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ECOLOGY, DIVERSITY AND COMPARATIVE GENOMICS OF
OCEANIC CYANOBACTERIAL VIRUSES

By
Matthew Brian Sullivan

Submitted to the Department of Biology in April, 2004 in partial fulfillment of the requirements
for the degree of Doctor of Philosophy

ABSTRACT

The marine cyanobacteria Prochlorococcus and Synechococcus are numerically dominant
primary producers in the oceans. Each genera consists of multiple physiologically and
genetically distinct groups (termed “‘ecotypes” in Prochlorococcus). Cyanobacterial viruses
(cyanophages) that infect Synechococcus are abundant (to 10*-10° phage ml™) in the oceans and
calculations suggest that they play a small but significant role in host mortality. Cyanophages are
also thought to shape their host populations through regulation of sub-populations and through
transfer of genes.

Here we describe the isolation of Prochlorococcus cyanophages and the assembly of a
culture collection established using a broadly diverse suite of Prochlorococcus and
Synechococcus hosts. The collection contains three morphological families, Myoviridae,
Podoviridae and Siphoviridae, known to infect marine bacteria and cyanobacteria. Host strains
of similar ecotypes often yielded cyanophages of the same family. Host-range analyses of these
isolates demonstrated varying levels of specificity among the different morphological types,
ranging from infection of a single strain to infection across ecotypes and even across both
cyanobacterial genera. Strain-specific cyanophage titers were low in open ocean waters where
total cyanobactenal abundances were high, suggesting low phage titers might be a feature of open
oceans. Investigations of the underlying cause(s) of this trend require culture-independent assays
for quantifying phage that infect particular hosts. We used the phage g20 gene, which encodes
the portal protein, to examine the diversity of Myoviridae isolates and found that g20 sequences
from our isolates had high similarity to those from other cultured isolates, but not to six
phylogenetic clusters of environmental g20 sequences that lacked cultured representatives.

Three Prochlorococcus cyanophage genomes were sequenced and analysis of these
genomes show striking similarity to the well-studied T7- and T4-like phages, but additionally
suggest that these Prochlorococcus cyanophages are modified for infection of photosynthetic
hosts, that live in nutrient-limited environments. All three cyanophage genomes contain, among
other novel genes of interest, photosynthetic genes that are full-length, conserved, and clustered
in the genome suggesting they are functional during infection. Phylogenetic inference suggests
that some of these genes were horizontally transferred between host and phage influencing the
evolution and ecology of both host and phage.

This thesis was co-supervised by: Sallie W. Chisholm (MIT Professor of Civil and Environmental
Engineering and Biology) and John B. Waterbury (WHOI Professor of Biology)
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CHAPTER I. INTRODUCTION

The bacterial viruses (phages) contained in the oceans are the most abundant “biological
entities” on the planet (Hendrix et al., 1999). We are interested in understanding the interplay
between marine phages and their hosts and how this interplay affects the physiological
differentiation and evolution of each. In this thesis, we isolated and examined cyanophage whose
hosts are the marine cyanobacteria Prochlorococcus and Synechococcus. These cyanobacteria
are the numerically dominant primary producers (Partensky, Hess, and Vaulot, 1999; Waterbury
et al., 1986) responsible for 32-89% of primary production in the vast surface oligotrophic oceans
thus contributing to carbon fixation on a global scale (Goericke, 1993; Li, 1994; Liu, Campbell,
and Landry, 1995; Liu et al., 1998; Liu and Landry, 1999; Liu, Nolla, and Campbell, 1997,
Veldhuis et al., 1997).

Early culture-based studies using terrestrial microbes as hosts suggested that phages were
rare in the oceans (ZoBell, 1946). It was not until appropriate marine host strains were used that
indigenous marine phages were clearly demonstrated (Spencer, 1955; Spencer, 1960; Spencer,
1963). Later, electron microscopy (EM) of concentrated seawater samples revealed virus-like
particles (VLPs) occurring at concentrations up to 10° VLPs ml™ in aquatic environments (Bergh,
1989; Borsheim, Bratbak, and Heldal, 1990; Bratbak, 1990; Bratbak et al., 1992; Heldal and
Bratbak, 1991; Proctor and Fuhrman, 1990; Sieburth, Johnson, and Hargraves, 1988; Torella and
Morita, 1979). Subsequent field studies using EM and epifluorescence microscopy showed that
VLP abundances were approximately an order of magnitude higher than total prokaryote counts
in seawater — leading to the suggestion that phage may be a significant source of host mortality in
marine systems (Bratbak, 1990; Bratbak, 1993; Cottrell and Suttle, 1991, Moebus, 1987;
Nagasaki, Tarutani, and Yamaguchi, 1999; Proctor and Fuhrman, 1990; Suttle, 1999; Wommack
et al., 1992).

To begin to understand phage-host dynamics and to extrapolate ecological significance,
model marine phage-host systems are critical. Among the few marine microbes that have been
successfully cultured (Fuhrman and Campbell, 1998), Prochlorococcus and Synechococcus are
not only ecologically important genera (Partensky, Hess, and Vaulot, 1999; Waterbury et al.,
1986), but are also unique in having many (80+) strains now in culture. The genetic diversity of
Prochlorococcus and Synechococcus cultured isolates has been well characterized using multiple
molecular markers and all suggest similar phylogenetic topologies (Ferris and Palenik, 1998;

Fuller et al., 2003; Moore, Rocap, and Chisholm, 1998; Rocap et al., 2002; Zeidner et al., 2003).



Among Prochlorococcus, laboratory work with cultured isolates shows that they form at least two
physiologically (Moore and Chisholm, 1999; Mocre, Goericke, and Chisholm, 1995; Moore,
Rocap, and Chisholm, 1998) and genetically (Moore, Rocap, and Chisholm, 1998; Rocap et al.,
2002) distinct groups which are termed ecotypes. At this broad ecotype level, ribosomal DNA
genetic differences are reflected in copper sensitivity (Mann et al., 2002), nutrient utilization
(Moore et al., 2002) and genetic composition of the genome (Dufresne et al., 2003; Rocap et al.,
2003). It has been suggested that cyanophage may be partly responsible for this diversity through
the regulation of subpopulations of these cyanobacteria as well as through horizontal gene

transfer (Marston and Sallee, 2003; Suttle and Chan, 1994; Waterbury and Valois, 1993).

Building a diverse cyanophage collection

Because of the breadth of known genetic diversity among these marine cyanobacteria
(Fig. 1), we were interested in developing a cyanophage collection using hosts that represented
the IDNA-based genetic diversity known at the time (Rocap et al., 2002). We note that even in
these well-studied marine cyanobacteria, culture collections may not yet represent their naturally
occurring genetic and physiological diversity (Ahlgren, Hook, and Rocap, 2004; Fuller et al.,
2003; Rocap, McKay, and Ahlgren, 2004), but data from Q-PCR analyses from seasonal
sampling at the Bermuda Atlantic Time Series and Hawaii Ocean Time series suggests we often
come close (E. Zinser, Unpubl. Results). |

Synechococcus cyanophage have been 1solated using a number of host strains, but
primarily focusing on strain WH7803 (Table 1) (Fuller et al., 1998; Lu, Chen, and Hodson, 2001
Suttle and Chan, 1993; Waterbury and Valois, 1993; Wilson et al., 1993). Synechococcus
cyanophage isolates belong to the three phage morphological familes (Myoviridae, Podoviridae
and Siphoviridae) that have been identified for freshwater cyanobacteria (Safferman et al., 1983),
marine bacteria (Moebus, 1987; Wichels et al., 1998) and terrestrial bacteria (Bradley, 1967,
Murphy et al., 1995). In this thesis, we created a cyanophage collection by isolating cyanophages
using a diverse group of Prochlorococcus and Synechococcus strains as hosts. We characterized

these isolates using host range, morphology, a family specific gene marker, and genomes.
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Table 1: Details of published cyanophage isolates isolated using strains of marine Synechococcus spp.
M/P/S represent this phage isolate belongs to the family Myoviridae, Podoviridae or Siphoviridae,
respectively. Morphological measurements and location information are included where available.

Cyanophage Host Strain Location M/P/S? | Head | Tail (nm) | Reference
(nm)
S-BM1 WH7803 Bermuda, BBSR M 88 57 x33 Wilson et al. 1993
S-PM1 WH7803  Plymouth Sound (50°18'N, 4°12'W) M 88 57x33 Wisonetal 1993
S-PM2 (formerly S-PS1) | WH7803 Plymouth Sound (50°18'N, 4°12°W) M 90 165 x20 Wilson et al. 1993
S5-WHM1 WH7803 WHOI M 88 108 x 23 Wilson et al. 1993
S-BM2 (formerly S-BS1) | WH7803 Bermuda, BBSR M 90 165 x 20  Wilson et al. 1993
S-BM3 WH7803 Hydrostation S (30°10°N, 64°30'W) M 110 230 x 25 Fuller et al. 1998
S-BM4 WH7803 Wesl coast of Bermuda M 125 190 x 35 Fuller et al. 1998
S-BM5 WH7803 West coast of Bermuda M 125 190 x 35 Fuller et al. 1998
S-BM6 WH7803 Hydrostation S (30°10'N, 64°30'W) M 110 200 x 25 Fuller et al. 1998
S-BP1 WH8018 Woest coast of Bermuda P 125 Fuller et al. 1998
S-BP2 WHS8018 West coast of Bermuda P 75 Fuller et al. 1998
S-BP3 WH7803 West coast of Bermuda P 70 Fuller et al. 1998
S-BnM1 WH7803 Bergen, Norway M Wilson PhD thesis 1994
S-RSM1 WH7803 Red Sea, Eilat, Israel M Wilson PhD thesis 1994
5-RSM2 WH7803 Red Sea, Eilat, Israel M Wilson PhD thesis 1994
S-MM1 WH7803 Miami, FL M Wilson PhD thesis 1994
S-MM2 WH7803 Miami, FL M Wilson PhD thesis 1994
S-MM3 WH7803 Miami, FL M Wilson PhD thesis 1994
S-MM4 WH7803 Miami, FL M Wilson PhD thesis 1994
S-MM5 WH7803 Miami, FL M Wilson PhD thesis 1994
S-MM7 WH7803 Miami, FL M Wilson PhD thesis 1994
S-PWM1 WH7803 M Suttle & Chan 1993
S-PWM2 WH7803 M Suttle & Chan 1993
S-PWM3 M Suttle & Chan 1993
S-PWM4 M Suttle & Chan 1993
S-BBS1 BBC1 S 50. 230 x ?  Suttle & Chan 1993
S-BBP1 BBC2 P 50 Suttle & Chan 1993
S-PWP1 SNC1 P 65 Suttle & Chan 1993
Syn1 WH8101 WHO! M - Waterbury & Valois 1993
Syn2 WH3012 Sargasso Sea (34°06'N, 61°01'W) M 66 149x19  Woaterbury & Valois 1993
Syns WH3109 Sargasso Sea (34°06’N, 61°01'W) P Waterbury & Valois 1993
Syn7 WH8012 WHOI M Waterbury & Valois 1993
Syng WHa012 WHOI M 87 153x19  Waterbury & Valois 1993
Syn10 WHS017 Gulf Stream {36°58'N, 73°42'W) M 100 145x19  Waterbury & Valois 1993
Syn12 WHB017 Gulf Stream (36°58'N, 73°42'W) P 45 8x10  Waterbury & Valois 1993
Synt4 WH8103 Gulf Stream (36°68'N, 73°42'W) M 93 136x21 Waterbury & Valois 1993
Syn16 WHsg018 Sargasso Sea (34°06°N, 61°01'W) M Waterbury & Valois 1993
Syn17 WH8018 Gulf Stream (36°58'N, 73°42'W) M Waterbury & Valois 1993
Syn18 WHB8108 Sargasso Sea (34°08'N, 61°01'W) M Waterbury & Valois 1993
Syn19 WH8109 Sargasso Sea (34°06'N, 61°01'W) M Waterbury & Valois 1993
Syn20 WH8109 Gulf Stream (36°58'N, 73°42'W) M Waterbury & Valois 1993
Syn22 WH2109 Gulf Stream (36°58'N, 73°42'W) M Waterbury & Valois 1993
P3 WH7805 Sapelo Island, GA M Lu, Chen & Hodson 2001
P5 WH7803 Sapelo Island, GA M Lu, Chen & Hodson 2001
P6 WH7805 Dauphin Island, GA M Lu, Chen & Hodson 2001
P8 wHa101 Sapelo Island, GA M Lu, Chen & Hodson 2001
P12 WH8101 Sayll Estuary, Ala M Lu, Chen & Hodson 2001
P16 WH7803 Savannah River Estuary, GA M Lu, Chen & Heodson 2001
P17 WH7803 Qingdao Coast, China M Lu, Chen & Hodson 2001
P39 WH7805 Savannah River Estuary, GA M Lu, Chen & Hodson 2001
P61 WH7803 Satilla River Estuary, GA M Lu, Chen & Hodson 2001
P66 WH7803 Satilla River Estuary, GA M Lu, Chen & Hodson 2001
P73 WH7805 Satilla River Estuary, GA M Lu, Chen & Hodson 2001
P76 WH8007 Altahama River Estuary, GA M Lu, Chen & Hodson 2001
P77 WH8007 Altahama River Estuary, GA M Lu, Chen & Hodson 2001
P79 WH7805 Satilla River Estuary, GA M Lu, Chen & Hodson 2001
P81 WH7805 Altahama River Estuary, GA M Lu, Chen & Hodson 2001
P1 WH7803 Sayll Estuary, Ala. S Lu, Chen & Hodson 2001

12




Cyanophage host range and field abundance

As the number of fully-sequenced phage and microbial genomes increases, their analyses
are revealing the importance of horizontal gene transfer (HGT) as an evolutionary force among
prokaryotes and their phages (Hendrix et al., 1999; Ochman, Lawrence, and Groisman, 2000).
Although we know that some phages can move genes between hosts (Jiang and Paul, 1998;
Miller, 2001; Miller et al., 1992; Paul, 1999), and that phages can help shape microbial
population structure (Fuhrman, 1999; Mann, 2003; Suttle and Chan, 1994; Waterbury and Valois,
1993), we are still working to understand the mechanisms and extent to which phages influence
the evolution of their hosts. To begin to understand the basic natural history of the cyanophages
in our collection, we examined the host range of 45 cyanophage isolates using 21
Prochlorococcus and Synechococcus cultured strains (Chapter 2). Do phages isolated using
Prochlorococcus cross-infect other strains of Prochlorococcus? Synechococcus?

Among the broad diversity of phages, there are two well-described classes of phage
infective lifestyles: lytic (discussed first) and temperate (discussed in the following section).
Lytic phages infect their host, use the host cellular processes to build new phage particles, and
then burst the host cell releasing progeny phage. Strain-specific lytic Synechococcus cyanophage
titers measured in mostly coastal marine systems showed these cyanophage are abundant (up to
10°-10° ml™") with the highest Synechococcus cyanophage titers remaining within an order of
magnitude of the total Synechococcus concentrations (Lu, Chen, and Hodsoh, 2001; Suttle and
Chan, 1994; Waterbury and Valois, 1993). Calculations from such field abundances and other
observations (reviewed in (Mann, 2003)) suggest that, in marine systems. lytic phages can be
responsible for up to 50% of bacterial mortality per day (Fuhrman, 1999) and a small (<3%)
portion of cyanobacterial mortality per day (Mann, 2003; Suttle, 2000; Suttle and Chan, 1994;
Waterbury and Valois, 1993). However, the open ocean systems dominated by Prochlorococcus
(DuRand, Olson, and Chisholm, 2001; Partensky, Hess, and Vaulot, 1999) offer a contrasting
environment to the previous studies of Synechococcus cyanophage.

These oligotrophic regions likely differ from coastal environments in three ways that
could affect assays measuring the phage abundances: the types of dominant cyanobacterial cells
(Ferris and Palenik, 1998), the total diversity of cell populations (Fuhrman, 2000}, and nutrient
limitations (Cavender-Bares, Karl, and Chisholm, 2001; Wu et al., 2000). First, culture-based
assays might better represent naturally occurring cells in one environment relative to another,
creating the appearance of cyanophage titers that change along such a transect. Second, if host
cell diversity changes along such a gradient, then phage titers may change accordingly as they are

suggested to decrease where host cell diversity increases (Thingstad, 2000). Finally, decreased
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nutrient availability along the transect (Cavender-Bares, Karl, and Chisholm, 2001) might result
in sub-optimal growth of host cells in the Sargasso Sea (Mann et al., 2002) relative to
Synechococcus at the coastal site along this transect (Waterbury et al., 1986). Viral production is
correlated with host growth rates in chemostats (Bohannan and Lenski, 2000) and in the field
(Steward, Smith, and Azam, 1996), which could result from nutrient limitation causing
physiological changes in the host that stall the lytic process of obligately lytic phage (Stent,
1963), or favour lysogeny in temperate phage (Rohwer et al., 2000; Suttle, 2000; Wilson, Carr,
and Mann, 1996).

Previous work suggests that phosphate, in particular, is the most likely nutrient to
influence phage abundances along such a transect. Mesocosm experiments with Emiliani huxleyi
viruses showed that viral production did not occur under phosphate-deplete conditions (Bratbak,
1993). Synechococcus WH7803 infection by cyanophage S-PM2 under various nutrient stress
conditions showed a significant (80%) reduction in burst size (i.e., phage produced per cell)
occurs in phosphate-deplete (but not nitrate-deplete) conditions relatve to phosphate-replete
conditions (Wilson, Carr, and Mann, 1996). Subsequent work in seawater mesocosms with
natural communities of Syrnechococcus showed that phosphate additions to phosphate-deplete
. enclosures terminated a Synechococcus bloom and was interpreted as a phosphate stimulation of
viral production through the induction of prophage within the cyanobacterial genomes (Wilson
- and Mann, 1997). Finally, the phoH gene, which in E. coli is a phosphate-induced gene that
encodes a putative ATPase, is found in the genomes of two phages that infect marine bacterial
hosts (Miller et al., 2003; Rohwer et al., 2000). Together, these observations suggest that
phosphate is important to production of phages in marine systems. We examined strain-specific
cyanophage titers along a coastal-to-open Atlantic Ocean transect (Chapter 2). How do such
Prochlorococcus and Synechococcus phage titers vary along such a transect that includes

gradients in the types of dominant cells, total cell diversity and bioavailable nutrients?

Phage portal protein gene diversity in myoviruses

An understanding of the roles of marine phage (indeed all phage) in their communities
has been hampered by the lack of a universal gene (analogous to the 16S rRNA gene that is used
as the taxonomic marker for all microbes) that could be used to investigate phage genetic
diversity (Paul et al., 2002). For this reason, studying the genetic diversity of both cultured and
wild phages has proven difficult. Recently, the use of family-specific genes has been proposed
for use as taxonomic tools (Rohwer and Edwards, 2002). For the Myoviridae, which are highly

represented among Synechococcus cyanophage isolates (Fuller et al., 1998; Lu, Chen, and
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Hodson, 2001; Suttle and Chan, 1993; Waterbury and Valois, 1993; Wilson et al., 1993), the
family-specific gene commonly used is a gene homologous to the coliphage T4 portal protein
gene, g20 (Fuller et al., 1998; Zhong et al., 2002). Many field studies have now examined
myophage (phage of the morphological family Myoviridae) g20 sequence diversity in a variety of
aquatic environments using DGGE banding patterns (Dorigo, Jacquet, and Humbert, 2004;
Frederickson, Short, and Suttle, 2003; Wilson et al., 1999; Wilson et al., 2000), cloning and
sequencing (Dorigo, Jacquet, and Humbert, 2004; Zhong et al., 2002) and/or culturing and
sequencing (Marston and Sallee, 2003; Zhong et al., 2002). We examined the diversity of g20
sequences from the Myoviridae in this cyanophage collection (Chapter 3). Do the g20 sequences
of new cyanophage isolates represent novel g20 sequence types? Are they genetically
related to g20 sequences from known cyanophage isolates or from unknown environmental
220 sequences? Are existing PCR primer sets adequately capturing the full 220 sequence

diversity? Does g20 diversity correspond to ecologically relevant phage traits?

Searching for prophage in host ¢yanobacterial genomes

In contrast to lytic phages, temperate phages do not always immediately lyse their hosts,
but instead can temporarily insert their DNA into their host genorne as a prophage. The existence
of inducible prophage (prophage that can be ‘induced’ out of the host genome to enter the lytic
phase of the temperate phage life cycle) was first elegantly demonstrated at the single cell level
over half a century ago (Lwoff, 1953). Prophage induction has since been repeatedly
demonstrated in natural microbial isolates and recently identified in most microbial genomes
(reviewed in (Casjens, 2003)). Prophage are so common that they often account for a significant
fraction of the “strain-specific” DNA between closely related microbial strains (Baba et al., 2002;
Simpson et al., 2000; Smoot et al., 2002) and, furthermore, their genes are highly expressed as
seen using genome-wide expression arrays under varying conditions (Smoot et al., 2001;
Whiteley et al., 2001).

Together, these findings emphasize that prophage are not only widespread in prokaryotes,
but also frequently account for strain diversification at both the genome and transcriptome
(expression) levels often altering the host cell’s physiology. However, the genomes of currently
available freshwater cyanobacterial genomes lack intact prophage (Canchaya et al., 2003;
Casjens, 2003) and no direct observation has confirmed the existence of prophage in marine
cyanobacteria. We examined the genome sequences of 3 marine cyanobacteria (Prochlorococcus
strains MED4 and MIT9313 and Synechococcus WH8102) for the presence of intact prophage

(Appendix B). Are there intact prophage genomes within marine cyanobacterial genomes?
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If yes, what type of phage do their genomes most resemble? If not, could potential
prophage have been induced during cultivation? Is there any evidence suggesting prophage

ever integrated into these genomes?

Cyanophage genomics

Phage genomes represent the largest unexplored reservoir of sequence information in the
biosphere (Pedulla et al., 2003). Calculations using two independent methods suggest that less
than 0.0002% of this reservoir has been sampled (Rohwer, 2003). First, using the estimated
number of phage types (100 million), an average genome size of 50 ORFs and extrapolation from
the number of phage-encoded ORFs from uncultured genomic DNA sequencing that lack known
function suggests that 2.5 billion phage-encoded ORFs remain to be discovered. Second, using
the non-parametric estimator Chaol to evatuate every phage-encoded ORF compared against
every other, one predicts that 2 billion phage-encoded ORF's remain to be discovered. In fact,
nearly every new phage genome sequenced leads to novel insight into the role phages play in
their host physiology and niche differentiation (Brussow and Hendrix, 2002).

Since the first phage was sequenced over a quarter of a century ago (Sanger et al., 1977),
observations from over 150 phage genomes (primarily pathogen related) have taught us a great
deal. First, our models of phage evolution have changed to reflect the fact that phages are
modular and evolve through the homologous and non-homologous exchange of genes from a
common gene pool (Hendrix, 2002; Hendrix et al., 1999). Second, the genetic sloppiness of
phages, which 1s compensated by their high numbers of progeny, allows the acquisition of *“non-
phage” genes that most often will decrease phage fitness and be lost from the phage population,
but occasionally provides advantage to the phage and/or host and thus will become fixed in the
phage population (Hendrix et al., 2000). These events, though rare, can create entirely new
phage-host evolutionary dynamics even defining new host capabilities, and thus are vital to the
physiology, ecology and evolution of both the phage and its host.

Marine phage genomics is in its fledgling stage, with, at the time of this writing, only a
handful of published genomes (Paul et al., 2002). Currently, there are over 170 phage genomes in
GenBank, but only seven infect marine hosts (cyanophage P60; vibriophages VpV262, KVP40,
VPI16T, VP16C; roseophage SIO1; Pseudoalteromonas phage PM2), and only one is a
cyanophage (P60). However, genomic analyses have already provided tantalizing hints that, just
as phages are connected to their host’s ecology in phagen phage-host systems, so too marine
phages appear intimately tied to the ecological setting and physiological state of their host. For

example, phosphate is a commonly limiting nutrient in marine systems (Cavender-Bares, Karl,
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and Chisholm, 2001; Wu et al., 2000) and the discovery of phosphate-inducible genes in
Roseophage SIO!1 (Rohwer et al., 2000) and Vibriophage KVP40 (Miller et al., 2003) suggests
that these phages respond to the phosphate status of their hosts and/or environment. Data in this
thesis from analyses of three cyanophage genomes also supports a strong connection between the
phage and their host’s ecology (Chapter 4, 5). Through collaboration with Forest Rohwer (San
Diego State University), David Mead (Lucigen) and the Department of Energy Joint Genome
Institute we sequenced the genomes of three Prochlorococcus cyanophage isolates representing
two viral families (Podoviridae and Myoviridae). Will the gene complements of these
cyanophages isolated from nutrient-limited waters provide insight into properties of these
phages that are unique to the oligotrophic ocean environment of their hosts? Recently, core
photosynthetic genes were discovered in a Synechococcus cyanophage and it was hypothesized
that these genes were expressed enabling photosynthesis to continue during infection (Mann ct
al., 2003). Do the gene complements of these Prochlorococcus cyanophage also
photosynthetic genes? Can we use the genetic information in these genomes to infer
whether phage influence the genomes of their hosts? Vice versa?

Comparative phage genomics suggests that dSDNA phages evolve through the exchange
of genetic material, in the form of modular functional cassettes, through a global phage genome
pool (Hendrix et al., 1999). To explain the observation that phage genomes appear to be mosaics,
containing a large number of fixed, essential genes interspersed with highly variable, non-
essential genes (Desplats and Krisch, 2003; Hendrix et al., 1999; Molineux, in press), it has been
suggested that access to this global phage genome pool must be limited in some manner (Hendrix
et al., 1999). This theory that phage evolve primarily through the horizontal exchange of genes
appears to be applicable to the few phage types (which are predominantly temperate phages, i.e.,
capable of integrating into their host genomes) whose genomes are well represented among the
phage genome databases. These include such phages as the lambdoid phages (capable of
genetically recombining with coliphage lambda) (Hendrix et al., 1999), dairy phages (phages that
infect lactic acid bacteria) (Brussow, 2001) and the mycobacteriophages (phages that infect
mycobacteria) (Pedulla et al., 2003). However, fundamental differences in phage infection
strategies (i.e., temperate phages integrate into host genomes wheras lytic phages do not) may
lead to quantitatively different opportunities for horizontal gene exchange and it remains an open
question whether lytic phage genomes might be less prone to mosaicism (Kovalyova and
Kropinski, 2003). Further, if all phages are extensively horizontally transferring genes, this leads
one to wonder whether significantly new phage types will be discovered as more phage genomes

are sequenced or whether there might be a limited number of phage types are possible. Because
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cyanobacterial phages are underrepresented in the phage genome database (only I cyanophage
out of over 170 phage genomes), the Prochlorococcus cyanophage genomes sequenced during
this thesis offer comparison of a phage that infects phylogenetically disparate hosts from those
contained in the database. How do these new Prochlorococcus phage genomes compare to
those already sequenced? Are their genomes organized similarly to well-characterized
phages? What Kinds of inferences can we draw about phage-host interactions from the

presence or absence of ‘non-phage-like’ genes in these phage genomes?
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Prochloroceccus is the numerically dominant phototroph in the
tropical and subtropical oceans, accounting for half of the
photosynthetic biomass in some areas"’. Here we report the
isolation of cyanophages that infect Prochlorococcus, and show
that although some are host-strain-specific, others cross-infect
with closely related marine Synechococcus as well as between
high-light- and low-light-adapted Prochlorococcus isolates,
suggesting a mechanism for horizontal gene transfer. High-
light-adapted Prochlorococcus hosts yielded Podoviridae exclu-
sively, which were extremely host-specific, whereas low-light-
adapted Prochlorococcus and all strains of Synechococcus yielded
primarily Myoviridae, which has a broad host range. Finally, both
Prochlorococcus and Synechococcus strain-specific cyanophage
titres were low (<10’ ml”) in stratified oligotrophic waters
even where total cyanobacterial abundances were high (>10°
cellsml™}). These low titres in areas of high total host cell
abundance seem to be a feature of open ocean ecosystems. We
hypothesize that gradients in cyanobacterial population diver-
sity, growth rates, and/or the incidence of lysogeny underlie these
trends.

Phages are thought to evolve by the exchange of genes drawn from
a common gene pool through differential access imposed by host
range limitations®. Sirnilarly, horizontal gene transfer, important in
microbial evolution®”?, can be mediated by phages® and is probably
responsible for many of the difterences in the genomes of closely
related microbes’. Recent detailed analyses of molecular phylogenies
constructed for marine Prochlorococcus and Synechococeus™ {Fig. 1)
show that these genera form a single group within the marine
picophytoplankton clade’ (>96% identity in 165 ribosomal DNA
sequences), yet display microdiversity in the form of ten well-defined
subgroups®. We have used members of these two groups to study
whether phage isolated on a particular host strain cross-infect other
hosts, and if so, whether the probability of cross-infection is related
to rDNA-based evolutionary distance between the hosts.
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Analyses of host range were conducted (Fig. 1) with 44 cyano- .
phages, isolated as previously described' from a variety of water |
depths and locations {see Supplementary Information) using 20 -

different host strains chosen to represent the genetic diversity of
Prochlorococcus and Synechocoecus®. Although we did not examine
how these patterns would change if phage were propagated on
different hosts, this would undoubtedly add anether layer of
complexity due to host range modifications as a result of methyl-
ation of phage DNA®. Similar to those that infect other marine
bacteria" and Synechococcus™
solates fell into three morphological families; Myoviridae, Sipho-
viridae and Podoviridac'®.

, our Prochlorococcus cyanophage
I

As would be predicted'™", Podoviridae were extremely host |

specific with only two cross-infections out of a possible 300 |
(Fig. 1). Similarly, the two Siphoviridae isolated were specific to |
their hosts. In instances of extreme host specificity, in situ host |

abundance would need to be high enough 10 facilitate phage-host
contact. It is noteworthy in this regard that members of the high-
light-adapted Prochlorococcus cluster, which yielded the most host-
specific cyanophage, have high relative abundances in siru'e. The
Myovirfdae exhibited much broader hosl ranges, with 102 cross-
infections out of a possible 539. They not only cross-infected among
and between Prochlorococcus ecotypes but also between Prochloro-
coccus and Synechococcus. Those isolated with Synechococcus host
strains have broader host ranges and are more likely to cross-infect
low-light-adapted than high-light-adapted Prochlorococcus strains.
The low-light-adapted Prochlorococcus are less diverged from Syne-
chococeus than high-light-adapted Prochlorococcus™, suggesting a
relationship, in this instance, between the probability of cross-
infection and rDNA relatedness of hosts. Finally, we tested the
Myoviridae for cross-infection against marine bacterial isolates
closely related to Pseudoalteromonas, which are known to be broadly
susceptible to diverse bacteriophages (bacterial strains HER1320,
HER1321, HER1327, HER1328)"". None of the Myoviridae cyano-
phages infected these bacteria.

Phape morphotypes isolated were determined, to some degree, by
the host used for 1solation (Fig. 1). For example, ten of ten
cyanophages isolated using high-light-adapted Prochlerococcus
strains were Podoviridae. In contrast, all but two cyanophages
isolated on Synechococcus were Myoviridae, a bias that has been
reported by others'!, and over half of those isolated on low-light-
adapted Prochlorococcus belonged to this morphotype. We further
substantiated these trends by examining lysates (as opposed to
plaque-purified isolates) from a range of host strains, geographic
locations and depths—of 58 Synechococcus lysates 93% contained
Myoviridae, of 43 low-light-adapted Prochlorococcus lysates 65%
contained Myoviridae, and of 107 high-light-adapted Prochlero-
coccus lysates 98% contained Podoviridae (sec Supplementary
Information).

Maximum cyanophage titres, using a variety of Synechococcus
hosts, are usually found to be within an order of magnitude of the
total Synechococcus abundance'®*V%, and can be as high as 10°
phageml™". One study" has shown, for example, thal along a
transect in which total Synechococcus abundance decreased from
10° cellsml™" to 250 cellsml™!, maximum cyanophage titres
remained at least as high as the total number of Synechococcus.
We wandered whether titres of Prochlorococcus cyanophage in the
Sargasso Sea, where Prachlorococcus cells are abundant (107
cellsml ™YY, would be comparable to those measured in coastal
oceans for Synechococcus where total Synechococcus host abundances
are of similar magnitude. We assayed cyanophage titres in a depth
profile in the Sargasso Sea at the end of seasonal stratification using
1! strains of Prochlorococcus (Fig. 2), choosing at least one host
strain from cach of the six phylogenetic clusters that span the
rDNA-based genetic diversity of our culture collection®.

Three Prochlorococcus host strains (MIT 9303, MIT 9313 and
$5120) yielded low or no cyanophage. Other hosts yielded titres
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that reached a maximum at 70m (NATL2A-phage) or 100m
(MIT 9302-, MIT 9515-, MED4-, MIT 9211-, NATL1A-phage)
near the depth of maximum Prochlorococcus abundance (Fig. 2).
All  Prochlorococcus cyanophage titres were low (<{350
cyanophage ml~ ") compared with those reported for Synechococcus
in coastal regions (approximately 10°-10° cyanophage ml™') even
though total host abundances were similar between these regions
(approximately 10° cells ml™")!*"11¢ Prochlorococcus cyanophage
titres are comparable to those of Syrechococcus from oligotrophic
waters in the Gulf of Mexico—but in that instance the total
Synechococcus abundance was also low (<250 cellsml ™ "),
Cyanophage titres were also examined along a surface water
transect from coastal (mesotrophic) to open ocean (oligotrophic)
in the Atlantic Ocean to better understand the relationship between
maximum phage titre and total host abundance along a trophic
gradient. Titres were assayed with 12 strains of Synechococcus and
Prochlorococcus that represented the known rDNA-based genetic
diversity at the time that we began the study® (but see also ref. 19).
We found that Synechococcus cyanophage titres decreased by an
order of magnitude or greater in surface waters between the coastzl
and open ocean (Sargasso) sites, whereas total Synechococcus abun-
dance decreased from 3 X 10° to 7 X 10 cellsml™' {Fig. 3). Pro-
chlorococcus hosts did not yield cyanophage in coastal samples
where there are no Prochlorococcus cells, and yielded relatively low

titres (0 to 1.5 X 10> phage ml™?) at the shelf, slope and Sargasso
stations where total Prochlorococcus abundance was between
4.5 10" and 1.4 x 10° cells ml ™", Even though total Prochlorococ-
cus abundance at the Sargasso site was similar to that of Synecho-
coccus at the coastal site (Fig. 3i, ), Prochlorococcus and
Synechococcus cyanophage titres were significantly lower at the
open ocean site (Fig. 3a-h). Moreover, regardless of the host used,
titres never exceeded 3 X 10° cyanophageml™ at any depth
throughout the photic zone even though total Prochlorococcus
abundances exceeded 10° cellsml™ (see Supplementary Infor-
mation). Thus it seems that cyanophage titres at the end of summer
stratification are relatively low in open ocean ecosystems, where the
total possible host cell abundances are relatively high. Low titres lead
to reduced contact rates and lowered mortality rates®.

Although it is difficuit 1o draw definitive conclusions about
causality from such trends because of the complexity of the
phage-host interaction, there are some factors that might be
implicated. If, for example, host strain microdiversity increased
along the transect and cross-infection ability did not increase
concurrently, this would lead to lower phage titres yielded by a
suite of host strains®’. Indeed, we know that the relative abundance
of Synechococcus ecotypes changes from coastal to oligotrophic
waters'®, However, we observed a systematic decrease in cyanophage
titres for all five Synechococcus hosts (note WH 8020 yielded no
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Figure 1 Host ranges of 44 clonal cyanaphages exposed to marine Prackiorococcus and
Synechococeus culiured Isolates. The evalutionary relationships between the 21 host
strains are shown in the phylogenetic tree inferred using 165233 rDNA spacer regions?®.
For the cyanophages, red indicates Podoviridae, blue indicates Myoviridae and green
indicates Sipfioviridae. Filled circles, host strain used to isolate a particular cyanophage;
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open circles, ¢ross-infection of cyanophage with another host; dash, no infection (that is,
lysis). Symbols in parentheses indicate that the results do not match earlier sturlies'®'
with these phage and hosts (see Methods for details). HL Pros, high-light-adapted
Prochiorococcus; LL Pros, low-light-adapted Prochioroceccus; Marine Syns, marine
Synechococcus.
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Figure 2 Cyanophage titres, measured using Prochforococeus hast strains, as a function
of depth at the Bermuda Atlantic Time Sevies Station in the Sargasso Sea on 26
September 1999. Ning of the cyanophages used in host range analyses were isclated
from this depth profile (see Supplementary Information). a—¢, Titres measured using
high-light-adapted Prochlprococcus hosts (a) and low-light-adapted hosts (b), and total

—

1.025
a, (kg mS)

u

1.026

T

1.023 1.024 1.027
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% 10°ml™"; Synechococcuscelis x 10*mi~") and a3 proxy for water density used to
measure the depth of the mixed layer) {e). Titres were undetectable for low-light-adapted
Prochiorseoccus straing $5120, MIT9303 and MIT9313. Error bars represent the s.d, of
assays.
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Figure 3 Cyanophage titres measured in Synechococcus and Prochiorococcus host cells
along a surface water transect trom coastal (coast. Woods Hole, Massachusetts) ta open
ocean (Sargasso) canducted in September 2001, Note that the magnitudes of the y axes
are different for a—e and f—j. Ten of the cyanophages used in host range analyses were
isolated from along this transect (see Supplernentary Information), a—h, Cyanophage
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titres represent the averages and s.d. of triplicate plaque assays i, §, Cell concentrations
represent averages and s.d. of duplicate flow cytometry assays. Where na bar is shown,
there were no plagues {a, c, e-hj or no ¢ells 4). No plagues were observed at any of the
surface samples aleng the transect for Synechococcus strain WH 8020 and
Prochiorococcus straing MIT 9313, SS120 and MIT 9211 {data not shown)

1049




letters to nature

plaques) at the extremes of this transect (the coastal and Sargasso
sites; Fig. 3a—¢). If changing host abundance alone explained the
change in titres, and if our suite of host straing is representative of
natural diversily, then one might expect at least one host strain to
yield increasing titres along the gradient (for example, for the "open
ocean strain’ WH 8102); however, this was not observed.

Anather possible explanation for decreasing phage titres as one
goes from coastal to open ccean ecosystems is decreased nutrient
availability along the transect” resulting in suboptimal growth of
host cells in the Sargasso Sea™ relative to Synechococcus at the coastal
site”, Viral production is correlated with host growth rates in
chemostats® and in the ficld®, which could result from nutrient
limitation causing physiological changes in the host that stall the
Iytic process of abligately lytic phage®, or favour lysogeny in
temperate phage™***, Although temperate phage have not been
identified for marine Prochlorococcus or Synechococcus, INT family
site-specific recombinases exist in the genomes of Prochlorococcus
MED4 and MIT 9313, and Synechococcus WH 8102 (http://
www._jgi.doe.gov/]GI_microbial/html/index.html), suggesting that
prophages were once integrated into these host genomes™-.

The phage-host systern described here should continue to be a
useful framework for advancing our understanding of the ecology
and evolution of phage-host interactions in marine ecosystems. We
have known for some time that cyanophages must have a role in
maintaining genetic diversity among hosts'™'"”, The broad host
ranges reported here indicate further their potential for mediating
horizontal gene transfer, which may help explain the extensive
microdiversity™'*** seen in these two groups of marine cyanobac-
teria. The extent to which this potential is realized should become
clear as more and more host and phage genomes are sequenced. Of
significance also is the coupling between phage morphology and
host type. Experiments designed to characterize phage resistance
across variable hosts and phages (for example, identification of
receptors and restriction and modification systems) should eluci-
date the underlying mechanisms responsible for these patterns.
Finally, our analyses of cyanophage titres along a coastal-open
ocean transect suggest that the underlying processes responsible for
the production of free cyanophage differ along trophic gradients in
the oceans. To fully explain these observations will require the
development of approaches that allow one to determine which
phage can infect which host(s) in a given community, and an
understanding of the relative roles of lytic and lysogenic phases of
the viral life cycle in aquatic systems.

Methods

Sample collection

Water sainples for cyanophage titres, cyanophage isolations and cyanobacterial
ahundances were collected ar the Bermuda Atlantic Time Series Station on 26 September
1999 and at four sites along a transect from Woods Hole to the Western Satgasso Sea on 3,
16, 17 and 22 September 2001 (see Supplementary Infarmation). Water for cyanophage
isolations was ltered (0.4 wm, Poretics number 13028 in 1999; 0.2 wim, Osmonics number
KO2CP0O4700 in 2001) and stored at 4 °Cin the dark in acid-washed polycarbonate (1999)
or glass {2001) bortles until analysis (up ro 15 monrhs later). Cyanophage titres remain
stable for at least one year”. Control experiments showed that titres were stabie over a
13-month period (see Supplementary Information)

Culturing conditions

Prachlerucoccus and Synechococais strains were maintained in '75¢% Pro9%’ medium, a
modification of the 'Pro2’ medium™ with a 75% scawatcer base and the following final
concentrativns of N and P 800 wb NH,CL, 50 uM NaH, POy, Coltures were grown at
19-21*C under consiant light 812 uEr " for low-light-udapted Prochloracorcis and
Symechuococcis; 33-45Em’ s ! for high-light-adapted Prochlorococcus.

5

Cyanophage isolations
Prashiorococcus cyanophage isolations were done initially using an axenic strain of
Frochiorococcns (MED4ax; M. Saitn and 1.B.W., uapublished observations). Exponentially
prowing cells were transferred to fresh medium (1 mi:20 mb) and inoculated with 1 m| of
0.4-pum-filtered sea water. The time course of auto-fluorescence (chlorophyll biomass) of
these cultures was then followed with » Turper Designs 10-AU fluorometer. Cultures
showing reduced fluorescence relative to controls were filtered and examined for phage
particles as previeusly described"

"7, Lysates were stured at 4°C in the dark. Subsequent
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isolations using 19 additional hest strains were done using the same procedures scaled
down to small valumes. Cyanophage isolates used in this study were plaque-purified twice
before use, classified using morphology described by the ICTV", and named according tn
suggestions nade for cyanophage'®,

Cyanophage host range

Host range analyses were conducted overu period of about 2 yr. Each interactivn bebween
a cyanophage and its potential host cell was performed with exponentially growing cells in
triplicate on at least two different occasions. Marine bacterial strains were purchased from
the Felix d'Herelle Reference Center for Bacterial Viruses {(contact H. Ackermann). Several
of the Sprechococcus cyanophage used in this study (‘Syn’ phages; $-PM2 and S-WEM1)
had been previously examined for host range cross-infectivity™ '’ and were maintained as
lysates at4 °Cin the dark while host cvanobacterial cultures were senally transferred in late
exponential and early stationary phase. A total of 103 of 108 cross-infections using these
stored cyanophages vielded similar host range results in this study (Fig. 1], Of the
chtferences abserved, four oi five were for one cyanophage isolate (Syn10), suggesting that
it might have evolved an extended host range mutation. Host range can be altered through
DNA modifications that can occur during propagation of a phage on an alternative host.
Overall, these results suggest rhat cyanophage susceptibility of these host strains and the
crass-infectivity of the cyanophage remained relatively stable throughout the 10 or more
years of storage and culture maintenance.

Host cell and cyanophage quantification

Hast cell abundance was mzasured using a modified Becton-IXickinson FACScan flow
cytometer’. Cyanaphage titres wete quantified using most probable number (MPN) assays
1999) or plaque assay (2001). MPN assays were monitored for lysis relative to controls for
2-3 weceks depending on the host strain used. For the plaque assays, we plated the host
strain in soft agarose (0.4% final concentration: GIBC() BRL, Life Technologies number
5517-014) along with the phage being titred; lawns of cells appeared 8-28 days after
inoculation, depending on the strain (M. Szito, M.B.S. and 1.B.W., unpublished data).
Plaques were counted daily until they no longer appeared (3—14 days after the first
plaques). Titres measured wsing both assays were not significantly different (#-test
assuming equal variances, o = 0.10).

Host dependency of measured titres

To see whether our standard suite of host cells used in our assays was giving us 2
representative picture of the maximum phage titre obtainable in a given sample, we used
every cultured isolate of Prachloracoccs in our collection with a unique TS rDNA
sequence (23 isolates) to assay the cyanophage titre of a 50-m water sample from the Red
Sea. The tange of titres vielded was representative of the range we measured using our
subset of Prochlorococcus isolates (sec Supplementary Information).
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Low-light-adapted Prochlorococcus

species possess specific antennae
for each photosystem
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organisms', owes its remarkably large depth distribution in the
oceans to the occurrence of distinct genotypes adapted to either
low- or high-light niches™. The pcb genes, encoding the major
chlorophyll-binding, light-harvesting antenna proteins in this
genus’, are present in multiple copies in low-light strains butasa
single copy in high-light strains’. The basis of this differcn-
tiation, however, has remained obscure. Here we show that the
moderate low-light-adapted strain Prochlorecoccus sp. MIT 9313
has onc iron-stress-induced pcb gene encoding an antenna
protein serving photosystem 1 (PSI)—comparable to isiA genes
from cyanobacteria®—and a constitutively expressed pcb gene
encoding a photosystem I1 (PSII) antenna protein. By compari-
son, the very low-light-adapted strain $5120 has seven pcb genes
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encoding constitutive PSI and PSII antennae, plus one PSI iron-
regulated pch gene, whereas the high-light-adapted strain MED4
has only a constitutive PSII antenna. Thus, it seems that the
adaptation of Prochlorococcus to low light environments has
triggered a multiplication and specialization of Pcb proteins
comparable to that found for Cab proteins in plants and green
algae”.

In order to gain a better understanding of the origin, function
and localization of the divinyl-chlorophyl] a/b-binding antenna
complexes of Prochlorococcus species and how these properties relate
to the light niche 10 which different strains are adapted, we have
undertaken gene expression and structural studies on the moderate
low-light-adapted strain MIT 9313 for which the full genome
sequence is available (http:/fwww.jgi.doe.gov/]GI_microbial/html/).
This strain contains two pch genes: pcbA (PMT 1046) and pchbB
(PMT 0496). This contrasts with the very low-light-adapted strain
55120 that contains eight pcb genes (pcbA to pcbH)—analysis of its
genome sequence (http://www.sb-roscoff.fr/Phyto/Pro55120/)
revealed the presence of one more pct gene (pcbH) than previously
thought®—and the high-light-adapted strain MED4, which has only
a single peb gene {(pebA)*.

Recently it was shown by electron microscopy and single-particle
analyses that $5120 contains a giant supercomplex consisting of the
PSI reaction centre trimer surrounded by a light-harvesting antenna
ring composed of 18 Pch subunits’, similar to the 18-mer IsiA-PSI
supercomplex induced in cyanobacteria when deprived of iron®™’
However studies on MIT 9313 grown under similar conditions to
§5120 did not reveal the presence of an 18-mer Pcb—PSI super-
complex but only ‘naked’ trimeric PSI complexes, which matched
with the cyanobacterial X-ray structure'® (Fig. 1a, b). Instead,
electron microscopy (Figs le, d and 2a) indicated that Pcb proteins
associate with the dimeric reaction centre complex of PSII to farm a
Pcb-PSIIL supercomplex having dimensions of approximately
210 X 290 A. Our interpretation is that this Pcb—PSII supercomplex
consists of eight Pcb subunits with four distributed on each side of
the PSII dimer as shown in Fig. 1c. This is emphasized by overlaying
onto the projection map the published X-ray-derived models of the
PSII reaction centre dimer and CP43, a PSII antenna protein
structurally similar to Pcb™'' (Fig. 1d). In some cases, the four
Pcb subunits on one side of the dimer were missing (Fig. le, f). The
‘naked” PSI trimers and Pch-PSI1 complexes shown in Fig. 1 were
located in a chlorophyll-containing band {band 2 in Pig, 2b, insert
+Fe) obtained by sucrose density centrifugation after solubilizing
isolated thylakoid membranes with the detergent §-p-dodecyl
maltoside. Also contained in this band were some PSII reaction
centre dimers free of Pcb proteins (Fig. 1g, h). Analysis af all
discernible particles, taken from band 2 sample micrographs,
resulted in 1,192 particles assigned to PSI and PSII, and gave a
PSL:PSII ratio of about 2. We assume this to be indicative of the ratio
in the intact thylakoid membrane given that most PSI and PSII
particles were in band 2. Amino-terminal sequencing of the Pcb
protein in band 2 from +Fe conditions showed it to be the product
of the pebA gene only, a result which was also found for the [ree-Pch
proteins in band | and for Pcb protein in thylakoid membranes
(Fig. 3).

The absence of the PcbB protein and the 18-mer Pcb-PSI super-
complex in iron-replete MIT 9313 cells spurred us to investigate the
expression of pcbA and pebB genes in this strain. When the cells were
grown in medium supplemented with iron (+Fe), we found that
only the pcbA gene was expressed (Table 1). However, when cells
were transferred to culture medium without added iron (—Fe),
expression of the pchB gene was activaled, a surprising result as peb
genes of Prochlorococcus were not known to be regulated by iron as is
the iron-stress-induced 1528 gene (Table 1). The latter gene encodes
flavodoxin'?, which substitutes for ferredoxin as an electron accep-
tor to P8I, and its expression indicates that the cells had acclimatized
to conditions of iron depletion. On the other hand, the expression of
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Supplementary Table 1: Detailed information about the Prochiorococcus and Synechococcus
cyanophage isolates used in the host-range analyses in this study. TEM Morphology designations as
follows: “P" = Podoviridae, “M" = Myoviridae, "S" = Siphoviridae, "+" indicates positive stained particles.
Marphometric data for cyanophage are approximated where possible from negatively stained (except
where indicated by ‘+') images without internal standards, “n.a.” suggests no tail was observed.

o A

] k] I > L3 ol

§ o 5% g § g B 55 g

z 3 Y g = 3 =9 SE - 8

O o 35 -1 Pt E £ Qe o ]

2 3 £8 g » S 3= 5 g S

£ ® 5 o

[ - a = e &
-S5P1 BATS 31°48'N, 84°16'W 100 6June 2000 P+ 45+ n.a This study
-RSP1 Red Sea 29°28'N, 34°53'E 0 15 July 2000 P 55 6x10 This study
RSP2 Red Sea 29°28'N, 34°53'E 0 15 July 2000 P+ 40+ n.a. This study
-SSP2 BATS 31°48'N, B4°16'W 120 29S8Sep 1999 P+ 40+ na This study
-S5P3 BATS 31°48'N, 84°16'W 100 29 Sep 1999 P 50 na This study
-85P4 BATS 31°48'N, 64°16'W 70 26 Sep 1999 P 50 n.a. This study
-SSPS BATS 31°48'N, 64°16'W 120 29 Sep 1999 P 55 6x 10 This study
-85P6 BATS 31°48'N, 64°16'W 100 26 Sep 1999 P 55 n.a. This study
-8SP7 BATS 31°48'N, 64°16'W 100 26 Sep 1999 P 50 n.a. This study
-GSP1 Gulf Stream 38°21'N, 66°49'W 40 6 Oct 1999 P 45 n.a. This study
-S5P8 BATS 31°4B'N, 64°16'W 100 26 Sep 1999 P+ 50 na, This study
-RSP3 Red Sea 29°28'N, 34°55'E 50 13 Sep 2000 P+ 50 na. This study
-SP1 Slope 37°40'N, 73°30'W 83 17 Sep 2001 P 80 8x12 This study
yn-12 Gulf Stream 36°58'N, 73°42'W )] Dec 1900 P 45 8x 10 Waterbury & Valois 19
yn-5 Sargasso Sea 34°06'N, 61°01'W 0 July 1990 p Waterbury & Valois 19
-S8M1 BATS 31°48'N, 84°16"W 100 6June 2000 M+ 60+ 160 x 20 This study
-RSM1 Red Sea 29°28'N, 34°53'E 0 15 July 2000 M B0 110 x 27 This study
-ShM1 Shelf 39°B0'N, 71°48'W 40 16 Sep 2001 M 75 120x 18 This study
-ShmM2 Shelf 39°60°'N, 71°48'W aJ 16 Sep 2001 M+ This study
-S8M2 BATS 31°48'N, B4°168'W 100 6 June 2000 M B5 110 x 25 This study
-SSM3 BATS 31°48'N, 64°16'W 100 6 June 2000 M 95 105 x 25 This study
-S5M4 BATS 31°48'N, 64°16'W 10 6 June 2000 M 80 160 x 20 This study
-B5Mb5 BATS 31°48'N, 64216'W 15 26 Sep 1999 M+ 60+ 20 x B0+ This study
-S5MB BATS 31°48'N, 64°18'W 40 29 Sep 1999 M 90 150 x 28 This study
-RSM2 Red Sea 29°28'N, 34°55'E 50 13 Sep 2000 M 75 170 % 23 This study
‘RSM3 Red Sea 29°28'N, 34°55'E 50 13 Sep 2000 M 80 175 x 23 This study
-8M1 Slope 37°40°N, 73°30'W 0 17 Sep 2001 M 90 80+ x 25 This study
-ShM1 Shelf 39°6Q'N, 71°48'W 0 16 Sep 2001 M 80 120 x 25 This study
-SSM1 Sargasso Sea J4°24'N, 72°03'W 70 22 Sep 2001 M 95 150 x 25 This study
yn-2 Sargasso Sea 34°06'N, 61°01'W a July 1990 M 66 149 x 17 Waterbury & Valois 19
yn-9 Woods Hole 41°31'N, 71°40'W 0 Oct 1990 M 87 153 x 19 Waterbury & Valois 19
yn-19 Sargasso Sea 34°06'N, 61°01'W o] July 1990 M VWaterbury & Valois 19
yn-10 Gulf Stream 36°58'N, 73°42'W 0 Dec 1990 M 100 145 x 19 Waterbury & Valois 19
yn-26 NE Providence Channel 25°5F'N, 77°34'W 0 Jan 1992 M Waterbury & Valois 19
yn-30 NE Providence Channel 25°53'N, 77°34'W 0 Jan 1992 M Waterbury & Valois 19
yn-33 Gulf Stream 25°51°N, 79°26'W 0 Jan 1995 M Waterbury & Valois 19
-PM2 English Channel 50°18'N, 4°12'W 0 23 Sep 1992 M 0 185 x 20 Wilson et al. 1993
-WHM1 Woods Hole 41°31'N, 71°40'W 0 11 Aug 1992 M 88 108 x 23 Wilson et al, 1993
yn-1 Woods Hole 41°31'N, 71°40'W 0 August 1990 M Waterbury & Valois 19
-ShM2 Shelf 39°60'N, 71°48'W 0 16 Sep 2001 M+ 70+ 100 x 30 This study
-S88M2 Sargasso 34°24'N, 72°03'W 0 22 Sep 2001 M 80 225 x 22 This study
yn-14 Gulf Stream 3G°58'N, 73°42'W 0 Dec 1980 M 93 136 x 21 Waterbury & Valois 19
-881 Slope 37°40'N, 73°30'W 60 17 Sep 2001 5+ 45+ x 90 280 x 15 This study
-852 Slope 37°4Q0'N, 73°30'W 83 17 Sep 2001 S 50 x 100 260 x 12 This study
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Supplementary Figure 1: Proportion of Prochlorococcus and Synechococcus cyanobacterial lysates with
a given cyanophage morphology. Data represent presence or absence of a given morphology in each
lysate and do not include observations of doubly plague purified cyanophage isclates used in the host
range analyses. The following number of observations were made for each category from the lysates: HL
Prochlorococcus = 107, LL Prochiorococcus = 43, Synechococcus = 58.
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Supplementary Figure 2: Cyanophage titers, measured using Prochlorococcus and Synechococcus hosts

strains, as a function of depth in the oligotrophic western Sargasso Sea (34°24'N, 72°03'W) on 22 Sept.
2001. (a) titers measured using Prochlorococcus hosts, (b) titers measured using Synechococcus hosts,
(c) total Prochlorococcus and 1ynechococcus cell abundances (Prochlorococeus cells x 10* mI" and
Synechococcus cells x 10° ml” yand Sigma-T (o,— a proxy for water density used to measure the depth
of the mixed layer). Titers were msngmﬁcant for host strains Prochiorococcus MIT9312, MIT9211,
MIT9313, $5120 and Synechococcus WH6E501, WH8018, WH8101.  Error bars represent the standard
deviation of assays.
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Supplementary Figure 3: Water collected from Dyer’'s Dock, Woods Hole, MA on 3 Oct 2000 was
immediately sub-sampled to prepare three separate filtrates to test the effects of long term storage on
cyanophage titers using our storage methods. Cyanophage titers were measured using Synechococcus
WHB8012 in a MPN assay pericdically (3 Oct 2000, 10 Oct 2000, 24 Oct 2000, 28 Nov 2000, 22 Jan 2001,
28 Dec 2001) over the course of 15 months. Data presented are the average and standard deviation of
triplicate MPN assays from each sub-sample.
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Supplementary Figure 4: Every isolate in the MIT Prochlorococcus culture collection with a unique ITS
rDNA sequence was used in plagque assays to determine the strain-specific cyanophage titer from a water
sample taken from 50 m depth in the Red Sea on 13 Sep 2000. These data were used to explore, for this
one sample only, whether or not the strains we were using to assay phage fiters throughout our studies
(white bars) were yielding results that might be deemed “typical” with respect to the rest of the host cells
in our collection (dark bars}. The results show that none of the other host strains yield significantly higher
titers than those used in this study. Data shown are average and standard deviation of triplicate plaque
assays.
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Chapter III

Diversity of portal protein genes from
Prochlorococcus and Synechococcus myophage isolates

Sullivan, M. B., Rosenkrantz, J. R., Tan, G. P., Waterbury, J. B., and Chisholm,
S. W. Diversity of portal genes from Prochlorococcus and Synechococcus
myophage isolates. Applied Environmental Microbiology in prep.
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Diversity of portal protein genes from
Prochlorococcus and Synechococcus myophage isolates

Matthew B. Sullivan', Jessica E. Rosenkrantz”, G. Tan?, J.B. Waterbury3 . S.W. Chisholm*'

MIT / Woods Hole Oceanographic Institution Joint Program in Biological Oceanography, MIT,
48-424, Cambridge, Massachusetts 02139'; Massachusetts Institute of Technology, Department
of Biology, Cambridge, Massachusetts 02139%; Woods Hole Oceanographic Institution,
Department of Biology, Woods Hole, Massachusetts 02543*; Department of Civil and
Environmental Engineering and Department of Biology, MIT, 48-425, Cambridge, Massachusetts
02139%

The marine cyanobacteria Prochlorococcus and Synechococcus are the numerically
dominant primary producers in the oceans, are globally distributed and are known to be
infected by three morphologies of viruses (phage). The diversity of one of these families of
phage, the myophage (phage of the Myoviridae morphology), has been assessed in both
natural phage communities and cultured Synechococcus myophage isolates, using the g20
gene, a homolog to the gene encoding the T4 portal protein. These studies showed that
environmental g20 sequences formed 9 distinct phylogenetic clusters, only 3 of which are
represented in cultured myophage isolates. The recently assembled MIT phage collection
includes a diverse selection of myophage, isolated using a broad range of cyanobacterial
host strains (5 Prochlorococcus and 8 Synechococcus strains) from numerous sites in the
Atlantic Ocean and the Gulf of Agaba. We amplified and sequenced g20 fragments from
this collection to see whether phage isolated on Prochlorococcus hosts differed from these
published g20 sequences. We found that the g20 sequences from our collection clustered
with the same three g20 clades represented by other myophage isolates. We suggest the six
environmental g20 clades with no cultured representatives are likely to be from myophages
that infect as yet uncultured hosts. Finally, the lack of obvious relationships between g20
diversity and a variety of factors associated with the phage isolates suggests the need for
new taxonomic markers that allow the tracking of ecologically discrete groups of phage,

such as phage that infect particular hosts.
The discovery that virus-like particles occur at high abundances (to 10* ml") in the

oceans (Bergh, 1989; Bratbak et al., 1990; Proctor and Fuhrman, 1990), has prompted efforts to

elucidate the roles of viruses in these systems. To this end, there has been extensive work on the
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phage-host system of the marine cyanobacteria Prochlorococcus and Synechococcus, which are
globally important primary producers in the oceans (Waterbury et al., 1986; Partensky et al.,
1999). Their phages are abundant (Waterbury and Valois, 1993; Suttle and Chan, 1994; Suttle,
2000; Lu et al., 2001; Frederickson et al., 2003; Marston and Sallee, 2003; Sullivan et al., 2003),
are small but significant contributors to host mortality (Waterbury and Valois, 1993; Suttle and
Chan, 1994, Suttle, 2000), and are thought to play a role in maintaining the extensive
microdiversity of the marine cyanobacteria (Waterbury and Valois, 1993; Suttle and Chan, 1994,
Marston and Sallee, 2003; Sullivan et al., 2003).

Studying the diversity of phages has proven difficult because no universal gene,
analogous to the 168 rRNA gene that is used as the taxonomic marker for all microbes, exists
throughout all phage families (Paul et al., 2002). Thus, family-specific genes have recently been
proposed for use as taxonomic tools (Rohwer and Edwards, 2002). For the Myoviridae, which
are highly represented among Synechococcus cyanophage isolates (Suttle and Chan, 1993;
Waterbury and Valois, 1993; Wilson et al., 1993; Sullivan et al., 2003), a fragment of the gene
homologous to the coliphage T4 portal protein gene, g20, has been used for this purpose (Fuller et
al., 1998; Zhong et al., 2002). The g20 homologue was initially chosen as a diversity indicator
because hybridization studies of Synechococcus cyanomyophage DNA suggested this region was
conserved across 8 phage isolates (Fuller et al., 1998). Subsequent study showed that the g20
homologue is part of a structural cassette (g18, g19, g20, g21, g22, g23) which is highly
conserved among Myoviridae from hosts as divergent as proteobacteria and cyanobacteria
(Hambly et al., 2001). The evolution of g20 is so constrained because its protein product (gp20)
initiates capsid assembly in T4, a process involving geometric precision (Coombs and Eiserling,
1977, Hsiao and Black, 1978; van Driel and Couture, 1978) through the formation of a proximal
vertex (van Driel and Couture, 1978) used for DNA packaging (Hsiao and Black, 1978) and
binding the capsid to the tail junction (Coombs and Eiserling, 1977).

The high degree of conservation in the g20 gene has allowed the design of PCR primers
to amplify g20 fragments from a range of myophage, facilitating diversity studies of as-yet
uncultured naturally occurring myophage (Zhong et al., 2002). Myophage g20 diversity has been
measured in a variety of aquatic environments, and offers a first glimpse at the diversity of these
phage. Studies using non-degenerate PCR primers and evaluation of the amplicons using
denaturing gradient gel electrophoresis (DGGE) banding patterns and terminal-restriction

fragment length polymorphism (T-RFLP) have revealed variability in g20 diversity across space
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and time. Along a transect from the Falkland Islands to the United Kingdom, 2-12 g20 DGGE
bands were observed in one liter water samples (Wilson et al., 1999, 2000). A similar range in
diversity was observed throughout a depth profile in waters off British Columbia (Frederickson et
al., 2003) and a seasonal cycle in a freshwater lake in France (Dorigo et al., 2004) and in the
estuarine waters of the Chesapeake Bay (Wang and Chen, 2004). These studies concluded that
220 diversity was as great within a sample as between oceans (Wilson et al., 1999), that phage
£20 diversity increased as Synechococcus abundance increased (Wilson et al., 1999, 2000,
Frederickson et al., 2003; Wang and Chen, 2004) and that some g20 types were ubiquitous
(Wilson et al., 1999, 2000; Frederickson et al., 2003; Dorigo et al., 2004).

Cloning and sequencing of g20 PCR amplicons has allowed phylogenetic analyses of
myophage diversity along a coastal-to-open Atlantic Ocean transect (Zhong et al., 2002) and over
a 3-year period in coastal waters off Rhode Island (Marston and Sallee, 2003). Again, there was
high variability in g20 diversity among sites, with between thirteen and twenty-nine different g20
sequences obtained at different sites along the transect (Zhong et al., 2002). While these authors
conclude that there was some correlation between ocean habitat and g20 phylogenty (e.g..
phylogenetic cluster I represents “oceanic” g20 sequences), further sampling suggested this was
. not the case, as seven g20 sequences from coastal Synechococcus myophage isolated from Rhode
Island waters clustered with the putative “oceanic” sequences (Marston and Sallee, 2003). Clone
libraries from the deep chlorophyll maximum had a higher diversity of g20 sequences than those
from surface water samples in both the Gulf Stream and the Sargasso Sea (Zhong et al., 2002).
Finally, g20 sequences observed in these field studies are not all represented in cultured isolates.
The sequencing of 207 clones amplified from samples along the Atlantic Ocean transect revealed
114 unique g20 sequences (Zhong et al., 2002), which grouped into 9 phylogenetic clusters — only
3 of which had cultured respresentatives (Zhong et al., 2002). Subsequent culturing of phage
isolated from Rhode Island coastal waters using Synechococcus hosts led to isolates whose g20
sequences also grouped with the 3 previous isolate-containing clusters (Marston and Sallee,
2003). Thus, 6 of the 9 environmental myophage g20 clusters lack cultured isolates.

The MIT phage collection (Sullivan et al., 2003) consists of phage isolated from seawater
samples collected from various depths in the euphotic zone throughout the Atlantic Ocean and the
Gulf of Agaba. The phage were isolated using strains of Prochlorococcus and Synechococcus
that represented the known genetic diversity of these host cells at the time this study began

(Rocap et al., 2002) but see ref. (Fuller et al., 2003). Because the cultured myophage used in
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previous g20 diversity studies were 1solated using only Synechococcus strains, we wondered
whether analysis of our collection would expand the database of g20 sequences for phage
isolates, and possibly help explain the broad diversity observed in the field. However, as we
report below, we found that g20 sequences from our isolates cluster only with the existing g20
sequences for cultured phage, and do not help identify the sequences from field samples for

which there are no cultured counterparts.

MATERIALS AND METHODS
Myophage isolates. 45 cyanobacterial myophage were isolated (Table 1) as described previously
(Waterbury and Valois, 1993; Wilson et al., 1993; Marston and Sallee, 2003; Sullivan et al.,
2003). S-PM2 and S-WHMI1 were provided by W. Wilson and all S-RIM phages were provided
by M. Marston. The specificity of cyanomyophage g20 primers was tested using five marine
Pseudoalteromonas spp. bacteriophage (HER320, HER321, HER322, HER327, HER328;
(Wichels et al., 1998) that were purchased from the Felix d’Herelle Reference Center for
Bacterial Viruses (contact H. Ackermann) as well as 7 heterotrophic bacteriophage (TH6-¢1, IH6-
07, IH11-¢2, IH11-¢5, CB8-02, CB8-¢6, CB-08; (Zhong et al., 2002) kindly provided by F.
Chen.

Testing of published primer sets: The published (Wilson et al., 1999; Zhong et al., 2002) g20
primer sets (CPS4/CPS5 used in DGGE studies, and CPS1/CPS8 used in sequencing studies)
were designed without sequence information from Prochlorococcus myophage. We found that
CPS4/CPS5 only amplified g20 sequences from 80% of these new Prochlorococcus and
Synechococcus myophage in our collection, while CPS1/CPS8 only amplified g20 sequences
from 44% of these isolates (Table 1). While the CPS4GC/CPSS5 primer set amplifies g20 from
most of our myophage isolates, the PCR product is too small (~165 bp) for subsequent
phylogenetic analyses. In contrast, the CPS1/CPS8 primer set amplifies a larger PCR product,
but from fewer isolates (25 of 45; Table 1).

To obtain g20 PCR amplicons from myophage that would not amplify using published
primers, we added degeneracies to both CPS1 and CPS8, and shifted the CPS8 primer based upon
genomic sequence data obtained for two of the Prochlorococcus myophage isolates (P-SSM2, P-
SSM4; hitp://www.jgi.gov/IGI microbial/html/index.html). CPS1.15’-
GTAGWATWTTYTAYATTGAYGTWGG-3’ and CPS8.1 5°-
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ARTAYTTDCCDAYRWAWGGWTC-3’. This redesigned primer set (CPS1.1/CPS88.1)
produced the expected size of PCR amplicons (~594 bp) from all 45 cyanomyophage isolates
(Table 1) and when sequenced these amplicons proved to be from g20) homologues (Figure 1).
Despite their degeneracy, the redesigned CPS1.1/CPS8.1 primer set was able to specifically
amplify g20 sequences from all of our cyanobacterial myophage isolates as shown in specificity
testing (Table 1) of the primers against 7 heterotrophic marine bacteriophage from Maryland,
USA waters (Zhong et al., 2002), 5 heterotrophic marine bacteriophages from the North Sea
(Wichels et al., 1998), as well as 16 Podoviridae and 2 Siphoviridae that infect Synechococcus

and Prochlorococcus (Sullivan et al., 2003) .

PCR amplification and sequencing. Previous g20 PCR primer sets (non-degenerate
CPS4GC/CPS5 (Wilson et al., 1999) and degenerate CPS1/CPS8 (Fuller et al., 1998; Zhong et
al., 2002) were designed to amplify ~200bp and ~592 bp fragments, respectively, of the T4 g20
homologue in myophage.

PCR reactions for CPS4GC/CPS5 and CPS1/CPS8 were conducted as described
previously (Wilson et al., 1999; Zhong et al., 2002). Briefly, 2 ul of cyanophage lysate was
added as DNA template to a PCR reaction mixture (total volume 50 pl) containing the following:
20 pmol each of a forward and reverse primer, 1x PCR buffer (50mM Tris-HC], 100 mM NaCl,
1.5 mM MgCl,), 250 uM of each dNTP, and 0.75 U of Expand High Fidelity DNA polymerase
(Roche, Indianapolis, IN). PCR amplification was carried out with a PTC-100 DNA Engine
Thermocycler (MJ Research, San Francisco, CA). Optimized thermal cycling conditions varied
slightly from those reported as follows: CPS4GC/CPS5 required an initial denaturation step of
94°C for 3 minutes, followed by 35 cycles of denaturation at 94°C for | minute, annealing at
50°C for 1 min, ramping at 0.3°C/s, and elongation at 73°C for 1 minute with a final elongation
step at 73°C for 4 minutes, whereas both primer sets CPS1/CPS8 and CPS1.1/CPS8.1 required an
initial denaturation step of 94°C for 3 minutes, followed by 35 cycles of denaturation at 94°C for
15s, annealing at 35°C for 1 min, ramping at 0.3°C/s, and elongation at 73°C for 1 minute with a
final elongation step at 73°C for 4 minutes. Systematic PCR screening using various primer sets
was conducted using the same PCR reaction conditions and amplification protocol, but replacing
the High Fidelity DNA polymerase with the less expensive Taq DNA polymerase (Invitrogen,

Carlsbad, CA) and only using 20 pl reactions since replicate (range 3-8) PCR reactions were

38



pooled before sequencing to decrease PCR bias (Polz and Cavanaugh, 1998). In all cases, a 5-10
ul aliquot of PCR product was analyzed in a 1.5% TAE gel stained with EtBr. The gel image was
captured and analyzed with an Eagle Eye II gel documentation system (Stratagene, La Jolla, CA).
For purification and sequencing, replicate PCR reactions were combined, run out on a 1.5% TAE
gel and purified using the QIAGEN QIAquick gel extraction kit (Qiagen, Valencia, CA). The
purified PCR products were sequenced directly on both strands using the degenerate PCR primers
used to obtain the product (CPS1, CPS8, CPS1.1, CPS8.1) with best results at primer
concentrations ~10-fold those suggested by the sequencing facility (40 pmol per reaction). To
have greater confidence in negative PCR results, templates that did not produce amplified product
were tested against optimized primer sets multiple times (data not shown).

Where identical g20 sequences were observed in our study, we confirmed the match was
real and not the result of PCR contamination by re-amplifying and sequencing directly from fresh
phage isolates (e.g., for P-S§SM4, P-RSM3, S-SSM2, and “Syn” phages Syn2, Syn9, Syn10,
Syn26, Syn30, Syn33, Synl, Syn19) — many of which were obtained from stocks kept at a

separate institution.

Phylogenetic analysis. Paired sequence data were aligned using ClustalW (Thompson et al.,
1997) and corrected manually using the sequence chromatograms. Consensus sequences for each
cyanophage isolate were then translated in-frame into amino acids. Multiple sequence alignments
of translated amino acid consensus sequences were done with ClustalW using the Gonnet protein
weight matrix, a gap opening penalty of 15 and gap extension penalty of 0.30 (although changing
these penalties did not significantly alter the alignments). Phylogenetic reconstruction was done
using PAUP 4.0 (Swofford, 2002) for parsimony and distance trees and Tree-Puzzle 5.0 (Schmidt
et al., 2002) for maximum likelihood trees. Evolutionary distances for neighbor-joining trees
were calculated based on mean character distances, while evolutionary distances for maximum
likelihood trees were calculated using the JTT model of substitution assuming a gamma-
distributed model of rate heterogeneities with 16 gamma-rate categories empirically estimated
from the data. A heuristic search with 10 random addition replicates using the tree-bisection-
reconnection branch swapping algorithm was used for parsimony trees. Bootstrap analysis was
used to estimate node reproducibility and tree topology for neighbor-joining (1,000 replicates)

and parsimony (100 replicates) trees, while quartet puzzling (10,000 replicates) indicates support
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for the maximum likelihood tree. The g20 sequence from coliphage T4 was used as the outgroup
taxon for all analyses.

Phylogenetic analyses of 183 amino acids from viral g20 sequence from 79 taxa yielded
robust, similar trees using both algorithmic (neighbor-joining) and tree-searching (parsimony and
maximum likelihood) methods. The translated g20 sequences contained phylogenetically
informative regions (e.g., for parsimony analyses, 41 positions were constant, 25 were parsimony
uninformative and 1 [7 were parsimony informative). Differences between the parsimony,
distance and maximum likelihood trees were limited to the branching order of the terminal nodes
in a given cluster. To evaluate whether g20 sequence diversity correlated to a suite of phage
isolation parameters, we empirically defined a “well supported node” as one where the average

support across all three phylogenetic methods was 80% or greater.

Nucleotide sequence accession numbers. The nucleotide sequences determined in this study

were submitted to GenBank and assigned accession numbers AYXXXXXX to AY XXXXXX.

RESULTS AND DISCUSSION

Using the g20 sequences obtained from our myophage collection and those in the
database, we asked whether our myophage contained g20 sequences that were novel or that were
clustered with environmental clades lacking cultured representatives. All 9 previously defined
phylogenetic clusters (Zhong et al., 2002) were reproduced in each of our phylogenetic trees (Fig.
1). The g20 sequences of all 44 sequenced phage isolates (one isolate, S-RIM9, was screened but
not sequenced) did not group with environmental clusters that lacked cultured representatives.
The identical g20 sequences from phages P-SSM9, P-SSM11 and P-SSM12 along with that from
S-RIM6 form a fourth monophyletic cluster within the clusters containing cultured
representatives (I, II, III). Finally, while phylogenetic analyses grouped the g20 sequences from
S-BnM1 and P-ShM1 with those from other cultured myophage, low bootstrap support made their
placement within a particular cluster ambiguous.

These analyses suggest that while g20 sequences from our collection are often novel, they
are found only in those g20 clusters containing cultured representatives. In other words, these
new sequences do not help “identify” the environmental sequences in clusters that lack cultured
representatives. We suggest that the 6 environmental g20 sequence groups lacking cultured

representatives may be from two possible sources: phages that infect as yet uncultured
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cyanobacteria, or phages that infect other surface-dwelling non-cyanobacterial hosts. Although
the g20 primers used in the studies that yielded these sequences have been tested for non-specific
amplification against a range of cultivated g20-containing bacteriophage, it is likely that in the
high viral diversity of the oceans (Breitbart et al., 2002) the primers are not truly specific for
cyanophage. If these g20 sequences are from bacteriophages, their relative abundance in the
environmental g20 tree — 6 of the 9 clusters contain most of the environmental g20 sequences
(Zhong et al., 2002) — qualitatively suggests that the hosts of the phages containing these g20
sequences may be common surface water microbes. Given this criterion, candidate hosts include
Pelagibacter (formerly SAR11), Rosecobacter (formerly SAR83), SARB6, and SAR116
(Gtovannoni and Rappe, 2000).

As previously observed (Zhong et al., 2002; Marston and Sallee, 2003), the nucleotide
and amino acid sequence divergence of the g20 regions amplified from our myophage isolates
suggests the g20 portal protein gene is highly conserved. This region of the g20 homologue from
coliphage T4 was 49.6-54.5% identical at the nucleotide and 39.8-45.3% identical at the amino
acid level to the g20 sequences from our myophage isolates. Among the cyanomyophage g20
sequences, there was less than 50% divergence of both nucleotide and amino acid sequences, with
ranges of pairwise identities from 59.8-100% nucleotide identity and 59.6-100% amino acid
identity. Thirteen groups of g20 sequences from myophage isolates and environmental sequences
contained identical amino acid sequences (numbered 1-13 in Fig. 1). Such high conservation of
220 sequences has been noted previously (Zhong et al., 2002; Marston and Sallee, 2003) and is
not limited to the isolates of the MIT phage collection. Such striking g20 sequence conservation
from cyanobacterial phages isolated from variable depths and/or geographical regions suggests
these phages, due to the global distribution of their hosts, might be exchanging g20 genes
throughout a global pool of phage genetic information (Hendrix et al., 1999).

With such a rich database of g20 sequence information, we wondered whether the g20
sequence clusters could be used to identify the host genus or host strain used to isolate a given
phage isolate even though it is known that many of these phages can infect across a broad range
of hosts (Sullivan et al., 2003). While none of the three culture-containing clusters (I, I, [II) were
comprised solely of g20 sequences from either Prochlorococcus or Synechococcus phages, all 10
220 sequence clusters with identical amino acid sequences from cultures and 3 of the 6 well-
supported sequence clusters (as defined in methods) were represented either by Prochlorococcus

or Synechococcus phage, but not both. These latter observations suggest a non-random
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distribution of g20 sequences within the clusters of the tree. However, it is important to bear in
mind that the designation of Prochlorococcus or Synechococcus phage is artificially designated as
the result of the genus of the cultured host originally used to isolate the phage. In fact, with one
exception (cluster #10, Fig. 1), all phages represented in these clusters with 1identical g20 amino
acid sequences, can infect both Prochlorococcus and Synechococcus (Sullivan et al., 2003).

An examination of the distribution of the original host strains used to isolate the phages
showed that 6 of these 10 g20 sequence clusters with identical amino acid sequences (clusters #3,
4,6, 7,10, 11; Fig. 1) and none of the 6 well-supported clusters contained phages isolated using
the same original host strains, while 4 of the identical g20 amino acid sequence clusters (clusters
#5, 8,9, 12; Fig. 1) and all 6 of the well-supported clusters did not. Further, there were some
hosts (e.g., NATL2A, WH 7803) used to isolate many phages that contained g20 sequences that
sometimes clustered together and sometimes were scattered throughout the tree (Fig. 1). Where
complete host range information was available (i.e., tested against 11 Prochlorococcus and 10
Synechococcus strains), there also was no obvious relationship between g20 phylogeny and host
range (Fig. 1). Of 9 clusters with identical g20 amino acid sequences from cultured phages where
host range data were available, 6 had different host ranges (clusters # 3, 5,6, 7,9, 12; Fig. 1)
while 3 had the same host ranges (clusters #4, 8, 10; Fig. 1).

Taken together, these data present a complicated scenario where sometimes g20
clustering appears non-random, but oftentimes lacks obvious correlations that might indicate
which host strain or genus was used to isolate a phage. Further work to more rigorously address
whether the clustering of these g20 sequences from similar phages (e.g., at the generic host level
or at the single strain host level) is different from a random distribution of these g20 sequences
should be done, perhaps as follows. There are 39 phage g20 sequences distributed within 6 well-
supported (as defined in methods) clusters and 10 identical g20 amino acid clusters within this
phylogeny. Using statistical randomization procedures (e.g., Monte Carlo simulations), one could
evaluate whether the distribution of g20 sequences observed in our tree could occur randomly.

The lack of obvious relationships between g20 sequence clustering and the identification
of original phage host or host range requires explanation. The host ranges of these myophages
vary greatly, ranging from infecting a single host strain to infecting other ecotypes and even other
genera (Sullivan et al., 2003). Therefore the “true” or optimal host, if such a construct exists for
broad host range phages, might be any one of the host strains that it cress-infects (or an

uncultured strain yet to be isolated). This muddies the waters considerably in trying to link the
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evolutionary history (using g20 as a proxy) of myophages to that of their host of 1solation or even
to their apparent range of hosts, given the severe limitations in our understanding of the in sifu
reality for these phages in the environment. Further, the disconnect between g20 sequence
clustering and host relationships is likely due to the function of g20. In coliphage T4, the g20
gene encodes a portal protein (Marusich and Mesyanzhinov, 1989) involved in functions quite
removed from the direct interaction between phage and host. Thus, there is little reason to expect
that the phylogenetic affiliation of 220 sequences would be related to host range. (Recall that in
phage, where extensive horizontal gene transfer is known to occur (Hendrix et al., 1999; Hendrix,
2003), one gene might meaningfully correlate to a given property while another gene in the
genome might represent a different mode of selection). Host range and the proteins mediating it
are dynamic due to the ongoing phage-host ‘arms race’, while g20 remains highly conserved,
through selective pressures that are unrelated to host identity. A better candidate gene whose
phylogeny might map onto host range could be the distal tail fiber gene, which is known to be the
direct determinants of host range in T-even coliphages (Henning and Hashemolhosseini, 1994).
The exploration of g20 diversity in this cyanophage collection has expanded the sequence
database to include phage isolated using Prochlorococcus strains. Analyses presented here, (1)
confirm that phage culture collections represent only a fraction of the g20 sequence diversity
observed in the field, and (2) suggest that 220 sequence clusters do not identify the original host
of 1solation or host range of phage isolates. We are only beginning to explore ecological
questions in phage biology and have sampled less than 0.0002% of the global phage metagenome
(Rohwer, 2003). Current investigations of phage-host interactions are dramatically hampered by
the lack of diversity markers for quantitatively and specifically tracking phages that infect
particular hosts. New efforts to identify appropriate marker genes for tracking such diversity are

critical to systematically understand phage-host dynamics in the oceans.
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Table 1: Detailed description of phage isolates used in optimization of g20 PCR primers and
results of specificity testing of three PCR primer sets against various phage isolates.

Phages Hosts Site of Isolation Depth  Date isolated Family® CPS CPS CPS Ref*
(m) 4GC/s"  1/8° 1.1/81°
Prochlorococcus cyanophage
P-SSP1 MIT 9215 BATS /31°48'N, 64°16'W 100 6 June 2000 P - - - 1
P-RSP1 MIT 9215 Red Sea / 29°28'N, 34°53'E 0 15 July 2000 P - - - 1
P-RSP2 MIT 9302 Red Sea/ 29°28°N, 34°53’E 0 15 July 2000 P - - - 1
P-55P2 MIT 9312 BATS /31°48'N, 64°16'W 120 29 Sep 1999 P - - - 1
P-SS8P3 MIT 9312 BATS /31°48°N, 64°16’'W 100 29 Sep 1999 P - - - 1
P-SSP4 MIT 9312 BATS /31°4B'N, 64°16’'W 70 26 Sep 1999 P - - - 1
P-5SP5 MIT 9515 BATS 7 31°48'N, 64°16'W 120 29 Sep 1999 P - - - 1
P-SSP6 MIT 9515 BATS / 31°48'N, 64°16'W 100 26 Sep 1999 P - - - 1
P-5SP7 MED4 BATS /31°48'N, 64°16'W 100 26 Sep 1999 P - - - 1
P-GSP1 MED4 Gulf Stream / 38°21°'N, 66°49'W 40 6 Oct 1999 P - - - [
P-SSP8 NATL2A BATS /31°48°N, 64°16’W 100 26 Sep 1999 P - - - 1
P-RSP3 NATL2A Red Sea 7/ 29°28’N, 34°55°E 50 13 Sep 2000 P - - - 1
P-SP1 85120 Slope / 37°40°N, 73°30°'W 83 17 Sep 2001 P - - - 1
P-SSM8 MIT 9211 W Sarpasso Sea / 34°24°N, 72°03'W 30 22 Sept 2001 M + + + 2
P-SSM1 MIT 9303 BATS /31°48'N, 64°16'W 100 6 June 2000 M + - + 1
P-RSM1 MIT 9303 Red Sea/ 29°28'N, 34°53’'E 0 15 July 2000 M + - + 1
P-RSM4  MIT 9303 Red Sea 7 29°28'N, 34°55'E 130 13 Sep 2000 M + + + 2
P-ShM1 MIT 9313 Shelf 7/ 39°60°'N, 71°48'W 40 16 Sep 2001 M + - + 1
P-ShM2  MIT 9313 Shelf / 39°60’'N, 71°48'W 0 16 Sep 2001 M - - + 1
P-SSM2 NATLIA BATS /31°48°N, 64°16'W 100 6 June 2000 M + + + 1
P-RSM35 NATLIA Red Sea f 29°28'N, 34°55°E 130 13 Sep 2000 M + + + 2
P-SSM7 NATLIA BATS /31%48’N, 64°16'W 120 29 Sep 1999 M - - + 2
P-SSM3 NATL2A BATS / 31°48’N, 64°16’W 100 6 Jun 2000 M - - + 1
P-SSM4 NATL2A BATS /31948’N, 64°16’'W 10 6 June 2000 M - - + 1
P-SSMS5 NATL2A BATS /31°48'N, 64°16'W 15 26 Sep 1999 M + - + 1
P-SSM6 NATL2A BATS /31°48'N, 64°16'W 40 29 Sep 1999 M - - + 1
P-RSM2 NATLZA Red Sea/ 29°28°N, 34°55°E 50 13 Sep 2000 M + - + . 1
P-RSM3 NATL2A Red Sea/ 29°28’N, 34°55’E 50 13 Sep 2000 M - - + 1
P-SSM9%  NATL2A W Sargasso Sea / 34°24’N, 72°03°'W 0 22 Sep 2001 M? + - + 2
P-SSM10 NATL2A W Sargasso Sea / 34°24’N, 72°03'W 0 22 Sep 2001 M? 1 - + 2
P-SSM11  NATL2A W Sargasso Sea / 34°24'N, 72°03'W 0 22 Sep 2001 M? + - + 2
P-SSM12 NATLZA W Sargasso Sea / 34°24’N, 72°03'W 95 22 Sep 2001 M? + - + 2
Synechococcus cyanophage
Syn5 WH 8109 Sargasso Sea / 36%58'N, 73°42'W 0 Dec 1990 P - - - 1
Synl2 WH 8017 Gulf Stream / 34°06°N, 61°01'W 0 July 1990 P - - - 1
S-SM1 WH 6501 Slope / 37°40°N, 73°30'W 0 17 Sep 2001 M - - + 1
S-ShM1 WH 6501 Shelf/ 39°60°N, 71°48°W 0 16 Sep 2001 M + + + L
5-85M1 WH 6501 W Sargasso Sea / 34°24'N, 72°03°W 70 22 Sep 2001 M + + + 1
Syn 2 WH 8012 Sargasso Sea / 34°06'N, 61°01°W 0 July 1990 M - + + 3
Syn 9 WH 8012 Woods Hole / 41°31°N, 71°40°'W 0 Qct 1990 M + + + 3
Syn 10 WH 8017 Gulf Stream / 36°58'N, 73°42'W 0 Dec 1990 M i T + 3
Syn 26 WH 8017 NE Providence Channel / 0 lan 1992 M + + + 3
25°53'N, 77°34'W
S-5M2 WH 8017 Slope / 37°40°N, 73°30'W 15 17 Sep 2001 M + - + 2
Syn30 WH 8018 NE Providence Channel / 0 Jan 1992 M + - + 3
25°33'N, 77°34'W
S-SSM3 WH 8018 W Sargasso Sea / 34°24'N, 72°03'W 0 22 Sep 2001 M + + + 2
§-SSM4 WH 8018 W Sargasso Sea / 34°24°N, 72°03'W 110 22 Sep 2001 M + + + 2
S-RIM3 WH 8018 Mt Hope Bay, R1/ 41°39°N, 71°15'W 0 Sept. 1999 M? + - + 4
Syn 33 WH 7803 Gulf Stream / 25°51°N, 79°26°W 0 Jan 1995 M + + + 3
S-PM2 WH 7803 English Channel / 50°18'N, 4°12'W 0 23 Sep 1992 M + + + 5
S-WHM1 WH 7803 Woods Hole / 41°31°N, 71°40'W 0 11 Aug 1992 M + + + 5
S-RIM9 WH 7803 Mt. Hope Bay, RI/ 41°39'N, 71°15°W 0 May 2000 M? + - + 4
S-RIM17 WH 7803 Mt. Hope Bay, RI/41°39°'N, 71°15°W 0 July 2001 M? + - + 4
S-RIM24 WH 7803 Mt. Hope Bay, RI1/41°39'N, 71°15'W o] Dec 2001 M? + - + 4
S-RIM30  WH 7803 Mt Hope Bay, RI/41°39'N, 71°15°W 0 June 2002 M? + - + 4
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Phages Hosts Site of Isolation Depth Dateisolated Family* CPS CPS CPS  Refl*
(m) 4Gess" 18" 118.1°
Syn 1 WH 8101 Woods Hole / 41°31°N, 71°40'W 0 Aug 1990 M + - + 3
S-ShMm2 WH 8102 Shelf / 39°60°N, 71°48'W 0 16 Sep 2001 M + + + 1
S-SSM2 WH 8102 W Sargasso Sea/ 34°24'N, 72°03°'W 0 22 Sep 2001 M + + + 1
S-SSM5 WH 8102 W Sargasso Sea/ 34°24'N, 72°03°'W 95 22 Sep 2001 M + + + 2
Syn 19 WH 8109 Sargasso Sea / 34°06'N, 61°01'W 0 July 1990 M - - + 3
5-8SM6 WH 8109 W Sargasso Sea/ 34°24’N, 72°03'W 70 22 Sep 2001 M + + + 2
S-SSM7 WH 8109 W Sargasso Sea / 34°24'N, 72°03°'W 95 22 Sep 2001 M + + + 2
Other phages
[H6-01 IH6 Inner Harbor, Baltimore, MD 0 17 Nov 2000 M - - - 6
[H6-¢7 IH6 Inner Harbor, Baltimore, MD 0 17 Nov 2000 P - - - 6
IH11-¢92  Alteromonas Inner Harbor, Baltimore, MD 0 17 Nov 2000 M - —~ - 6
H11-¢5 Alteromonas Inner Harbor, Baltimore, MD 0 17 Nov 2000 P - - - 6
CB8-92 CB8 Chesapeake Bay, MD 0] 17 Nov 2000 M - - - 6
CB8-06 CBS§ Chesapeake Bay, MD 0 17 Nov 2000 M - - - 6
CB-¢8 _Vibriol Chesapeake Bay, MD 0 17 Nov 2000 M - - - 6
alginolyticus
HER320 H7 Helgoland, North Sea 1] 1976-1978 M - - - 7
HER321 H100 Helgoland, North Sea 0 1976-1978 P - - - 7
HER322 H100 Helgoland, North Sea 0 1976-1978 M - - - 7
HER327 11-68 Helgoland, North Sea 0 1976-1978 S - - - 7
HER328 H105 Helgoland, North Sea 0 1976-1978 S — ~ - 7

(Table 1 continued)

“M, P and S represent the virus families Myoviridae, Podoviridae and Siphoviridae, respectively.

? indicates the morphology of the phage particle has not been confirmed with electron
microscopy, but is presumably a Myoviridae based upon amplification and sequencing of a g20
PCR product.

®+, positive PCR amplification; —, no desired PCR product.

“ References code: 1 = Sullivan et al, 2003; 2 = This study; 3 = Waterbury & Valois; 1993; 4 =
Marston & Salee. 2003; 5 = Wilson et al., 1993; 6 = Zhong et al., 2002; 7 = Wichels et al., 1998
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Figure 1: Evolutionary relationships determined using 183 amino acids of the portal protein gene
(g20) amplified from MIT myophage isolates (colored and italicized), previously characterized
myophage isolates (colored), and environmental g20 sequences (Zhong et al., 2002; Marston and
Sallee, 2003). The tree shown was inferred by neighbor-joining as described in the methods.
Support values shown at the nodes are neighbor-joining bootstrap / maximum parsimony
bootstrap / maximum likelihood quartet puzzling support (values less than 50 are designated with
a dash). Well supported nodes (as defined in methods) are designated by italicized support
values. Clusters were assigned as designated by Zhong et al. (2002); clusters I, II and III contain
£20 sequences from cultured phage isolates, while clusters A-F represent environmental g20
sequences. Clusters containing g20 sequences that are identical are numbered with alphanumeric
numbers (1-13). For cultured phage, colored isolate names indicate whether they were originally
isolated using a Synechococcus (orange) or Prochlorococcus (green) host; black lettering
following phage isolate names indicates the original host strain used for isolation, and colored
dots indicates that the phage cross-infects at least one strain from the high-light adapted
Prochlorococcus (blue), the low-light adapted Prochlorococcus (green) or Synechococcus
(orange), whereas colored dashes indicates no cross-infection among those ecotypes. Isolates not
available for host range testing have no indication of their host range.
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Figure 1
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Chapter IV

Transfer of photosynthetic 