh114 Sanya Bay, China Oct-2014 72.7 49.5 77 0 KU885989 Li et al. 

RD-1410Ws-07 R. denitrificans 
OCh114 Sanya Bay, China Oct-2014 76.3 50.0 76 0 KU885990 Li et al. 

DSS3Φ12 R. pomeroyi DSS-3  Baltimore Inner Harbor, USA NA 74.7 47.9 85 3   this study 

DSS3Φ13 R. pomeroyi DSS-3  Baltimore Inner Harbor, USA Jul-2012 74.8 50.8 79 4   this study 

DSS3Φ14 R. pomeroyi DSS-3  Baltimore Inner Harbor, USA Sep-2012 74.8 47.9 88 3   this study 

DSS3Φ17 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA Oct-2012 74.7 47.9 83 3   this study 

DSS3Φ21 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA Jun-2012 74.7 47.9 82 3   this study 
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Figure 4.5 Alignment of the 15 N4-like roseophage genomes. Thirty-nine core genes are linked by gray shading. The 

arrows were colored based on the function of genes. The phylogeny based on these 39 core genes was plotted on the 

left side of the alignment.  
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Table 4.5 Core genes shared by N4-like Roseophages 

 DSS3
Φ2 

EE36
Φ1 

phiCB
2047-

B 

RLP 
1 

RPP
1 

vB_Ds
hP-R1 

vB_Ds
hP-
R2C 

DS-
1410Ws

-06 

DS-
1410W1-

01 

DS-
1410Ws

-07 

DSS3
Φ12 

DSS3
Φ13 

DSS3
Φ14 

DSS3
Φ17 

DSS3
Φ21 

hypothetical protein gp03 gp04 gp66 gp02 gp03 gp78 gp06 gp08 gp12 gp05 gp04 gp04 gp48 gp04 gp04 

RNA polymerase 
subunit I gp06 gp07 gp65 gp05 gp6 gp76 gp08 gp09 gp14 gp06 gp08 gp05 gp52 gp8 gp08 

RNA polymerase 
subunit II gp16 gp15 gp58 gp15 gp16 gp66 gp17 gp16 gp25 gp13 gp19 gp15 gp64 gp19 gp19 

hypothetical protein gp18 gp16 gp57 gp17 gp18 gp65 gp18 gp17 gp26 gp14 gp20 gp16 gp65 gp20 gp20 

putative AAA 
superfamily ATPase gp20 gp18 gp55 gp18 gp19 gp64 gp19 gp18 gp27 gp15 gp22 gp17 gp67 gp22 gp22 

N4 gp25-like protein gp22 gp20 gp53 gp20 gp21 gp62 gp21 gp19 gp28 gp16 gp23 gp18 gp68 gp23 gp23 

host-like protein gp32 gp30 gp46 gp30 gp31 gp52 gp31 gp27 gp36 gp24 gp33 gp27 gp79 gp33 gp33 

virion protein gp35 gp33 gp43 gp31 gp32 gp49 gp34 gp30 gp39 gp27 gp37 gp30 gp82 gp36 gp36 

hypothetical protein gp39 gp36 gp41 gp35 gp36 gp45 gp38 gp34 gp42 gp31 gp40 gp33 gp86 gp39 gp39 

thioredoxin gp40 gp37 gp40 gp36 gp37 gp44 gp39 gp35 gp43 gp32 gp41 gp34 gp87 gp40 gp40 

rIIA-like protein gp41 gp38 gp39 gp39 gp40 gp43 gp41 gp36 gp47 gp33 gp42/ 
43/44 gp36 gp88 gp41/

gp42 gp41 

rIIB-like protein gp42 gp39 gp38 gp40 gp41 gp42 gp42 gp37 gp48 gp34 gp45 gp37 gp02 gp43 gp42 

N4 gp14-like protein gp45 gp42 gp34 gp43 gp44 gp38 gp46 gp40 gp50 gp37 gp47 gp39 gp04 gp45 gp44 

ribonucleoside-
diphosphate 
reductase 

gp48 gp45 gp31 gp50 gp51 gp34 gp50 gp45 gp53 gp42 gp50 gp42 gp07 gp48 gp47 

DNA helicase gp50 gp47 gp29 gp52 gp53 gp32 gp52 gp47 gp55 gp44 gp52 gp44 gp09 gp50 gp49 

DNA polymerase gp52 gp48 gp27 gp54 gp55 gp29 gp55 gp50 gp57 gp47 gp54 gp46 gp11 gp52 gp51 

N4 gp42-like protein gp54 gp50 gp26 gp55 gp56 gp28 gp56 gp51 gp58 gp48 gp56 gp47 gp13 gp54 gp53 

DNA primase gp55 gp52 gp25 gp56 gp57 gp27 gp57 gp52 gp59 gp49 gp57 gp48 gp14 gp55 gp54 

N4 gp44-like protein gp56 gp53 gp24 gp57 gp58 gp26 gp58 gp53 gp60 gp50 gp58 gp49 gp15 gp56 gp55 
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single-strand DNA 
binding protein gp57 gp54 gp23 gp58 gp59 gp25 gp59 gp54 gp61 gp51 gp59 gp50 gp16 gp57 gp56 

hypothetical protein gp58 gp55 gp22 gp59 gp60 gp24 gp60 gp55 gp62 gp52 gp60 gp51 gp17 gp58 gp57 

virion-encapsulated 
RNA polymerase gp60 gp57 gp20 gp62 gp62 gp22 gp62 gp57 gp64 gp54 gp62 gp54 gp19 gp60 gp59 

hypothetical protein gp61 gp58 gp18/ 
gp19 gp63 gp63 gp21 gp63 gp58 gp65 gp55 gp63 gp55 gp20 gp61 gp60 

16.5kDa virion 
protein gp62 gp59 gp17 gp64 gp64 gp20 gp64 gp59 gp66 gp56 gp64 gp56 gp21 gp62 gp61 

N4 gp53-like protein gp63 gp60 gp16 gp65 gp65 gp19 gp65 gp60 gp67 gp57 gp65 gp57 gp22 gp63 gp62 

N4 gp54-like protein gp64 gp61 gp15 gp66 gp66 gp18 gp66 gp61 gp68 gp58 gp66 gp58 gp23 gp64 gp63 

N4 gp55-like protein gp65 gp62 gp14 gp67 gp67 gp17 gp67 gp62 gp69 gp59 gp67 gp59 gp24 gp65 gp64 

major capsid protein gp66 gp63 gp13 gp68 gp68 gp16 gp68 gp63 gp70 gp60 gp68 gp60 gp25 gp66 gp65 

N4 gp57-like protein gp67 gp64 gp11 gp69 gp69 gp15 gp69 gp64 gp71 gp61 gp69 gp61 gp26 gp67 gp66 

hypothetical protein gp68 gp65 gp10 gp70 gp70 gp14 gp70 gp65 gp72 gp62 gp70 gp62 gp27 gp68 gp67 

N4 gp59-like protein gp69 gp66 gp09 gp71 gp71 gp13 gp71 gp66 gp73 gp63 gp71 gp63 gp28 gp69 gp68 

lysis gp71 gp69 gp06 gp74 gp74 gp10 gp74 gp68 gp75 gp65 gp73 gp66 gp31 gp71 gp70 

hypothetical protein gp73 gp71 gp04 gp76 gp76 gp08 gp76 gp70 gp77 gp67 gp75 gp68 gp33 gp73 gp72 

virion protein gp74 gp72 gp03 gp77 gp77 gp07 gp77 gp71 gp01 gp68 gp76 gp69 gp34 gp74 gp73 

terminase subunit A gp75 gp73 gp02 gp78 gp78 gp06 gp78 gp72 gp02 gp69 gp77 gp70 gp35 gp75 gp74 

N4 gp69-like protein gp76 gp74 gp01/ 
gp77 gp79 gp79 gp05 gp79 gp73 gp03 gp70 gp78 gp71 gp36 gp76 gp75 

host-like protein gp77 gp75 gp76 gp80 gp80 gp04 gp80 gp74 gp04 gp71 gp79 gp72 gp37 gp77 gp76 

hypothetical protein gp78 gp76 gp75 gp81 gp81 gp03 gp81 gp75 gp05 gp72 gp80 gp73 gp38 gp78 gp77 

hypothetical protein gp79 gp77 gp74 gp82 gp82 gp02 gp82 gp76 gp06 gp73 gp82 gp74 gp39 gp80 gp79 
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previously defined core gene (gp 43 in DSS3Φ2) which was not found in the five newly 

isolated DSS3 N4-like phages (Li et al., 2016). These 39 core genes make up nearly 70% 

of the genome sizes of N4-like roseophages, while the accessory and unique genes only 

comprise a small portion of genome (average 19% and 6% respectively) (Figure 4.6 A). 

In contrast, core genes of other relative conserved marine phages, T7-like 

cyanopodophage and T4-like cyanomyophage, only account for 57% (Huang et al., 2015) 

and 26% (Sullivan et al., 2010), on average, of each genome size respectively. The high 

percentage of core genes infers the high level of genomic conservation of N4-like 

roseophages.  

 A cumulative curve of core genes showed that the number of cores genes settled 

after 11 genomes were sampled (Figure 4.6 B), indicating that the core gene set of N4-

like roseophages was well defined by current isolates. Surprisingly, the total number of 

possible genes, a pan-genome, also approaches a plateau (Figure 4.6 C), which has not 

been observed in previously analyzed marine cyanopodoviruses (Huang et al., 2015; 

Labrie et al., 2013) and cyanomyoviruses (Sullivan et al., 2010). The nearly saturated 

pan-genome reflects a constraint evolution force for N4-like roseophages.  

 A phylogenetic analysis based on core gene alignments was conducted. 

Generally, almost all of the N4-like phages infecting DSS3 were clustered together, 

forming a cohesive group (Figure 4.5). It is noteworthy that DSS3Φ13 is distantly related 

to other N4-like phages that infect the same host DSS-3. This result shows that N4-like 

phages infecting a same host are not necessarily monophyletic. Similarly, phage RD-

1410Ws-07 and RD-1410Ws-01, infecting R. denitrificans OCh114, do not cluster 

together (Li et al., 2016). 
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Figure 4.6 Core-genome and pan-genome analysis of N4-like roseophages. (A) Fraction of core, accessory and unique 

genes of each N4-like roseophage genome by gene size. A core (B) and pan-genomes (C) of N4-like roseophages. 

The core genome is the set of genes shared by all genomes, while the pan-genome is the total number of genes of 

genomes in the same subset. All possible combinations of genomes were analyzed. The average is represented by the 

line; the box indicates the lower and upper quantiles; and the dash line represents the confidence interval.  
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4.4.5 CbK-like phages 

 DSS3Φ10 is another CbK-like phage in Cluster II (Table 4.2). The genomic 

sequence of DSS3Φ10 is 97% identical to the genome of a previously described CbK-

like phage, DSS3Φ8 (Zhan et al., 2016). Both DSS3Φ8 and DSS3Φ10 were isolated 

from a winter sample. Similar to other CbK-like phages, both phages are highly 

mosaic, sharing genetic features with siphoviruses, podoviruses, GTA and prophages 

(Zhan et al., 2016). Despite high genomic similarity, eight genes were not shared 

between DSS3Φ8 and DSS3Φ10. Seven of these eight genes code for the proteins 

without known function, while a gene coding for Chaperone DnaJ was only found in 

DSS3Φ8.  

 

4.4.6 ssDNA phages 

 DSS3Φ15 is a small ssDNA phage isolated from a water sample collected in 

May, 2012 (Table 4.2). The genome sequence of this phage is identical to another 

ssDNA phage, DSS3Φ22, isolated from a water sample collected in January, 2013 

(Table 4.6). The two identical ssDNA phages isolated from different seasons suggest 

that ssDNA phages infecting the same host are genetically stable (Rokyta et al., 

2006). Genome sizes of DSS3Φ15 and DSS3Φ22 are approximately 4.2 kb, 

encoding only four open reading frames. They represent the smallest and simplest 

ssDNA phage ever seen. Phylogeny based on the phage capsid genes shows that 

these two phages are distantly related to known ssDNA phages and belong to an 

unclassified ssDNA phage in the family of Microviridae (see Chapter 2).  
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4.4.7 tRNA, codon usage and phage-host interactions  

 The protein translation and reproduction of phages rely on host cellular 

machinery, hence it has been well accepted that phages need to fully utilize the host 

tRNAs pool and adjust their codon usage to accommodate bacterial codons 

(Krakauer and Jansen, 2002; Bahir et al., 2009). Furthermore, it suggests that the 

tRNAs carried by phages correspond to the codons that are highly used by phage 

genomes (Bailly-Bechet et al., 2007), compared to usage frequencies in host. Since 

DSS-3 phages have a wide range of tRNAs found in their genomes (Table 4.2), one 

phage from each dsDNA phage cluster (DSS3Φ1, DSSΦ2, DSS3Φ8) was selected 

to plot their codon usage against the host’s codon usage (Figure 4.7) to study the 

codon adaptation strategies among different clusters.  

 For DSS3Φ1, a strong symmetrical distribution (slope = 0.9, R2 = 0.8) was 

observed between phage and host codon frequencies, indicating that DSS3Φ1 and 

host genomes tend to use similar types of codons (Figure 4.7 A). The highly 

correlated codon usage is also consistent with the almost identical GC content 

between DSS3Φ1 and host (Table 4.2). DSS3Φ1 does not encode any tRNA genes. 

The lack of tRNA genes, similar codon usage, and GC content between DSS3Φ1 and 

its host suggests that DSS3Φ1 is highly dependent on the host system in terms of its 

translation and reproduction. As mentioned above, phage DSS3Φ1 can integrate into 

its host genome and enable a lysogenic relationship with the host. It has been 

proposed that temperate phages tend to have similar codon usage with host E. coli 

compared to virulent phages (Chithambaram et al., 2014a; Bailly-Bechet et al., 2007). 
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Therefore, it is possible that the Chi-like phages in Cluster I can increase their 

translation fitness by matching their codon usage and GC content with their hosts.  

 Thirty-four tRNAs has been found in DSS3Φ8. It has been proposed that the 

high number of tRNAs enable phages to broaden their host range (Bahir et al., 2009; 

Bailly-Bechet et al., 2007). For example, a high number of tRNAs have also been 

observed in cyanomyoviruses, which can cross infect hosts in different genera 

(Sullivan et al., 2010). Meanwhile, when compared with another siphovirus DSS3Φ1, 

a phage without tRNAs, a slight difference in codon usage frequencies between 

DSS3Φ8 and host has been observed (Figure 4.7 B). This difference could be due to 

the insufficient co-evolution time, implying that the ability to infect R. pomeroyi DSS-

3 could be a recent acquisition and R. pomeroyi DSS-3 may not be DSS3Φ8 original 

host. With a high number of tRNAs and non-symmetrical codon usage, it is possible 

that CbK-like roseophages are able to cross infect other hosts (beyond the strains I 

tested).  

 Phage DSS3Φ2, a N4-like phage in Cluster III, has three tRNA genes. The 

plot for DSS3Φ2 is highly scattered (Figure 4.7 C). The slope of codon usage 

frequencies between DSS3Φ2 and host is only 0.37, suggesting different codon 

usage frequencies between DSS3Φ2 and host. One interesting feature for N4-like 

roseophages is their low GC content (47-50%, Table 4.2), which is much lower 

compared to their host’s GC content (64%). In general, phages share similar codon 

usage frequencies with host. However, it seems that the codon usage bias of 

DSS3Φ2 observed here breaks the paradigm. N4-like phages do not share a similar 

codon usage with host DSS-3. The N4 phage infecting E. coli encapsulates its own  
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Figure 4.5 Codon usage frequencies of three dsDNA phages in different clusters compared with the codon frequencies 

of their host. The blue dot represents codon corresponding to tRNAs carried by phage. 
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viral-RNA polymerase in its capsid (Zhao et al., 2009b), which initiates the early viral 

transcription (Lenneman and Rothman-Denes, 2015). It is possible that other N4-like 

roseophages also encapsulate their RNA polymerase, which make them less host-

dependent and capable of by-passing the host codon usage restriction.  

 

4.4.8 DSS-3 phages within each cluster are genetically stable 

 According to the comparative genomics, at least 78% of the genes were 

shared within each cluster. At the nucleotide level, the phage genomes within each 

cluster, except for DSS3Φ13 within N4-like cluster, were found to have 97.2-100% 

average nucleotide identity (Table 4.6). This high level of genomic conservation was 

also observed in other phages infecting different bacteria. For example, SIO1-like 

phages infecting Roseobacter SIO67 share 96.2%-98.4% nucleotide identity with 

each other after over a long ecological period (Angly et al., 2009). Lytic ‘phiKMV-like 

viruses’ infecting P. aeruginosa shared a high nucleotide similarity (83%-97%) 

between each other (Ceyssens et al., 2011). Similarly, mycobacteriophages also 

show a genetic conservation among the phages within each group (Hatfull, 2010). In 

our DSS-3 phage collection, N4-like podoviruses, CbK-like phages and ssDNA 

phages share high nucleotide sequence homology within each of their own groups, 

despite they were isolated from different times of year. This result supports the idea 

that marine bacteriophages can be genetically stable along an ecological time-period.  
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Table 4.6 Genomic similarities among the DSS-3 phages within each cluster. 

  DSS3
Φ1 

DSS3
Φ7 

DSS3
Φ11 

DSS3
Φ16 

DSS3
Φ18 

DSS3
Φ8 

DSS3
Φ10 

DSS3
Φ2 

DSS3
Φ12 

DSS3
Φ13 

DSS3
Φ17 

DSS3
Φ21 

DSS3
Φ14 

DSS3
Φ22 

DSS3
Φ15 

DSS3Φ1 100                   

DSS3Φ7 99.81 100               

DSS3Φ11 99.81 99.94 100              

DSS3Φ16 99.81 97.16 97.04 100             

DSS3Φ18 99.99 100 100 100 100           

DSS3Φ8      100           

DSS3Φ10      97.73 100         

DSS3Φ2        100             

DSS3Φ12        99.71 100        

DSS3Φ13        69.22 69.28 100       

DSS3Φ17        99.71 99.97 69.95 100      

DSS3Φ21        99.37 99.52 69.95 99.63 100     

DSS3Φ14        99.49 99.64 69.74 99.65 100 100   

DSS3Φ22              100   

DSS3Φ15                           100 100 
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 Our study showed that phages across diverse families (Podoviridae, 

Siphoviridae and Microviridae) can infect the same host. However, the members 

within each family or cluster tend to maintain their genetic stability. Many new types 

of phages were isolated from one marine strain suggesting that we still know very 

little about the phages infecting diverse roseobacters in the marine environment.  
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Chapter 5. Novel N4 bacteriophages prevail in the cold biosphere 
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5.1 Abstract 

 Coliphage N4 is a lytic bacteriophage discovered nearly half century ago, and 

it was considered to be a 'genetic orphan' until very recently when several additional 

N4-like phages were discovered to infect non-enteric bacterial hosts. Interest in this 

genus of phage is stimulated by their unique genetic features and propagation 

strategies. To better understand the ecology of N4-like phages, I investigated the 

diversity and geographic patterns of N4-like phages by examining 56 Chesapeake 

Bay viral communities, using a PCR-clone library approach targeting a diagnostic N4-

like DNA polymerase gene. Many new lineages of N4-like phages were found in the 

Bay and their genotypes shift from the lower to upper Bay. Interestingly, signature 

sequences of N4-like phages were only recovered from winter month samples, when 

water temperatures were below 4 °C. An analysis of existing metagenomic libraries 

from various aquatic environments supports the hypothesis that N4-like phages are 

most prolific in colder waters. In particular, a high number of N4-like phages were 

detected in Organic Lake, Antarctica, a cold and hypersaline system. The prevalence 

of N4-like phages in the cold biosphere suggests these viruses possess as-yet-to-be 

determined mechanisms that facilitate lytic infections under cold conditions. 
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5.2 Introduction 

 As the most abundant microbial form, viruses play important roles in shaping 

host population structures, mediating genetic exchange between hosts, and 

modulating trophic transfer in marine food webs (Fuhrman, 1999; Suttle, 2005, 2007). 

Marine viral metagenomic studies suggest that viruses encompass the largest 

genetic repertoire in the ocean (Angly et al., 2006; Hurwitz and Sullivan, 2013). Yet, 

the function of ~70% of the putative genes identified in viral metagenomic studies 

remains unknown (Rosario and Breitbart, 2011). Recently, several novel phages 

infecting dominant marine bacteria have been isolated from the ocean (Zhao et al., 

2013; Kang et al., 2013). Both cultivation techniques and molecular approaches 

suggest that a great deal of viruses in the sea await discovery. 

 Bacteriophage N4 was first isolated from sewer waters using Escherichia coli 

as a host nearly half decade ago (Schito et al., 1966), and remained as a “genetic 

orphan” for decades, as no other genetically similar phages were characterized. 

Phage N4 has several unique features with regards to its morphology, physiology, 

and genome that have made it a focus of study. It has a 70 nm isocahedral capsid 

and its genome size is 70 kb. More remarkably, N4 is the only known phage that does 

not rely on host RNA polymerase for early transcription (Falco et al., 1978; Davydova 

et al., 2009). Instead, it contains a DNA-dependent virion-encapsidated RNA 

polymerase (vRNAP), which is co-injected with viral DNA into its host and initiates 

transcription. The phage also exhibits a lysis-inhibited infection cycle and extremely 

large burst size (ca. 3,000 phages per cell), suggestive of a novel mechanism of cell 

lysis regulation (Schito, 1974; Stojković and Rothman-Denes, 2007).  
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 A recent, renewed interest in the ecology of N4 was prompted by the isolation 

of two new N4-like phages from a coastal estuary, which infect bacteria of the marine 

Roseobacter lineage (Zhao et al., 2009b). Roseobacters are a widely distributed and 

abundant group of marine bacteria (Buchan et al., 2005). Thus, the finding of 

roseobacter N4-like phages demonstrated this phage class is not restricted to E. coli, 

or other enterics, and suggested that the marine environment might be an important 

reservoir for this group of viruses. Subsequent studies have described the isolation 

and characterization of additional N4-like phages that infect a variety of bacterial 

species, including Vibrio, Pseudomonas, Salmonella, and Achromobacter (Fan et al., 

2012; Wittmann et al., 2014; Born et al., 2011; Kulikov et al., 2012; Fouts et al., 2013; 

Gan et al., 2013; Moreno Switt et al., 2013; Chan et al., 2014). With the exception of 

Enterobacter phage EcP1 (NC_019485) which has a relatively small capsid and 

genome size, all N4-like phages characterized to date share a morphology, genome 

size, and genomic architecture similar to coliphage N4 (Chan et al., 2014). Given the 

recent successes in isolating N4-like phages from phylogenetically diverse bacterial 

taxa, I was motivated to better understand the distributions of this phage group in 

natural systems. The conservative nature of N4-like genomes allowed the design of 

molecular tools diagnostic for group members, which facilitated the isolation-

independent assessments of distribution and diversity of N4-like phages over space 

and time presented here.  
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5.3 Materials and methods 

5.3.1 Sample collection and preparation 

 Chesapeake Bay viral community samples were collected in 2004 and 2005 

from multiple stations in the bay during research cruises for the Microbial 

Observatories Viral Ecology project. Viral DNA was prepared following methods 

described elsewhere (Wang and Chen, 2004). Briefly, 50 L of water was filtered 

through A/E glass-fiber filters and then 0.45 µm pore-size polycarbonate filters. The 

viral fraction was then concentrated to ~500 ml by ultrafiltration through a 30 kDa 

cutoff filter cartridge. These concentrated viral communities (VCs) were further 

precipitated with polyethylene glycol 8000 powder at the final concentration of 100 g 

L-1, and then re-suspended in SM buffer. Concentrated VCs were boiled to release 

viral DNA, which was used as DNA template for PCR. 

 A total of 56 archived viral DNA samples were analyzed for the presence of 

N4 phages. These samples were collected from nine different stations across the 

whole Bay during 2005 and subset of five of these stations during 2004 (Figure 5.1). 

Samples were collected four seasons (February [winter], May [spring], August 

[summer] and October [fall]). 
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Figure 5.1 The locations of the winter Chesapeake Bay samples that were positive 

for N4-like specific DNA pol PCR products. The positive samples in both winter 2005 

and 2004 are shown with a solid circle. The empty circle represents the samples that 

were only positive in one year. The samples at Stn. 908, 834, 804 and Poto which 

stands for Potomac river (shown in grey circle) were only available in 2005 but not in 

2004. Figure was modified based on image by Tracy Saxby, Kate Boicourt, IAN 

Image Library (ian.umces.edu/imagelibrary/). 
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5.3.2 PCR primers and amplification 

 A set of degenerate primers were designed based on available DNA 

polymerase (DNA pol) gene of N4-like phages in the NCBI database through 2011, 

including Enterobacteria phage N4 (NC_008720), Roseophage DSS3Φ2 

(NC_012697), Roseophage EE36Φ1 (NC_012696), Roseovarius Plymouth 

Podovirus 1 (FR719956), Roseovarius sp. 217 phage 1 (FR682616), Enterobacter 

phage EcP1 (NC_019485), Pseudomonas phage LIT1 (NC_013692), Pseudomonas 

phage LUZ7 (NC_013691) and Sulfitobacter phage pCB2047-B (HQ317387). The 

forward primer is N4-DNAP-F (5’-GGI ACI ATI ACI TTY TGY TGG-3’) and the reverse 

primer is N4-DNAP-R (5’-RTA RTT ICC IGC RAA TYC YTG-3’). The expected PCR 

product size is ca. 400 bp. PCR conditions were optimized for template DNA and 

primer concentrations, annealing temperature, magnesium chloride concentration, 

and cycle number.  

 All the PCR reactions were performed in 25 µl volumes containing 1X reaction 

buffer, 2 mM MgCl2, 200 μM dNTP, 2 μM of each primer, 1 U of Platinum Taq DNA 

Polymerase (Invitrogen, Carlsbad, CA, USA) and 4 µl DNA templates. The PCR 

reaction was performed with the following steps: denaturation for 10 min at 94 °C, 35 

cycles of denaturation (30 s at 94 °C), annealing (1 min at 50 °C) and extension (1 

min at 72 °C), with a final extension for 10 min at 72 °C. DNA of roseophage DSS3Φ2 

was used as positive control, and a series of dilutions of positive control DNA were 

employed to determine the threshold of detection.  
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5.3.3 Clone library, sequencing and phylogenetic analysis 

 Five winter PCR amplicons, two from upper bay (84504, 84505), one from 

middle bay (83405) and two from lower bay (70704, 70705), were selected to 

construct clone libraries (Table 5.1). The PCR products were purified with the 

QIAquick® Gel Extraction Kit (QIAGEN, Venlo, The Netherlands) and cloned using 

the TOPO TA pcr4.0 Cloning Kit (Invitrogen, Carlsbad, CA, USA). Colonies were 

randomly picked from each clone library and sequenced using an ABI 3100 Genetic 

Analyzer (PE Applied Biosystems, Foster City, CA, USA). Homology searches 

(BLASTx) were performed against the NCBI database. If the top hit of the sequences 

was an annotated known N4-like phage from amino acid position 206 to 317 in the 

N4 phage DNA polymerase (NC_008720), I identified it as an N4-like phage 

sequence. 

 DNA pol partial gene sequences were translated into putative protein 

sequences and aligned by Clustal W (Larkin et al., 2007) using default parameters. 

A neighbor-Joining (NJ) phylogenetic tree was built using MEGA 5.0 (Tamura et al., 

2011) and the p-distance model. Bootstrap values were determined from 1,000 

resampling events. All sequences have been deposited in GenBank with accession 

numbers KM527952 - KM528122. 

 

5.3.4 Diversity indices and metagenomic analysis 

 OTU (Operational Taxonomic Unit), Chao index, evenness, and Shannon 

Diversity index of each library were measured using the Mothur suite of programs 

(Schloss et al., 2009) and were based on DNA sequences at 2% divergence. 
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Selected translated amino acid sequences from each subcluster were searched 

against the CAMERA portal (Sun et al., 2011) by tBLASTn with the threshold of E-

value ≤ 1E-10 and alignment length ≥ 80 amino acids. Three ocean metagenomic 

databases were chosen for N4-like phage recruitment, Broad Phage metagenomic 

database (http://www.broadinstitute.org/annotation/viral/Phage/Home.html), Global 

Ocean Survey (GOS) microbial metagenomic database (Yooseph et al., 2007; Rusch 

et al., 2007) and Pacific Ocean Virome database (Hurwitz and Sullivan, 2013). I also 

recruited N4-like phage from all CAMERA portal metagenomic libraries available by 

the end of 2013, including the Antarctica Aquatic Microbial Metagenome, 

Chesapeake Bay Virioplankton Metagenome, Chicken Cecum Microbiome, 

Wastewater Metagenome from Mallard Creek (all available at 

http://camera.crbs.ucsd.edu/) and the Human Microbiome Project 

(http://hmpdacc.org/catalog/). The sequences that were related to N4-like phages 

and fully overlapped with our clone sequences were included in a phylogenetic 

analysis. 

 

5.4 Results and Discussion 

5.4.1 Detection of N4-like phages in the Chesapeake Bay 

 Given that the first two marine N4-like phages were isolated from Chesapeake 

Bay waters, I sought to determine the prevalence and diversity of these phages over 

space and time in this coastal estuary. To do this, I screened a library of viral 

concentrates collected from the Chesapeake Bay over the course of two years (2004-

2005) through the Microbial Observatory for Virioplankton Ecology Project 
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(http://www.virusecology.org/MOVE/Home.html) using a PCR primer set targeting 

conserved regions of the DNA polymerase (DNA pol) gene of N4-like phages. The 

DNA pol gene is one of the 14 conserved core genes of N4-like phages (Chan et al., 

2014) making it a valuable diagnostic marker for culture-independent surveys. A total 

of 56 viral samples, which cover four seasons and the full transect of the Bay, were 

tested. Twelve of 14 winter samples yielded a PCR product of the expected size, but 

none of viral samples in other seasons (spring, summer and fall) yielded positive 

results (Figure 5.2). These products were sequenced and confirmed to be N4-like 

DNA pol gene homologs.  

 The 12 PCR positive samples were collected during winter of two consecutive 

years and represent samples spanning the breadth of the Chesapeake Bay 

watershed (Figure 5.1) when water temperatures were below 4 °C. It is surprising that 

none of viral samples from spring, summer and fall were PCR positive. Although no 

quantitative measurements have been performed to compare the abundance of N4-

like phages between the winter and other seasons, the end point PCR results 

obtained here imply that N4-like phages in other seasons are either absent or less 

than the current detection limitation. It is unlikely that negative PCR results occurred 

in other seasons were due to poor quality of these same viral DNA samples because 

control reactions targeting DNA pol of cyanobacterial podoviruses (Chen et al., 2009) 

yielded positive results. 

 



 
 

 

127 

 

 

 

 

Figure 5.2 The amplification of N4-like phages in the Chesapeake Bay using degenerated primers. a) Samples were 

collected in February 2005, covering all the major stations along the bay. b) Samples were collected at stations 845 

and 707 from 2004 and 2005. Samples from four seasons were included for testing.  

a 
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 Chesapeake Bay is a dynamic ecosystem. It has been reported that bacterial 

communities in the Bay exhibit distinct seasonal patterns (Kan et al., 2006, 2007). 

N4-like phages are generally thought to have a narrow host range (Kulikov et al., 

2012). Indeed, the shift in bacterial populations and different bacterial metabolisms 

from cold to warm may be driving the distinct occurrence of N4-like phages observed 

in this study. However, an important caveat is that I cannot exclude the possibility that 

N4-like phages are present during other (spring, summer, fall) seasons. It is possible 

that the concentration of N4-like phages in the Chesapeake Bay during the warmer 

seasons is below the limit of detection of the PCR assay, which was determined to 

be approximately 100 viruses per ml using DNA isolated from the positive control 

roseophage DSS3Φ2. Furthermore, not all N4-like phages have been isolated from 

cold environments (Ji et al., 2015b).  

 

5.4.2 N4 phages are diverse in the Chesapeake Bay 

 Five of 12 positive amplicons from the Chesapeake Bay samples were 

selected for clone library analysis. Selected samples represent viral communities 

from the upper (station 845), middle (station 834) and lower bay (station 707) during 

winter 2005. Two additional samples collected from upper (station 845) and lower 

(station 707) samples from winter 2004 were chosen to assess annual variation. All 

the five samples were collected when the water temperature was between 1 and 4 °C, 

and represent a wide range of salinity and nutrient gradients (Table 5.1).  

 A total of 204 clones randomly selected from these five clone libraries were 

sequenced. Among them, 24 clones contained non-translatable or non-specific 
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sequences and were not included in subsequent analyses. The DNA pol phylogeny 

based on the phage isolates and clonal sequences divided N4-like phages into at 

least 15 distinct clusters with 80% amino-acid sequence identify cutoff for each cluster 

(Figure 5.3). 

 For characterized N4-like phages, the N4-like DNA pol phylogeny indicates 

general agreement with host phylogeny. For example, all five N4-like phages isolated 

on E.coli hosts fall into Cluster II. Similarly, all N4-like phages isolated from hosts fall 

into Cluster IX. N4-like phages that infect Vibrio spp. Salmonella spp., and 

Pseudomonas spp. also cluster with host species. Overall, the phylogeny of N4-like 

phages genotype based on DNA pol gene is concordant to that previously reported 

based on concatenated core genes of N4-like phages (Chan et al., 2014). The 

congruency between DNA pol phylogeny and host taxonomy suggests N4 phages 

originated from a common ancestor and co-evolved with their hosts. 

 For the 180 Bay-derived N4 DNA pol sequences, the majority of fall into eleven 

clusters (Cluster I to X, and XVIII) (Figure 5.3). Among these eleven clusters, eight 

clusters do not contain any cultured representatives. Indeed, the vast majority of Bay 

clones do not cluster with N4-like DNA pol sequences that were obtained from 

cultured isolates. One environmental clone (845.04.08) does fall into Cluster II, which 

contains several N4-like phages infecting various E. coli strains, and another clone 

(845.05.29) is closely associated with N4-like phages that infect marine roseobacters. 

N4-like phages which infect Vibrio, Salmonella, and Pseudomonas spp. belong to 

clusters XI, XII, XIV, and XIX; no Chesapeake Bay clones mapped to these clusters.  
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Table 5.1 Environmental and community parameters at sampling stations 

�The number of bacteria and viruses were enumerated by SYBR Gold staining, 
following the protocol previously described (Wang and Chen 2004).  
+ Nitrite and Nitrate were determined using a Technicon Auto Analyzer II at the Horn 
Point Analytical Services Laboratory (www.hpl.umces.edu/services/as.html). 
  

Station Time Temperature 
(°C) 

Salinity 
(psu) 

Bacterial Abundance� 
(x105 Cells/ml) 

Viral Abundance�

(x105 VLPs/ml) 
NO2

- &NO3
+ 

(µM) 

707 Feb, 2004 3.8 15.4 8.61 9.6 12.3 

707 Feb, 2005 2.9 18.0 12.3 87.1 9.03 

845 Feb, 2004 1.2 9.6 10.4 31.2 15.9 

845 Feb, 2005 3.9 7.5 12.3 100.0 32.7 

834 Feb, 2005 3.2 7.4 9.82 46.6 40.8 
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Figure 5.3 The neighbor-joining phylogenetic relationship of translated DNA pol gene 

sequences recovered from the clone libraries, known N4-like phages, and 

metagenomic databases. The tree is based on the aligned amino acid sequences (ca. 
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130 residues). The sequences of 24 N4-like phages and two outgroup sequences are 

shown in black. The sequences recovered from metagenomic searches, upper, 

middle and lower Chesapeake Bay are in green, red, purple and blue, respectively. 

The clusters were defined as sequences that share greater than 80% amino acid 

identity. The bootstrap value was calculated with 1000 replications. Bootstrap values 

≥ 50% are shown at nodes. The scale bar represents 0.1 amino-acid substitutions.  
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 The composition of N4-like phages differs between the lower and upper bay. 

Several clusters (I, III, VI, VII, and VIII) only contain clonal sequences from either the 

upper or lower bay, indicating that unique genotypes of N4-like phage occupy specific 

niches in the Chesapeake Bay. Meanwhile, some clusters (X and XVIII) have been 

detected in both upper and lower bay samples (Table 5.2 and Figure 5.4). In short, 

Chesapeake Bay viral communities contain diverse N4-like phage sequences in 

winter, and different N4-like phage genotypes were found in the mid-upper and lower 

Bay.  

 I believe that the number of environmental clones used in this study is sufficient 

to unveil the diversity of major populations of N4 phages as most of clone libraries 

were well sampled (Figure 5.5). High-throughput sequencing could potentially yield 

more clusters for minor N4 populations, but this is beyond the scope of this work. The 

presence of 11 distinct clusters of N4-like phages in the Chesapeake Bay alone 

suggests that N4-like phages can infect a much broader bacterial community than 

originally thought. 
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Table 5.2 Distribution of phylogenetic clusters and diversity indices among the five clone libraries. 

Library 
Name 

Cluster+ 

Un-clustered Total 
clones 

Number of 
OTUs* 

Normalized 
OTUs# 

Richness 
(Chao) Evenness Shannon 

diversity I II III IV V VI VII VIII IX X XVIII 

70704 18   2      4 4 1 29 5 0.17 5.00 0.69 1.11 
70705 9         8 15 3 35 8 0.23 14.00 0.75 1.56 
84504  1 3 6 4  1   3 25 1 44 11 0.25 13.50 0.69 1.66 
84505    3 2  1  1 1 25 3 36 11 0.31 56.00 0.52 1.25 

83405    1 11 4  2  3 10 5 36 19 0.53 32.20 0.88 2.60 
                 

Abbreviation: OTU, operational taxonomic unit. 
+ Clusters as defined in Figure 5.3.  
* Number of OTUs was calculated based on DNA sequences at 2% divergence. 
# The number of OTUs was normalized to the total number of clones from a given station. 
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Figure 5.4 The comparison of proportion of DNA pol subclusters between the upper 

and lower Chesapeake Bay. 
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Figure 5.5 Rarefaction curve of five clone libraries.  
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5.4.3 Identification of N4-like phages in cold environments 

 The unexpected and apparent restriction of Chesapeake Bay N4-like phages 

to colder waters prompted a more global survey of their distribution and diversity. To 

that end, I surveyed available metagenomic libraries for N4-like DNA polymerase 

homologs. Representative DNA pol amino acid sequences from all subclusters were 

searched against the database with the threshold of E-value ≤ 1E-10 and alignment 

length ≥80 amino acids. The 206 homologous sequences identified were included in 

a DNA pol phylogenetic tree (Figure 5.3). These environmental sequences form 

seven unique clusters (XIII, XV, XVI, XVII, XX, XXI, and XXII) and the majority do not 

overlap with Chesapeake Bay clones nor isolated N4-like phages, suggesting a great 

diversity of N4-like phages exists in other freshwater and marine environments.  

 Consistent with my PCR-based survey on seasonally representative 

Chesapeake Bay samples, nearly all (97%) of the metagenome-derived DNA pol 

sequences were recovered from colder environments, including the Southern Ocean 

and sea ice (Ross Sea). Indeed, most (91%) of the metagenomic reads were 

retrieved from Organic Lake in Antarctica (Figure 5.6). The majority (97%) of Organic 

Lake hits (188 in total) were classified into two narrow clusters (XVI and XVII), 

suggesting a relatively limited number of potential hosts in the system. It is possible 

that a few major bacterial populations contribute to the production of these N4-like 

phages. Intriguingly, these two major clusters appear to be related to cluster XVIII, 

which contains the largest number of the Chesapeake Bay N4-like phage sequences. 

Together, my results suggest that N4-like phages can thrive in cold environments. 

For the purposes of this discussion, I define "cold" as water masses with  
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Figure 5.6 The occurrence of N4-like phages reads in metagenomic database (shown in blue bar) and corresponding 

temperature (shown in red spot). The temperature of sea ice, Ross Sea left as blank, since temperature is not provided 

by this metagenomic database. 
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temperatures ≤ 10 °C, and “warm” water masses as those with temperatures > 10 °C. 

When considering the metagenomic library analysis, N4-like phages in cold waters 

are significantly more abundant than those in warm waters (t-test, p value < 0.01). 

Unfortunately, there are not presently sufficient environmental data for the 

metagenomic libraries to delineate the relationships between the distribution of N4-

like phages and environmental parameters.  

 Antarctica’s Organic Lake is a shallow, hypersaline lake and contains the 

highest concentration of dimethylsulfide reported in natural water environments 

(Franzmann et al., 1987). Water temperatures are below -10 °C and salinity exceeds 

160 psu (Yau et al., 2013). Consequently, the abundance of bacteria and viruses are 

lower than in the oligotrophic ocean (both are less than 105 ml-1), and the viral-to-

bacterial ratio is approximately 1 (Franzmann et al., 1987; Yau et al., 2013). It is 

intriguing that a high number of N4-like phage sequences were recruited from this 

system despite the low viral abundance. It has been reported previously that 

members of the Alphaproteobacteria and Gammaproteobacteria classes dominate 

the bacterial composition of Organic Lake (Yau et al., 2013) and may represent 

presumptive hosts for these phages.  

 The prevalence of N4-like phage from cold, saline waters suggests at least 

some of these phages may be adapted to environments with these characteristics. It 

might be hypothesized that the unique features of N4-like phages, especially the 

presence of an encapsulated RNA polymerase (Schito, 1973), may allow them to 

tolerate and replicate at cold (or even freezing) temperatures and under saline (or 

hypersaline) conditions. With viral RNA polymerase, N4-like phages are less host-
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dependent compared to other phages (See Chapter 4). Therefore, it might be 

possible that N4-like phages can tolerate extreme environments, such as cold 

temperature and hypersaline conditions (See Chapter 6). Indeed, it has been 

previously reported that the RNA polymerase in E.coli phage N4 can tolerate high 

salt conditions (Murakami et al., 2008). Further studies on cultured N4-like phage are 

necessary to ascertain whether cold tolerance is a defining feature of this phage class. 

 

5.5 Conclusion 

 N4-like phages are a group of bacteriophages that are unique in terms of their 

genomes, phylogeny, taxonomy, and ecology. This study shows that diverse N4-like 

phages are present in nature and they exhibit dynamic seasonal and spatial variation. 

The distribution of N4-like phages in the marine environment appears to be restricted 

to high latitudes and/or colder seasons. The high recruitment of N4-like phages in the 

cold biosphere, such as Organic Lake of Antarctica, is unexpected based on prior 

successful cultivation efforts, in which N4-likephages were isolated only from more 

temperate environments. The cold selection of N4-like phages could be related to 

their unique features, including lysis inhibition, large burst size, and viral 

encapsidated RNA polymerase. However, the ecological role of N4 phages and the 

mechanisms involved in cold adaptation remains to be elucidated. 
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Chapter 6. Conclusion and Future Prospects 
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6.1 Isolation and genomics of roseophages 

 In this study, fourteen different phages infecting a marine strain, R. pomeroyi 

DSS-3, were isolated from Baltimore Inner Harbor. These phages exhibit distinct 

morphotypes including small non-tailed phages, large N4-like podoviruses, and 

various types of siphoviruses. No T7-like podoviruses and myoviruses were found in 

my phage collection. Although a few roseophages have been reported from other 

strains, the roseophages isolated through this dissertation work represent the most 

phenotypically diverse phages infecting marine roseobacters. Complete genomes of 

these 14 roseophages were sequenced and annotated. The genomic information 

shows that various genome types of roseophages interact with a single strain. 

Comparative genomics divided these 14 phages into four distinct phage groups (I to 

IV). Group I, II, III, and IV include five N4-like phages, two CbK-like phages, five Chi-

like phages and two single-stranded phages, respectively (Table 6.1). 

 The isolation of the smallest ssDNA phages infecting roseobacters came as a 

surprise (Chapter 2, Table 6.1). In general, very few isolated ssDNA phages have 

been reported for marine bacteria even though many have been assembled in the 

marine metagenomic studies. Interestingly, the ssDNA roseophages (DSS3Φ22 and 

DS33Φ15) fall into a large group of unknown viral sequences as shown by viral 

metagenomics. The ssDNA roseophages only contain four ORFs with genome sizes 

of 4.2 kb. They represent the smallest and simplest ssDNA phage among currently 

known ssDNA phage isolates.  
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Table 6.1 Summary of all published bacteriophages infecting marine roseobacters.  

Phage family Phage Host Isolation Site 
Genome 

Size 
(kb) 

GC 
content 

(%) 

Number 
of 

ORFs 

Number 
of 

tRNAs 
References 

Podoviridae (N4-like) DSS3Φ2 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 74.9 47.9 81 3 Zhao et al. (2009) 

Podoviridae (N4-like) DSS3Φ12 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 74.7 47.9 85 3 Chapter 4 

Podoviridae (N4-like) DSS3Φ13 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 74.8 50.8 79 4 Chapter 4 
Podoviridae (N4-like) DSS3Φ14 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 74.8 47.9 88 3 Chapter 4 

Podoviridae (N4-like) DSS3Φ17 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 74.7 47.9 83 3 Chapter 4 
Podoviridae (N4-like) DSS3Φ21 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 74.7 47.9 82 3 Chapter 4 

Podoviridae (N4-like) ESS36Φ1 Sulfitobacter sp. EE-36 Baltimore Inner Harbor, USA 73.3 47.0 79 3 Zhao et al. (2009) 

Podoviridae (N4-like) ΦCB2047-B Sulfitobacter sp. 2047 Mesocosm Raunefjorden 
Norway 74.5 43.0 77 15 Ankrah et al. 

(2014a) 

Podoviridae (N4-like) RLP1 Roseovarius sp. 217 Langstone Harbor, Hampshire, 
UK 74.6 49.0 92 3 Chan et al. (2014) 

Podoviridae (N4-like) RPP1 R. nubinhibens  L4 sampling station, Plymouth, 
UK 74.7 49.1 91 3 Chan et al. (2014) 

Podoviridae (N4-like) vB_DshP-R1 D. shibae DFL12 Baicheng Harbor, Xiamen, 
China 75.0 49.3 86 2 Ji et al. (2015) 

Podoviridae (N4-like) vB_DshP-R2C D. shibae DFL12 Huangcuo station, Xiamen, 
China 74.8 49.2 85 2 Cai et al. (2015) 

Podoviridae (N4-like) DS-1410Ws-06 D. shibae DFL12 Sanya Bay, China 76.5 50.0 77 0 Li et al. (2016) 
Podoviridae (N4-like) RD-1410W1-01 R. denitrificans Ch114 Sanya Bay, China 72.7 49.5 77 0 Li et al. (2016) 

Podoviridae (N4-like) RD-1410Ws-07 R. denitrificans Ch114 Sanya Bay, China 76.3 50.0 76 0 Li et al. (2016) 
Siphoviridae (Chi-like) DSS3Φ1 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 59.6 64.1 82 0 Chapter 4 

Siphoviridae (Chi-like) DSS3Φ7 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 59.6 64.1 84 0 Chapter 4 
Siphoviridae (Chi-like) DSS3Φ18 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 59.1 64.0 82 0 Chapter 4 

Siphoviridae (Chi-like) DSS3Φ11 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 59.6 64.0 83 0 Chapter 4 
Siphoviridae (Chi-like) DSS3Φ16 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 61.4 63.6 85 0 Chapter 4 
Siphoviridae (Chi-like) pCB2051-A Loktanella sp. CB2051 Norwegian Sea, Arctic 56.9 55.0 77 0 unpublished 

Siphoviridae (CbK-like) DSS3Φ8 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 146.1 56.4 229 34 Zhan et al. (2016)/ 
Chapter 3 

Siphoviridae (CbK-like) DSS3Φ10 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 147.5 56.4 235 35 Chapter 4 
Microviridae 
(unclassified) DSS3Φ22 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 4.25 57.7 4 0 Chapter 2 
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Microviridae 
(unclassified) DSS3Φ15 R. pomeroyi DSS-3 Baltimore Inner Harbor, USA 4.25 57.7 4 0 Chapter 4 

Podoviridae (SIO1-like) SIO1-1989 Roseobacter SIO67  Scripps Pier, CA, USA 39.9 46.2 32 0 
Rohwer et al. 
(2000) Angly et al. 
(2009) 

Podoviridae (SIO1-like) SIO1-2001 Roseobacter SIO67  Scripps Pier, CA, USA 39.4 45.3 32 0 Angly et al. (2009) 
Podoviridae (SIO1-like) OS-2001 Roseobacter SIO67  Oceanside, CA, USA 38.2 44.8 32 0 Angly et al. (2009) 

Podoviridae (SIO1-like) SBRSIO67-
2001 Roseobacter SIO67  Solana Beach CA, USA 38.1 44.2 32 0 Angly et al. (2009) 

Podoviridae (SIO1-like) MB-2001 Roseobacter SIO67  Mission Bay, CA, USA 38.2 44.1 32 0 Angly et al. (2009) 

Podoviridae (SIO1-like) P12053L Celeribacter sp. 
IMCC12053 Yellow Sea, South Korea 35.9 46.1 56 0 Kang et al. (2012) 

Siphoviridae RDJLΦ1 R. denitrificans 
OCh114  

South China Sea surface 
seawater 62.7 57.9 87 0 Huang et al. (2011) 

Siphoviridae RDJLΦ2 R. denitrificans 
OCh114  Wuyuan Bay, Xiamen, China 63.5 57.3 76 0 Liang et al. (2015) 

Podoviridae ΦCB2047-A  Sulfitobacter sp. 2047 Mesocosm study, 
Raunefjorden, Norway  40.9 58.8 73 0 Ankrah et al. 

(2014b) 

Podoviridae ΦCB2047-C Sulfitobacter sp. 2047 Mesocosm study, 
Raunefjorden, Norway  40.9 59.0 73 0 Ankrah et al. 

(2014b) 
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 The isolation of CbK-like roseophages adds another dimension of diversity for 

roseophages as this type of phage has not been reported in marine bacteria (Chapter 

3, Table 6.1). CbK-like phages are a new group of siphoviruses first found in a 

freshwater bacterium Caulobacter. CbK-like phages appear to be a hybrid between 

podoviruses and siphoviruses. They contain the T7-like DNA polymerase gene but 

resemble a siphovirus. CbK-like roseophages are highly mosaic, containing the GTA-

related genes, integrase and a large number of tRNAs. The genomic nature of CbK-

like phages suggests that evolution of roseophage genomes can be complicated due 

to genetic exchange across phage families.  

 Five of 14 roseophages are Chi-like siphophages, belonging to another group 

of siphoviruses (Chapter 4, Table 6.1). Unlike CbK-like siphophages, Chi-like 

siphophages do not contain any tRNA or GTA-related genes. Upon superinfection 

with Chi-like roseophage DSS3Φ1, a resistant strain of DSS-3 was found to contain 

the intact genome of DSS3Φ1. This was confirmed by genome sequencing of 

resistant strain DSS-3-P1R. The ability to integrate phage genome into host 

chromosome confirms that DSS3Φ1 can perform lysogenic infection. Interestingly, 

the wild type DSS-3 does not contain prophage. With the lysogenized DSS-3 strain it 

is now possible for me to investigate the impact of lysogeny on R. pomeroyi DSS-3 

(see Future Prospects).  

 Five N4-like roseophages were isolated in my study. Together with previous 

isolates, a total 15 N4-like roseophages have been isolated (Table 6.1). Genomes of 

N4-like roseophages are highly syntenic, sharing a very similar genomic arrangement. 

Comparative genomics show that all the N4-like roseophages share 39 core genes, 
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accounting for approximately 70% of their genome sizes. It is noteworthy that 

DSS3Φ13 is distantly related to the other N4-like roseophages infecting R. pomeroyi 

DSS-3, indicating that N4-like phages that infect the same host are not necessarily 

clustered together. With many N4-like roseophage genome sequences available, it is 

now possible to design more specific primers to study the diversity and distribution of 

N4-like roseophages (see Future Prospects). 

 All the roseophages I isolated were stored at 4 °C for future studies. 

Concentrated viral particles with concentrations ca. 1E12/ml were preserved in 1.5 

ml Eppendorf tubes. Meanwhile, a large volume (ca. 50 ml) of viral lysates were also 

kept and are ready for reactivation.  

 It is evident that many different types of phages in one location can infect a 

single strain of roseobacter. Thus, I am only scratching the surface regarding the 

diversity of phages, and as a result, much more phage isolation work is needed in 

order to fully understand the diversity of phages infecting marine Roseobacter.  

 

6.2 Ecological diversity and global distribution of marine roseophages 

 The genomic conservation of N4-like phages allows me to design PCR primers 

to detect N4-like phages in the natural environment. I investigated the distribution and 

diversity of N4-like phages in the Chesapeake Bay using 56 viral samples collected 

from the Microbial Observatories on Viral Ecology (MOVE) project in 2004 and 2005. 

Surprisingly, the PCR method only detected N4-like phage sequences in the 

Chesapeake Bay during the winter season. Further metagenomic recruitment based 

on the DNA polymerase gene of N4-like phages also confirms that N4-like phages 
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are relatively more abundant in the cold biosphere, especially in the Organic Lake, a 

hypersaline lake in Antarctica where the temperature is usually below -10 °C. 

Therefore, I hypothesize that N4-like phages could be more adaptive to the cold 

environment compared to non-N4-like phages. It is not clear whether the unique 

feature of N4-like phages, viral encapsidated RNA polymerase, allows them to 

succeed in the low temperature condition.  

 Metagenomic recruitment was also conducted for other non-N4-like DSS-3 

phages. Although roseophages were less abundant compared with the phages 

infecting SAR11 and SAR116 (Zhao et al., 2013; Kang et al., 2013), homologs of 

DSS-3 phages can be found in a wide range of aquatic environments, ranging from 

freshwater to open oceans. For the CbK-like phages, the highest recruitment rate 

came from samples from Scripps Pier, where many SIO-like roseophages were 

isolated. CbK-like roseophages were also present in Antarctica, especially Organic 

Lake and Ace Lake, where abundant N4-like phage sequences were recovered. 

Homologs of DSS-3 ssDNA phages can be found in deep sea, human gut and feces, 

and coral-associated environments. DSS-3 ssDNA phages became the first culture 

representative of a candidate subfamily Alpavirinae, which only contains assembled 

ssDNA phage genomes from human gut and feces metagenomes (Roux et al., 

2012a). No isolated phage has been reported for this newly established phage 

subfamily Alpavirinae, which contains many environmental phage sequences.  

 My dissertation work shows that a single strain of roseobacters can be infected 

by various genotypes of phages and these genotypes are widely distributed in the 
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world's ocean. The global distribution of roseophages is consistent with the ubiquitous 

nature of the marine Roseobacter lineage. 

 

6.3 Future prospects 

6.3.1 Ecological relevance of N4-like roseophages  

 At the beginning of my thesis work, nine genome sequences of N4-like phages 

were available. These N4-like phages include two phages infecting E. coli, five 

infecting roseobacters and two infecting Pseudomonas (Zhan et al., 2015). Because 

genome sequences are conserved among these N4-like phages, it allowed me to 

design a set of PCR primers based on the DNA polymerase gene to investigate the 

genetic diversity of N4-like phages in the natural environment. The results show that 

N4-like roseophage sequences only made up a small portion of the total N4-like 

environmental clones recovered from the Chesapeake Bay viral communities. On the 

other hand, I learned that N4-like phages infecting other bacteria such as Vibrio, E. 

coli, and Pseudomonas could be more abundant than N4-like roseophages. Currently, 

a total of 15 genomes of N4-like phages which infect different marine roseobacters 

are available, and these N4-like roseophages form a monophyletic clade based on 

the DNA polymerase gene phylogeny. It becomes possible now to design PCR 

primers specific for N4-like roseophages. The availability of N4-like roseophage 

specific primers will allow me to tackle a few important questions. For examples, how 

abundant are N4-like roseophages in the aquatic environment? How does the 

community of N4-like roseophages change over the spatial-temporal scale?  
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 It appears that N4-like phage is a common type of phage interacting with 

marine roseobacters. Among 35 isolated roseophages, 15 of them are N4-like 

roseophages. The composition of the marine Roseobacter lineage can be 

investigated based on the GTA g5 gene (Zhao et al., 2009a), 16S rRNA gene, or 

microbial metagenome (Lenk et al., 2012). A set of PCR primers specific for N4-like 

roseophages will enable me to correlate the abundance and distribution of N4-like 

roseophages with roseobacters. This approach will address whether there is a co-

variation between the Roseobacter lineage and N4-like roseophages in the natural 

environment.  

 

6.3.2 Cold adaptation of N4-lik roseophages 

 The geographic distribution of N4-like phage (Chapter 5) suggests that marine 

N4-like phages appear to be prevalent in high latitude water and/or during cold 

seasons. E. coli phage N4, with viral encapsidated RNA polymerase, is able to initiate 

early transcription by itself. Due to the high genomic conservation of N4-like phages, 

it is expected that other N4-like phages have the same self-regulated transcription 

function as coliphage N4. Such a feature can make N4-like phages less host 

dependent and able to adapt to different environmental conditions. It would be 

interesting to study whether N4-like phages can proliferate more effectively in the cold 

environments than non-N4-like phages. Since several different phages infecting R. 

pomeroyi DSS-3 have been isolated and characterized, they can be used as 

reference phages to compare with DSS-3 N4-like phages.  
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 Some preliminary data have been collected to compare the survival and 

reproduction of N4-like and non-N4-like phages infecting R. pomeroyi DSS-3 under 

different temperatures. Two N4-like phages, DSS3Φ2 and DSS3Φ13, were chosen. 

Meanwhile, DSS3Φ7, a temperate siphovirus, and DSS3Φ8, a CbK-like siphovirus, 

were selected as references. Currently, no T7-like podoviruses and myoviruses are 

available in our collection. Thus, I cannot include all types of phages as references. 

These four phages were kept at different temperatures and their infectivities were 

measured by plaque assay after 14 days. The recovery rate was calculated based on 

the ratio between number of plaques after incubation and the initial concentration of 

phages. The experiments were conducted in triplicates. The preliminary result shows 

that N4-like phages have a higher recovery rate at lower temperature compared to 

the reference phages (Figure 6.1).  

 I also tested how the phages replicate at low temperature. Host and selected 

phages were co-incubated at 28 °C (optimal temperature for host growth), 18 °C and 

10 °C, in parallel. One-step growth curves of these phages were measured at the 

corresponding temperature. Unfortunately, replicates were not included in this 

experiments. The number of released phages was measured by qPCR targeting on 

the DNA polymerase gene of each selected phage (Figure 6.2). At 10 °C, no viral 

production was found for all the tested phages, which is probably because the host 

stops growing at 10 °C. The production of DSS3Φ8 (a CbK-like phage) was not even 

detected at 18 °C, suggesting that this phage is sensitive to the change of 

temperature. Both N4-like phages (DSS3Φ2 and DSS3Φ13) and siphovirus DSS3Φ7 

were able to reproduce at 18 °C. Interestingly, the burst sizes of N4-like phages 
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(DSS3Φ2 and DSS3Φ13) increased dramatically at 18 °C compared to those at 28 °C. 

DSS3Φ7 has a much smaller burst size compared to the two N4-like phages. The 

extended latent period of N4-like phages at 18 °C may lead to the larger burst sizes 

(Table 6.2).  

 Having different types of bacteriophages infecting the same host strain 

enables me to compare the persistence and reproduction among different phages. 

Both persistence and reproduction data seem to support that N4-like phages infecting 

R. pomeroyi DSS-3 are able to proliferate more efficiently at low temperature 

compared to other non-N4-like phages. Ideally, this experiment should include a 

wider selection of reference phages, such as T7-like podoviruses or myoviruses. 

However, these types of phages infecting R. pomeroyi DSS-3 are not available. It 

may be too early to conclude that N4-like roseophages reproduce more effectively 

than other phage types in the cold environment. It will be important for future studies 

to include more N4-like roseophages and other reference phages. Another useful 

study will be to compare the infectivity of various phages in the same mixture under 

the same condition. 
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Figure 6.1 The recovery rate of four bacteriophages infecting R. pomeroyi DSS-3 

after they were incubated at different temperatures for 14 days. 
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Figure 6.2 Growth curves of four different phages infecting R. pomeroyi DSS-3 at different temperature (28 °C blue; 

18 °C, red; 10 °C, green). 
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Table 6.2 The burst sizes and latent period of selected phages growing at different 

temperature.  

 

*28 °C is the optimal temperature for R. pomeroyi DSS-3 growth. 

  

 DSS3Φ2 DSS3Φ13 DSS3Φ7 DSS3Φ8 

Temperature* 28 °C 18 °C 28 °C 18 °C 28 °C 18 °C 28 °C 18 °C 

Latent period 2 h 5 h 2 h 5 h < 45 min 2.5 h < 45 min > 5 h 

Burst size 581 1764 1110 1668 20 75 183 7 
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6.3.3 Roseobacters and roseophages interaction 

 Superinfection of phage DSS3Φ1 (Chapter 4) yielded a phage-resistant strain 

DSS-3-P1R. Sequencing analysis confirms that phage DSS3Φ1 integrated its 

genome into DSS3-R1 chromosome, forming a prophage in the resistant strain.  

 Lysogenic cycle is known to provide mutual benefits to both phage and host. 

Having a prophage may increase fitness or change the host behavior. For example, 

prophage can express superinfection exclusion proteins to prevent host cells from 

being infected by other phages (Sun et al., 2006; Cumby et al., 2012). Different 

mechanisms are involved in superinfection exclusion, including surface modification, 

blocking phage genome entry and interfering restriction-modification system 

(Samson et al., 2013; Bondy-Denomy et al., 2016). When mutant strain DSS-3-P1R 

was challenged by all the DSS-3 roseophages, it was resistant to almost all of the 

isolated roseophages. Interestingly, mutant strain DSS-3-P1R is resistant not only to 

the roseophages similar to DSS3Φ1, but also to the roseophages that are distantly 

related to DSS3Φ1, such as N4-like roseophages, CbK-like roseophages and even 

ssDNA phages. Apparently, carrying a prophage in the DSS-3-P1R genome inhibits 

further phage infection. It is not clear what mechanism lysogenic DSS-3-P1R uses to 

escape from phage infection. Is this the reason why DSS-3 is more vulnerable to 

phage infection? Such a defensive response in a bacterial system is interesting and 

merits further study. 

 Ironically, phage DSS3Φ16 is able to infect the mutant strain, DSS-3-P1R. The 

genome sequence of DSS3Φ16 is very similar to that of DSS3Φ1, except for a 2 kb 

extension on the 5’ end. No protein with known function has been identified in this 2 
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kb region. How does DSSΦ16 bypass the defense system of DSS-3-P1R and 

successfully infect both wild-type and mutant strains? Does any gene in the 2 kb 

region or single nucleotide change on tail protein allow DSS3Φ16 to bypass the 

resistance of DSS-3-P1R?  

 

6.4 Significance of work 

 This dissertation research contributes greatly towards knowledge on the 

phenotypic and genotypic properties of bacteriophages that infect marine 

roseobacters. Discovery of novel phages is exciting, meanwhile, I also learn that 

members of the Roseobacter lineage likely involve a different phage-host interaction 

compared to another important and well-studied marine bacterial group - 

cyanobacteria. For example, lysogenic infection is rare for cyanobacteria, but 

temperature phages and prophages are common in roseobacters. N4-like 

podoviruses appear to be common for roseobacters, but no N4-like podoviruses have 

been reported for marine picocyanobacteria such as Synechococcus and 

Prochlorococcus. Instead, T7-like podoviruses and T4-like myoviruses are common 

for marine picocyanobacteria. Up to date, no T4-like myoviruses have been reported 

for roseobacters. Cyanobacteria and roseobacters occupy different ecological niches 

and have different microgeochemical roles. The "kill-the-winner" scheme may not be 

equally applied to all bacteria at the population level. Phage-host relationship may 

vary with living habitats (i.e. coastal estuary vs. open ocean), host trophic strategy 

(i.e. phototrophic vs. heterotrophic) and host genomic flexibility (i.e. reduced genome 

vs. large genome). My dissertation work further supports that interactions between 
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bacteria and phages are very complex at the population level. With more phages 

being isolated, detailed comparison across different virus-host systems is possible.  
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