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ABSTRACT 

Viruses infecting bacteria (phages) are the most abundant and ubiquitous entities on 

Earth and likely critical to any ecosystem, as they influence nutrient cycling, mortality 

and evolution. Ultimately, their impact depends on whether phage—host interactions lead 

to intracellular phage coexistence (temperate phage) or cell death (lytic phage). 

Temperate phages in the lysogenic cycle replicate their genome (either integrated into the 

host chromosome or extrachromosomally), until induced to become lytic, when they 

create and release progeny via cell lysis. While knowledge on lytic versus lysogenic 

outcomes is vast, it largely derives from few model systems that underrepresent natural 

diversity. Further, less is known about the efficiency of phage—host interactions and the 

regulation of optimal versus sub-optimal lytic infections, which are predicted as relevant 

under environmental (nutrients, temperature) and host (availability, density) conditions 

that are common in the ocean. In this dissertation I characterize the phage—host 

interactions in a new marine model system, phage ϕ38:1 and its Cellulophaga baltica 

bacterial host, member of the ubiquitous Bacteroidetes phylum. First, I show ϕ38:1’s 

ability to infect numerous, genetically similar strains of the C. baltica species, two of 

which display contrasting infection outcomes – lytic versus sub-optimally lytic or 

lysogenic on the original versus alternative hosts, respectively. Second, I collaboratively 

apply new gene marker-based approaches (phageFISH and geneELISA) to study ϕ38:1’s 

infection at the single-cell level and show that it is sub-optimal on the alternative host, 

rather than lysogenic. Third, I collaboratively develop whole-genome transcriptome 

datasets for ϕ38:1 infecting both, the optimal and sub-optimal hosts, to characterize the 

cellular response to infection and hypothesize potential transcriptional and post-

transcriptional regulation of the sub-optimal infection. Together, these findings advance 

our knowledge of naturally-occurring phage—host interactions with a focus on nearly-

unstudied sub-optimal infections. 
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I. INTRODUCTION 

Explanation of the dissertation format 

This dissertation is centered on viruses that infect bacteria (phages) and their 

interactions with their hosts, aiming to i) expand on the diversity of phage—host model 

systems and ii) investigate understudied phage—host interactions, such as sub-optimal 

lytic infections (i.e., long latent periods, low fraction of infected/lysed cells). 

First, I provide a literature review of the importance of marine phage—host 

interactions, the research focus of this dissertation. Following is an explanation of the 

problem in the field, i.e., phage knowledge derives from paradigms built from few model 

systems that underrepresent environmental phage—host systems. Finally, I introduce the 

emerging ‘-omics’ techniques (e.g., transcriptomics, proteomics, metabolomics) now 

available to study phage—host interactions, as they each have the power to investigate 

different levels of regulation (transcription, translation, metabolism, respectively) and the 

contribution of phage and host to the efficiency (e.g., length of the infection) and 

outcomes (e.g., lysis or lysogeny) of the infection. 

Secondly, in Present Study, I summarize the work I have done characterizing a new 

environmental phage—host model system, Cellulophaga phage ϕ38:1, which infects two 

genetically very similar host strains with contrasting optimal versus sub-optimal lytic 

dynamics. For such work I have applied a variety of approaches, including gene 

sequencing, molecular biology and whole-genome transcriptome sequencing of ϕ38:1 

infecting the two strains. Findings from this work are presented in the appendices, all of 

which are manuscripts that have been published (Appendix A), submitted for publication 

(Appendix B) or prepared for submission (Appendix C). My contribution to each of these 

is as first author (Appendix C) or first co-author (Appendices A and B), and the 

contribution of my co-authors is detailed in each appended manuscript. 

Thirdly, in Future Directions, I expand on some follow-up work that this dissertation 

has made possible, which includes exploring translational regulation of optimal versus 

sub-optimal lytic infection dynamics (via proteomics), as well as the metabolic 

requirements of such infections (via metabolomics). Further, from my phage—host 
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transcriptomics data (Appendix C) I have found several phage and host genes which 

might potentially regulate lytic optimal versus sub-optimal infections. With emerging 

techniques such as high-throughput transposon mutagenesis, follow-up work also include 

interrogating the direct implication of such genetic candidates in establishing optimal or 

sub-optimal lytic phage—host interactions. 

Literature review and explanation of the problem 

A. The ecological relevance of marine phage—host interactions 

Marine bacterial viruses (phages) are nano-scale entities with global ecosystem 

impact, as they are highly abundant (i.e., 10-fold more than bacteria (Bergh et al., 1989)) 

and contribute to ecologically relevant processes such as nutrient cycling, photosynthesis, 

cell mortality and evolution by gene transfer (Fuhrman, 1999, Wommack and Colwell, 

2000, Fuhrman and Schwalbach, 2003, Lindell et al., 2004, Sullivan et al., 2006, Hurwitz 

et al., 2013). Central to these processes are phage—host interactions, as their efficiency 

(e.g., fraction of infected/lysed cells, latent period) and outcomes (e.g., lysis or lysogeny) 

directly impact the ecosystem (Wilhelm and Suttle, 1999). On the one hand, lytic phages 

hijack the host’s metabolic machinery to produce progeny and release them via cell lysis 

(Catalão et al., 2013, Young, 1992), contributing to organic matter cycling and altering 

microbial population structure (Wilhelm and Suttle, 1999). On the other hand, temperate 

phages in the lysogenic cycle replicate their genome either extrachromosomally or 

integrated into the host genome (Jiang and Paul, 1998, Bertani and Bertani, 1971), and 

can improve host fitness (Anderson et al., 2011) by increasing growth rate (Edlin et al., 

1975) or providing resistance to phage superinfection (Bossi et al., 2003) or other 

stressors (Wang et al., 2010). 

B. The diversity and dynamics of phage—host interactions are understudied 

Understanding phage—host interactions requires examining the diversity of 

interacting phages and hosts (i.e., ‘who infects whom’) and the parameters of infection, 
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such as the efficiency of lytic infections, which ultimately shape the phage—host 

population diversity (Abedon et al., 2001, Abedon et al., 2003).  

Firstly, environmental diversity of phage—host systems is underrepresented. 

Although phages can infect a wide range of bacteria (Weinbauer, 2004, Hyman and 

Abedon, 2012), most of the phage—host knowledge derives from 3 (Actinobacteria, 

Firmicutes and Proteobacteria) of the ˃45 bacterial phyla (Holmfeldt et al., 2013). 

Studies from phages infecting these phyla (e.g., lambda, T-family, ϕX174; all infecting 

Proteobacteria) have pioneered the knowledge on the molecular processes of infections; 

creating a framework for expanding on the diversity of phage—host interactions.  

Secondly, partly due to common approaches for detecting infections (e.g., plaque 

assay, spot tests), lytic phage model systems represent the fast, efficient and optimal 

infections, while underrepresenting sub-optimal infections (Dang and Sullivan, 2014; 

Dang & Howard-Varona, submitted). Sub-optimal infections, reflected in long latent 

periods, lower infections rates and/or fraction of lysed cells, are influenced by the host 

availability, physiology and density (Abedon et al., 2001). Thus, in the environment, 

where certain factors (e.g., nutrients, temperature) are known to impact the host and 

consequently phage—host interactions (Brown et al., 2013, Säwström et al., 2007, 

Mojica and Brussaard, 2014, Traving et al., 2014), sub-optimal infections are likely 

common. As most work on infection efficiencies and sub-optimal infections is theoretical 

(You et al., 2002, Abedon et al., 2001, Bragg and Chisholm, 2008), the study of phage—

host interactions could benefit from experimental environmental model systems. 

C. The power of ‘-omics’ for investigating phage—host interactions 

Transcriptomics, proteomics and metabolomics are emerging tools for the high-

throughput study of phage—host interactions. These techniques can capture the genome-

wide transcriptome, proteome or metabolome, respectively, of both phage and host 

during infection. To date, ‘-omics’ data on phage—host interactions mostly derives from 

a few transcriptomics studies, 8 via microarrays (Ravantti et al., 2008, Poranen et al., 

2006, Lindell et al., 2007, Ortmann et al., 2008, Fallico et al., 2011, Pavlova et al., 2012, 

Ainsworth et al., 2013, Karlsson et al., 2005), and only 5 via whole-genome 
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transcriptome sequencing (RNA-seq) (Legendre et al., 2010, Dedrick et al., 2013, 

Lavigne et al., 2013, Ceyssens et al., 2014, Hare et al., 2014). Of the two techniques, 

RNA-seq is considered more powerful and sensitive (Ozsolak and Milos, 2011, van Vliet, 

2010). Regardless, these studies reflect the importance of temporally following phage and 

host simultaneously, to understand their respective contributions to transcriptional 

regulation. For example, the cited transcriptomic work have shown phage gene groups 

simultaneously expressed at different times (e.g., early, middle and late, or early and late) 

according to their position in the genome, as well as the magnitude of the impact on the 

host (i.e., fraction of the genome changing upon infection) and the extent of the phage-

induced metabolic rewiring in the host (i.e., identity of the genes responding to infection 

by increasing or decreasing their expression). Further, RNA-seq studies have also found 

promoters and transcriptional start sites (Legendre et al., 2010), as well as new genetic 

features, including expressed genes (Legendre et al., 2010) and non-coding RNAs 

(Dedrick et al., 2013), which provides deeper insights into the regulation of gene 

expression.  

Proteomics introduces detection of all proteins participating in phage—host 

interactions. When paired with transcriptomics, it provides a powerful tool to correlate 

transcripts with proteins and identify the level at which regulation is occurring. These 

correlative data are important, as bacteria normally display differences in the transcript to 

protein correlation. Not all transcripts are translated, and the timing of translation can 

vary (Waldbauer et al., 2012). Proteomics is thus highly informative for translational 

regulation of phage—host interactions, as phages require the host’s translational 

machinery to produce progeny. Given the few phage—host studies examining either 

transcript-protein correlations (Dedrick et al., 2013, Lavigne et al., 2013, Ceyssens et al., 

2014) or just proteins (Wu et al., 2014, Blasche et al., 2013, Zhang et al., 2012), there is 

plenty of room for applying proteomics to better understand this level of regulation of 

phage—host interactions.  

Finally, metabolomics is perhaps the youngest of the three ‘-omics’ when it comes to 

exploring phage—host interactions, with few yet insightful studies on environmental 

virus—host systems. For example, correlating transcriptomics with metabolomics can 
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map differentially expressed genes to specific pathways and detect essential metabolites 

for phage infection (Rosenwasser et al., 2014, Ankrah et al., 2013). Transcriptomics 

alone is unable to decipher these phenomena as many gene products function in multiple 

metabolic pathways. Furthermore, metabolomics can identify what fraction of the host 

metabolism is rewired towards making viral progeny (e.g., nucleotides for DNA, amino 

acids for capsids, lipids for potential envelops) as well as the metabolic turnover of each 

metabolite (Ankrah et al., 2013). This allows the infection’s metabolic demand and the 

rate limiting steps to be estimated, as well as the ultimate contribution of viral—host 

interactions to nutrient cycling in the ecosystem.  

Altogether, each of the three emerging ‘-omics’ techniques have the potential to 

uncover regulatory mechanisms of new phage—host interactions, to increase the 

diversity and knowledge of environmental systems, which remain underexplored. 
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II. PRESENT STUDY 

The methods, results, and conclusions from the research presented herein are fully 

described in the appended manuscripts. The following are the titles and summaries of 

each manuscript. 

Contrasting genomic patterns and infection strategies of two co-existing 

Bacteroidetes podovirus genera 

Appendix A (Holmfeldt et al., 2014) introduces the system, marine bacterium 

Cellulophaga baltica of the Bacteroidetes phylum, which includes 21 strains and 6 

phages that infect them differentially. Transmission electron microscopy micrographs and 

genome sequencing showed that all 6 are podophages forming two genera based on 

pairwise genome comparisons. A quantitative host range of the 6 phages and the 21 

bacterial strains revealed different patterns of infection for each of the genomic groups 

and divided them into generalists or specialists depending on whether they infect a 

broader or narrower group of strains, respectively. Finally, I present phage ϕ38:1, which 

differentially infects two genetically similar strains (100% 16S rRNA similarity and 7% 

unique genes), its original (i.e., that on which it was isolated; NN016038) and alternative 

(#18) hosts. Plaque morphologies, quantitative one-step growth curves and other 

physiological and molecular approaches confirm that ϕ38:1 on the original host is lytic 

whereas on the alternative host it is either lysogenic or sub-optimally lytic (an unresolved 

hypothesis). 

Variably lytic infection dynamics of large Bacteroidetes podovirus phi38:1 against 

two Cellulophaga baltica host strains 

Appendix B (Dang & Howard-Varona et al, submitted) aims to elucidate the 

infection strategies of ϕ38:1 on its alternative host (C. baltica #18) using a combination 

of approaches, traditional (e.g., quantitative one-step growth curves) and gene marker-

based – phageFISH and the newly developed geneELISA. The geneELISA approach 

screens phage—host interactions via detecting phage genome replication within infected 
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cells in a high-throughput manner. The phageFISH method incorporates single-cell 

sensitivity to detect the fraction of infected and lysed cells throughout the infection. In 

the ϕ38:1 system, this revealed a small fraction of infected cells lysing on the alternative 

host infection, which are undetected by one-step growth curves. Together, these 

approaches reveal the dynamics of ϕ38:1 infecting both of its C. baltica hosts, original 

and alternative, confirming the fast and optimal lytic infection on the former (i.e., ≥60% 

infected cells, 70 minute latent period) and the sub-optimal lytic infection on the latter 

(i.e., ~30% infected cells, ≥150 minute latent period).  

Transcriptional dynamics of phage ϕ38:1 and two Cellulophaga baltica host strains 

Appendix C (Howard-Varona et al, prepared for submission) expands on phage—

host interactions by incorporating whole-genome transcriptome sequencing (RNA-seq) to 

ϕ38:1 infecting the original (NN016038) and alternative (#18) C. baltica host strains. It 

explores the phage and host transcriptional contributions in optimal versus sub-optimal 

lytic infections. I show that the phage genes are similarly expressed in both infections. 

However, the original and alternative hosts display vastly different responses to phage 

infection. Specifically, the original host’s transcriptional response to phage infection is 

minimal but favorable for phage infection (e.g., expression of genes involved in 

translation), while the response by the alternative host is potentially detrimental (e.g., 

lack of expression of translation genes) and might contribute to sub-optimal infections. 

These results provide insight into the transcriptional regulation of optimal versus sub-

optimal lytic phage infections as well as a data set with phage and host candidate genes 

for future genetic studies and work correlating transcription with other levels of 

regulation (i.e., proteomics, metabolomics). 
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III. FUTURE DIRECTIONS 

The work presented in this dissertation introduces phage ϕ38:1 as an environmental 

model system for exploring the regulation of lytic optimal versus sub-optimal phage—

host interactions. Transcriptional data from this model system (Appendix C) provides 

findings that lead to at least two avenues of future research, i) exploring the other ‘-

omics’ (proteomics and metabolomics) and ii) introducing genetic mutagenesis; both of 

which I expand upon in this section. 

Expanding on the ‘-omics’ to explore other levels of regulation of phage—host 

interactions 

As mentioned in the Introduction, aside from exploring the transcriptome, techniques 

are in place to examine the proteome and metabolome of phage—host interactions, to 

understand all the levels of regulation occurring during infections (e.g., lytic optimal, 

lytic sub-optimal, lysogenic). As the work exploring whole proteome (proteomics) and 

metabolome (metabolomics) of phage—host interactions is still emerging, these areas are 

widely open to investigation. 

From the transcriptomics work presented in this dissertation (Appendix C), ϕ38:1’s 

infection on the sub-optimal alternative host might have delayed protein synthesis, as the 

alternative host lacked differential expression of translation genes, unlike the original 

host, in which the infection is optimal. As phage particles, which are protein-rich, are 

eventually formed and released from the alternative host infection (given the results 

observed via PhageFISH in Appendix B), the hypothesis is that regulation at the protein 

level contributes to the sub-optimal infection occurring in the alternative host. Thus, 

examining protein production and dynamics during both infections should provide insight 

into regulation at the translational level of optimal versus sub-optimal lytic infections. 

Further, given that the sub-optimal infection likely derives from many inefficient levels 

of regulation, not just transcription and translation, examining the metabolome should 

provide information on another level of regulation of phage—host interactions. 
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Like the transcriptomics work, proteomics and metabolomics is a planned 

collaborative project with Pacific Northwest National Laboratories (PNNL). From the 

infections that yielded transcriptomics data, samples for protein and metabolite analyses 

were also collected and are currently at PNNL. Given that various optimization infection 

experiments were previously performed, and the lessons from transcriptomics, I am 

confident that the proteomics and metabolomics data obtained will be valuable for better 

understanding phage—host interactions. 

High-throughput screen of genetic regulators of phage—host interactions via 

transposon mutagenesis  

One of the conclusions from the transcriptional data presented in this dissertation is 

that phage genes reach similar levels of expression in both host infections. Thus, 

regulation of optimal versus sub-optimal lytic infections unlikely relies solely on the 

phage. In contrast, comparison of the original versus the alternative host transcriptomes 

suggested candidate regulators of the different infection efficiencies, such as those 

present in the original but not in the alternative host (if beneficial for phage infection), or 

vice versa (if detrimental for phage infection). For example, beneficial original host genes 

absent in the alternative host included those for initiation of protein translation, while 

detrimental genes only present in the alternative host included RNA degradation. Given 

that the optimal versus sub-optimal infections derive from the same phage but different 

hosts, it is likely that genetic analyses on the hosts can provide insight into the regulators 

of such infections. To this end, we are currently working towards a collaborative project 

with the  Joint Genome Institute (JGI) involving high-throughput transposon mutagenesis 

and sequencing of the inserts on the original and alternative hosts (Deutschbauer et al., 

2011), to interrogate which genes are ‘necessary’ in phage—host interactions. This 

includes generating mutations at the whole-genome level, rather than direct gene 

knockout, to explore additional genes to those identified via transcriptomics, which might 

also influence optimal versus sub-optimal phage—host interactions and are currently 

underexplored. 
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ABSTRACT  

Bacterial viruses (phages) are abundant, ecologically important biological entities. 

However, our understanding of their impact is limited by model systems that are 

primarily not well-represented in nature, e.g. Enterophages and their hosts. Here we 

investigate genomic characteristics and infection strategies among 6 aquatic 

Bacteroidetes phages that represent two genera of exceptionally large (~70–75 kb 

genome) podoviruses, which were isolated from the same seawater sample using 

Cellulophaga baltica as host. Quantitative host range studies reveal that these genera 

have contrasting narrow (specialist) and broad (generalist) host ranges, with one-step 

growth curves revealing reduced burst sizes for the generalist phages. Genomic 

comparisons suggest candidate genes in each genus that might explain this host range 

variation, as well as provide hypotheses about receptors in the hosts. One generalist 

phage, φ38:1, was more deeply characterized, as its infection strategy switched from lytic 

on its original host to either inefficient lytic or lysogenic on an alternative host. If 

lysogenic, this phage was maintained extrachromosomally in the alternative host and 

could not be induced by mitomycin C. This work provides fundamental knowledge 

regarding phage host ranges and their genomic drivers, while also exploring the ‘host 

environment’ as a driver for switching phage replication mode. 

INTRODUCTION 

Viruses are ubiquitous and thought to infect every life form, from microbes to 

humans (Snyder and Young, 2013). In marine environments, viruses outnumber bacteria 

10:1, with the majority thought to be viruses (phages) that infect bacteria (Bergh et al., 

1989; Fuhrman, 1999). Through infection, phages alter bacterial lifespan and evolution, 

as well as biogeochemical cycles, both through production of organic matter during host 

lysis (Suttle, 1994; Fuhrman, 1999) and by influencing host metabolism (reviewed in 

Breitbart, 2012). However, to model the impact of phages in nature, we need to better 

understand phage specificity (‘who infects whom?’) and infection strategy (lysis vs. 

lysogeny).  
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Information regarding phage specificity is mainly derived from spot test-based host 

range assays that evaluate phage infection within (Holmfeldt et al., 2007) and between 

bacterial species (Jensen et al., 1998) and genera (Sullivan et al., 2003). Pragmatically, 

such studies are limited by (i) available cultured hosts and (ii) infection outcome 

measurements that only detect clearing (lysis) or no clearing (no lysis). New theory and 

mathematical simulations (Heilmann et al., 2010; Flores et al., 2011; Flores et al., 2012; 

Weitz et al., 2013) invite more quantitative approaches to answer ‘who infects whom?’, 

and experimentalists are responding. For example, to minimize culturing when linking 

viruses to hosts, new methods target genes at the single-cell level using microfluidic 

digital polymerase chain reaction (Tadmor et al., 2011) or fluorescent in situ 

hybridization (Allers et al., 2013), and thousands of viruses can be screened in minutes 

using flow cytometry without reliance upon gene targets (Deng et al., 2012). Beyond 

simply +/- infection, a measurement of the fraction of phage particles that infect their 

hosts (infection efficiency; Hyman and Abedon, 2010), would be valuable for system-

level studies, yet this metric is not captured by these new methods nor traditional host 

range assays. 

Finally, the mode of infection, i.e. lytic vs. lysogenic, is critical to determine, as it 

alters the ecological impact of phage–host interactions. For example, lytic phage 

infection turns hosts into a phage factory and ultimately kills them (Whitehead et al., 

1952), while temperate phages spend time in the lysogenic cycle where their genome 

remains either extrachromosomal or integrated into the host genome (Bertani and Bertani, 

1971; Jiang and Paul, 1998), potentially improving the host’s fitness (Anderson et al., 

2011). This can include growth improvement as seen in Escherichia coli when temperate 

phage lambda is integrated (Edlin et al., 1975) and resistance to superinfection, as seen 

for lambda-like phages infecting Salmonella (Bossi et al, 2003). However, while the 

temperate cycle is commonly favored by poor host growth conditions, factors improving 

the host growth, e.g. increase in nutrients, are thought to be possible triggers for the 

prophage to enter lytic replication (Paul, 2008). Quantification of the fraction of bacteria 

in natural communities that contain inducible temperate phages suggests high variability, 

depending on location and inducing agent (reviewed in Paul, 2008). In silico estimates of 
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the fraction of bacterial genomes that contain prophages are also highly variable, 7 - 73%, 

and limited by poor phage representation in genome databases (Canchaya et al., 2003; 

Paul, 2008; Akhter et al., 2012). Again, emerging experimental tools should help. For 

example, microscopic visualization of co-localized phage and host genes inside cells via 

fluorescent in situ hybridization (Allers et al., 2013) should enable prophage detection in 

model systems lacking genetic tools and in microbial communities. Further, novel 

informatics (e.g. prophage-detecting tools such as PhiSpy; Akhter et al., 2012) and 

expanding viral metagenomic databases (Hurwitz and Sullivan, 2013) should improve 

prophage prediction in microbial genomes. 

Here we explore ‘who infects whom?’ through analyses of genomic details and 

infection strategies across 6 large podoviruses (φ38:1, φ40:1, φ13:2, φ18:3, φ19:3, and 

φ46:3). The phages were isolated using 6 different strains of the aquatic bacterial host, 

Cellulophaga baltica (C. baltica), of the phylum Bacteroidetes, which were collected 

from the Baltic Sea (isolation details in Holmfeldt et al., 2007). While the abundance and 

ecological importance of C. baltica is largely unknown, bacteria belonging to this phylum 

are the third most abundant in the world’s oceans (after Proteobacteria and 

Cyanobacteria; Kirchman, 2002; Gomez-Pereira et al., 2010), where they are 

ecologically important for their ability to degrade large organic compounds (Fernandez-

Gomez et al., 2013). The phages infecting C. baltica are relatively well-studied and 

subject to co-evolution experiments (Middelboe et al., 2009), as well as whole genome 

sequencing and structural proteomics (Holmfeldt et al., 2013). These 6 podoviruses 

investigated here have similar, notably large, genome sizes of 70–75 kb, but differ in 

pairwise genome-wide metrics (Holmfeldt et al., 2013) to justify delineation of two 

different genera – Cba401likevirus (herein Cba401) and Cba183likevirus (herein 

Cba183). In this study, detailed genomic analysis is complemented by quantitative and 

large-scale host range analysis of the 6 podoviruses versus 21 C. baltica host strains. 

Further, infection characteristics (e.g. latent period and burst size) and contrasting 

infection strategies (lytic vs. lysogenic) on relevant subsets of these isolates are 

investigated.  
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RESULTS 

Phage genome comparisons and annotation of relevant genes 

Pairwise comparison of the genomes of the 6 podoviruses representing two genera 

showed that they shared only 11 of a total of 101–130 genes, which included 1 of 

unknown function (58% amino acid [aa] identity [ID]) and 10 in the experimentally-

defined structural modules (all <50% aa ID) (Fig. 1). Within-genus similarity was also 

different between the two genera. Genus Cba401 genomes were nearly identical and 

contained 27 single nucleotide polymorphisms (SNPs), while genus Cba183 genomes 

varied much more in size (71.4–76.0 kb) and gene content (described below).  

Of the 27 Cba401 genus SNPs, 80% occurred in 2 genes (gene 25, GenBank 

accession number [acc nr] AGO48055 and AGO47890, and gene 101, acc nr AGO48131 

and AGO47966; Fig. 1). Most (65%) SNPs were synonymous and did not alter the 

resulting protein sequence, while non-synonomous changes were localized to 4 proteins: 

one of unknown function (gene 25, 5 SNPs) and three structural proteins (gene 85, acc nr 

AGO48115 and AGO47950, 1 SNP; gene 91, acc nr AGO48121 and AGO47956, 1 SNP; 

and gene 101, 2 SNPs). One of these genes, gene 85, had low similarity to phage tail fiber 

proteins (NCBI nr, 39% aa ID, alignment length 99 bp) and contained a C-terminal 

peptidase domain (CDD e-value 4 x 10-8) similar to the chaperonin of endosialidase, 

which in T7-like phages is involved in host recognition (Leiman et al., 2007; Schwarzer 

et al., 2007). 

The genomic variability among the four genus Cba183 phages was much larger (Fig. 

1), with about 20% of each genome devoted to non-shared genes (number of unique 

genes: 28 of 127 genes in φ13:2; 27 of 123 genes in φ18:3; 31 of 129 genes in φ19:3; 25 

of 121 genes in φ46:3). Of these 111 unique genes, 106 lacked functional annotation, 2 

were DNA methylases, 2 were HNH endonucleases, and one was a DNA replication 

protein. Further, among genes shared across genomes in this genus, there was lower aa 

ID between structural genes similar to φ13:2 genes 84 (acc nr AGO49694), 86 (acc nr 

AGO49696), and 87 (acc nr AGO49697) (average aa ID 66%, range 24–99%) as 

compared to other structural genes (averaged aa ID 85%, range 78–100%). One of these 
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more divergent genes, gene 86 in φ13:2, had a Pfam pectate lyase domain (superfamily 

PF12708, class CL0268, e-value 1 x 10-6) and similarity to tail spike proteins from 

Bacillus phage φ29 (PDB id 3gq8, GenTHREADER e-value 7 x 10-6 and 

pGenTHREADER e-value 9 x 10-7) and Salmonella phage P22 (PDB id 2vfm, 

pDomTHREADER e-value 1 x10-6). Another gene in φ13:2, gene 87, also had similarity 

to a pectate lyase (NCBI nr, 32% aa ID, alignment length 478 bp; PDB id 1pe9, 

pDomTHREADER, e-value 4 x 10-8 and pGenTHREADER, e-value 9 x 10-9). 

None of the Cba183 genes showed any similarity to genes in available bacterial 

genomes. Only 6 genes in the Cba401 phages had low (<55%) aa ID to genes from the 

bacterial genomes. These were spurious matches to genes randomly distributed over the 

bacterial genome. 

Quantitative host range and phage infection properties 

Phage host range properties of the two different phage genera contrasted each other 

(Fig. 2). Both Cba401 phages infected more than half of the 21 host strains with high 

titers on their original host strains (1x109 and 7x109 pfu·mL-1 on hosts NN016038 and 

NN015840, respectively). The efficiency of plating (EOP; ratio between the pfu on the 

alternative host and the original host) was high on most alternative hosts (average 64% 

across 17 phage–host pairs; Table S1), with few alternative hosts having drastically lower 

EOPs (average 0.02% across 5 phage–host pairs; Table S1). In contrast, the 4 Cba183 

phages infected fewer strains (2–6 hosts per phage) with high titers on the original hosts 

(1x1010–1x1011 pfu·mL-1), and drastically reduced EOPs (average 0.00006%) on all 

alternative phage–host combinations, except φ18:3 on host #4 (Table S1). 

Finally, extensive one-step growth curve assays (Adams and Anderson, 1959) were 

conducted to estimate the latent period (time from infection to burst) and burst size 

(phages produced per infected cell) for a subset of phage–host combinations (Fig. S1). 

Latent periods at room temperature for all the strains grown in Marine Luria-Bertani 

(MLB) medium ranged from ~1–2 hours and were statistically indistinguishable between 

the two phage genera (Mann-Whitney U test, p=0.7). Burst sizes, however, were 
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significantly different, with an average of 13 and 63 phages produced per cell for the 

genera Cba401 and Cba183 phages, respectively (Mann-Whitney U test, p=0.02, Fig. 2). 

Host strain-differentiated infection outcomes  

Several observations revealed differences in infection properties of φ38:1 on its 

original (NN016038) vs. an alternative (#18) host. First, φ38:1 infection on the original 

host resulted in a burst size of 10 (T-test, p=0.03) and a latent period of 1 h (T-test, 

p=0.02) while on the alternative host the burst size was 0.5 (p=0.03) and the latent period 

2 h (T-test, p=0.01) (Fig. 3 and Fig. S1). Second, the total number of phages (measured 

by pfu) decreased significantly during the latent period (T-test, p=0.04) when φ38:1 

infected the alternative host, but not when it infected the original host (Fig. 3). Third, 

original host infection produced big, round, and clear plaques, while alternative host 

infection produced small, turbid plaques with fuzzy edges (Fig. 3). Together, these data 

suggested that φ38:1 interacted differently between the original and alternative hosts, 

with either an inefficient lytic or a lysogenic infection occurring on host #18.  

To further investigate these two hypotheses, we employed the following experiments. 

First, adsorption kinetics at a multiplicity of infection (MOI) of 0.1 confirmed that φ38:1 

adsorbed to host #18, though with reduced efficiency compared to that on host 

NN016038 (68% vs. 96% after 30 min; Fig. 4). Second, colonies originating from φ38:1 

infection of host #18 (MOI=3) were PCR-positive for the phage (Fig. S2) even after 

reducing background free phages through three colony purification rounds (i.e. clean-

streaks). Third, these PCR-positive colonies, termed ‘pl#18’ for ‘putative lysogen on 

strain #18’, were resistant to superinfection by φ38:1 suggesting homoimmunity (Fig. 

S3). Fourth, pulsed field gel electrophoresis (PFGE, Fig. 5A) and phage DNA Southern 

blotting (Fig. 5B) confirmed that φ38:1 DNA co-occurred with host DNA within infected 

cells, but was not integrated into the host genome. Fifth, the lysogen was difficult to cryo-

preserve as pl#18 cells were viable upon thaw, but only half (48% ± 7%) remained PCR-

positive for phage DNA, even after optimizing for cryoprotectant concentration and 

thawing conditions (see Experimental procedures for details). Finally, exposure of early-

log-phase cells to two mitomycin C concentrations (0.05 and 0.5 µg·mL-1) caused cell 
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stress (i.e., mortality), as shown by the decline in optical density for both wt#18 and 

pl#18 compared to untreated bacterial cultures (Fig S4). No phage production was 

detected from wt#18 cultures and a similar, low number of phages were detected for 

pl#18 cultures regardless of whether they were from untreated (3 plaques) or mitomycin 

C treated (4 plaques) cultures. Considering dilutions, these plaques would correspond to 

relatively low concentrations of viral particles in the media (~300 and 400 viral particles 

per mL, respectively), as the number of cells reached 108 per mL of culture.  

DISCUSSION 

Phage host range patterns, genomic determinants, and receptors 

Host range patterns: Previously, presence/absence of infection for the 6 podoviruses 

was documented through spot test host range assays against the 21 C. baltica strains 

(Holmfeldt et al., 2007). In this study, the same pairwise phage–host combinations were 

examined using quantitative plaque forming units (pfu) techniques – here termed 

‘quantitative host range’ and elsewhere also known as ‘plaquing host range’ (Hyman and 

Abedon, 2010). The quantitative host range data was consistent with the previously 

performed spot test-based data (Holmfeldt et al., 2007) for 104 of 126 tested 

combinations. In 12 cases where the quantitative method showed infection and the spot 

assay did not, low titers (≤105 pfu·mL-1) were observed, suggesting under-estimation by 

the small volume spot assay. The inverse discrepancies (10 cases) may be due to bacterial 

growth inhibition caused by high phage titers on the spots, instead of plaque forming 

phage replication, a well-known concern for spot test assays (Moebus, 1983; Hyman and 

Abedon, 2010). Notably, both assays underestimate phage host range since the bacteria 

screened are limited and not all phage infections form plaques (Hyman and Abedon, 

2010). 

Hypothesized genomic determinants of host range variation and phage receptors on 

the host cells: The two Cba401 phages had very small host range differences (φ38:1 

infected 2 additional hosts), which is consistent with their near-identical genomes. A 

particularly interesting genomic variant is the non-synonymous SNP occurring in gene 85 
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in both φ38:1 and φ40:1. This gene is distantly similar to tail-spike proteins in T7-like 

podoviruses, which modulate phage host range (Leiman et al., 2007; Schwarzer et al., 

2007). We hypothesize that gene 85 in these phages is also a host determining tail-spike 

protein and that the SNP caused the minor host range variation observed between the two 

phages.  

In contrast, Cba183 phages vary significantly at both the level of host specificity and 

genome. Among these phages, the beta helical structure – characteristic of the pectate 

lyase domains in φ13:2 genes 86 and 87 – resembles the tail spike in Salmonella phage 

P22, which is involved in host-cell recognition and cell membrane penetration (Iwashita 

and Kanegasaki, 1976; Mitraki et al., 2002). We hypothesize that these Cellulophaga 

phage genes are also involved in host recognition and that their variation drives the 

observed host range variations.  

There are also several determinants that could account for host resistance, where one 

is immunity conferred by an integrated temperate phage, which is plausible given that 

both Cba401 and Cba183 phages have site-specific recombinases. However, no prophage 

regions similar to either phage types were found when investigating the 4 sequenced C. 

baltica strains available in GenBank. Instead it is likely that membrane 

lipopolysacharides (LPS), which commonly serve as phage attachment sites among gram-

negative bacteria (Rakhuba et al., 2010), are involved in host-range determination. In 

particular, narrow and broad host range phages bind to either the highly variable O-

antigen in smooth (S)-type LPS or the more conserved core in the rough (R)-type LPS, 

respectively. From this, we hypothesize that broad-host-range Cba401 phages attach to 

the core of R-type LPS, similar once again to coliphage T7 (Rakhuba et al., 2010), and 

that narrow-host-range Cba183 phages recognize the O-antigen in a way that is 

comparable to coliphage P22 (Eriksson and Lindberg, 1977; Eriksson et al., 1979).  

However, these are still only hypotheses that in the future will need to be validated 

through mutation analyses in a to-be-developed genetic system of the Cellulophaga 

phage–host model.   
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Competitive advantages between generalists and specialists and ecological 

implications 

Host range data for the 6 podophages infecting the 21 C. baltica strains suggests that 

these two podophage genera represent an intra-species specific generalists (Cba401) and 

specialists (Cba183) respectively. These data along with other studies (Fan et al., 2012; 

Karumidze et al., 2012) suggest that phage family-specific patterns in host range 

previously observed (Sullivan et al., 2003; Karumidze et al., 2013) are not universal.  

According to ecological theory, generalists and specialists co-exist as a result of 

competitive trade-offs (Wilson and Yoshimura, 1994). Data from experimental evolution 

studies support this theory, as phages that extend their host range (Crill et al., 2000; 

Marston et al., 2012) suffer fitness costs relative to the ancestral phage, seen either as 

decreased phage replication or reduced, phage-burdened host growth (Duffy et al., 2006; 

Poullain et al., 2008). Unlike these evolution experiments, the Cellulophaga phages were 

neither evolved in the laboratory, but isolated from nature instead, nor were the 

generalists and specialists phages genetically related, which the phages in the 

experiments always have been. Yet the Cba401 generalists also have reduced fitness, i.e., 

burst size, compared to the Cba183 specialists. Notably, the reduced burst size was not 

compensated by a shortened latent period, as it has been previously observed (Abedon, 

1989).  

Finally, these generalist and specialist phages were isolated from the same water 

sample using the same host species, thus they occupy the same ecological habitat. Given 

their contrasting infection properties, we posit that these phages would have different 

impacts on bacterial diversity, with specialists driving intensive, strain-specific “Kill the 

Winner” oscillations (Thingstad and Lignell, 1997) and generalists impacting a broader 

diversity of bacterial hosts.  

φ38:1 presents host strain-dependent infection strategies 

Phage φ38:1 infects the two assayed hosts very differently. Here we explore the 

relatively extensive experimental data documenting these interactions to best interpret 
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and characterize these infection strategies. A number of observations for φ38:1 on 

alternative host #18 might be reminiscent of either inefficient lytic phages or temperate 

phages (Lederberg and Lederberg, 1953; Bertani and Bertani, 1971; Rosner, 1972; 

Hyman and Abedon, 2010). These observations include: (i) decreased total phages, 

reduced burst size and lengthened latent period, (ii) turbid plaque morphology, (iii) 

reduced adsorption kinetics, and (iv) homoimmunity.  

Another observation, however, favors the establishment of lysogeny rather than a 

low-efficiency lytic infection. Specifically, pl#18 phage positive colonies (assayed by 

PCR and PFGE-Southern Blot) could be triply “clean-streaked” on agar plates to 

minimize free phages and continued to be PCR-positive for phage DNA. In this scenario, 

either the phage infected lysogenically or the lytic infection was of such reduced 

efficiency as to be maintained without lysing cells through three colony streaks and 

grow-ups. Notably, as this process takes 1–2 weeks in total, the latent period required 

would be much longer than the doubled latent period measured in the one-step growth 

curve for φ38:1 on alternative host #18 (Fig S1). For this reason, we favor the hypothesis 

that this phage is lysogenically infecting its alternative host, though definitive testing 

awaits population level screening using sensitive single-cell assays.  

If this is a temperate phage infection, then it differs from the classic temperate phage 

integration – e.g., enterophage lambda (Arber, 1983). While a site-specific recombinase 

in φ38:1 (Fig. 1) suggests the possibility of integration into the host chromosome 

(Lillehaug and Birkeland, 1993; Lohr et al., 2005; Sullivan et al., 2009; Hirano et al., 

2011), molecular characterization indicates that φ38:1 is maintained extrachromosomally 

(Fig. 5). Another phage was recently isolated with such features and can both replicate 

extrachromosomally and integrate into the host genome, depending upon the host strain 

infected (Xue et al., 2012). Thus, it is possible that φ38:1 integrates upon infection of 

other host strains than C. baltica #18. Alternatively, in other temperate phages that 

circularize, such site-specific recombinases are instead tasked towards resolving 

concatemers during phage genome replication (Lobocka et al., 2004). Further, we have 

yet to identify conditions for inducing φ38:1 in pl#18 cells. While mitomycin C induction 

would have helped identify the temperate nature of the phage, the opposite findings (no 
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induction) observed here may simply represent poor coupling between phage and host 

DNA damage response, as found in enterophage P1, an extrachromosomally-maintained 

temperate phage (Calendar and Abedon, 2005).  

Additionally, in spite of temperate phage importance in nature, our understanding of 

the mechanisms controlling whether the phage infects lytically or lysogenically is 

relatively understudied. Some factors are thought to be host density (Kourilsky, 1973; 

Avlund et al., 2009), cell size (St-Pierre and Endy, 2008), host physiology (Grodzicker et 

al., 1972; Weinbauer et al., 2003), and surrounding phage concentration (Joh and Weitz, 

2011). Here, assuming φ38:1 is lysogenic on alternative host 18, we include another 

factor – host strain – as both original and alternative hosts were grown and infected under 

the same conditions. This shift in mode of replication would differentially impact 

bacterial host populations. Specifically, lytic viral infection would lead to host lysis, 

while lysogenic cells would persist and likely benefit from phage-conferred fitness 

advantages (e.g., Edlin et al., 1975; Edlin et al., 1977) – at least until the temperate phage 

is induced to enter lytic replication.  

CONCLUSIONS 

Despite the dominance, diversity, and importance of phages in aquatic ecosystems, 

molecular and functional characterizations of environmental phage–host systems are 

scarce. This often leads to conclusions regarding the diversity and function of phages in 

nature that rely upon enterophage-derived paradigms, despite the increasing evidence that 

enterophages can be very different from environmental phages. Recent studies further 

expose our ignorance of viruses in nature. These suggest that as researchers focus nearly 

exclusively on tailed, DNA phages we may have missed the facts that approximately half of 

ocean viruses are RNA viruses (Steward et al., 2012) and that non-tailed phages actually 

dominate the oceans (Brum et al., 2013). One remedy for these knowledge gaps is to bring 

new environmentally relevant phages into culture and develop them as model systems, as 

recently done for abundant SAR11 and SAR116 phages (Kang et al., 2013; Zhao et al., 

2013), the Pseudoalteromonas phages (Duhaime et al., 2011), and the ‘rare biosphere’ 

representative Cellulophaga phages (Holmfeldt et al., 2013) which includes the large 
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podophages studied here. Such efforts are critical both for identifying unknown sequence 

space that dominates sequence-based viral surveys in nature (Hurwitz and Sullivan, 2013) 

and providing representative empirical data to ecological models of phage–host dynamics 

seeking to gain a predictive foothold on how viruses impact diverse ecosystems.  

Experimental procedures 

Phage genome comparisons 

The six phage genomes have previously been sequenced and annotated (GenBank 

accession numbers φ38:1: KC821614, φ40:1: KC821612, φ13:2: KC821633, φ18:3: 

KC821620, φ19:3: KC821608, and φ46:3: KC821622) and proteomic data defining 

structural proteins has been provided for two phages (φ40:1 and φ18:3), one from each 

genus (Holmfeldt et al., 2013). To produce comparative synteny plots, all genes were 

compared using blastp (e-value cut off: 0.001) and clustered using Markov Cluster 

Algorithm (Enright et al., 2002). 

The 6 phages were also compared (blastp; e-value cut off: 0.001) to the 6 frame 

translations of the 4 unannotated C. baltica bacterial genomes available in GenBank (#4 

ATLG00000000; #13 ATLH00000000; #18 ATLI00000000; NN016038 

ATLJ00000000).   

To provide further annotation, protein structures of potential host range-determining 

genes were investigated using Psipred (http://bioinf.cs.ucl.ac.uk/psipred/).   

Bacterial and phage growth conditions 

Isolation procedures for the 21 bacterial strains and 6 phage isolates investigated in 

this study were described in Holmfeldt et al., 2007. The Cellulophaga baltica host strains 

were grown at room temperature (RT) on Zobell agar plates (1 g yeast extract [Becton, 

Dickinson and Company (BD)], 5 g bacto-peptone [BD], 15 g agarose [BD], and 12 g 

Sea salt [Sigma] per liter). Single colonies were inoculated into MLB liquid media (0.5 g 

yeast extract [BD], 0.5 g bacto-peptone [BD], 0.5 g casaminoacids [Fisher], 3 mL 

glycerol [Millipore] and 12 g Sea salt [Sigma] per liter). Cultures were grown without 
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agitation and experiments were performed on cultures that had reached early exponential 

phase (108 cells·mL-1; typically over night).  

Phages were grown using the top-agar plating technique (plaque assay) (Sambrook 

and Russell, 2000). Briefly, phages were diluted in Marine Sodium Magnesium (MSM) 

buffer (450 mM NaCl, 50 mM MgSO4x7H20, 50mM Tris base, pH8), mixed with 0.3 mL 

of bacterial over night culture and 3.5 mL molten soft agar (MSM containing 0.5% low 

melting point agarose), and dispersed on agar plates. Plates were incubated at RT in the 

dark and plaques were visible after 1–2 days. For phage lysate, 5 mL of MSM was added 

to fully lysed plates, the plates were shaken for at least 30 min at RT, and then the lysate 

was collected, 0.2 µm-filtered and stored in the dark at 4ºC. 

Host range assay  

Phages for host range assays were harvested from fully lysed plates where the 

individual phages were grown on their original hosts. 10x serial dilutions of these lysates 

were made to 10-10 in MSM buffer. 100 µL of undiluted lysate and each dilution were 

then used for plaque assays (see above) on each of the 21 hosts within 2 weeks of lysate 

preparation.  

One-step growth curves 

One-step growth curves measuring properties of the infection were done with MOI of 

0.1 to minimize multiple phage infections per cell. For this, 108 cells (early logarithmic 

phase) and 107 phages were mixed in 1 mL. After 15 min of bacterial–phage adsorption 

time, new infections were stopped by diluting the bacteria–phage mix 1000-fold in MLB 

medium. The first sample was immediately obtained and termed “time 0”, and from there 

on, samples were periodically taken from the bacterial–phage mix. Phages were 

enumerated by plaque assays on the host used for the one-step growth curve. Sampling 

was carried out every 15, 20, 30 or 60 min for a total of 4–8 h depending on the phage–

host infection. In order to calculate the burst size, phage samples collected included both 

free (extracellular) as well as total (intracellular and extracellular) phages. For the former, 
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500 µL of the diluted infection were 0.2 µm-filtered to remove the cells and 100 µL of 

the flow-through containing only free phages were analyzed through plaque assay. For 

the total phages, the plaque assay was done with 100 µL taken directly from the 1000-

fold dilution flask containing both intra- and extracellular phages, without previous 

filtering. Plates were left over night in the dark at RT and plaques from two consecutive 

dilution series were counted to obtain number of plaque forming units (pfu) per mL. The 

burst size was calculated using the free phage values at the plateau after the burst and 

subtracting the free phages before the burst from them, and then dividing that number by 

the number of phages that were able to infect (the difference between the total and free 

fraction of phages during the latent period). 

Phage–host adsorption kinetics and acquisition of lysogen cells 

To measure the adsorption of φ38:1 on different hosts, 107 phage particles were 

mixed with exponentially growing cells at an MOI of 0.1. Free phages were sampled 

every 5 min for a total of 30 min by 0.2 µm-filtering out the cells and phage titer was 

measured by plaque assay on the host used for the adsorption curve.  

To obtain lysogen host #18 cells containing phage φ38:1, the infection was performed 

as before but at an MOI of 3. Then, every 5 min for a 30 min infection, samples were 

collected and used to perform dilution series and obtain single colonies. After three days 

growing at RT, colonies were picked, screened for phage by PCR, and re-grown on agar 

plates to repeat the PCR screening a minimum of three times in order to reduce free 

phage background. 

PCR conditions for detecting phage DNA within bacteria 

Phage φ38:1 was primarily detected in bacterial host cells using PCR. Primers were 

designed to amplify a 418 bp long fragment of gene 38. From 5’ to 3’, the forward primer 

had the sequence TGCCTGAACGGCTTAGAGGTTTGC and the reverse primer 

AGCACCAATCGGCGTCTTCGT. The 25 µL total reaction volume contained 12.5 µL 

Go-Taq (Promega) master mix containing the enzyme, buffer and dNTPs; 0.2 µM of each 
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primer; and nuclease-free water. The cycling conditions consisted of an initial 

denaturation step at 95ºC for 5 min to burst the phage capsids or host cells; 30 cycles of 

denaturation at 95ºC for 30 sec, primer annealing at 60ºC for 30 sec and an extension 

time of 1 min at 72ºC; and a final extension of 5 min at 72ºC. Samples were analyzed on 

a 1% agarose gel. 

Mitomycin C exposure 

 Wild type (wt) #18 and putative lysogen #18 (pl#18) cells were grown overnight until 

early logarithmic phase. The cultures were split and treated without (0 µg·mL-1) or with 

different mitomycin C concentrations (0.05 and 0.5 µg·mL-1). Optical density (OD) was 

used to measure cell survival of each culture for 46 h and plaque assays on host wt#18 

were used to monitor phage production after removing bacteria through a 0.2 µm 

filtration.  

Homoimmunity 

Plaque assays (as described above) was performed with φ38:1 lysate using 

exponentially growing pl#18 and wt#18 cultures as hosts. A 10x serial dilution was done 

for the phages and the dilutions 10-1 – 10-7 were plated. 

Cryopreservation of the wt and putative lysogen host cells 

Stocks of C. baltica wt strains were taken from cells growing exponentially in MLB, 

mixed with 20% glycerol, and stored at -80ºC, then recovered directly from the frozen 

vial and streaked onto solid agar plates. However, pl#18 cells (PCR positive for φ38:1) 

required mixing the exponentially-growing culture with 50% glycerol, slowly cooling at 

4ºC prior to introducing the vial to -80ºC, and thawing the entire tube in a water bath at 

37ºC prior to streaking the cells onto solid agar plates in order to obtain the maximum 

recovery of PCR-positive putative lysogens. 

Pulsed field gel electrophoresis (PFGE) 
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For analyzing DNA via PFGE, colonies were either grown over night in MLB at RT 

until reaching exponential phase (‘liq. pl#18’) or picked directly from the agar plates and 

added to the plugs (‘col. pl#18’). Prior to running the plugs on the gel, samples within the 

plugs were either digested with a restriction enzyme -SmaI (CCC-GGG) or NotI (GC-

GGCCGC)-, or not.  

Plug formation and lysis: Agarose plugs were composed of a 1:1 dilution of either wt 

bacteria, pl#18 cells or phage lysate, and 1.5% sterile ultra-pure low melting point 

agarose (Invitrogen) prepared in 1x Tris-EDTA (TE; pH 8). They were then left to cool 

for 5 min in their plug molds at RT and then placed for 15 min at 4ºC to reach total 

solidification. Plugs were then carefully transferred to 5 mL of 0.2 µm-filtered proteinase 

K lysis solution optimal for bacteria (50 mM Tris (pH 8), 50 mM EDTA (pH 8), 1% N-

laurylsarcosinate and 1 mg·mL-1 proteinase K) or phage (0.5 M EDTA (pH 8), 1% N-

laurylsarcosinate and 1 mg·mL-1 proteinase K), and left for a minimum of 24 h at 37ºC.  

Inactivation and restriction digestion: After cell and capsid digestion by proteinase K, 

plugs were incubated with 3 mM Pefabloc (Sigma) for at least 1 h at 37ºC to inactivate 

the proteinase K and allow the restriction enzymes to function. Then, Pefabloc was 

washed away by using 1 mL of TE (pH 8) for 30 min at 37ºC three consecutive times. 

DNA digestion was performed over night at the enzyme’s optimal digestion temperature 

(30ºC for SmaI and 37ºC for NotI) with 5 units of the enzyme in a reaction volume of 

200 µL containing 1x of the appropriate enzyme buffer and nuclease-free water. 

PFGE conditions: After the over night digestion, restriction mixes were removed and 

plugs were equilibrated with 200 µL of sterile 0.5x Tris-Borate-EDTA (TBE) prior to 

dry-loading them in the gel. For this, plugs were carefully removed from their tubes, 

placed on the individual gel-comb lanes and glued to them with pre-warmed agarose 

prior to casting the gel. CHEF gels (Biorad) were run with a fixed pulse of 50 sec for 21.5 

h at 6 volts·cm-1 and 2 L of 0.5x TBE with constant refrigeration at 14ºC. At completion, 

gels were stained with 1x Ethidium Bromide for 30 min with slow shake (50–70 rpm) at 

RT and bands were visualized. 

Southern blotting 
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Procedure for transferring the DNA to a nylon membrane: After staining and 

visualizing the agarose gel, it was depurinated for 30 min with 0.25 M HCl and constant 

agitation (50–70 rpm) at RT in order to obtain smaller DNA fragments and ensure an 

efficient transfer to the membrane. Gels were then washed briefly with autoclaved 

nuclease-free water prior to denaturation. DNA denaturation was performed by shaking 

(50–70 rpm) the gels for 30 min at RT with a solution of 1.5 M NaCl and 0.5 M NaOH 

(pH 13) and briefly washed with autoclaved nuclease-free water. Neutralization of the 

gels was done by shaking (50–70 rpm) them at RT for 30 min with a neutralization buffer 

containing 1 M Tris-HCl and 1.5 M NaCl (pH 7.5) prior to rinsing briefly with 

autoclaved nuclease-free water. The transfer was done by capillarity to a charged nylon 

membrane over two days in 2 L of sterile 10X SSC (3 M NaCl and 0.3 M sodium citrate; 

pH 8). The setup was as follows: in a pyrex glass tray, a support for the gel and 

membrane was installed a few cm above the surface. For wick, 3MM Whatman filter 

paper (GE Healthcare Life Sciences) was cut to the width of the gel and the length of the 

tray and placed flat, wet and without bubbles on the first support. Then the gel was placed 

upside-down on top of the wick, followed by the nylon membrane cut exactly to the size 

of the gel. After wetting it with the 10x SSC transfer buffer and ensuring that no bubbles 

were formed between the membrane and the gel, two pieces of 3MM Whatman filter 

paper cut to the same size were also wet with 10x SSC and placed on top of the 

membrane, followed by a 10 cm stack of paper towels, a second flat glass support and an 

extra kilogram of weight for pressure. The gel perimeter was isolated from liquid by 

placing plastic wrap flat around the edges of the first support and about 1 mm away from 

the gel to reduce evaporation. 

Probe synthesis: The probe for the southern blotting was designed to detect a 418 bp 

long fragment of φ38:1 gene 38. The random-primed digoxigenin (DIG) labeled probe 

was PCR synthesized using Roche’s PCR DIG Probe Synthesis Kit (cat. no. 

11636090910) according to the manufacturer’s recommendations. Amplified samples 

were confirmed through agarose gel electrophoresis (1%) and the concentration was 

quantified using NanoDrop (Thermo Scientific). 



47 
 

Probe hybridization: After the DNA transfer from the gel to the nylon membrane was 

completed, DNA was UV-crosslinked to the membrane and then pre-hybridized. To 

every 100 cm2 of membrane, a volume of 3.5 ml of 0.2 µm-filtered hybridization solution 

(5x SSC, 0.1% N-laurylsarcosinate, 0.02% SDS, and 1% Blocking Solution from Roche 

(cat. no. 11096176001)) was added and incubated at the hybridization temperature of 

42ºC for a minimum of 1 h. This solution was then removed and 3.5 mL of fresh 

hybridization solution containing 5 ng·µL-1 of pre-denatured probe (by heat-shocking it at 

90ºC for 10 min) was added for every 100 cm2 of membrane. Hybridization was left over 

night in a water bath at 42ºC, 20ºC below the melting temperature of the probe-target 

hybrid, according to the melting temperature (TM) formula (49,82+0,41*(%G+C)-

(600/L), where L is the length of the hybrid in base pairs). 

Washes after hybridization and blocking prior to antibody incubation: Non-specific 

probe binding was washed away with the same volume as used during the hybridization 

as follows: two washes with 0.2 µm-filtered washing buffer I (2x SSC and 0.1% SDS) for 

5 min shaking at RT; two with 0.2 µm-filtered washing buffer II (0.1x SSC and 0.1% 

SDS) at 42ºC for 15 min and once more at 44ºC. Prior to adding the antibody against 

DIG-labeled probes, the membrane was blocked with the same volume as in the prior 

steps, as follows: one wash at RT for 5 min with sterile Buffer I (100 mM Tris-HCl and 

150 mM NaCl; pH 7.5); one at RT for 30 min with 0.2 µm-filtered Buffer II (0.5% 

Roche’s Blocking solution and 10mL Buffer I); one for 5 min at RT with Buffer I. 

Antibody incubation and colorimetric detection: The antibody used to detect DIG-

labeled DNA (Roche, cat. No. 11093274910) was diluted 1:5000 in Roche’s previously 

mentioned 1x blocking solution. Incubation was performed for 1 h at RT with constant 

shaking (50-70 rpm). The excess antibody was then washed away as follows: two washes 

with Buffer I for 15 min at RT and constant shaking, and one with 0.2 µm-filtered Buffer 

III (100 mM Tris-HCl, 100 mM NaCl and 50mM MgCl2; pH 7.5) for 5 min at RT with 

constant shaking (50-70 rpm). Development of the membrane was accomplished by 

covering it in BM Purple solution (Roche, cat. No. 11442074001) and allowing the 

reaction to proceed at RT in the dark and without shaking for 5 hours prior to stopping it 

with distilled water. 
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Statistical analyses 

Burst size and latent period differences between phage genera: Mann-Whitney U 

tests were independently performed between 1) the burst sizes and 2) the latent periods of 

each genus. For this, two data groups were created: one with each phage infecting its 

original host and one with the remaining infections. 

Initial decrease in total phage abundance of φ38:1 infecting #18: A student T-test 

was performed using three replicates of total phage abundance before (T=0 min) and 

after (T=120 min) the decrease to evaluate the significance of the drop. 

Latent period and burst size significance for φ38:1 infecting NN016038 and #18: The 

latent period was defined as that in which phage production did not increase with respect 

to the initial sampling point (T0). A student T-test evaluated whether there was a 

significant difference between three biological replicates of phage values at a given time 

point and T0, which marked the end of the latent period. 

A significant increase in phage production (burst size) was determined with a two-

sample T-test between three biological replicates of phage values for all the time points 

before (defined by the latent period) and after the burst. 
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Figure Legends 

Figure 1. Electron micrographs (scale bar 50 nm) and synteny plot of the 6 podophages 

with annotation. Gene affiliation for both Cba401 phages is written above the genome for 

ϕ38:1. Gene affiliation for all Cba183 phages is written below the genome for ϕ19:3. In 

the few cases where there is no sequence similarity between another Cba183 phage and 

ϕ19:3, gene affiliation is written above or below that phage genome or marked as a greek 

letter in the gene (α= DNA replication protein; β= HNH endonuclease; and χ= DNA 

methylase). Gene numbers for structural genes specifically discussed throughout the 

manuscript are written inside the genes. 

Figure 2. Host range assay of the 6 podophage isolates (rows) when infecting the 21 

strains of C. baltica (columns). Infectivity is presented in grey scale, ranging from white 

(no infection) to black (highest efficiency of infection; plaque forming units ml-1). 

Numbers inside the infection boxes represent the burst size (phages produced per infected 

cell) for the particular phage–host pair. Average burst size and standard deviation of all 

phages in each genus, respectively, is shown at the right side of the panel.  

Figure 3. Physiology of the infection of φ38:1 infecting the original host NN016038 and 

alternative host #18. The graph represents total phage abundance as plaque forming units 

during a one-step growth curve (average with standard deviation, n=3). Plaque 

morphology is shown to the right of each respective infection. 

Figure 4. Adsorption kinetics of φ38:1 to the original host and the alternative host #18 at 

MOI 0.1. After 30 min post infection, 96% of the phages have adsorbed to the original 



56 
 
host and 68% to the alternative host (n=3). The curve for the adsorption on the alternative 

host is shifted by 1 min for clarity.   

Figure 5. Pulsed field gel electrophoresis (A) and Southern blotting (B) detecting φ38:1 

within putative lysogen #18 (pl#18). The three bacterial samples include wild type (wt) 

#18 and two pl#18 (colony from agar plate [col. pl#18] or grown in liquid medium [liq. 

pl#18]). Displayed are samples treated with restriction enzymes SmaI (lanes 2–4), NotI 

(lanes 5–7), and un-treated (lanes 8–10). Lambda phage ladder is used as a molecular 

weight marker (lane 1) and extracted DNA from φ38:1 as a positive phage control (lane 

11). A φ38:1-sized band is detected on the PFGE (Fig. 5A) and confirmed with Southern 

blot (Fig. 5B) in all the pl#18-containing lanes, both enzyme-digested (lanes 3, 4, 6, 7) 

and undigested (lanes 9, 10), but does not appear in the wt control (lanes 2, 5, 8).  
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Figure 5.  
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Supplemental Material 

Supplemental table 1. Efficiency of plating (EOP) for all investigated phage-host pairs 

calculated as the ratio between plaque forming units on one host and plaque forming units 

on original host (as percentage). EOP on the original host is written in italics and phage-

host pairs with high EOP are written in bold. - No infection. 

bacterial 
strain 

Cba401  Cba183 

ϕ38:1 ϕ40:1  ϕ13:2 ϕ18:3 ϕ19:3 ϕ46:3 

#3 66 57  - - - - 

#3 r ϕST 74 14  - - - - 

#3 r ϕSM - -  - - - - 

#4 0.02 -  - 33 - - 

#10 0.0002 0.0002  - - - - 

#12 - -  - - - - 

OL12a - -  - - - - 

#13 - -  100 - - - 

#14 0.0003 -  - - - 0.00002 

#17 - -  - - - - 

#18 24 0.06  - 100 - 0.00004 

#19 - -  - - 100 - 

NN016038 100 43  - - - - 

NN015839 99 100  0.000007 - 0.00009 - 

NN015840 110 100  - - 0.0001 - 

NN014845 53 43  - - 0.00007 - 

NN016046 - -  - - - 100 

NN014847 130 43  - - - - 

NN016048 - -  - - - 0.00005 

NN014850 74 43  - - 0.00007 - 

NN014873 69 43  - - 0.00009 - 
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Supplemental figure 1. One-step curve of all phage–host pairs investigated in this study. 

Closed circles represent total number of phages and open circles represent free phages. 
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Burst size (BS, average ± standard deviation) and latent period (LP, average) for each 

phage–host pair is presented (dashed lines) in the figure. 

 

Supplemental figure 2. Detection of φ38:1 within hosts through PCR amplification 

targeting a phage-specific gene (gene 38).  Amplification occurred in the infected 

alternative host #18 (pl#18 colony 1 and pl#18 colony 2), giving a band of equivalent size 

to the phage lysate (positive control). No amplification was detected in non-infected wild 

type (wt) hosts (NN016038 or #18). 
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Supplemental figure 3. Homoimmunity of the putative lysogen #18 (pl#18) to 

superinfection with φ38:1. A) φ38:1 infecting a lawn of pl#18 (10-1 dilution), B) 

Uninfected control: lawn with pl#18, C) Positive control: φ38:1 infecting a lawn of wild 

type #18 (10-5 dilution).  The absence of plaques in A is indicative of the resistance of 

pl#18 to superinfection. 

 

Supplemental figure 4. Cell growth of wild type (wt) #18 and putative lysogen (pl) #18 

in the presence of mitomycin C. Different drug concentrations were added to a split 
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culture of early logarithmic wt#18 or pl#18 cells and the optical density (OD) for each 

culture was measured for 46 h. While no plaques appeared from any of the wt cultures, 

background phage production was observed in all pl#18 treatments.  
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APPENDIX B:  

 

Variably lytic infection dynamics of large Bacteroidetes podovirus phi38:1 against 

two Cellulophaga baltica host strains 
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Summary 

Bacterial viruses (phages) influence global biogeochemical cycles by modulating 

bacterial mortality, metabolic output and evolution. However, our understanding of phage 

infections is limited by few methods and environmentally-relevant model systems.  Prior 

work showed that Cellulophaga baltica phage ϕ38:1 infects its original host lytically, and 

an alternative host either delayed lytically or lysogenically. Here we investigate these 

infections through traditional and marker-based approaches, and introduce geneELISA 

for high-throughput examination of phage‒host interactions. All methods confirmed the 

lytic, original host infection (70-80 minute latent period; ~8 phages produced per cell), 

but alternative host assays were more challenging. A 4.5-hour experiment detected no 

phage production by plaque assay, whereas phageFISH and geneELISA revealed phage 

genome replication and a latent period ≥150 minutes. Longer experiments (26 hours) 

suggested an 11-hour latent period and a burst size of 871 by plaque assay, whereas 

phageFISH identified cell lysis starting at <5 hours and lasting to 11 hours, but for only 

7% to 21.5% of infected cells, respectively, and with ~39 phages produced per cell. 

These findings help resolve the nature of the alternative host infection as delayed lytic 

and offer solutions to methodological challenges for studying sub-optimal phage-host 

interactions. 

Introduction 

Viruses are abundant in the marine environment, commonly outnumbering bacteria 

10-fold, with most viruses thought to be bacteriophages (phages) infecting bacteria 

(Bergh, 1989; Proctor and Fuhrman, 1990; Fuhrman, 1999; Wommack and Colwell, 

2000). Phages influence ecosystems through affecting biogeochemical cycling (Fuhrman, 

1999; Wilhelm and Suttle, 1999; Shelford et al., 2012; Jover et al., 2014), host evolution 

by horizontal gene transfer (e.g., photosynthesis genes; Lindell et al., 2004; Sullivan et 

al., 2006), and host metabolism by viral-induced metabolic reprogramming (Clokie et al., 

2006; Dinsdale et al., 2008; Thompson et al., 2011; Hurwitz et al., 2013; Anantharaman 
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et al., 2014; Hurwitz et al., 2014; Roux et al., 2014). Ultimately, the extent of any phage’s 

impact depends on the outcome of phage‒host interactions. 

Phage‒host interactions are commonly described as either lytic or temperate. Lytic 

phages hijack their host’s metabolic machinery to produce and release progeny (Young, 

1992; Catalão et al., 2013), whereas temperate phages can either initiate a lytic infection 

or a lysogenic state in which the phage genome is either integrated into the host’s 

chromosome or maintained extrachromosmally (Bertani and Bertani, 1971; Jiang and 

Paul, 1998). While lytic phages are ecologically important due to their influences on host 

abundance and nutrient cycling (Lindell et al., 2005; Shelford et al., 2012; Jover et al., 

2014), the ecological impact of temperate phages is much less well studied. It is likely, 

however, that temperate phages have significant impact as they can improve host fitness 

(Anderson et al., 2011) by increasing growth rate (Edlin et al., 1975) or providing 

resistance to phage superinfection (Bossi et al., 2003) or other stressors (Wang et al., 

2010).  

Discriminating between infection strategies is critical for understanding the outcome 

of phage‒host interactions and their ecological impact (Brockhurst et al., 2006; Refardt, 

2011; James et al., 2012; Haerter et al., 2014). However, traditional methods for detecting 

infections are biased towards lytic phages. For example, plaque (e.g., Holmfeldt & 

Howard-Varona et al 2014), most probable number (MPN, e.g., Sullivan et al., 2003) and 

spot test-based (e.g., Jensen et al., 1998; Holmfeldt et al., 2007) assays detect a positive 

infection event where cell lysis is observed via a plaque or a spot on a lawn of host cells 

(plaque and spot assays, respectively) or lack of cell growth in liquid medium relative to 

controls (MPN assay). These methods cannot detect temperate infections and likely 

under-detect lytic infections that ‘clear’ host cultures sub-optimally. 

In contrast, gene marker-based methods, such as microfluidic digital PCR (mdPCR) 

(Tadmor et al., 2011) and phageFISH (Allers et al., 2013), likely have value beyond the 

more strongly lytic phages (Dang and Sullivan, 2014). These methods not only detect a 

single phage gene copy within a cell, but also provide population-level estimates of the 

percent of phage-infected host cells. While mdPCR is higher-throughput (i.e., uses 765-

chamber chips), phageFISH provides a relatively quantitative estimate of changes in the 



70 
 
phage signal during infection that can discern between temperate (single genome copy) 

and lytic (many genome copies) infections, as well as follow the temporal dynamics of 

such infections (Dang and Sullivan, 2014). 

Here we explore the infection dynamics and outcomes of Bacteroidetes phage ϕ38:1 

on two Cellulophaga baltica (C. baltica) hosts using traditional (i.e., cell cultures and 

plaque assays) and marker-based (i.e., phageFISH and newly developed geneELISA) 

approaches. The C. baltica phages and their hosts are a relatively well studied model 

system with biological insight derived from co-evolution experiments (Middelboe et al., 

2009), genomic analyses and structural proteomics (Holmfeldt et al 2013), and 

quantitative phage‒host range assays (Holmfeldt & Howard-Varona et al 2014). Phage 

ϕ38:1, isolated from C. baltica strain NN016038 (Holmfeldt et al., 2007), infects many 

strains differently (Holmfeldt & Howard-Varona et al 2014). For example, ϕ38:1 lytically 

infects and lyses its original host (strain NN016038) after about one hour (Holmfeldt & 

Howard-Varona et al, 2014), but no such lytic infection was detected by plaque assay on 

an alternative host (strain #18) after four hours, suggesting their interaction is either 

lysogenic or sub-optimally lytic (Holmfeldt & Howard-Varona et al 2014). Here, to 

resolve the alternative host infection outcome, we followed longer infection experiments 

and applied an expanded arsenal of methods to measure phage abundance over time, 

including phageFISH and a new, high-throughput geneELISA method. 

Results and discussion 

Development of geneELISA, a high-throughput assay for detecting phage‒host 

interactions  

Traditional assays (e.g., plaque and spot test) measure the outcome of lytic infections, 

while marker-based approaches (e.g., phageFISH and mdPCR) simultaneously track 

phage and host gene targets within single cells in any type of infection (see introduction 

and Figure 1A). However, these methods have yet to be applied in a high-throughput way 

to detect interacting phage‒host pairs. To this end, we developed geneELISA (Figure 1B) 

in a 96-well plate format by modifying the traditional enzyme-linked immunosorbent 
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assay (ELISA) (Engvall and Perlmann, 1971). GeneELISA uses a set of 12 digoxigenin 

(DIG)-labeled probes to achieve high sensitivity while targeting the phage DNA 

template, which is then detected by horseradish peroxidase (HRP) molecules linked to 

phage probes via a colorimetric reaction of 3,3′,5,5′-Tetramethylbenzidine (TMB). This 

signal is then read as a community-wide estimate of the abundance of intracellular phage 

genomes via optical density (OD) (Figure 1C). In the following sections, this new method 

is applied and compared to plaque assays and phageFISH over the course of the infection 

of ϕ38:1 on two C. baltica hosts. 

Discerning infection strategies of ϕ38:1 on two C. baltica host strains 

One-step growth curves (Adams, 1959) followed ϕ38:1’s infection on two C. baltica 

host strains - the original NN016038 and the alternative #18 (see methods). Log-phase 

cells at densities of ~108 cells ml-1 (see methods and Supplementary Figure S1) were 

mixed with phages at a high multiplicity of infection (MOI 3, from infective phages), and 

the mixture was diluted 10-fold in culture media after a 15-minute adsorption step to 

reduce secondary infections (see methods). All reported times consider the ‘0’ time point 

as that immediately following dilution. Phages were initially measured by plaque assays 

over 240 and 270 minutes on the original and alternative hosts, respectively, in order to 

identify the time to phage-induced cell lysis (the latent period) and how many phages 

were produced per infected cell (the burst size, see methods). On the original host, viable 

colony counts detected 62.1% of infected cells and plaque assays detected a ~80 minute 

latent period (two-tailed t-test, p<0.05) and a burst size of 8.6, thus confirming the lytic 

infection. On the alternative host, 30.4% of the cells were infected but no significant 

phage production was observed by plaque assays (two-tailed t-test, p>0.05) even after 4.5 

hours (Figure 2, Table 1). These results are similar to that previously found at MOI 0.1 

(Holmfeldt & Howard-Varona et al 2014), in which the original host infection appears to 

be lytic while alternative host infection either lysogenic or sub-optimally lytic. 

To resolve between these hypothesized infection outcomes, we next applied marker-

based phageFISH and geneELISA measurements. PhageFISH negative control gene 

probes (NonPoly350Pr, see methods) showed minimal hybridization on the phage-
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infected cells (Figure 3), indicating their specificity to phage DNA targets. PhageFISH 

during the plaque assay-determined latent periods suggested lytic infections in both hosts, 

although much weaker or delayed in the alternative host (Figure 2A, 2B). First, the same 

phage stock employed at identical infective MOIs (~3) yielded ~2-fold higher fraction of 

infected cells in the original compared to alternative host (averages of 63.6% vs. 30.5%, 

respectively; see methods and Table 1). This likely reflects differences in adsorption 

kinetics, as ϕ38:1 was shown to adsorb 1.6 times faster to the original than to the 

alternative host within 15 minutes (Holmfeldt & Howard-Varona et al 2014). Secondly, 

the intracellular phage signal increased faster in the original than in the alternative host 

(see pie charts in Figure 2C, 2D, and Figure 3). Within infected original host cells, the 

class I signal dominated from 20-40 minutes (>88% of infected cells) and grew to class II 

by 50-70 minutes (>70% of infected cells), and to class III by 80 minutes (56% of 

infected cells) (Figures 2C, 3A). These signals are thought to represent detection of a 

single (class I) to multiple (class II and III) phage genome copies during infection (Allers 

et al., 2013), suggesting a productive lytic infection on the original host. By contrast, 

within infected alternative host cells, the phage signal size of class I dominated until 70 

minutes (>86% of infected cells), and class II dominated until 150 minutes (>63% of 

infected cells) where only 26% of the infected cells displayed class III signals (Figures 

2D, 3B). Thirdly, phage-induced cell lysis occurred earlier and stronger on the original 

host (13.3% and 39.5% infected cells lysed at 70 and 80 minutes, respectively; Figures 

2C, 3A) than on the alternative host (only 3.8% of infected cells lysed at 150 minutes; 

Figures 2D, 3B). These phageFISH data suggest a latent period on the original host of 70-

80 minutes as compared to at least 150 minutes on the alternative host. Thus, phageFISH 

results were consistent with plaque assays in the original host, but offered a different 

perspective on infection in the alternative host.  

One current limitation of phageFISH is its relatively low throughput, since only a 

restricted number of samples can be handled at a time using slides (Dang and Sullivan, 

2014). To increase throughput, especially for comparing infection of one phage on 

multiple hosts or different phages on the same host, we developed geneELISA, a 96-well 

plate format marker-based approach (conceptualized in Figure 1B) and applied it to these 
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same infection experiments (Figure 2E, 2F). After subtracting background OD (from 

uninfected cells; 0.05-0.08 at 620 nm), geneELISA OD values increased over time in 

both hosts, with most of the increase occurring in the last third of the experiment and the 

signal delayed in the alternative host (Figure 2E, 2F). These results indicate that phage 

ϕ38:1 replicates its genome in both hosts, presumably through lytic infection, but faster in 

the original host than in the alternative host. While these findings are consistent with 

phageFISH, they offer a higher-throughput method for quickly mapping infection 

networks as well as differentiating lytic versus lysogenic infections (Figure 1C). 

Pragmatically, when using the geneELISA method, infections should be considered as 

lytic when the OD values increase as phage genomes replicate and then level off/drop due 

to phage-induced cell lysis or else as lysogenic when OD values remain relatively 

constant over time. However, to best quantify the latent period and burst size, phageFISH 

is a better method choice. 

Temporal dynamics of ϕ38:1 on the alternative host, C. baltica #18 

At this point intracellular phageFISH and geneELISA signals suggested that phage 

ϕ38:1 DNA replicated on the alternative host and even lysed some cells (i.e., 3.8% at 150 

minutes), while plaque assays revealed no increase in phage abundance even by 4.5 hours 

(Figure 2B). To better understand these apparently conflicting observations, a 26-hour 

infection experiment was conducted on the alternative host at high MOI (~6, from 

infective phages) and analyzed by plaque assays and phageFISH (Figures 4, 5). Viable 

cell plating determined 28.3% of infected cells, while plaque assays revealed a latent 

period of 11 hours (see methods and Table 1). Phage abundance by plaque assays 

increased significantly (two-tailed t-test, p<0.05) until 24 hours and suggested a rather 

large burst size of 871 phages produced per infected cell (Figure 4A, Table 1).  

In contrast, the phageFISH data suggested a shorter alternative host infection and a 

smaller burst size, as follows. First, while no infected cells had lysed by 2 hours, 7% of 

them had lysed by the following 5 hour measurement (Figure 4B). Lysis continued until 

11 hours, at which time 21.5% of infected cells had lysed, and after which (13 hours) 

only 1.5% of infected cells had lysed. Secondly, the class I phageFISH signal within 
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infected cells increased from 27% at 11 hours to 50% at 13 hours (see pie-charts, Figure 

4B), with a subsequent increase in the fraction of infected cells from 15.5% at 13 hours to 

45.5% by 16 hours (see bar graph, Figure 4B). By 24 hours, the end of the one-step 

growth curve as defined via plaque assays, phageFISH suggested that 98.8% of the cells 

were infected, and most (67%) of those had lysed (Figures 4B, 5). 

These phageFISH findings suggested a first wave of infection with continuous lysis 

from 2.5 hours (defined by the first experiment, Figure 2) to 11 hours (Figure 4) and a 

second one starting at 11 hours with the released phages as inferred by the sharp changes 

in the phageFISH per cell signal (e.g., drop in class III and increase in class I) (Figures 4, 

5). To test whether the continuous phage release during the first infection wave was due 

to a slow cycle or a small dilution step (i.e., 10-fold), we conducted a separate infection 

(MOI 3) with a 1000-fold dilution step (see methods) – again finding no phage 

production by plaque assays over 11 hours (t-test, p>0.05; Supplementary figure 2). 

Given these new phageFISH-enabled observations, the latent period and burst size were 

revised down to ~2.5 hours and ~39 phages produced per infected cell, respectively (see 

methods and Table 1). Thus monitoring intracellular infection dynamics is particularly 

important for interpreting phage infection dynamics on sub-optimal hosts.   

Ecological perspectives on the opposite infection outcomes by ϕ38:1 on two host strains 

Beyond advancing marker-based intracellular phage‒host interaction methodologies, 

there is a need for characterizing weak (i.e., low percent of infected cells, small burst 

sizes) or delayed (i.e., long latent periods) lytic phage‒host interactions. Here, phage 

ϕ38:1 lytically infects two nearly identical C. baltica strains (i.e., 100% 16S rRNA 

identity, 7% unique genes), but with drastically different infection dynamics, as the 

alternative host cells lysed slower but produced more phages per cell than in the original 

host (Table 1). This is consistent with theory predicting a trade-off between latent period 

and burst size for phages (Abedon, 1989; Wang et al., 1996; Abedon et al., 2001; Abedon 

et al., 2003). 

The original host infection represents a fix delay (i.e., latent period of ~70-80 

minutes) between phage adsorption and offspring release, whereas the alternative host 
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infection appears to continuously release phages for 2.5‒11 hours. Recent modelling 

studies suggest that the latter maintains large population size even in low host cell density 

by more efficiently utilizing host resources (Bonachela and Levin, 2014), whereas the 

former would provide advantage for rapidly invading and adapting to co-evolving hosts 

(Lennon and Martiny, 2008; Bonachela and Levin, 2014). 

Alternatively, the host would drive the difference in infection outcomes, with the 

original host being more susceptible and the alternative host presenting a stronger 

defense, contributing to oscillations in phage‒host coevolution (Hyman and Abedon, 

2010; Koskella and Brockhurst, 2014), likely observed in our system. First, reduced 

phage adsorption in the alternative versus original host (Holmfeldt & Howard-Varona et 

al, 2014) is a common resistance strategy (Bull et al., 2014) and appears to explain the 

difference in infected cells observed in high MOI settings (discussed above). Secondly, 

phage DNA replication appears delayed on the alternative relative to original host, which 

might be a host defense mechanism aimed to stall cell lysis. Thirdly, the formation of 

infective viral particles (i.e., plaques) is delayed on the alternative host, which could 

result from delayed or uncoupled transcription, protein metabolism (i.e., for capsid 

formation and assembly), DNA packaging and/or cellular lysis – all of which likely 

represent different levels of host defense against phage infection. 

Conclusions 

Infection dynamics are critical for understanding the outcome of virus‒host 

interactions. Among several emerging virus‒host linkage approaches (reviewed in Dang 

and Sullivan, 2014), only phageFISH provides single-cell resolution of the infection to 

discriminate between infection outcomes. Here we show that traditional (plaque) and 

marker-based (phageFISH and geneELISA) approaches equally detect lytic infections, 

but marker-based approaches better characterize sub-optimal phage‒host interaction 

dynamics. Further, the newly developed geneELISA method offers a high-throughput 

means for mapping the phage–host interaction networks in natural ecosystems that 

complements available methods. Together these emerging marker-based methods, and 

parallel advances in theory and informatics (reviewed in Brum and Sullivan, 2015), are 
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poised to transform our ability to study how phages shape bacterial communities and 

ecosystem processes – even for sub-optimal phage‒host interactions, which are likely 

abundant in nature. 

Experimental procedures 

Methods for phage ϕ38:1 and the C. baltica host strains have been adapted from 

previous work (Holmfeldt et al., 2007; Holmfeldt & Howard-Varona et al 2014). 

Cell growth curves 

Prior to the infection experiments (see below), growth curves for the C. baltica hosts 

were assayed in biological triplicates to determine optical density (OD, 595 nm) and cell 

abundance over time (via agar plating), in order to determine growth rate (Supplementary 

Figure S1). Growth curves started with the inoculation of a single colony (0 hours) and 

were sampled for OD (in technical duplicates using a microplate reader Appliskan, 

Thermo Scientific, USA) and colony forming units (CFU) mainly throughout exponential 

growth (Supplementary Figure S1). Doubling time (t) was obtained from the exponential 

growth graph, with formula Gt=G0 x at, where Gt=2G0; a is constant and t  is the wanted 

doubling time (Supplementary Figure S1B). This resulted in 94.8 minutes and 80 minutes 

of doubling time for the original and the alternative hosts, respectively. All infection 

experiments were done with cells in log/linear phase (i.e., 9‒14 hours of growth), during 

which cells reached densities of ~1.5x107‒3x108 cells ml-1 (i.e., OD range after blank 

subtraction, 0.02‒0.08). 

One-step growth curves 

One-step growth curves of ϕ38:1 infecting C. baltica hosts NN016038 and #18 were 

modified from Holmfeldt & Howard-Varona et al. (2014). For each phage‒host system, 

two biological replicates and the corresponding no-phage control were followed over 

time, measuring cell (see below) and phage abundance. Bacterial hosts in logarithmic 

phase, at densities of 3x107-108 cells ml-1 (i.e., OD range 0.013-0.03, Supplementary 
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Figure S1), were separately mixed with phages at high multiplicity of infection (MOI 3 

and 6 for the two short and the long infection experiments, respectively). All MOIs refer 

to infective phages. After 15 minutes of phage‒bacteria adsorption time, the mixtures 

were diluted 10-fold (for experiments depicted in Figures 2‒5) or 1000-fold (experiment 

in Supplementary Figure S2) in Marine Luria-Bertani (MLB) medium to reduce the 

likelihood of additional phage adsorptions. All times reported are after the phage‒host 

dilution (i.e., a time reported as 70 minutes is 85 minutes after mixing and 70 minutes 

after the 10-fold dilution). Samples were collected periodically throughout each infection 

for downstream analyses.  

Plaque assays and one-step growth curve parameters 

To calculate the burst size, both free (extracellular) and total (extra- and intracellular) 

phages were enumerated as plaque forming units (PFUs) (Holmfeldt & Howard-Varona 

et al, 2014). At every assayed time point, free phages were obtained by diluting 100-fold 

10 µL of the MLB-diluted original phage‒host infection into 990 µL of MSM (Holmfeldt 

& Howard-Varona et al 2014), 0.2 μm filtering that mixture to remove the cells, and then 

diluting the flow-through for plaque assays. The total phages were sampled directly from 

the MLB-diluted original phage‒host infection without previous filtering. Plating was 

done by adding 100 µl from a diluted total or free phage tube to a Zobell plate (Holmfeldt 

& Howard-Varona et al 2014) followed by a mixture of 3.5 ml of 0.5% top MSM (i.e., 

low melting point agarose) warmed up to 35°C and 300 µl of host.  Plates were left in the 

dark at room temperature (RT) until the plaques became visible, and plaque counts were 

averaged from two consecutive dilution series to obtain the number of PFUs ml−1 (i.e., 

phage abundance). The latent period was determined as the last time point in which total 

and free phage abundance did not increase significantly from the previous time, as 

determined by a two-tailed t-test (p<0.05). The burst size (i.e., phages produced per 

infected cell) was calculated by subtracting the free phage values after the burst (i.e., 

point after which there was no significant increase in phage abundance) from those 

before the burst (averaged values from all the time points within the latent period), and 
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then dividing that number by the number of infected cells, obtained from viable cell 

plating as explained below. 

Estimates of infected cells by viable colony counts 

Cells were diluted and plated in Zobell agar plates to obtain CFU estimates before 

phage addition and then at every time point that phage abundance was assayed (see 

above). The fraction of viable cells was the ratio of CFUs at that time and the CFUs 

before phage addition (divided by 10 to correct for the dilution), which subtracted from 

the initial 100% cells gave the percent of infected cells. The reported percent of infected 

cells (Table 1) was the average of all points that were within the host’s doubling time (see 

above). 

Probe synthesis for phageFISH and geneELISA 

Genomes of ϕ38:1 and C. baltica NN016038 and #18 were obtained from GenBank, 

accession numbers KC821614.1, CP009887 and CP009976, respectively. A total of 12 

probes (300 base pairs each) achieved high gene detection efficiency within infected cells 

(i.e., ~100 %, Allers et al., 2013). Polynucleotide probes against phage DNA were 

synthesized and digoxigenin (DIG)-dUTP was incorporated using a PCR DIG-probe 

synthesis kit (Catalog No. 11636090910, Roche, USA). Annealing/melting temperatures 

were determined for these probes and their targets (Moraru et al., 2010) and using a 

SYTO 9 fluorescent nucleic acid stain (Catalog No. S-34854, Molecular Probes®, Life 

Technologies, USA). 

PhageFISH assay and adjustment of infection parameters 

Samples were prepared on positively-charged slides with a 10-minute incubation 

before sample drying and fixation, and phageFISH was performed as previously 

described (Allers et al., 2013) (Figure 1A). Briefly, after host cell permeabilization and 

inactivation of endogenous peroxidases, bacterial 16S rRNA was detected by horseradish 

peroxidase (HRP)-labelled oligonucleotide probes (EUB338; Amann et al., 1990) and a 
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subsequent catalyzed reporter deposition (CARD) reaction of Alexa488-tyramides 

(Catalog No. T-20932, Molecular Probes®, Life Technologies, USA). Detection of phage 

ϕ38:1 was accomplished by targeting 12 genomic regions (i.e., 39844‒40143, 40144‒

40443, 43571‒43870, 43871‒44161, 44784‒45083, 45084‒45392, 45760‒46059, 46394‒

46693, 48221‒48538, 48570‒48861, 48870‒49169, 49203‒49507, in base pairs), which 

were simultaneously hybridized with the 12 DIG-containing probes. DIG was then 

detected by HRP-labelled antibodies, followed by CARD of the Alexa594-tyramides 

(Catalog No. T-20935, Molecular Probes®, Life Technologies, USA). Samples were 

counterstained with DAPI and analyzed by epifluorescence microscopy to determine the 

percent of infected cells (i.e., overlap of phage and bacteria signals) and phage-induced 

lysed cells (i.e., scattering of phage signal and reduction/loss of bacterial signal). A total 

of 200 infected cells per replicate were counted and the area of their phage signal was 

classified into three size groups: <0.4 μm2 (early infection stage), 0.4-1.4 μm2 (mid-late 

stage) and >1.4 μm2 (late-lysis stage). The phage signal area was calculated as: πab, 

where a and b are the semi-major and semi-minor axis of an ellipse, respectively. 

PhageFISH estimates allowed adjusting the latent period and burst size calculations 

described above. The latent period ended with phageFISH-detected cell lysis, while the 

burst size incorporated the percent of infected cells during that revised latent period and 

the free phages after such burst (Table 1). 

GeneELISA 

GeneELISA detected phage genes via a colorimetric reaction of 3,3′,5,5′-

Tetramethylbenzidine (TMB) catalyzed by HRP directly or indirectly linked to the probes 

(Figure 1B). Samples were pooled from replicate flasks, fixed in 1% formalin, stored at 

4°C for <12 h, and aliquoted into quadruplicate wells (100 µl in each) of Corning™ 

BioCoat™ poly-D-lysine multiwell plates (Catalog No. 08-774-127, Fisher Scientific, 

USA). Plates were briefly centrifuged (500 g, 5 minutes) to allow cells to bind to the 

positively charged well surface. The supernatant with unbound cells and free phages was 

then aspirated off the wells. Fixed cells were immobilized, permeabilized, and treated 

with 0.01 M HCl at RT for 10 minutes to inactivate endogenous peroxidases, and with 
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RNase I ( 0.5 U µl-1) and RNase A (30 µg µl-1) to digest mRNA. Phage genes were 

simultaneously hybridized with all 12 DIG-labelled probes, and HRP-labelled antibodies 

were introduced to detect the DIG molecules. Signal amplification was conducted by 

using the Tyramide signal amplification kit (Catalog No. T-20931, Molecular Probes®, 

Life Technologies, USA) to allow the binding of tyramide-biotin, followed by 

streptavidin-HRP. HRP molecules catalyzed the reaction of a chromogenic substrate 

3,3′,5,5′-Tetramethylbenzidine (Catalog No. 54827-17-7, Sigma-Aldrich, USA), and the 

color development was measured via OD at 620 nm using a microplate reader 

(Appliskan, Thermo Scientific, USA). 
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Figure legends 

Figure 1. Methodological overview for phageFISH and geneELISA. (A) In phageFISH, 

the phage-infected host samples are fixed onto positively charged slides (Allers et al., 

2013). Phage DNA is detected by a set of 12 digoxigenin (DIG)-labelled probes. 

Antibodies labelled with horse radish peroxidase (HRP) bind to DIG molecules to 

catalyze the deposition of multiple fluorescently labelled tyramides which are then 

detected microscopically. (B) In geneELISA, phage-infected host cells are immobilized 

onto positively charged 96-well plates. Phage DNA is detected by the same DIG-labeled 

probes and HRP-labelled antibodies used in phageFISH. A signal amplification step 

allows binding of multiple biotin-tyramide and then streptavidin-HRP molecules. HRP 

catalyzes the colorimetric reaction of 3,3′,5,5′-Tetramethylbenzidine (TMB), which can 

be measured via optical density (OD) at 620 nm. (C) Both phageFISH and geneELISA 

can help discern between lytic and lysogenic infections or the absence of infection. 

GeneELISA provides high-throughput measurements of phage DNA replication over 

time and can be used to map phage‒host infection networks. PhageFISH provides high-

resolution infection dynamics of particular phage‒host pairs and the parameters of the 

infection (e.g., percent of infected cells, phage DNA replication, latent period and burst 

size). 

Figure 2. Infection dynamics of ϕ38:1 at high multiplicity of infection (MOI 3, from 

infective phages) on two C. baltica host strains - the original NN016038 and the 

alternative #18 measured in three ways, (A, B) plaque assays, (C, D) phageFISH and (E, 

F) geneELISA. Plaque assays of suggested a latent period of ~80 minutes (two-tailed t-

test, p<0.05) on the original host (A) and >270 minutes on the alternative host (B). 

PhageFISH quantified the fraction of infected (histogram’s solid fill) and lysed 

(histogram’s striped fill) cells, as well as per-cell intensity of the phage signal (pie 

charts). On the original host (C), the latent period was 70 minutes, and the fraction of 

lysed cells 13.3%-39.5% at 70-80 minutes, whereas on the alternative host (D), the latent 

period was ≥150 minutes, with 3.4% lysed cells. GeneELISA detected phage DNA 

replication within infected original host cells at ≥60 minutes (E) and within infected 
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alternative host cells at ≥110 minutes (F). For geneELISA data, four infected replicate 

wells (100µl in each) were pooled together at each time point. Asterisks (*) indicates 

significantly different OD values (two-tailed t-test, p<0.05) between consecutive time 

points. For all analyses, the average and standard error of two biological replicates are 

shown, and all reported times consider the ‘0’ time point as that immediately after the 10-

fold dilution step. 

Figure 3. Intracellular infection dynamics of ϕ38:1 on two different C. baltica host 

strains ‒ (A) the original NN016038 from 20 to 80 minutes and (B) the alternative #18 

from 30 to 150 minutes after dilution of the infection, assayed by phageFISH. Two 

biological replicates from the infection represented in Figure 2 were analyzed. Arrows 

designate different stages of the infection: early (single phage genomic copies, blue 

arrows), advanced (multiple phage genomic copies, yellow arrows) and phage release 

from lysed cells (white arrows). Negative control gene probes (NonPoly350Pr) showed 

~0% hybridization on the phage-infected cells at 80 and 150 minutes for the original and 

the alternative hosts, respectively. Scale bar (white line) is 5 µm. 

Figure 4. Infection dynamics of ϕ38:1 at high multiplicity of infection (MOI 6, from 

infective phages) on the alternative host strain C. baltica #18 and measured over 26 hours 

by (A) plaque assays and (B) phageFISH. (A) Plaque assays suggested a latent period of 

11 hours (two-tailed t-test, p<0.05), and an increase in phage abundance until 24 hours. 

(B) PhageFISH quantified the fraction of infected (histogram’s solid fill) and lysed 

(histogram’s striped fill) cells, as well as per-cell intensity of the phage signal (pie 

charts). Several infection waves were observed, with the first one displaying lysis at 5‒11 

hours for 7‒21% of the infected cells. The second infection wave started at 13 hours, as 

inferred by the increase in the class I signal (in 50% of the infected cells), and the 

decrease in the fraction of infected (15.5%) and lysed (1.5%) cells. For all analyses, the 

average and standard error of two biological replicates are shown, and all reported times 

consider the ‘0’ time point as that immediately after the 10-fold dilution step. 
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Figure 5. Intracellular infection dynamics of ϕ38:1 on the alternative host C. baltica 

strain #18 at 0, 8, 16 and 24 hours after dilution of the infection, assayed by phageFISH. 

Two biological replicates from the infection represented in Figure 4 were analyzed. 

Arrows designate different stages of the infection: early (single phage genomic copies, 

blue arrows), advanced (multiple phage genomic copies, yellow arrows) and phage 

release from lysed cells (white arrows). Scale bar (white line) is 5 µm.  

Supplementary Figure S1. Growth curve of the C. baltica original (NN016038) and 

alternative (#18) host strains over time. (A) Optical density (OD) at 595 nm and (B) cell 

abundance (in colony forming units, CFUs) measured from colony inoculation (0 hour) 

through logarithmic growth (~9‒14 hours) and the start of stationary phase (~17 hours). 

(B) Growth rate obtained from the exponential phase resulted in 94.8 minutes and 80 

minutes for the original and alternative hosts, respectively. For both experiments, three 

biological replicates and their standard error are represented. 

Supplementary Figure S2. Infection dynamics of ϕ38:1 on the alternative host strain C. 

baltica #18 at high multiplicity of infection (MOI 3, from infective phages) measured 

over 24 hours by plaque assays after a 1000-fold dilution of the infection. No significant 

increase in phage abundance was detected during the first 11 hours (two-tailed t-test, 

p>0.05). For all analyses, the average and standard error of two biological replicates are 

shown, and all reported times consider the ‘0’ time point as that immediately after the 

1000-fold dilution step. 

Table 1. Quantitative measurements of the latent period, percent of infected cells, and 

burst size for phage ϕ38:1 infecting two different C. baltica strains ‒ the original 

NN016038 and the alternative #18 hosts. The fraction of infected cells, latent period and 

burst size were obtained from plaque assays and viable cell counts. PhageFISH revised 

the latent period and burst size. 

Figures 
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Supplementary Figure S2.  

 

Table I 

 

1No significant phage production was detected in the alternative host over 270 minutes (two-tailed t-test, 
p>0.05). 
 
 

 

 

  

 

MOI 

Latent infection period 

(minutes/hours) 
 

Percent of infected 

cells (average during 

the latent period) 

 
Burst size 

(phages produced per cell) 

 
Plaque 
assay 

phageFISH  
Viable 

cell 
count 

phageFISH  
Plaque assay 
+ viable cell 

count 

Plaque assay 
+ 

phageFISH 

ϕ38:1 on 

C. baltica  

strain 

NN016038  

3 80 min 70 min 

 

62.1 63.6 

 

8.6 8.2 

ϕ38:1 on 

C. baltica  

strain #18 

3 >270 min ≥150 min 
 

30.4 30.5 
 

NA1 NA1 

ϕ38:1 on 

C. baltica  

strain #18 

6 11 h ≤5 h 
 

28.3 20.5 
 

871 39.2 
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Abstract  

Bacterial viruses (phages) influence global biogeochemical cycles, cell mortality and 

evolution. Ultimately, their impact depends on the efficiency (e.g., fraction of 

infected/lysed cells, latent period) and outcomes (e.g., lysis or lysogeny) of phage—host 

interactions. One environmental phage isolate, ϕ38:1, differently infects two nearly 

identical (100% 16S rRNA identity, 7% unique genes) Cellulophaga baltica strains – 

optimally lytic (e.g., fast, efficient) on the original host (NN016038) versus sub-optimally 

lytic (e.g., slow, inefficient) on the alternative host (#18). Here we measure phage, host 

and genome-wide expression (RNA-seq) to better understand such phage—host 

interactions. Phage transcription was similar in both hosts through the latent period on 

NN016038, suggesting host transcription influenced infection dynamics. Consistently, 

9% (original host) and 22% (alternative host) of host genes were differentially expressed 

upon infection, establishing an apparently beneficial (e.g., genes for DNA replication and 

translation) or detrimental (e.g., genes for RNA degradation or lack of genes for 

translation) transcriptional environment for phage infection in the original versus 



98 
 
alternative hosts, respectively. Together, these findings help characterize optimal and 

suboptimal phage—host interactions and provide a baseline for targeted, mechanistic 

study of sub-optimal infections, which are likely common in nature but understudied. 

Introduction 

Viruses in the ocean are highly abundant entities (i.e., ten-fold higher than that of 

microbes (Bergh, Borsheim et al. 1989)), with most of them infecting bacteria (i.e., 

phages) (Proctor and Fuhrman 1990). They are ecologically relevant, for contributing to 

nutrient cycling, photosynthesis, host metabolic reprogramming and evolution by gene 

transfer (Fuhrman 1999, Wommack and Colwell 2000, Fuhrman and Schwalbach 2003, 

Lindell, Sullivan et al. 2004, Sullivan, Lindell et al. 2006, Hurwitz, Hallam et al. 2013). 

Central to these processes are phage—host interactions, as their efficiency (e.g., fraction 

of infected/lysed cells, latent period) and outcomes (e.g., lysis or lysogeny) directly 

impact the ecosystem (Wilhelm and Suttle 1999).  

Understanding phage—host interactions requires examining the diversity of 

interacting phages and hosts (i.e., ‘who infects whom’) and the parameters of infection, 

such as the efficiency of lytic infections, which ultimately shape the phage—host 

population diversity (Abedon, Herschler et al. 2001, Abedon, Hyman et al. 2003). Firstly, 

while most bacteria can be infected by phages (Weinbauer 2004, Hyman and Abedon 

2012), data mainly derives from phages infecting only a few taxa (Actinobacteria, 

Firmicutes and γ-Proteobacteria). Consequently, environmental diversity is vastly 

underrepresented (Holmfeldt, Solonenko et al. 2013). Secondly, lytic phages have 

variable efficiencies depending on the host and environmental factors (You, Suthers et al. 

2002, Wang 2006). Namely, sub-optimal infections (e.g., long latent periods, lower 

infection rates and/or lysis efficiency) are predicted as relevant in the ocean, where 

certain environmental conditions (e.g., nutrients, temperature, pH) impact the host (e.g., 

physiology, availability, density), and consequently, phage—host interactions (Säwström, 

Graneli et al. 2007, Brown, Stancik et al. 2013, Mojica and Brussaard 2014, Traving, 

Clokie et al. 2014). However, partly due to common approaches for studying phage—

host interactions (e.g., plaque assays, spot tests), fast and optimal lytic infections are 
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favored over sub-optimal infections (Dang and Sullivan 2014, Dang & Howard-Varona, 

submitted). Further, research into infection efficiencies and sub-optimal infections is 

mostly theoretical (Abedon, Herschler et al. 2001, You, Suthers et al. 2002, Bragg and 

Chisholm 2008) and could thus benefit from experimental knowledge from 

environmental model systems. 

One such system is ϕ38:1 infecting Cellulophaga baltica of the ubiquitous 

Bacteroidetes phylum, which dominates in the human gut and is the third most abundant 

in the ocean (Kirchman 2002, Gomez-Pereira, Fuchs et al. 2010). Extensive genomic, 

structural proteomics (Holmfeldt, Solonenko et al. 2013), quantitative host-range assays 

and infection dynamics (Holmfeldt & Howard-Varona et al. 2014, Dang & Howard-

Varona et al, submitted) exist for this phage, which differentially infects various strains 

of the C. baltica species. The lytic infection on its original host (used for isolation, strain 

NN016038) is fast and efficient (~60% infected cells, 70 minute latent period and 8 

particles produced per infected cell) and successfully detected by plaque assays and gene 

marker-based approaches (Dang & Howard-Varona et al, submitted). By contrast, the 

lytic infection on an alternative host (strain #18) is sub-optimal (~30% infected cells), 

slower and harder to detect (~11 hour latent period by plaque assay or 150 minutes by 

phageFISH). However, the burst size is larger (39 particles per infected cell) (Dang & 

Howard-Varona et al, submitted). This paradigm (shorter latent periods with smaller 

burst sizes than longer infections) has been previously hypothesized (Wang 2006) but 

needs experimental systems for mechanistic understanding. As the C. baltica strains are 

genetically very similar (Holmfeldt, Middelboe et al. 2007), exploring the infection at the 

molecular level will likely uncover regulatory mechanisms of contrasting intra-species 

phage—host interactions.  

Here we apply time-resolved whole-genome transcriptome sequencing (RNA-seq) to 

assess regulation at the gene expression level throughout the course of ϕ38:1 infection on 

each of the two C. baltica hosts.  

Results and discussion 

RNA-seq of phage ϕ38:1 and two C. baltica host strains with contrasting lytic infections 
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Gene expression of phage ϕ38:1 and two C. baltica strains, the original (NN016038) 

and alternative (#18) hosts, were followed via time-resolved, whole-genome 

transcriptome sequencing (RNA-seq) of the infection, as guided by previous phageFISH 

data under similar conditions (Dang & Howard-Varona et al, submitted). For each 

phage—host set, three infections and no-phage controls were diluted 10-fold to minimize 

secondary infections after 15 minutes of phage—host adsorption (see methods), and time 

‘0’ was established (i.e., 0 minutes throughout the text is 15 minutes post-infection). 

Phage and host abundances were measured over 3 and 4 hours on the original and 

alternative hosts, respectively (Figure 1), and RNA was sequenced from 0, 15, 30, 45, 60 

and 120 minutes from the original host infection (Figure 1A), and from 0, 20, 40, 60 and 

120 minutes from the alternative host infection (Figure 1B). The resulting one-step 

growth curves were consistent with previous observations (Dang & Howard-Varona et al, 

submitted), with a 75 minute latent period (two-tailed t-test, p<0.05; Figure 1A) on the 

original host and no significant change in phage abundance over 4 hours on the 

alternative host (two-tailed t-test, p>0.05; Figure 1B). 

Transcriptome data were obtained via Sequencing by Oligonucleotide Ligation and 

Detection (see methods), generating 1.7x107-1.4x108 and 1.6x107-1.1x108 reads per 

sample in the original and alternative host infections, respectively, and covering both 

genomes in each experiment ≥40 times on average (Table S1, Table S2; Figure S1). 

Further, strand-specific sequencing on the alternative host infection (made possible due to 

larger biomass; see methods) allowed measuring intergenic expression from each strand 

and identifying potential phage non-coding RNAs (ncRNAs) (Figure S2). 

For phage and host transcriptomes, expression levels were computed as the number of 

reads mapped to the gene normalized both by its length (in kilobases, kb) and the total 

number of mapped reads in a sample: reads per kb per million mapped reads, RPKM 

(Mortazavi, Williams et al. 2008). Samples were hierarchically clustered based on their 

RPKM profile to identify outliers (see methods and Figure S3). Differential expression 

(DE) analyses (see methods) were applied to i) identify temporal changes in the phage 

transcriptome, and ii) identify DE host genes during infection relative to the non-infected 
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controls. In the following sections we develop these points, analyze the phage and host 

transcriptions and explore the biology behind optimal versus sub-optimal infections. 

Phage gene expression is similar in both C. baltica hosts 

Phage ϕ38:1’s transcription as a function of time was interrogated during an infection 

on the original (Figure 1A) and the alternative (Figure 1B) hosts (see methods). Using the 

former as a reference, the phage transcriptome appeared spatially and temporally 

regulated in both hosts (Figure 2). Firstly, a heat map of gene expression ordered by 

genome position suggested gene location and temporal expression were related in both 

hosts (Figure 2A, 2B). For example, genes near base pair (bp) 1 had highest expression 

early in the infection whereas genes near position 72 kb had highest expression towards 

the end of the infection, 60 minutes in the original host (Figure 2). Secondly, clustering 

analyses (see methods) of the phage genes based on their expression profiles revealed 

three core groups, early, middle and late, with significant differences (FDR<0.05) in the 

timing of their expression (Figure 2C, 2D; Table I). In the original host, early genes had 

highest expression at 0 minutes (42 phage genes; 34% of total genes), middle genes at 15-

30 minutes (25 genes; 20.3% of total genes) and late genes after 30 minutes and until the 

end of the infection (53 genes; 43.1% of total genes) (Figure 2C, Table I). Notably, the 

120 minute time point was post-infection (Figure 1A) and likely represented a mixed 

signal between infected and lysed cells (Figure S1).  

In the alternative host, the early group contained genes with maximum expression at 0 

minutes (45 genes; 36.6% of total genes), middle at 20 minutes (18 genes; 14.6% of total 

genes) and late at ≥40 minutes (53 genes; 43.1% of total genes) (Figure 2D, Table I).  

In addition, few genes presented constant levels of expression throughout the 

infection (i.e., no temporal change in expression; FDR>0.05), and were termed ‘constant 

low’ or ‘constant high’ according to their expression level. The original host infection 

only displayed constant low genes (099, 100, and 101; with unknown functions), while 

the phage in the alternative host displayed both, constant low (adding 092 to the three in 

the original host infection) and constant high (genes 038, 087 and 093) (Figure 2C, 2D; 

Table I).  
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Thirdly, these temporal groups mostly contained physically proximal genes, with the 

exception of three original host’s middle genes (genes 084, 085 and 086) that were 

surrounded by late genes (Figure 3). This arrangement has been observed in other phages 

(Lindell, Jaffe et al. 2007, Pavlova, Lavysh et al. 2012, Ceyssens, Minakhin et al. 2014), 

and while unknown, the purpose could be to prolong expression of the middle transcripts 

and/or delay their degradation until late stages. Further, the overall relation between 

spatial gene organization and temporal regulation has been described in other phage 

systems as a way of controlling gene expression either via early and late (Loskutoff, Pene 

et al. 1973, Poranen, Ravantti et al. 2006, Fallico, Ross et al. 2011, Ainsworth, Zomer et 

al. 2013) or early, middle/intermediate and late (Lindell, Jaffe et al. 2007, Legendre, 

Audic et al. 2010, Pavlova, Lavysh et al. 2012, Lavigne, Lecoutere et al. 2013, Ceyssens, 

Minakhin et al. 2014) categories.  

Functional analyses of the phage expression groups revealed the requirements for 

each stage of phage infection, which were similar in both hosts (Figure 3). Firstly, in the 

original host the early group suggested ‘host takeover’ functions for phage reproduction, 

such as protein metabolism (e.g., host protein degradation, phage protein synthesis and 

folding) and regulation of gene expression (e.g., ribosyltransferase, Serine/Threonine 

(Ser/Thr) phosphatase) similar to coliphages T4 (Miller, Kutter et al. 2003), T7 

(Rahmsdorf, Pai et al. 1974) or lambda (Lobocka, Rose et al. 2004). Further, some early 

genes also indicated cell wall related functions, either involved in phage infection (e.g., 

putative lysozyme-like (Rossmann, Mesyanzhinov et al. 2004); putative α-mannosidase 

(Prehm and Jann 1976)) and/or superinfection exclusion (e.g., putative S-layer-related 

protein (Mann, Clokie et al. 2005)) (Figure 3). Alternatively, lysozyme-like proteins can 

bind to RNAP and mediate gene expression (e.g., coliphage T7, (McAllister and Wu 

1978, Cheetham and Steitz 2000)), in which case such genes would still function as ‘host 

takeover’ by controlling gene expression. 

Secondly, the middle genes were for catabolism (e.g., nucleic acid and protein 

degradation), phage DNA replication (e.g., DNA polymerase, DNA primase) and energy 

metabolism (e.g., phosphomannomutase, NAD-dependent epimerase/dehydratase) 
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(Figure 3), likely involved in making phage ‘building blocks’ (e.g., nucleotides, amino 

acids) and promoting phage reproduction (i.e., DNA replication and production of 

protein-rich phage particles).  

Thirdly, the late genes were involved in protein metabolism (e.g. structural proteins), 

DNA metabolism and cell lysis (i.e., lysozyme gene 077) (Figure 3), likely aimed at 

making DNA-containing phage particles and lysing the cell for their release. 

In the alternative host, phage transcriptome differed slightly (12/123 transcription 

features) from that on the original host (Figure 3), with genes displaying (i) advanced, (ii) 

delayed or (iii) additional constant expression (Figures 2, 3). Firstly, 4 original host 

middle genes were expressed early in the alternative host, with predicted functions of 

DNA replication (040), energy metabolism (041,042) and an unknown function (044). 

Secondly, 1 original host early gene (028; putatively involved in signaling functions) was 

expressed as a middle gene and 3 middle genes (084, 085, 086) became late. The gene 

products for these were likely involved in protein metabolism (gp084), DNA-dimer 

resolution (gp085) and an unknown function (gp086). Thirdly, 4 genes were constant low 

(see above) and 3 constant high in the alternative host, with the latter including original 

host middle gene 038 (putatively localized to the cell surface) and late genes 087 

(putatively involved in protein synthesis) and 093 (unknown function). A delay or lack of 

temporal regulation of gene expression might contribute to the delayed infection in the 

alternative host, though further genetic testing is needed. 

The original host’s transcriptome is better suited for phage infection  

Given similar phage expression across both hosts, we next characterized the host 

transcriptomes. The fraction of total genes differentially expressed throughout the 

experiment (0-120 minutes; Figure 1) ranged from 0.7-6.3% in the original versus 6-12% 

in the alternative host, with more diversity of genes differentially expressed in the 

alternative (22.1%) than in the original (9.4%) host (Table II). Such small original host 

response to phage infection is similar to other lytic phages (Poranen, Ravantti et al. 2006, 

Ortmann, Brumfield et al. 2008, Ravantti, Ruokoranta et al. 2008, Fallico, Ross et al. 
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2011, Ainsworth, Zomer et al. 2013, Lavigne, Lecoutere et al. 2013, Ceyssens, Minakhin 

et al. 2014). However, the alternative host’s higher response level might reflect a higher 

metabolic demand by the phage in this host, as seen in a non-sub-optimal cyanophage 

(Lindell, Jaffe et al. 2007), or a greater defense against the phage. 

Analyses of the host transcriptomes revealed 14 functional categories (Figure 4) for 

the DE genes, and their significant difference of expression between infected and control 

conditions (fold change, FC) was calculated for every time point of the infection (see 

methods). With the original host as reference, the FC was larger by 60 minutes (end of 

infection; Figure S1) in the original host than in the alternative host (Figure 4).This could 

suggest that the genes DE in the alternative host were not expressed at the ‘required’ 

levels as in the original host. Furthermore, there seemed to be a better host takeover by 

phage in this host, which was not observed in the alternative host. For example, the 

largest underexpressed genes in the original host encoded cell signaling, stress and 

motility functions (Figure 4A), while the largest underexpression in the alternative host 

was observed in genes encoding for amino acid metabolism, cell wall remodeling and 

prophages & transposon functions (Figure 4B). A similar phenomenon was noted in 

infections by filamentous phage M13 (Karlsson, Malmborg-Hager et al. 2005) and lytic 

archaeal virus SIRV2 (Okutan, Deng et al, 2013), where it was suggested that host 

metabolic shutdown was required for better virus reproduction. 

To assess the specific contribution to phage infection by each host and find potential 

candidates for optimal versus sub-optimal phage—host interactions, several functional 

categories were investigated, namely (i) DNA, (ii) RNA and (iii) protein metabolism 

(Figure 5, Figure S4). Firstly, DNA metabolism was subdivided into DNA replication, 

DNA recombination, DNA repair, DNA degradation and DNA modification genes 

(Figure 5A, Figure S4A-E). As the phage carries its own DNA polymerase gene, which is 

expressed as a middle gene in both infections (Figure 3), middle-late underexpression of 

the original host’s DNAP gene (within the DNA replication category; Figure 5A, Figure 

S4A) likely arrested host DNA replication. However, its early-middle overexpression in 

the alternative host (Figure 5A, Figure S4A) suggested the host continued replicating its 
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DNA despite phage infection, at least until late stages (where the genes were 

underexpressed; Figure S4A). Furthermore, DNA recombination (Figure S4B) and repair 

(Figure S4C) genes were overexpressed middle (both) and late (recombination genes) in 

the original host, and only DNA repair genes were overexpressed late in the alternative 

host (Figure S4C). Given that these functions are related with phage DNA replication and 

packaging, they might happen more efficiently earlier in the original host and later in the 

alternative host. Lastly, DNA degradation genes were overexpressed early (in the 

alternative host) and middle (in both hosts) stages of the infection (Figure 5A, Figure 

S4D), along with DNA modification genes late in the alternative host infection (Figure 

5A, Figure S4E). Here, host DNA would be virtually targeted for DNA degradation in the 

original host infection (as it is a successful infection), and thus, need no protection (i.e., 

no effect from DNA modification genes). By contrast, the target in the alternative host 

infection could either be host or phage DNA, a question open to experimental testing. 

Secondly, RNA metabolism genes included functions of transcription and regulation 

of transcription, RNA degradation and RNA modification (Figure 5B, Figure S4F-I). 

Here, transcription genes had similar expression pattern in both hosts (Figure S4F). 

However, the fold-increase at every time was greater in the original host, thus suggesting 

a more efficient phage gene expression in this host. Interestingly, transcriptional 

regulation (Figure S4G) displayed downregulated gene expression only early in the 

original host, likely reflecting an efficient phage takeover at that time. Furthermore, RNA 

degradation genes were upregulated at all times in the alternative but not in the original 

host (Figure S4H), while RNA modification genes were overexpressed middle-late in the 

original host and underexpressed in the alternative host at that time (Figure S4I). Here, 

the target of degradation could be either host or phage RNA in both infections, though 

phage RNA is unlikely to be it in the successful, original host infection. Thus, one 

hypothesis for the observed expression in the alternative host is that host RNA is 

protected from degradation via modification, and phage RNA is targeted for degradation 

in this alternative host infection. 

Thirdly, protein metabolism included genes coding for protein degradation, protein 

folding, tRNAs and translation functions (Figure 5C, Figure S4J-M). Degradation genes 
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(Figure S4J) were expressed to higher levels middle-late in the original host than in the 

alternative host, suggesting phage-induced host protein degradation to generate amino 

acids for phage reproduction. Alternatively, the original host may activate protein 

degradation middle-late as a defense against the phage and to prevent capsid assembly. 

Since phage infection is more efficient in the original than in the alternative host (where 

protein degradation genes are less expressed, Figure S4J), the former hypothesis seems 

more likely. Furthermore, protein folding (Figure S4K) genes were overexpressed only in 

the alternative host, suggesting that the protein products could either help fold phage 

structural proteins or unfolded alternative host proteins derived from the stress of a phage 

infection.  

Interestingly, tRNA genes were also only overexpressed in the alternative host 

(Figure S4L), thus a possible codon usage bias by the phage on the original host was 

explored (see methods). Specifically, the codon adaptation index (CAI), an estimate of 

the phage’s preference towards the original or the alternative host’s codons during protein 

translation (Sharp and Li 1987), was highly correlated between the hosts (Pearson’s 

R2=0.99, Figure S5). This is consistent with the near complete lack of variation in %G+C 

across these organisms (34.7% and 38.1% G+C in both hosts and the phage, 

respectively). Thus, codon usage and %G+C are unlikely to explain the infection 

differences between the hosts.  

Finally, translation genes (Figure S4M), which undoubtedly helped phage infection 

(as phages lack such machinery), were overexpressed middle-late in the original host and 

were underexpressed throughout the alternative host infection, thus suggesting an 

inefficient translation machinery as a contributor to ϕ38:1’s sub-optimal infection in the 

alternative host.  

The above analyses suggested candidate genes to target in future work designed to 

mechanistically understand sub-optimal phage—host interactions. For example, 

compared to the original host, DNA recombination genes were not differentially 

expressed in the alternative host, which could be needed for resolving DNA-dimers or 

repairing errors during phage DNA replication and packaging (Figure 5A, Figure S4B). 
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Also, in the alternative host transcription genes had lower levels of expression (Figure 

5B, Figure S4F) while RNA degradation genes were only differentially overexpressed in 

the alternative host (Figure 5B, Figure S4H), suggesting potential (i) slower phage 

expression and (ii) phage RNA degradation in the alternative host. Finally, as protein 

synthesis genes were only overexpressed in the original host (Figure 5C), translation 

might be a limiting step in the alternative host and contribute to sub-optimal phage 

infections. 

Together, these results provide insight into a biological model for transcriptional 

regulation of optimal versus sub-optimal lytic infections (Figure 6), which are 

understudied yet likely relevant in the environment. 

Conclusions 

Phage—host interactions are fundamental to understanding microbial ecosystems, yet 

research mostly focuses on optimal phage—host systems that underrepresent the diversity 

and scope of phage infections. Particularly, optimal versus sub-optimal lytic interactions 

are underexplored, yet likely common in the environment. Here we investigate the 

transcriptional regulation of an optimal versus a sub-optimal lytic infection of one phage 

on two host strains. The phage transcriptome was similarly expressed in both hosts, with 

few genes displaying delayed expression or lack of regulation in the sub-optimal 

infection. Further, the host transcriptome revealed candidate gene regulators of each 

infection, including RNA degradation and protein translation in the sub-optimal infection. 

These results provide insight into environmental phage—host interactions, inform 

theoretical modeling approaches and guide future targeted genetic studies aimed at 

deciphering the regulators that determine whether infections are to be optimal versus sub-

optimal – predicted as relevant in the environment. 

Experimental procedures 

Phage—host cultures and infections 



108 
 

Growth and infections of C. baltica host strains NN016038 (original) and #18 

(alternative) with ϕ38:1 were conducted as previously described (Holmfeldt & Howard-

Varona et al. 2014; Dang & Howard-Varona et al, submitted). Briefly, cells were grown 

in Marine Luria Bertani (MLB) medium to a density of 108 cells ml-1 in early logarithmic 

stage and infected with ϕ38:1 in 50 ml at a multiplicity of infection (MOI) of 1.1 and 6.1 

for N016038 and #18, respectively. These included 3 infections and 3 controls containing 

Marine Sodium Magnesium (MSM) buffer instead of phage. After 15 minutes of phage—

host adsorption time, replicates were diluted 10-fold in MLB and time 0 (‘0 minutes’) 

was established. During the 3 and 4 hour infection on the original and alternative host, 

respectively, RNA was collected (1.0 ml) from minutes 0, 15, 30, 45, 60 and 120 (Figure 

1A) and from minutes 0, 20, 40, 60 and 120 (Figure 1B), respectively. Nomenclature of 

the samples included the time followed by infection (I) or control (C) and the replicate 

(R) number. For example, biological replicate 1 of the infection at 15 minutes was ‘15 

min I R1’. Phage and cell abundance (via viable cell plating) were enumerated as 

previously described (Holmfeldt & Howard-Varona et al. 2014), obtaining 75% and 38% 

of the original and alternative host cells infected at 0 minutes, respectively.  

RNA extractions 

The 1.0 ml collected samples were spun down at 20817 xg for 5 minutes, the 

supernatant was removed and tubes were flash-frozen in liquid nitrogen and stored at -80 

°C until the extraction. The mirVana miRNA Isolation Kit (Ambion cat. no. AM1560) 

was employed for extracting RNA from the original host infection (guided by (Lindell, 

Jaffe et al. 2007)) and the RNeasy mini Qiagen kit (Qiagen cat. no. 74104) for the 

alternative host infection to improve the yield (see below). Quality and integrity of the 

extracted RNA was determined via the Agilent Bioanalyzer 2100 (Agilent Technologies, 

USA), and sequenced when the RNA integrity number (RIN) was ≥~7. 

Validating the sequencing for low RNA samples 
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Extractions with the mirVana kit yielded samples with ≤5 ng of RNA in the original 

host infection (i.e., 0 min I all R, 15 min I R2, 30 min I all R, 45 min I all R, 60 min I R2; 

Table S1), and required validating the quality of the sequencing. Samples ‘15 min I R3’ 

(35.14 ng of RNA) and ‘120 min I R1’ (31.96 ng of RNA) were sequenced along with 

10-fold dilutions (3.51 ng and 3.19 ng, respectively). Reads were then mapped to the 

phage and the original host genomes, and the correlation between diluted and undiluted 

was assessed. All dilutions were highly similar to the undiluted samples (Pearson’s R2 

≥0.95), thus validating the quality of low RNA samples (Figure S6). 

RNA-sequencing, read mapping to host and phage genomes and coverage calculations 

Libraries of complementary DNA were prepared for SOLiD 5500 XL (Applied 

Biosystems) sequencing according to the manufacturer’s protocol (Life Technologies, 

USA). The 50bp reads were mapped to the genomes of the corresponding host, C. baltica 

NN016038 (GenBank # CP009887.1) or C. baltica #18 (GenBank # CP009976), and 

phage ϕ38:1 (GenBank # NC_021796.1) using Bowtie2 v.2.1 (Langmead and Salzberg 

2012). Coverage of the phage and host genomes was calculated as the number of bp 

mapped to a genome divided by the genome length (Tables S1, S2; Figure S1).  

Phage genome annotation 

New predicted functional annotations were incorporated into the publicly available 

phage genome (GenBank # NC_021796.1). For this, genes without functional annotation 

were run through Blastx, Blastn, BlastP, InterProScan and NCBI Conserved Domain. The 

overlapping result between InterProScan and/or NCBI Conserved Domain and a Blast 

search was selected as an approximation of the protein’s function, which was designated 

as ‘putative’. 

Whole genome comparison of both hosts 

Protein sequences from C. baltica NN016038 and #18 were compared with blastp 

(threshold of 50 on bit score, 0.001 on e-value, and 99% of amino-acid identity of 
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BLAST hit). For each genome, a protein not detected in the other was considered as 

“unique” to this host, resulting in 7% of unique genes to each host. 

Statistical analyses of the phage and host transcriptomes 

- Normalization of the read counts, calculation of RPKM and heat map representation 

Read counts of phage and host were normalized separately using the R software 

package edgeR in Bioconductor (Robinson, McCarthy et al. 2010). The resulting matrices 

were used for calculating RPKM (Mortazavi, Williams et al. 2008) values for all genes 

and for differential expression analyses (see below). Log2RPKM values are displayed in 

heat maps generated via the pheatmap package in R. 

- Sample clustering 

After normalization and calculation of log2RPKM, host infected and control samples 

were hierarchically clustered via Pearson’s correlation using the pvclust (Suzuki and 

Shimodaira 2006) package in R. Node support was calculated through multiscale 

resampling (10000 boostraps, Figure S3). From the original host infection, samples ‘0 

min I R3’, ‘15 min I R3’, ‘30 min I R3’ and ‘120 min C R3’ were discarded due to lack 

of clustering with samples from the same time point and type (Figure S3A), possibly due 

to contamination. 

- Differential expression (DE) analyses 

DE was calculated between (i) infected and control host samples at every time point, 

(ii) between time points of host control samples and (iii) between time points of phage 

infected samples. Statistical packages edgeR (Robinson, McCarthy et al. 2010) and 

Limma (Wettenhall and Smyth 2004) were used and genes with a false discovery rate 

(FDR) <0.05 that were common to both methods were considered as DE. Further, the 

genes obtained as DE between every time point in host control samples were removed 

from the list of genes DE between infected and control. While there were none in the 

original host, there were 20 (0.5% of total genes; Table II) in the alternative host. Fold-
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change (in log2FC) for those DE genes was calculated as the difference in expression 

(i.e., log2RPKM) between infected and control. Genes were upregulated if log2FC>0 and 

downregulated if log2FC<0. 

- Temporal expression clusters 

Phage genes from infected samples were clustered according to their temporal 

expression profile (based on log2RPKM). All time points were compared against each 

other using edgeR and Limma (see above), and the resulting genes with an FDR<0.05 

were hierarchically clustered to determine the number of stable clusters as previously 

described (Lindell, Jaffe et al. 2007). Briefly, the scaled log2RPKM dataset was 

hierarchically clustered using Pearson’s correlation and resampled using the clusterStab 

R package (Smolkin and Ghosh 2003). Phage genes fit into 3 stable clusters in both 

infections (i.e., early, middle and late). 

- Normalization of gene expression levels by % of infected cells 

Given that the RNA signal for each infection came from a different fraction of infected 

cells (75% and 38% in the original and alternative host infections, respectively), 

expression levels across both infections were compared by normalizing the FC by the 

fraction of infected cells (i.e., normalized FC), as follows. RPKMx = [RPKMi-(1-a) x 

RPKMc]/a, where RPKMx is the RPKM obtained from infected samples, RPKMi is the 

RPKM derived from the cells that are infected (i.e., 75% or 38% for each host, 

respectively), RPKMc is the RPKM derived from the uninfected pool in that sample (i.e., 

25% and 62%, respectively), and a is the % of infected cells. From here, normalized FC = 

RPKMx / RPKMc. 

Functional group assignment to differentially expressed host genes 

Host genes found DE between infected and control samples at every time point (see 

above) were placed into one of 14 functional categories (i.e., amino acid metabolism, cell 

cycle & division, cell signaling, cell wall remodeling, DNA metabolism, energy, motility, 
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nucleotide metabolism, prophages & transposons, transport, protein metabolism, RNA 

metabolism, stress, unknown) using an in-house R-based script that grouped similar 

functions into the same category (available at 

http://www.eebweb.arizona.edu/faculty/mbsulli/informatics/scripts/index.html).  

Codon adaptation index 

The codon usage table for the phage and both the original and the alternative hosts as 

well as the codon adaptation index (CAI) (Sharp and Li 1987) were calculated with 

EMBOSS software (Rice, Longden et al. 2000).  
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Figure and table legends 

Figure 1. One-step growth curve infection dynamics of ϕ38:1 on the Cellulophaga 

baltica original (strain NN016038) and alternative (strain #18) hosts. Phage and the 

original or alternative hosts were mixed at 1.1 and 6 MOIs, respectively, allowed to 

adsorb for 15 minutes, then diluted 10-fold to reduce re-adsorption. The zero time point 

(‘0 minutes’) is immediately after dilution. Represented are the average and standard 

error of three biological replicates. LP, latent period. Underlined are the time points at 

which RNA samples were collected for RNA-seq.  

Figure 2. Transcriptome of ϕ38:1 infecting two Cellulophaga baltica strains, the original 

(NN016038) and the alternative (#18) hosts. A heat map of gene expression (in 

log2RPKM of the average of three biological replicates) for every gene ordered as in the 

genome represented different temporal patterns of expression in the original (A) and 

alternative (B) hosts. Clustering analyses of the genes based on expression in the original 

(C) and alternative (D) hosts identifies three core groups based on significant 

(FDR<0.05) maximum expression (early, middle, late), as well as the ‘constant low/high’ 

(no change in expression throughout time). Average of expression for all the genes in a 

group and standard deviation are plotted. 
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Figure 3. Whole-genome transcriptome of ϕ38:1 infecting two Cellulophaga baltica 

strains, the original (NN016038, top) and the alternative (#18, bottom) hosts. Numbers 

represent protein-coding gene identifiers (gp). Genes in the plus strand (5’-3’) are 

represented above the genome line (black) and genes in the minus strand (3’-5’) are 

below the line. 

Figure 4. Functional analysis of Cellulophaga baltica (A) original (NN016038) and (B) 

alternative (#18) hosts’ transcriptomes throughout the infection with ϕ38:1. Differentially 

expressed genes are grouped into 14 functional categories (vertical axis) by time point. 

The normalized fold change (FC) of expression between infected and control conditions 

(in log2FC) is represented as the average of all genes in a functional category, and then 

stacked by time point.  

Figure 5. Temporal expression of three host functional categories affected by phage 

infection. For all functional categories, the normalized (by % infected cells), average of 

fold change (normalized log2FC) expression for the genes involved in that category is 

computed and represented by a stacked box in their corresponding temporal group 

(‘early’, ‘middle’ or ‘late’).  

Figure 6. Model for phage ϕ38:1’s infection on its optimal (A; original, NN016038) and 

sub-optimal (B; alternative, #18) Cellulophaga baltica hosts. Phage and host functions 

that are differentially expressed during infection are represented with arrows pointing 

upward or downward if up- or down-regulated, respectively. (A) Infection on the original 

host starts (early) with the phage activating a ‘host takeover’ transcriptional program to 

promote its own transcription and degrade host proteins. As the infection progresses 

(middle), the host is reprogrammed to activate translation and promote phage DNA 

replication, while host proteins and DNA are degraded. At the end (late) the phage 

structural and lysis genes are expressed to make new phages that will eventually be 

released by cell lysis. (B) On the alternative host, the infection starts (early) with the 

phage expressing ‘host takeover’ functions like in (A) and with the host expressing genes 

to prevent translation and degrade RNA, DNA and protein. As this transcriptional 
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program continues (middle), the phage would likely have obstacles for replicating its 

DNA and making proteins like on the original host (A). By late phase the phage structural 

genes are activated, but likely due to a lack of control over the alternative host’s 

metabolism (e.g., lack of translation) and its catabolic program (e.g., RNA and protein 

degradation) the phage cycle fails to complete at the time it does in the original host (A). 

Table I. Summary statistics of phage ϕ38:1’s transcriptome during the infection on 

Cellulophaga baltica original (NN016038) and alternative (#18) host strains, as 

determined by edgeR (FDR<0.05).  

Table II. Summary of the differentially expressed (DE) genes in Cellulophaga baltica 

original (NN016038) and alternative (#18) host strains as determined by edgeR and 

limma (FDR<0.05). I, infected; C, control.  

Table S1. Complete RNA-Seq dataset from the infection of ϕ38:1 on the original host 

Cellulophaga baltica NN016038 in biological triplicates and their respective no-phage 

controls. RNA from each sample was extracted in a volume of 20 µl and checked for 

quality (RNA Integrity Number, RIN) prior to SOLiD-sequencing (see methods). The 

following abbreviations are used: "I" (infection), "C" (control), "R" (one of three 

biological replicates), "und" (sample was sequenced undiluted), "dil" (sample was 

sequenced after diluting 10-fold its corresponding "und" sample). 

Table S2. Complete RNA-Seq dataset from the infection of ϕ38:1 on the alternative host 

Cellulophaga baltica #18 in biological triplicates and their respective no-phage controls. 

RNA from each sample was extracted in a volume of 20 µl and checked for quality (RNA 

Integrity Number, RIN) prior to SOLiD-sequencing (see methods). The following 

abbreviations are used: "I" (infection), "C" (control), "R" (one of three biological 

replicates). 

Figure S1. RNA-seq reads mapped to phage ϕ38:1 (black) and the original (NN016038) 

and alternative (#18) Cellulophaga baltica hosts (gray). Mislabeled samples were 

identified from the expected fraction of phage reads. Namely, the 120 min C R3 sample 
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mapped 48.5% of the reads to phage, while the 15 min I R3 sample only mapped 0.1% of 

its reads to phage, thus resembling an infected and control sample, respectively. Further, 

while the 0 min I R1 and R2 samples mapped 53.2% and 48% of their respective reads to 

the phage genome, the R3 mapped 61.1%, similar to the 15 min I R1 and R2 samples (see 

also Figure S2). These samples, together with the 30 min I R3 one, which had sequencing 

issues, were discarded from the analyses.   

Figure S2. Genome-wide transcriptome coverage of phage ϕ38:1’s genome infecting the 

original (NN016038; A) and the alternative (#18; B) Cellulophaga baltica hosts. The 

reads from the average of the replicates were aligned to every position of the phage 

genome (72534 base pairs) via Integrative Genomics Viewer. Protein-coding genes and 

tRNA genes are represented in black, while ncRNAs and intergenic regions are in red. 

(A) Total reads mapped to both strands point upwards with a cutoff of 10000 viewed 

reads (y-axis). (B) Strand-specific reads mapped to the plus strand (point upwards, 5’-3’) 

or the minus strand (point downwards, 3’-5’) with a cutoff of 1000 viewed reads (y-axis). 

Figure S3. Hierarchical clustering by Pearson’s correlation of the Cellulophaga baltica 

original (NN016038; A, B) and alternative (#18; C) hosts infected (I) and control (C) 

samples by their log2 RPKM values. (A, B) Clustering of the original host samples before 

(A) and after (B) removing the dubious replicate samples (underlined, i.e. 0 min I R3, 15 

min I R3, 30 min I R3 and 120 min C R3). Clusters were multiscale bootstrap resampled 

10000 times and their probability of being supported by the data is represented by circles 

at the nodes: black >95%, gray 80-95% and white 60-79%. 

Figure S4. Detailed view of the Cellulophaga baltica original (NN016038) and 

alternative (#18) host strains’ transcriptional categories differentially expressed during 

infection, displayed in Figure 5. 

Figure S5. Phage codon adaptation index (CAI) on the original (NN016038) and the 

alternative (#18) Cellulophaga baltica hosts. (A) CAI for the average of all phage genes 

and their standard deviation in the original (dark gray) and the alternative (light gray) 
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hosts. (B) Linear correlation between the phage CAI in the original and the alternative 

hosts for all phage genes.  

Figure S6. RNA-seq read quality validation from high and low input RNA in the 

Cellulophaga baltica NN016038 (original host) infection experiment. (A, B) The third 

biological replicate from the 15 minute infection (15 I R3) was sequenced undiluted 

(35.14 ng of RNA) and 10-fold diluted (3.5 ng of RNA). (C, D) The first biological 

replicate from the 120 minute infection (120 I R1) was sequenced undiluted (31.96 ng of 

RNA) and 10-fold diluted (3.196 ng of RNA). 

Figures and tables 
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Table I.  

Table II. 

Supplemental figures and tables 

Table S1.  

 ϕ38:1 on C. baltica NN016038 ϕ38:1 on C. baltica #18 

 
Number 
of genes 

% of total 
genes 

Highest 
expression 

Number 
of genes 

% of total 
genes 

Highest 
expression 

Early 42 34.2 0 min 45 36.6 0 min 

Middle 25 20.3 15-30 min 18 14.6 20 min 

Late 53 43.1 >45 min 53 43.1 40 min 

Constant low 3 2.4 - 3 2.4 - 

Constant high - - - 3 2.4 - 

 C. baltica NN016038 C. baltica #18 

 I vs C 
C vs 

C 
Total 
DE 

I vs C 
C vs 

C 
Total 
DE 

 
0 

min 
15 

min 
30 

min 
45 

min 
60 

min 
120 
min 

all 
0 

min 
20 

min 
40 

min 
60 

min 
120 
min 

all 

edgeR 30 245 119 120 113 201 0 - 269 317 399 274 493 89 - 

limma 58 390 165 139 124 148 0 - 303 294 391 265 528 30 - 

common 
to edgeR 
+ limma 

26 238 117 105 94 127 0 - 255 268 360 238 468 20 - 

Final DE 
genes 

26 238 117 105 94 127 - 354 252 267 356 229 456 - 844 

% of total 
genes 

0.7 6.3 3.1 2.8 2.5 3.4 0.0 9.4 6.6 7.0 9.3 6.0 12.0 0.5 22.1 
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Sample ID 
Reads 

generated 
Mapped to 

ϕ38:1 
Mapped to 

host 

ϕ38:1 
genome 
coverage 

Host 
genome 
coverage 

RNA 
(ng) 

RIN 

0 min C R1 3.90E+007 4.63E+004 3.12E+007 31.89 270.76 7.58 7.1 

0 min C R2 1.73E+007 2.24E+004 1.40E+007 15.45 109.40 13.1 7.7 

0 min C R3 3.96E+007 8.86E+004 2.93E+007 61.06 187.31 9.24 8.1 

0 min I R1 6.60E+007 2.68E+007 2.88E+007 18459.68 261.91 4.14 7.6 

0 min I R2 2.60E+007 6.94E+006 1.23E+007 4782.83 83.85 3.16 7.7 

0 min I R31 1.14E+007 3.48E+006 4.98E+006 2396.07 24.69 4.82 7.4 

15 min C R1 4.48E+007 4.19E+004 3.66E+007 28.85 268.79 8.6 7.4 

15 min C R2 5.70E+007 4.16E+004 4.61E+007 28.70 400.65 9.24 6.7 

15 min C R3 5.24E+007 9.31E+004 4.02E+007 64.16 184.96 14.4 7.8 

15 min I R1 4.58E+007 1.85E+007 1.98E+007 12781.53 177.09 7.72 6.3 

15 min I R2 2.19E+007 9.87E+006 8.47E+006 6805.88 53.49 1.68 6.9 

15 min I R3 und1 1.51E+007 4.06E+003 1.23E+007 2.80 136.86 35.1 8.6 

15 min I R3 dil1,2 3.85E+007 3.37E+004 3.14E+007 23.25 349.87 3.51 8.6 

30 min C R1 5.26E+007 3.55E+004 4.30E+007 24.49 341.65 9.3 8.1 

30 min C R2 4.29E+007 2.46E+004 3.59E+007 16.93 229.63 9.74 7.5 

30 min C R3 4.13E+007 9.33E+004 3.12E+007 64.31 185.29 12.6 8.3 

30 min I R1 4.54E+007 1.34E+007 2.37E+007 9203.94 163.24 2.88 7.6 

30 min I R2 2.48E+007 6.12E+006 1.19E+007 4221.88 67.74 4.48 7.5 

30 min I R31 2.14E+005 5.09E+004 5.60E+004 35.10 0.28 4.44 7.4 

45 min C R1 5.84E+007 3.43E+004 4.82E+007 23.66 396.58 14.2 8.2 

45 min C R2 4.27E+007 4.08E+004 3.47E+007 28.09 228.12 13.1 8.1 

45 min C R3 3.28E+007 5.08E+004 2.43E+007 35.03 178.75 9.08 7.4 

45 min I R1 2.24E+007 7.53E+006 1.06E+007 5189.21 65.98 3.8 7.5 

45 min I R2 3.41E+007 9.44E+006 1.57E+007 6508.13 77.73 4.26 6.9 

45 min I R3 2.82E+007 1.16E+007 1.22E+007 7968.94 75.36 2.22 8.3 

60 min C R1 6.36E+007 6.23E+004 5.06E+007 42.94 393.03 14.6 8.4 

60 min C R2 4.66E+007 4.10E+004 3.79E+007 28.26 257.84 10.9 8 

60 min C R3 3.42E+007 9.75E+004 2.59E+007 67.18 131.70 21.4 7.6 

60 min I R1 4.93E+007 1.79E+007 2.28E+007 12361.63 115.09 5.88 7.2 

60 min I R2 3.57E+007 1.07E+007 1.39E+007 7406.84 71.73 3 8 

60 min I R3 5.15E+007 1.05E+007 1.13E+007 7250.12 56.30 6.16 7.7 

120 min C R1 5.62E+007 6.94E+004 4.47E+007 47.84 342.70 29.2 7.9 

120 min C R2 4.31E+007 7.11E+004 3.14E+007 48.99 266.32 10.3 6.6 

120 min C R31 9.35E+006 2.61E+006 4.51E+006 1797.38 30.88 5.22 7.1 

120 min I R1 und 3.30E+007 8.92E+006 1.94E+007 6149.54 215.71 32 9.3 

120 min I R1 dil2 3.38E+007 1.00E+007 1.86E+007 6918.19 207.62 3.2 9.3 

120 min I R2 2.28E+007 3.70E+006 1.26E+007 2552.72 4.44 19.9 8.2 
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1Samples removed from further analysis due to a suspected mislabeling issue. Details in Figure 
S1 and Figure S3. 
2Diluted ten-fold from its respective undiluted ('und') sample to validate the quality of all other 
samples with low RNA concentration. Further details in Figure S6. 

Table S2.  

Sample ID 
Reads 

generated 
Mapped to 

ϕ38:1 

Reads 
mapped to 

host 

ϕ38:1 
genome 
coverage 

Host 
genome 
coverage 

RNA 
(ng) 

RIN 

0 min C R1 4.57E+007 4.75E+003 3.43E+007 3.27 30.82 23.94 9 

0 min C R2 4.38E+007 4.73E+003 3.51E+007 3.26 31.27 21.66 8.8 

0 min C R3 1.13E+008 7.68E+003 8.47E+007 5.29 108.46 16.1 9 

0 min I R1 4.77E+007 2.52E+005 3.68E+007 173.71 26.82 83.9 7.2 

0 min I R2 4.19E+007 1.96E+005 3.34E+007 134.92 20.50 85.4 7 

0 min I R3 4.74E+007 3.96E+005 3.55E+007 273.21 43.59 28.82 7.2 

20 min C R1 5.40E+007 3.11E+003 3.41E+007 2.14 32.78 35.1 9.4 

20 min C R2 6.77E+007 3.83E+003 2.99E+007 2.64 29.89 52.32 9 

20 min C R3 4.28E+007 4.44E+003 3.08E+007 3.06 36.52 35.46 8.6 

20 min I R1 4.97E+007 1.36E+005 2.70E+007 93.97 18.91 107.6 6.5 

20 min I R2 5.69E+007 1.62E+005 3.27E+007 111.67 22.10 62.44 7.2 

20 min I R3 3.17E+007 1.14E+005 1.70E+007 78.37 16.39 57.56 6.7 

40 min C R1 4.42E+007 5.18E+003 3.62E+007 3.57 30.79 36.58 9.7 

40 min C R2 3.91E+007 7.04E+003 3.53E+007 4.85 30.70 62.08 8.9 

40 min C R3 4.01E+007 1.83E+003 3.02E+007 1.26 31.33 23.32 6.3 

40 min I R1 3.71E+007 3.29E+005 3.92E+007 226.57 28.55 56.58 7.9 

40 min I R2 4.03E+007 2.38E+005 2.70E+007 164.03 19.51 98.2 7.2 

40 min I R3 2.31E+007 1.13E+005 1.25E+007 77.77 10.79 77.26 6.8 

60 min C R1 4.64E+007 5.31E+003 3.74E+007 3.66 36.39 63.58 9.5 

60 min C R2 4.55E+007 4.70E+003 4.06E+007 3.24 52.40 46.98 8.9 

60 min C R3 3.87E+007 1.89E+003 1.82E+007 1.30 17.73 36 9.2 

60 min I R1 5.02E+007 5.86E+005 4.01E+007 403.82 32.94 66.7 7.4 

60 min I R2 3.55E+007 5.75E+005 4.09E+007 396.20 40.18 105.6 7 

60 min I R3 1.64E+007 2.57E+005 1.37E+007 177.50 14.69 46.32 7.4 

120 min C R1 4.81E+007 2.81E+003 4.42E+007 1.94 37.89 50.5 9.1 

120 min C R2 5.72E+007 4.80E+003 5.22E+007 3.31 58.27 54.72 8.5 

120 min C R3 2.31E+007 2.28E+003 2.52E+007 1.57 36.72 55.32 8.4 

120 min I R3 1.42E+008 2.04E+007 9.21E+007 14073.97 17.51 8.12 5.9 
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120 min I R1 5.10E+007 1.18E+006 3.79E+007 814.82 29.53 62.3 6.7 

120 min I R2 5.28E+007 1.73E+006 4.29E+007 1192.37 51.07 48.86 6.2 

120 min I R3 1.73E+007 1.18E+006 3.33E+007 814.69 31.72 53.84 6.8 
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Figure S1.  

 

Figure S2.  
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Figure S3.  
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Figure S4.   
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Figure S5.  
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Figure S6.  
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THIS AGREEMENT. NO BREACH UNDER THIS AGREEMENT SHALL BE 
DEEMED WAIVED OR EXCUSED BY EITHER PARTY UNLESS SUCH WAIVER 
OR CONSENT IS IN WRITING SIGNED BY THE PARTY GRANTING SUCH 
WAIVER OR CONSENT. THE WAIVER BY OR CONSENT OF A PARTY TO A 
BREACH OF 
  
ANY PROVISION OF THIS AGREEMENT SHALL NOT OPERATE OR BE 
CONSTRUED AS A WAIVER OF OR CONSENT TO ANY OTHER OR 
SUBSEQUENT BREACH BY SUCH OTHER PARTY. 
 
THIS AGREEMENT MAY NOT BE ASSIGNED (INCLUDING BY OPERATION OF 
LAW OR OTHERWISE) BY YOU WITHOUT WILEY'S PRIOR WRITTEN 
CONSENT. 
 
ANY FEE REQUIRED FOR THIS PERMISSION SHALL BE NON-REFUNDABLE 
AFTER THIRTY (30) DAYS FROM RECEIPT BY THE CCC. 
 
THESE TERMS AND CONDITIONS TOGETHER WITH CCC’S BILLING AND 
PAYMENT TERMS AND CONDITIONS (WHICH ARE INCORPORATED HEREIN) 
FORM THE ENTIRE AGREEMENT BETWEEN YOU AND WILEY CONCERNING 
THIS LICENSING TRANSACTION AND (IN THE ABSENCE OF FRAUD) 
SUPERSEDES ALL PRIOR AGREEMENTS AND REPRESENTATIONS OF THE 
PARTIES, ORAL OR WRITTEN. THIS AGREEMENT MAY NOT BE AMENDED 
EXCEPT IN WRITING SIGNED BY BOTH PARTIES. THIS AGREEMENT SHALL 
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BE BINDING UPON AND INURE TO THE BENEFIT OF THE PARTIES' 
SUCCESSORS, LEGAL REPRESENTATIVES, AND AUTHORIZED ASSIGNS. 
 
IN THE EVENT OF ANY CONFLICT BETWEEN YOUR OBLIGATIONS 
ESTABLISHED BY THESE TERMS AND CONDITIONS AND THOSE 
ESTABLISHED BY CCC’S BILLING AND PAYMENT TERMS AND CONDITIONS, 
THESE TERMS AND CONDITIONS SHALL PREVAIL. 
 
WILEY EXPRESSLY RESERVES ALL RIGHTS NOT SPECIFICALLY GRANTED 
IN THE COMBINATION OF (I) THE LICENSE DETAILS PROVIDED BY YOU 
AND ACCEPTED IN THE COURSE OF THIS LICENSING TRANSACTION, (II) 
THESE TERMS AND CONDITIONS AND (III) CCC’S BILLING AND PAYMENT 
TERMS AND CONDITIONS. 
 
THIS AGREEMENT WILL BE VOID IF THE TYPE OF USE, FORMAT, 
CIRCULATION, OR REQUESTOR TYPE WAS MISREPRESENTED DURING THE 
LICENSING PROCESS. 
 
THIS AGREEMENT SHALL BE GOVERNED BY AND CONSTRUED IN 
ACCORDANCE WITH THE LAWS OF THE STATE OF NEW YORK, USA, 
WITHOUT REGARDS TO SUCH STATE’S CONFLICT OF LAW RULES. ANY 
LEGAL ACTION, SUIT OR PROCEEDING ARISING OUT OF OR RELATING TO 
THESE TERMS AND CONDITIONS OR THE BREACH THEREOF SHALL BE 
INSTITUTED IN A COURT OF COMPETENT JURISDICTION IN NEW YORK 
COUNTY IN THE STATE OF NEW YORK IN THE UNITED STATES OF AMERICA 
AND EACH PARTY HEREBY CONSENTS AND SUBMITS TO THE PERSONAL 
JURISDICTION OF SUCH COURT, WAIVES ANY OBJECTION TO VENUE IN 
SUCH COURT AND CONSENTS TO SERVICE OF PROCESS BY REGISTERED OR 
CERTIFIED MAIL, RETURN RECEIPT REQUESTED, AT THE LAST KNOWN 
ADDRESS OF SUCH PARTY. 
  
WILEY OPEN ACCESS TERMS AND CONDITIONS 
 
WILEY PUBLISHES OPEN ACCESS ARTICLES IN FULLY OPEN ACCESS 
JOURNALS AND IN SUBSCRIPTION JOURNALS OFFERING ONLINE OPEN. 
ALTHOUGH MOST OF THE FULLY OPEN ACCESS JOURNALS PUBLISH OPEN 
ACCESS ARTICLES UNDER THE TERMS OF THE CREATIVE COMMONS 
ATTRIBUTION (CC BY) LICENSE ONLY, THE SUBSCRIPTION JOURNALS AND 
A FEW OF THE OPEN ACCESS JOURNALS OFFER A CHOICE OF CREATIVE 
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COMMONS LICENSES: CREATIVE COMMONS ATTRIBUTION (CC-BY) 
LICENSE  CREATIVE COMMONS ATTRIBUTION NON-COMMERCIAL 
(CC-BY-NC) LICENSE AND  CREATIVE COMMONS ATTRIBUTION 
NON-COMMERCIAL-NODERIVS (CC-BY-NC-ND) LICENSE. THE LICENSE 
TYPE IS CLEARLY IDENTIFIED ON THE ARTICLE. 
 
COPYRIGHT IN ANY RESEARCH ARTICLE IN A JOURNAL PUBLISHED AS 
OPEN ACCESS UNDER A CREATIVE COMMONS LICENSE IS RETAINED BY 
THE AUTHOR(S). AUTHORS GRANT WILEY A LICENSE TO PUBLISH THE 
ARTICLE AND IDENTIFY ITSELF AS THE ORIGINAL PUBLISHER. AUTHORS 
ALSO GRANT ANY THIRD PARTY THE RIGHT TO USE THE ARTICLE FREELY 
AS LONG AS ITS INTEGRITY IS MAINTAINED AND ITS ORIGINAL AUTHORS, 
CITATION DETAILS AND PUBLISHER ARE IDENTIFIED AS FOLLOWS: [TITLE 
OF ARTICLE/AUTHOR/JOURNAL TITLE AND VOLUME/ISSUE. COPYRIGHT (C) 
[YEAR] [COPYRIGHT OWNER AS SPECIFIED IN THE JOURNAL]. LINKS TO 
THE FINAL ARTICLE ON WILEY’S WEBSITE ARE ENCOURAGED WHERE 
APPLICABLE. 
 
THE CREATIVE COMMONS ATTRIBUTION LICENSE 
 
THE CREATIVE COMMONS ATTRIBUTION LICENSE (CC-BY) ALLOWS USERS 
TO COPY, DISTRIBUTE AND TRANSMIT AN ARTICLE, ADAPT THE ARTICLE 
AND MAKE COMMERCIAL USE OF THE ARTICLE. THE CC-BY LICENSE 
PERMITS COMMERCIAL AND NON-COMMERCIAL RE-USE OF AN OPEN 
ACCESS ARTICLE, AS LONG AS THE AUTHOR IS PROPERLY ATTRIBUTED. 
 
THE CREATIVE COMMONS ATTRIBUTION LICENSE DOES NOT AFFECT THE 
MORAL RIGHTS OF AUTHORS, INCLUDING WITHOUT LIMITATION THE 
RIGHT NOT TO HAVE THEIR WORK SUBJECTED TO DEROGATORY 
TREATMENT. IT ALSO DOES NOT AFFECT ANY OTHER RIGHTS HELD BY 
AUTHORS OR THIRD PARTIES IN THE ARTICLE, INCLUDING WITHOUT 
LIMITATION THE RIGHTS OF PRIVACY AND PUBLICITY. USE OF THE 
ARTICLE MUST NOT ASSERT OR IMPLY, WHETHER IMPLICITLY OR 
EXPLICITLY, ANY CONNECTION WITH, ENDORSEMENT OR SPONSORSHIP 
OF SUCH USE BY THE AUTHOR, PUBLISHER OR ANY OTHER PARTY 
ASSOCIATED WITH THE ARTICLE. 
 
FOR ANY REUSE OR DISTRIBUTION, USERS MUST INCLUDE THE 
COPYRIGHT NOTICE AND MAKE CLEAR TO OTHERS THAT THE ARTICLE IS 
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MADE AVAILABLE UNDER A CREATIVE COMMONS ATTRIBUTION LICENSE, 
LINKING TO THE RELEVANT CREATIVE COMMONS WEB PAGE. 
  
TO THE FULLEST EXTENT PERMITTED BY APPLICABLE LAW, THE ARTICLE 
IS MADE AVAILABLE AS IS AND WITHOUT REPRESENTATION OR 
WARRANTIES OF ANY KIND WHETHER EXPRESS, IMPLIED, STATUTORY OR 
OTHERWISE AND INCLUDING, WITHOUT LIMITATION, WARRANTIES OF 
TITLE, MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, 
NON-INFRINGEMENT, ABSENCE OF DEFECTS, ACCURACY, OR THE 
PRESENCE OR ABSENCE OF ERRORS. 
 
CREATIVE COMMONS ATTRIBUTION NON-COMMERCIAL LICENSE 
 
THE CREATIVE COMMONS ATTRIBUTION NON-COMMERCIAL (CC-BY-NC) 
LICENSE PERMITS USE, DISTRIBUTION AND REPRODUCTION IN ANY 
MEDIUM, PROVIDED THE ORIGINAL WORK IS PROPERLY CITED AND IS NOT 
USED FOR COMMERCIAL PURPOSES.(SEE BELOW) 
 
CREATIVE COMMONS ATTRIBUTION-NON-COMMERCIAL-NODERIVS 
LICENSE 
 
THE  CREATIVE COMMONS ATTRIBUTION NON-COMMERCIAL-NODERIVS 
LICENSE (CC-BY-NC-ND) PERMITS USE, DISTRIBUTION AND 
REPRODUCTION IN ANY MEDIUM, PROVIDED THE ORIGINAL WORK IS 
PROPERLY CITED, IS NOT USED FOR COMMERCIAL PURPOSES AND NO 
MODIFICATIONS OR ADAPTATIONS ARE MADE. (SEE BELOW) 
 
USE BY NON-COMMERCIAL USERS 
 
FOR NON-COMMERCIAL AND NON-PROMOTIONAL PURPOSES, INDIVIDUAL 
USERS MAY ACCESS, DOWNLOAD, COPY, DISPLAY AND REDISTRIBUTE TO 
COLLEAGUES WILEY OPEN ACCESS ARTICLES, AS WELL AS ADAPT, 
TRANSLATE, TEXT- AND DATA-MINE THE CONTENT SUBJECT TO THE 
FOLLOWING CONDITIONS: 
 
THE AUTHORS' MORAL RIGHTS ARE NOT COMPROMISED. THESE RIGHTS 
INCLUDE THE RIGHT OF "PATERNITY" (ALSO KNOWN AS "ATTRIBUTION" - 
THE RIGHT FOR THE AUTHOR TO BE IDENTIFIED AS SUCH) AND 
"INTEGRITY" (THE RIGHT FOR THE AUTHOR NOT TO HAVE THE WORK 
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ALTERED IN SUCH A WAY THAT THE AUTHOR'S REPUTATION OR 
INTEGRITY MAY BE IMPUGNED). 
 
WHERE CONTENT IN THE ARTICLE IS IDENTIFIED AS BELONGING TO A 
THIRD PARTY, IT IS THE OBLIGATION OF THE USER TO ENSURE THAT ANY 
REUSE COMPLIES WITH THE COPYRIGHT POLICIES OF THE OWNER OF 
THAT CONTENT. 
 
IF ARTICLE CONTENT IS COPIED, DOWNLOADED OR OTHERWISE REUSED 
FOR NON-COMMERCIAL RESEARCH AND EDUCATION PURPOSES, A LINK 
TO THE APPROPRIATE BIBLIOGRAPHIC CITATION (AUTHORS, JOURNAL, 
ARTICLE TITLE, VOLUME, ISSUE, PAGE NUMBERS, DOI AND THE LINK TO 
THE DEFINITIVE PUBLISHED VERSION ON WILEY ONLINE LIBRARY) 
SHOULD BE MAINTAINED. COPYRIGHT NOTICES AND DISCLAIMERS MUST 
NOT BE DELETED. 
  
ANY TRANSLATIONS, FOR WHICH A PRIOR TRANSLATION AGREEMENT 
WITH WILEY HAS NOT BEEN AGREED, MUST PROMINENTLY DISPLAY THE 
STATEMENT: "THIS IS AN UNOFFICIAL TRANSLATION OF AN ARTICLE THAT 
APPEARED IN A WILEY PUBLICATION. THE PUBLISHER HAS NOT 
ENDORSED THIS TRANSLATION." 
 
USE BY COMMERCIAL "FOR-PROFIT" ORGANISATIONS 
 
USE OF WILEY OPEN ACCESS ARTICLES FOR COMMERCIAL, 
PROMOTIONAL, OR MARKETING PURPOSES REQUIRES FURTHER EXPLICIT 
PERMISSION FROM WILEY AND WILL BE SUBJECT TO A FEE. COMMERCIAL 
PURPOSES INCLUDE: 
 
COPYING OR DOWNLOADING OF ARTICLES, OR LINKING TO SUCH 
ARTICLES FOR FURTHER REDISTRIBUTION, SALE OR LICENSING; 
 
COPYING, DOWNLOADING OR POSTING BY A SITE OR SERVICE THAT 
INCORPORATES ADVERTISING WITH SUCH CONTENT; 
 
THE INCLUSION OR INCORPORATION OF ARTICLE CONTENT IN OTHER 
WORKS OR SERVICES (OTHER THAN NORMAL QUOTATIONS WITH AN 
APPROPRIATE CITATION) THAT IS THEN AVAILABLE FOR SALE OR 
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LICENSING, FOR A FEE (FOR EXAMPLE, A COMPILATION PRODUCED FOR 
MARKETING PURPOSES, INCLUSION IN A SALES PACK) 
 
USE OF ARTICLE CONTENT (OTHER THAN NORMAL QUOTATIONS WITH 
APPROPRIATE CITATION) BY FOR- PROFIT ORGANISATIONS FOR 
PROMOTIONAL PURPOSES 
 
LINKING TO ARTICLE CONTENT IN E-MAILS REDISTRIBUTED FOR 
PROMOTIONAL, MARKETING OR EDUCATIONAL PURPOSES; 
 
USE FOR THE PURPOSES OF MONETARY REWARD BY MEANS OF SALE, 
RESALE, LICENCE, LOAN, TRANSFER OR OTHER FORM OF COMMERCIAL 
EXPLOITATION SUCH AS MARKETING PRODUCTS 
 
PRINT REPRINTS OF WILEY OPEN ACCESS ARTICLES CAN BE PURCHASED 
FROM: CORPORATESALES@WILEY.COM 
 
FURTHER DETAILS CAN BE FOUND ON WILEY ONLINE LIBRARY 
HTTP://OLABOUT.WILEY.COM/WILEYCDA/SECTION/ID-410895.HTML 
  
OTHER TERMS AND CONDITIONS: 
 
V1.9 
 
QUESTIONS? CUSTOMERCARE@COPYRIGHT.COM OR +1-855-239-3415 (TOLL 
FREE IN THE US) OR +1-978-646-2777. 
 
GRATIS LICENSES (REFERENCING $0 IN THE TOTAL FIELD) ARE FREE. 
PLEASE RETAIN THIS PRINTABLE LICENSE FOR YOUR REFERENCE. NO 
PAYMENT IS REQUIRED. 


