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2.6.2 Isolation of VLPs from cyanobacteria and PCC phytoplankton

VLPs from cyanobacteria and algal cultures were concentrated from 1-5 1 of 0.2 um
filtered lysates using the QuikStand filtration system and concentrated to ca, 200 ml
(Section 2.5.2). PEG precipitation further concentrated the lysates to ca. 1-3 ml (Section

2.5.3).

2.7 Extraction of nucleic acid

2.7.1 Algal DNA extractions

Exponentially growing host cells (10 ml) were pelleted, rinsed with sterile medium and
repelleted. The pellet was resuspended in Iml of lysis buffer (100 mM Tris, pH 8.0, 30
mM EDTA, 2 M NaCl, 30 mM EDTA, 10 mg/ml Proteinase K, 2 % w/v CTAB (cetyl
trimethyl ammonium bromide), 2 % w/v PVPP, 2 % v/v 2-mercaptoethanol) and
incubated at 42°C for 90 min. After the incubation, an equal volume of
chloroform:isoamyl alcohol (24:1) was added and mixed by inverting several times. The
organic and aqueous layers were separated by centrifugation at 6,000 x g for 10 min.
The chloroform:isoamyl alcohol extraction step was repeated until the interface was
clean (ca. 3x). DNA was precipitated from the top aqueous layer with the addition of
0.5x volume of 7.5 M ammonium acetate and 2 volumes of 100 % ethanol and kept at
4°C for at least 1 h. The DNA was pelleted by centrifugation at 16,000 x g for 30 min
and then washed with 70% v/v ethanol. The DNA was pelleted by centrifugation at
16,000 x g for 15 min and the supernatant was decanted. The pellet was air dried and

resuspended in 50 pl of ddH,0.
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2.7.2 Viral RNA extractions
RNA extractions were performed on aliquots of concentrated VLPs from CCMP 2465
(140 pl) obtained from bands in CsCl gradients using the QlAamp Viral RNA Mini Kit

(Qiagen), according to the manufacturer’s instructions.

2,7.3 Viral DNA cxtractions

For DNA extraction of concentrated VLPs a CTAB extraction method was used. For |
ml of concentrate, 500 pl of prewarmed (55°C) lysis buffer (0.5% w/v SDS, 20 pg/ml
proteinase K) was added and mixed by inverting. This mixture was incubated at 55°C
for 1 h and mixed every 10 min. After the incubation was complete, 80 pl SM NaCl and
150 pl prewarmed CTAB solution (2% w/v CTAB, 1.4 8M NaCl, 20 mM EDTA, 100
mM Tris) was added and incubated at 60 °C for 15 min. Chloroform;Isoamy! alcohol
(24:1) extraction were performed as previously stated (Section 2.7.1). DNA was
precipitated by the addition of 0.6 volume isopropanol. The contents were mixed by
inverting and left at room temperature for 30 min. The DNA by centrifugation at 16,000
x g for 30 min, rinsed with 70% v/v ethanol and centrifuged for an additional 15 min.

The pellet was air dried and resuspended in 50 p! of ddH,O.

2.7.4 RNase and DNase treatments

The nucleic acid extracted from the VLPs was subjected to RNase and DNase
treatments. |5 pl of the nucleic acid preparation was treated with 1 pl of RNase or
DNase (Promega) containing !x enzyme buffer supplied by the manufacturer (final

volume 20 pl). The reactions were incubated at room temperature for 2 h.
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2.8 Pulsed field gel electrophoresis (PFGE)

Lysates embedded in agarose and DNA extracted from the VLPs were examined with
PFGE. Concentrated VLPs were prepared for PFGE according to a method described by
Wommack ef al., 1999. Equal volumes (Wommack et al., 1999) of molten 1.5% incert
agarose (Biorad) and concentrated VLPs in SM Buffer were mixed by pipetting the
mixfure a few times in 2 ml microfuge tube. The mixture was aliquoted into plug
moulds (BioRad). The agarose in plug moulds was solidified at -20°C for 2 min.
Agarose plugs were incubated in 2 ml of Proteinase K solution (250 mM EDTA, 1%
w/v SDS, 1 mg/ml Proteinase K) overnight at room temperature, in the dark. The
Proteinase K digestion buffer was washed from the plugs with three rinses (30 min each
rinse) in TE 20:50 (20 mM Tris, 50 mM EDTA, pH 8.0). Plugs were stored at 4°C in
TE 20:50.

Gels containing | % (w/v) Biorad PFGE agarose were prepared by adding solid agarose
to 0.5x TBE and heating to boiling point in a microwave oven. After cooling to
approximately 45°C, the gel was poured into a casting tray containing a well-forming
comb and left to solidify at room temperature for 15 min and then placecd at 4°C for 30
min. Agarose plugs were placed in the wells and sealed in with 2 % agarose. Liquid
samples containing 1x loading buffer were loaded into wells after the addition of
prechilled (4°C) 0.5x TBE tank buffer.

Electrophoresis conditions were 6 V/cm with an angle of 120°. The switch times and
length of the runs varied and are specified in each figure showing the PFGE images.
Gels were stained with ethidium bromide and visualised by UV excitation. Band sizes
were estimated using a 0.05-1 Mb lambda ladder (BioRad) and/ora 0.2-2.2 Mb §.

cerevisiae ladder (BioRad).
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2.9 Polymerase chain reaction (PCR)

PCR was used to amplify fragments inserted in clones and to test DNA for amplification
of algal virus or cyanophage specific genes. The reaction conditions varied between
samples and are detailed below.

The PCR reaction mixtures contained ca. 100 ng of template DNA (depending on the
source), 1x PCR buffer, 1-4 mM MgCl; | unit of Tag polymerase (Promega), 10 mM of
each of the deoxynucleotide triphosphates and 10-50 pmol of each primer (Table 2.6) to
a final volume of 50 pl. Where cells were used as a source of DNA template, a colony
was resuspended in 5 pl high-purity water (MilliQ) and incubated at 95°C for 5 min.

This lysed cell suspension was added directly to the PCR reaction mixture as template.

Table 2.6. List of primers used in this study.

Primer  Size Primer sequence

MI3F 18 bp 5’ GTAAAACGACGGCCAGTG 3’

MI3R 19bp 5’ GGAAACAGCTATGACCATG 3’

SLi 21 bp 5' CAGTCCAGTTACGCTGGAGTC ¥’

SR1 25bp 5" CTTTCTGCTGGAGGGGTCAGGTATG 3’
POL 17 bp 5'[G/IC][A/TI[A/GITCIGT[A/G]TCICC[A/G]TA 3'
AVS 23 bp 5' GA[A/GIGGIGCIACIGTI[T/C]TIGA[T/C]GC ¥’

All PCR reactions were performed in a PTC-200 cycling system (MJ Research). For
amplification from colonies, thermal cycling was initiated with denaturation at 94°C for
| min, annealing at 55°C for 1 min and extension at 72°C for 3 min for 30 cycles with
final extension at 72°C for 10 min and held at 4°C. For amplification with DNA
polymerase primers thermal cycling was initiated with denaturation at 95°C for 3 min,
then 30 cycles of denaturing at 95°C for 30 seconds, annealing at 48°C for 60 seconds,

and extension at 72°C for 90 seconds, with a final extension time at 72°C for 5 min.
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2.9.1 Electrophoresis

Gels containing 1 % (w/v) agarose were prepared by adding solid agarose (Fisher) to 1
x TAE (40 mM Tris-acetate, | mM EDTA) and heating to boiling point in a microwave
oven. After cooling to approximately 45°C, ethidium bromide was added to a final
concentration of 0.5 pg/ml and the gel poured into a casting tray containing well-
forming combs and left to solidify at room temperature. DNA samples containing 1x
loading bufter (0.4% w/v orange G, 0.03% w/v bromophenol blue, 0.03% w/v xylene
cyanol FF, 15% w/v Ficoll 400, 10 mM Tris-HCI (pH 7.5) and 50 mM EDTA (pH 8.0))
were loaded into wells. Electrophoresis was performed at a constant voltage of 100 V
for 45 mins in 1 X TAE tank buffer. DNA bands were visualised by placing the gel on a
UV transilluminator. Band sizes were estimated using 100 bp ladder {(Promega) and/or

lambda DNA cut with HindlIl.

2.9.2 Gel Purification of DNA

DNA bands amplified by PCR were excised from the agarose gel using a scalpel. DNA
was then extracted and purified from the agarose using Wizard® SV Gel and PCR
Clean-Up kit (Promega) using the manufacturer’s instructions. Samples were eluted in

30 ul of nuclease-free water and stored at -20°C.

2.9.3 Sequencing reactions
Sequencing reactions were carried out using a BigDye® Terminator v3.1 kit (Applied
Biosystems). Reactions were set up as follows: 0.1-0.3 pug template, 5 pl 5x BigDye

buffer, 3.2 pmol of primer and 1 pl BigDye Ready Reaction mix to a total volume of 20

pl.




Sequencing reactions were initiated with denaturation at 96°C for | min, followed by 25
cycles of 96°C for 10 seconds, 50°C for S seconds, 60°C for 4 min and held at 4°C until
further processing.

The sequencing reactions were cleaned up using ethanol precipitation. 5 pl of 125 mM
EDTA was added to the sequencing reactions and centrifuged briefly in a microfuge,
next 60 pl of ice cold 100% ethanol was added and left at room temperature for 15 min
in the dark. The tubes were centrifuged for 15 min at 6000 x g and the supernatant was
removed. 65 pul of ice cold 70 % v/v ethano! was added and then centrifuged for 30 min
at 6000 x g. The ethanol was pipetted off and the pellet was air dried. DNA samples

were resuspended in 10 pl of HiDi® formamide (Applied Biosystems).

2.10 Cloning

2.10.1 Preparation of DNA for cloning

Prior to cloning, genomic DNA (Section 2.7.3) was fragmented. The DNA was
fragmented by digestion with restriction enzymes or sonication. Restriction enzyme
digestions were set up in accordance to the manufacturers’ instructions with slight
modification in the incubation times to optimise the fragment sizes (Table 2.7). All

restriction enzymes were purchased from Promega (Southampton, UK).

47



Table 2.7, Restriction enzymes.

Enzyme Cutsite

BamHl G"GATCC
EcoRV  GAT™MACT
Haelll GG*CC
Hhal GCG™C
Hindlll A*AGCTT
Kpnl GGTACAC
Mboll  GAAGA(N)"
Rsal GT~AC
Sau3Al N"GATCN
Smal CCC GGG
Spel AMCTAGT
Xbal TA*CTAGA

To produce fragments in the desired size range, the DNA was sonicated. The time of
sonication was optimised to obtain fragments of the desired size.

Sheared and digested DNA was blunt-ended prior to ligation using Mung bean nuclease,
Pfit or Blunt end repair kit (Lucigen) according to the manufacturer’s instructions.
Fragmented DNA was run on agarose gels, stained with ethidium bromide and
visualised with a dark reader (Clare Chemical Research Ltd.). Fragments of desired

size were excised from the gel (Section 2.9.4),

2.10.2 Cloning

Cloning was carried out using a Zero Blunt® TOPO® PCR Cloning Kit (Invitrogen)
and a Lucigen pPSMART LCKan kit. The blunt ended fragments were ligated into the
Zero Blunt vector or the pPSMART vectors respectively. The ligation reactions were
transformed into One Shot® Chemically Competent E. coli or E. cloni 10G Chemically
Competent Cells or according to the manufacturers’ instruction. Transformants were
spread onto Luria-Bertani (LB) plates with 50 pg/ml of Kanamycin or yeast tryptone

(YT) plates with 30 pg/ml of kanamycin (Table 4) and incubated overnight at 37°C.
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Table 2.8. Composition of cloning media.

Medium Quantity in 1 | of medium

Luria-Bertani broth 10g Tryptone
5g Yeast extract

10g NaCl

Luria-Bertani Agar 10g Tryptone
5g  Yeast Extract
10g NaCl
15g Agar

SOC 20g Tryptone
Sg  Yecast cxtract
05g NaCl
10ml 1 M MgCl;
10ml 1 M MgSO,

2ml  20% (w/v) Glucose

Y east tryptone broth 8 g Tryptone

5 g Ycast extract
5 g NaCl

Yeast Iryptone agar 8 g Tryptone
5 g Yeast extract
5 g NaCl
15 g Agar

2.10.3 Screening and sequencing

To screen for inserts, small amounts of each clone were picked into 5 ul of molecular
grade water and heated to 94°C for 5 min then cooled to 4°C. PCR amplification was
performed using the vector primers (Section 2.7). PCR products were treated with
ExoSAP-IT (USB Corporation), | pl ExoSAP-IT was added to 2.5 pl PCR product and
incubated at 37°C for 15 min, 80°C for |5 min and then held at 4°C. ExoSAP-IT treated

PCR products were used for sequencing reactions (Section 2.7.1)




For larger inserts, plasmids were prepared for sequencing using Wizard® Plus SV
Minipreps DNA Purification System (Promega) according to manufacturer’s
instructions.

Sequencing was performed through Plymouth Marine Laboratory on an ABI 3100
automated sequencer (Applied Biosystems). Clones were sequenced with plasmid
forward and reverse primers, M13F and M13R for fragments cloned into the Zero Blunt
vector (Invitrogen). The primers SL1 and SR2 were used for fragments in Lucigen

pSMART HCKan plasmid.

2.10.4 Sequence analysis

Consensus sequences were assembled using SeqMan (DNASTAR) and PhredPhrap
software (Ewing & Green, 1998). The BLAST (Basic Local Alignment Search Tool)
programs, Blastn, Blastx, Blastp and PSI-BLAST were used to compare continuous
sequences (contigs) to nucleotide and amino acid databases (Altschul ef al., 1997). Top
BLAST hits to the non-redundant GenBank data set and top BLAST hits to the non-
redundant GenBank data set restricted to virus sequences were complied. Searches for
open reading frames (ORFs), were performed online with the WebGeneMark.hmm
software (Besemer & Borodovsky, 1999). These predicted genes were compared against

sequences in GenBank. A hit was considered significant if it had an £ value of <0.001.
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CHAPTER 3 Latent viruses of zooxanthellae

3.1 Introduction

Dinoflagellates are considered to be amongst the most primitive of the eukaryotes with
fossil records dating back to the Triassic age (Peters er al., 2005). Most dinoflagellates
are unicellular, photosynthetic algae found in many aquatic environments; the majority
of species are marine, but they are also common in freshwater lakes, rivers and bogs.
The free-living phytoplankton are some of the major primary producers in the oceans.
However, at high concentrations many species form harmful blooms. While not all
dinoflagellate blooms are dangerous, some species produce neurotoxins that can have
detrimental effects on fish, marine mammals and humans (Miller & Belas, 2003).
Dinoflagellates contain chlorophylls & and ¢ and fucoxanthin, as well as various other
accessory pigments. Chloroplasts are enveloped by three rather than two membranes,
which has led to suggestions that the chloroplasts (plastids) in dinoflagellates were
originally symbiotic algae that evolved by tertiary endosymbiosis (Morden &
Sherwood, 2002). Movement of dinoflagellates is facilitated by 1wo dissimilar flagella
which propel the cells in a whirling motion; the name dinoflagellate refers to the Greek
word dinos meaning whirling.

Some dinoflagellate species are endosymbionts of a wide variety of marine animals,
including scleractinian corals, softcorals, molluscs, sea anemones, gorgonians, sponges,
and foraminifera (Rowan, 1998; Trench, 1993). All symbionts have been placed in the
genus Symbiodinium and are called zooxanthellae when observed within the host
tissues. By far the best-understood zooxanthellae are those associated with cnidarians.
The association of the endosymbionts is mutually beneficial to both organisms and the
symbiosis with zooxanthellae is believed to explain the success of reef-building corals
in nutrient-poor tropical seas (Glynn ef al, 1991). The zooxanthellac release

photosynthetic products to their hosts, providing an important source of organic carbon
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and nitrogen for host metabolism, growth and reproduction (Davy et ai., 1996;
Muscatine, 1990; Wang & Douglas, 1998). In return, the host provides protection to the
dinoflagellate,

Symbionts can be horizontally or laterally acquired by the host organism and in some
cases there is specificity between host and Symbiodinium clade. Clade types are
groupings of divergent lineages of Symbiodinium and within each clade are numerous
closely related types or species (Rowan & Powers, 1991). Some of these clades contain
one or more described species while other clades have no formally described species.
There are currently eleven named species in the genus Symbiodinium, ten of which have

been described based on the morphological description of cultured isolates (Table 3.1).
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Table 3.1. Named Symbiodinium species, clade affiliation and host organism of

isolation (Laleunesse, 2001).

Organism Clade Host

Jellyfish (Cassiopeia xamachana,
Symbiodinium microadriaticum Al C. andromeda), coral (Stylophora
pistillata, Acropora valida)

Symbiodinium pilosum A2 Zoanthid (Zoanthus sociatus)
Symbiodinium kawagutii F1 Coral (Montipora capitata )
Symbiodinium goreaui Cl Anemone (Ragactis lucida)
Symbiodinium californium B4 aka E} ggzzzﬁgzlsﬁg;hop feura
Symbiodinium corculorum A2 Clam (Corculorum cardissa)
Symbiodinivm meandrinae A2 Coral (Meandrina meandrites)
Symbiodinium pulchrorum B Anemone (Aiptasia spp.)
Symbiodinium bermudense B Anemone (diptasia pallida)

Jellyfish (Cassiopeia frondosa),

Symbiodinium cariborum All Anenome (Condylactis gigantea)

Anemone (Anthopleura

Symbiodinium muscatinei B4 aka E .
elegantissima)

Symbiodinium taxonomy is predominantly based on molecular phylogenetics (Baker,
2003; LaJeunesse, 2001). Nuclear (rDNA) and chioroplast (cpDNA) ribosomal DNA
phylogenies divide the genus into eight highly divergent lineages, or clades (Clades A
through H). The internal transcribed spacer region (ITS) (Hunter ef al., 1997) is a less
conserved portion of the TDNA which provides higher levels of variation and resolution
than 18S rDNA and 23S rDNA (Coffroth & Santos, 2005; Laleunesse, 2001; van

Oppen er al., 2001).
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The ecological dominance and the distribution of clades differ throughout the world’s
oceans and closely related symbionts are found in unrelated hosts (Baker & Rowan,
1997; Baker, 2003; Carlos ef al., 1999; Laleunesse ¢f al., 2003; Rowan & Powers,
1991). Clade A are found in scleractinian corals, octocorals, hydrocorals, clams,
anemones and zoanthids. Most hosts of clade A zooxanthellae are found in the
Caribbean, but they are also found in the Great Barrier Reef, the Red Sea and the
western Pacific. Clade B are commonly found in Caribbean gorgonians, but they have
been isolated from Atlantic stony coral, Hawaiian Aiptasia anemones, the coral
Pocillopora damicornis and Great Barrier Reef Acropora species. Clade C is considered
a pandemic generalist. Clade D is found in corals in the West Pacific. Clade E is not
known to occur in corals, but rather in anemones; the two named members in this clade,
S. muscatinei and S. californium are found in the host Anthopleura. Members of this
clade are sometimes listed as belonging to Clade B. Clades A-D have been the focus of
more interest while clades F, G and H are not as well described.

Zooxanthellae are known to have differing susceptibilities to stresses (Baker, 2003).
While species may be in the same clade, this does not necessarily infer that they are
physiologically similar to one another. However, there seem to be common traits
among Symbiodinium clades. The two most common trends exhibited in clades are
tolerances to irradiance and temperature (Rowan & Knowlton, 1995). Some
zooxanthellae clades are more tolerant of high light intensity and/or thermal variations.
Symbionts of clades A and B are found in areas with higher irradiance while clade C is
generally found in areas with lower light intensities (Rowan ef al., 1997). Symbionts in
clade D appear to be the most tolerant of elevated temperatures and are generally the
dominant clade on reefs which have experienced temperature-related bleaching (Baker

ef al., 2004; Fabricius ef al., 2004; Glynn e/ al., 2001).
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Reef-building corals associate with a diverse array of eukaryotic and prokaryotic
microbes. The coral colony has been modeled as a holobiont comprising multispecies
mutualisms consisting of the coral animal, endosymbiotic dinoflagellates
(zooxanthellae), bacteria, fungi, protozea, endolithic algae and other unknown
components (Rohwer ef al., 2002). The disruption of any of these components may
cause physiological changes that result in coral disease or death. Disruption of the
zooxanthellae-host symbiosis (bleaching), can lead to expulsion of zooxanthellae from
the host and/or a decline in the zooxanthellae photosynthetic pigment (Glynn ef al.,
1991; Jones, 1997). Zooxanthellae have been shown to undergo necrosis, apoptosis and
lysis during bleaching (Banin, 2000; Strychara ef al., 2004). The expulsion of
Symbiodinium cells may help corals adapt to changing environmental conditions by
allowing symbiont populations to redistribute themselves allowing more tolerant clades
to repopulate (Baker, 2001 ; Buddemeier & Fautin, 1993). After a bleaching event, if the
symbiont — host relationship is not recovered the coral will not survive (Szmant &
Gassman, 1990).

Coral bleaching has increased in frequency and intensity in the last two decades, leading
to mass mortality of corals and a consequent reduction in the biodiversity of reefs
(Brown, 1997; Szmant & Gassman, 1990). Bleaching has been observed in over 50
countries and in the three major oceans (Wilkinson, 1998). Many environmental factors
have been linked to coral bleaching; these include elevated and reduced temperature
(Fitt er al., 2001), exposure to ultraviolet radiation (Jokiel, 1990), and bacterial
infections (Ben-Haim et al., 2003; Kushmaro ef al., 1997). However the underlying
cause of bleaching and the mechanisms involved remain largely unknown.

The random mosaic patterns often seen during bleaching are difficult to attribute to the
effect of temperature stress alone as neighboring regions of the colony must be exposed

to the same conditions (Hayes & Bush, 1990). One explanation for the patchy spatial
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distribution of coral bleaching involves localised infections. Bacterial infection by
Vibrio spp. has been shown to be responsible for some types of coral bleaching (Ben-
Haim et al., 2003; Rosenberg & Ben-Haim, 2002; Toren ef al., 1998).

Another explanation may be that susceptible strains of zooxanthellae may harbour a
latent infection. There are relatively few reports on viruses of dinoflagellates (Franca,
1976; Nagasaki et al., 2003; Onji e/ al., 2003; Sicko-Goad & Walker, 1979; Tarutani et
al., 2001) and less still on the presence of viruses in zooxanthellae. Previous studies in
this laboratory have shown that zooxanthellae and corals produce VLPs upon exposure
to temperature stress and elevated temperature (Davy et al., 2006; Wilson et al., 2001;
Wilson et al., 2005), suggesting that zooxanthellae harbour latent viruses. While the
previous studies strongly suggest stressed corals and zooxanthellae harbour latent
infections, the VLPs observed have not been characterised as the host of the VLPs
produced upon exposure to heat stress were not identified.

This study utilises Symbiodinium spp. cultured in vitro to simphfy the complexity found
in whole organisms containing symbionts, in order to determine whether VLPs are
induced by exposure of the zooxanthellae to UV-C light. A filamentous VLP, ZFV 1,
infecting Symbiodinium spp. has been isolated and characterised. Molecular
characterisation of ZFV 1 was attempted to further identify the filamentous VLP.
Several genomic libraries prepared from the lysates of UV-induced cultures were
sequenced with the ultimate goal of identifying novel genes that could be employed in

molecular probes to detect potential latent infections in field samples on coral reefs.
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3.2 Results

3.2.1 Evaluation of induction methods

The 16 zooxanthellae cultures (Table 2.1) were exposed to three experimental induction
treatments. Haemocytometry was used to make daily cell counts for each strain. Results
of elevated temperature of 34°C, direct exposure to UV radiation of 254 nm and
exposure to Mitomycin C are shown in Figure 3.1. The haemocytometer counting
chamber is subject to a statistical error of +/- 2%. These preliminary data, using single
replicates, showed variability between the induction method and zooxanthella strain.
Overall the strains showed a greatest sensitivity to UV treatment; heat shock and
Mitomycin C treatment showed more variable results over the time course of the
experiments. The reduction in cell numbers 96 h after treatment in the UV-treated
strains ranged from 33%-85% (average 60%), heat treatment showed reductions from
11%-72% (average 45%), and Mitomycin C treatment showed declines in cells numbers
[rom 15%-67% (average 48%).

The results were compared to look for a pattern in the sensitivity of the clades to the
different induction methods (Figure 3.2). UV induction showed the most consistent
reduction in zooxanthellae numbers relative to the control, while Mitomycin C
treatment showed the most variability over the time course. Heat shock appeared to
have an initial beneficial effect on the growth of clade F while the remaining clades
showed a decrease in cell numbers relative to the control. The greatest decrease among
the clades, 96 h after the experimental treatments occurred in the UV-treated clades
(45%-75% -average 58%); heat shock treatment showed the least reduction (5%-45% -
average 32%). Clades A, B, and F were most sensitive to UV treatment, while Clades E
and C were most sensitive to Mitomycin C treatment (40%-65% -average 50%). As a
result of these preliminary induction experiments, it was decided to use UV light for

induction in subsequent experiments.
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3.2.2 Enumeration of zooxanthellae

After preliminary induction experiments, enumeration of the zooxanthellae was
performed with AFC. Representative AFC dot plots are shown in Figure 3.3. Four
parameters (side scatter, forward scatter, orange fluorescence and red fluorescence)
were used to assess the fluorescence and enumerate the zooxanthellae in control and
UV-induced cultures. Panels A and B show the control at 0 h and 96 h, respectively.
Increases in the number of events measured with the four sets of parameters indicate an
increase in cell numbers. In the UV-treated cultures, a decrease in events and
fluorescence was observed, as shown in Figure 3.3 C (0 h) and Figure 3.3 D (96 h). The
number of events in the area highlighted (Figure 3.3 A) was analysed daily in triplicate

for both the control and UV -treated cultures.
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3.2.3 Enumeration of VLPs

Counts of VLPs and bacteria were made using AFC. Representative dot plots showing
the groups of bacteria, bacteriophage and potential VLPs are shown in Figure 3.4.
Particles were stained with SYBRgreen [ and assessed using side scatter (SSC) and
green fluorescence (GFL). Areas typical of bacteria and bacteriophage have been
highlighted in panel A. VLPs of algae are usually larger than bacteriophages yet smaller
than bacteria, and are generally seen as a cluster of particles with a SSC and GFL
between that of bacteria and bacteriophage. Panels A through D show the plots of the
control from 0 h to 96 h, and panels E through H show the plots from the UV-treated
culture (strain 292). In panels F through H the appearance and increase of a new group
of VLPs is indicated by arrows. The number of events in the highlighted areas (Figure

3.4 A and H) was analysed daily in triplicale for both the control and UV-treated

cultures.
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3.2.4 Inducible VLPs

AFC dot plots from the 16 zooxanthellae strains comparing the control and UV-treated
cultures at 96 h afler UV induction are shown in Figure 3.5. Dot plots of strains 292,
379, 141, 385, 133 and 200Y show that, in each case, a distinct group of VLPs with a
high SSC and low GFL present in the UV-treated cuitures that was not seen in the
controls. Dot plots of strains 61, 104, 12, 203, 383, 135 and 200X show a similar group
of high SSC VLPs, but the group is also present in the control and/or the group is not
clearly distinguishable. The dots plots show that 37.5% of the strains produced a similar
inducible group of VLPs with high SSC and low GFL that is clearly identifiable, while
an additional 31.3% of strains showed this similar group in both the control and UV-
treated cultures. Table 3.2 summarises the strains that have the cluster of high SSC
VLPs. Strains 12 (clade B), 152 (clade C) and 292 (clade A) were selected for further

characterisation.

66












Table 3.2, Table identifying presence of VLP clusters in controls and UV-treated cultures of zooxanthellae strains. n/a, data not available. nc, not

consistent.

Zooxanthellae
Isolate
number

61

104
185
292
368

379
12
141
385
152
203
383
135
133
200X

200Y

Clade/ITS
type

Al

A2
A3
A4
Ad
Bl
B2.1
B3
Cl
C2
El
Fl
F2
n/a
n/a

VLP cluster
control

nc
yes
nc
no
no
no
nc
no
no
no
yes
yes
yes
yes
no
no

VLP
cluster
Uv-
treated

yes
yes
no

yes
no

yes
yes
yes
yes
nc

yes
yes
yes
yes
yes
yes

Host origin

Cassiopeia xamachana (jellyfish)
Heliopor species (coral)
Zounthus sociatus (sea anemone)
Tridacna maxima (giant clam)
Linuche unguiculata (jellyfish)
Plexaura homamalla (sea fan)
Aiptasia tagetes (sea anemone)
Oculina diffusa (coral)
Dichotomi species (jellyfish)
Discosoma sancti-thomae (coral)
Hippopus hippopus (giant clam)

Anthropleura elegantissima (sea anemone)

Montipora verrucosa (coral)
Meandrina meandyrites (coral)
Acropora formosa (coral)
Acropora formosa (coral)
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Symbiont species

Symbiodinium microadriaticum
n/a

Symbiodinium pilosum
Symbiodinium species
Symbiodinium linucheae
Symbiodinium species
Symbiodinium species
Symbiodinium species
Symbiodinium species
Symbiodinium goreaui
Symbiodinium species
Svmbiodinium californium
Symbiodinium kawagutii
Symbiodinium species

n/a

n/a



3.2.5 Effect of UV treatment on induction of VLPs over time

AFC dot plot analysis (Sections 3.2.2 and 3.2.3) of zooxanthellae cells, VLPs, bacteria
and bacteriophages from strains 12, 152 and 292 are shown in Figures 3.6 a, band c.
Events (particles) occurring in highlighted areas (Figures 3.3 and 3.4) were plotted over
the time course of the induction experiments. Panels A, C and E show the host numbers
in the control and UV-treated cultures (cells/ml x 10%) compared to the VLP/ml x 10°. In
all three cultures, a rapid decline in the concentration of zooxanthellae was observed
between 24 h and 48 h after UV treatment, which correlated with the appearance and
rapid increase in the concentration of the high-SSC VLP group. The concentration of
the VLPs continued to increase to ca 2-3 x 10° particles ml™ at 96 h after UV treatment,
at which point the UV-induced zooxanthellae cultures showed a decline in cell numbers.
Panels B, D and F show the numbers of bacteria in the control and UV -treated culture
compared to the bacteriophages (cells/ml x 10%). In all three cultures, the concentration
of bacteria decreases within 48 h of UV treatment, while the numbers of the

bacteriophages remain relatively stable between the control and the UV-treated cultures.
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Figure 3.6a. Growth curves showing AFC numbers (cells ml™” x 10 *) of zooxanthellae
strain 12 in control () and UV-treated cultures (®), together with numbers of the high

SSC VLP group (VLPs mi™ x 10 ®) in the non-irradiated control cultures (/) and in the

UV-treated cultures (A )(A). Concentrations of bacterial numbers (cells ml™ x 10 in

the control cultures (O) and in the UV-treated cultures (m) together with the

bacteriophage numbers (particles ml™ x 10°) in the control (¢) and the UV-treated

cultures (#)(B). Error bars represent standard error (SE) of measurements from

triplicate cultures, n=3.
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3.2.8 Thin sections

Thin sections prepared after UV induction of strains 152 and 292 are shown in Figure
3.12 and 3.13. Filamentous VLPs were observed in both strains. Organelles have been
identified in some of the images. In the thin sections of Figure 3.13 A and C, nucleus,
chloroplasts and lipid vacuoles have been labeled. The chloroplasts are seen as dark
parallel lines (Figure 3.13 C). The lipid vacuole (Figure 3.13 A) is seen as a large empty
ball; this contains a globule of oil.

In panel A and B of Figure 3.12, pinwheel-like VLPs ca. 2-3 ym are present on the
outer membrane of the zooxanthella cell. In the cytoplasi of the images in panel C and
D (Figure 3.12) filamentous particles ca. 200-600 nm in length are visible. In panel E
and F (Figure 3.12) filamentous membrane-like structures are visible, and in panel G
and F filamentous particles ca. 2 pm in length are present.

In Figure 3.13, panels A and B, filamentous VLPs ca. 200 nm in length are seen in the
periphery of a doublet cell in the mitotic phase of cytokinesis. In panels C and D (Figure
3.13) a pocket of filamentous VLPs ca. 100-200 nm in length can be observed. In panels
E and F (Figure 3.13), filamentous VLPs ca. 500 nm in length are visible in the
cytoplasm of the zooxanthella cell and in panels G and H filamentous VLPs ca. 200-600

nm are seen in the cytoplasm.
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offshore platform in southern Vietnam (Huu et a/., 1999). It showed nucleotide
similarities to 177,804 bp of the 720,000 bp of sequence and 63% of the contigs gave
significant hits to this organism,

Figure 3.21 shows the distributions of significant hits to the 418 contigs comparing only
nucleotides from viruses available in Genbank. Contigs and their top significant
nucleotide similarities to the virus database are listed in Appendix 1. The contigs
showed that ca. 89% of the sequence similarities were to bacteria. The sequence
similarities are likely to be to prophages in the genomes of these bacteria. The
remaining 11% of the significant sequence similarities were to bacteriophage and virus
sequences. The most frequent similarity was to the Betaproteobacterium Azoarcus spp.
BH72. 30 contigs of the 62 contigs with significant sequence to previously described
organisms had matches to this bacterium which is involved in nitrogen fixation. Three
contigs had sequence similarities to the Bromoviridae family of viruses (single-stranded
RNA). The top sequence similarity to Contig 305 was to a cucumber mosaic virus
segment. The E-value was e-19 which was higher than that of the BLAST results
against the entire non-redundant database, which showed sequence similarities to a
flowering plant of the class Liliopsida (e-18). The two additional contigs (3 and 50)
showed sequence similarities to a Prunus necrotic ringspot virus (family Bromoviridae)
which is known to infect plants, in particular prunes and peaches. The BLAST results
against the entire non-redunant database showed contigs 3 and 50 to have sequence
similarities to organisms in the classes Chromadorea and Oomycete, respectively.

The 418 contigs were compared to proteins in Genbank using tBLASTx to look for
homology with previously described sequences (Appendix 1). The results from this
analysis showed 129 of the 367 contigs were homologous to genes involved in
metabolism and cellular processes (Figure 3.22). Hypothetical proteins and proteins of

unknown function comprised another well-represent portion of the contigs (104
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contigs). The remaining 40% of contigs with sequence homology to previously
described proteins included replication-associated proteins, transposases, transport and
binding proteins, protein involved in secretory pathways, membrane-assaciated
proteins, nucleotide and protein metabolism, and prophage integration.

Figure 3.23 shows the distributions of significant hits to contigs (67 contigs) comparing
only proteins from viruses available in Genbank; the full listing of all contigs with
significant hits is listed in Appendix 1. The comparison of the contigs with viruses in
the protein data base showed sequence similarities to 35 bacteriophage, 19 viruses and
13 bacteria (potential prophage). Assessment of the functions assigned to the previously
described protein sequences with homology to the contigs showed the majority of
contigs were homologous to replication-associated proteins, proteins involved in
metabolism and cellular processes, and several hypothetical proteins and proteins of
unknown function. The remaining contigs showed homology to membrane-associated
proteins, proteins involved in nucleotide and protein metabolism, and prophage
integration and phage assembly.

While many of these contigs have shown significant hits in the nucleotide and protein
analysis against the entire non-redundant database of Genbank, several contigs had no
significant matches to known nucleotide (183 contigs) or protein (31 contigs)

sequences.
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3.3 Discussion

Techniques to induce and isolate latent viruses presented here have identified a novel
latent host-virus system, potentially of great importance in understanding the
mechanisms of coral bleaching. The Symbiodinium species examined were isolated
from hosts collected from several locations in the world’s oceans and they belong to
five different clades of the eight known Symbiodinium clades. Almost half of the strains
screened for inducible VLPs were originally isolated from corals. In small scale
screening of inducible latent viruses of zooxanthellae, the filamentous VLPs observed in
this study could be easily overlooked. Sixteen strains of zooxanthellae isolated from a
variety of cnidarian hosts were used to demonstrate that zooxanthellae harbour

inducible filamentous VLPs.

3.3.1 Evaluation of induction methods

The preliminary evaluation of methods ol induction by elevated temperature, exposure
to UV radiation and exposure to Mitomycin C, was carried out to assess the most
appropriate induction method to induce potential latent viruses from the zooxanthellae
strains. While induction of lysogenic prokaryotic organisms has been well documented
using all three methods, information on virus induction of eukaryotic organisms is
limited. All three methods produced declines in zooxanthellae numbers relative to the
control. Variability occurred between the induction method and zooxanthellae strain;
overall the individual strains and clades showed the greatest sensitivity to UV treaiment
(Figure 3.1 and 3.2).

Elevated temperature is an environmentally relevant induction method (since it may be
linked to coral bleaching) and it has been used in previous coral/zooxanthellae studies to
induce VLPs (Davy ef al., 2006; Wilsen et al., 2001; Wilson ef al., 2005). Despite this,

it was decided not to pursue induction by elevated temperature in further studies
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because of the variability in the tolerance of the different strains, as well as the lack of
space and incubators to accommodate induction at increased temperatures.

In the initial inductions, heat shock showed the most variable results of the three
induction methods. In some cases, elevated temperature appeared to provide more
optimal growth, while in other cases the increased temperature caused substantial
decline in zooxanthellae numbers within the first 24 h. The overall sensitivity to heat
treatment was the least in the individual strains as well as in the grouping of strains into

clades.

Mitomycin C is frequently used for induction of lysogenic bacteria (Jiang & Paul, 1996;
Weinbauer & Suttle, 1996). This induction method led to a substantial decline in the
zooxanthellae numbers; however the results were sporadic in the first 24 hours. This
method was dismissed, mainly due to the health and safety issues associated with the
use of Mitomycin C and the fact that UV-induction worked so well.

Increased irradiation from the sun is a likely factor leading to some episodes of coral
bleaching, as clear and/or shallow water above reefs allow for more penetration of the
sun’s rays. Ultraviolet radiation can penetrate several meters of seawater (Calkins &
Thordardottir, 1980) with the longer wavelengths penetrating further. Ultraviolet A
(UV A, 400-320 nm) rays fall at the longer end of the UV spectrum and contain less
energy. The lower wavelengths of the ultraviolet spectrum with higher energy are
ultraviolet B (UV B, 320-280 nm) and UV C (< 280 nm) rays. UVA and UV B can
penetrate the clouds and the water surface. Although UV C is blocked by clouds and
does not penetrate more that a few centimeters of water, making it ecologically
irrelevant, it is the most powerful wavelength for induction.

UV B light can cause damaging effects to DNA in natural environments; UV Cis a
much more intense mutagen. UV B and UV C irradiation disrupts base pairing, and lead

to the formation of dimers through photochemical reactions. This damage to the host
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cell during exposure to UV light triggers a response mechanism which is known to lead
to the excision of prophage from the host chromosome (Jiang & Paul, 1998).
Comparison of the susceptibility of different clades to the induction methods tested
showed clades A, B and F to be most susceptible to UV light and clades C and E to be
most susceptible to Mitomycin C. Clade F was highly resistant to heat shock with less
that a 5% decrease in cell numbers relative to the control. Studies of stress tolerance of
Symbiodinium in the natural environment have mostly focused on the effects of
irradiance and temperature on clade distribution. Certain clades, A and B for example,
which are generally found at shallower depths are known to produce mycosporine-like
amino acids (MAAs), which act like a natural sunscreen helping to protect the host and
the zooxanthellae from UV light (Laurion ef al., 2004). Several studies have examined
the effects of UV light on Symbiodinium which show detrimental effect to occur as a

result of UV exposure (Lesser & Shick, 1990; Rogers et al., 2001).

3.3.2 Enumeration of zooxanthellae

Symbiodinium species have been previously enumerated using haemocytometry and
AFC (Lesser & Shick, 1989; Lesser & Shick, 1990; Wilson ef al., 2001). The
zooxanthellae strains were difficult to count by haemocytometry due to movement of
active cells, clumping of cells and uneven distribution. The high-throughput AFC
analysis of autofluorescence of chlorophyil a (red fluorescence) and forward scatter
(cell size) were utilised in the subsequent experiments afier the initial inductions. AFC
eliminated the problems of counting dead or partial husks of cells as the AFC not only

made counts of particles passing the laser, but also measured fluorescence.
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3.3.3 Identification of VLPs by AFC

AFC was originally designed for the clinical quantification of human cells, such as
blood cells. Since then, implementation of AFC for the detection of microorganisms has
been routinely employed for quantification of algae and bacteria. The use of AFC for
the detection and enumeration of viruses was first optimised for PpV-01, the virus
which infects Phaeocystis pouchetii and is now a commonly used method in virology
(Brussaard ef al., 2004b; Jacquet ef al., 2002; Marie ef al., 1999; Wilson ef al., 2002).
VLPs are identified on the basis of their staining intensity versus their relative size
and/or shape (side scatter). AFC has many advantages over other methods used to
enumerate viruses. Epifluorescence counts of viruses, for example, is time consuming;
AFC analysis, on the other hand, is fast as each sample can be quantified in less than 5
min. The main drawback to AFC analysis is the detection limit and sensitivity of the
instrument as many small viruses are at the limit of detection in the lower left hand
comner of the AFC dot plots which merge with the instrument noise.

AFC was utilised to identify potential VLPs induced from the UV-treated zooxanthellae
cultures. Quantification of potential VLPs released after UV treatment was achieved by
analysis of dot plots of SSC (an indicator of cell size/dimension) versus GFL (DNA
content) (Brussaard et al., 2000). AFC analysis of UV-induced zooxanthellae cultures
revealed the presence of a separate group of high SSC, low GFL particles which were
visible ca. 24 h after UV-induction. By 96 h, this group was clearly distinguishable
(Figure 3.4). It was concluded that this group contained VLPs, despite the fact it has a
unique SSC versus GFL signal with a higher SSC than previously described
bacteriophages and viruses (Brussaard, 2004b). The higher SSC suggested that the
particles might be filamentous, since SSC is influenced by internal structure and its
refractive index (Brussaard, 2004b). Bacteriophage and isocohedral algal viruses, for

example, have much lower SSC signals.
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Of the zooxanthellae isolates screened for UV-induction of potential latent viruses,
37.5% of the strains produced a similar inducible group of VLPs with high SSC and low
GFL that was clearly identifiable (Table 3.1). Over half of the strains that had the
inducible latent VLP were originally isolated from corals.

The 31.3% of the strains that had this similar group of high SSC VLPs in both the
control and UV-treated cultures may potentially have a chronic infection. Filamentous
viruses of bacteria, such as the Escherichia coli phages M13, fd and f1 are known to
have chronic cycles in which the phages assemble during their passage through the
membrane without killing the host (Hofer & Sommaruga, 2001; Marciano ef al.,
1999).While chronic infections have not been described in algal systems, the possibility

exists as it has been described for prekaryotic system.

3.3.4 Effect of UV treatment on induction of VLPs over time

Analysis of AFC dot plots of zooxanthellae and VLPs was carried out on strains 12
(clade B), 152 (clade C) and 292 (clade A). Characterisation on the effect of UV
treatment on the cultures showed a common trend occurring in the three strains. A
decline in the zooxanthellae concentration was observed from 24 h after UV induction,
which correlated with the appearance and rapid increase in the concentration of the high
SSC VLP group (Figure 3.6 A, C and E). The concentration of these VLPs continued to
increase to ca. 2-3 x 10° particles m!{" at 96 h afler UV treatment, at which point the UV-
induced zooxanthellae culture had lysed. Since the zooxanthellae cultures were non-
axenic, a group with a signal characteristic of bacteria was present in the control as well
as in the UV-treated zooxanthellae cultures (Figure 3.4). To rule out lysogenic bacteria
being the source of the high SSC VLPs, bacterial concentrations were also monitored
throughout the induction experiments. Temporal progression of bacterial concentrations

was similar in the control and UV-treated cultures although there was a slight drop in



the UV-treated cultures between 24-48 h, before they regained the same growth rate as
the control (Figure 3.6 B, D and F). This initial drop in bacterial concentrations could be
caused by several factors, such as lysis of UV-sensitive bacteria and/or induction of
lysogenic bacteriophage.

Bacteriophages usually group in the area above the instrument noise (Figure 3.4); this
group was analyzed. There was no apparent increase in bacteriophage numbers
compared to the control during the induction experiments (Figure 3.6 B, D and F).
While the experimental treatment appears to have an effect on the numbers of bacteria
present in the non-axenic zooxanthellae culture, the clear correlation between the crash

of the zooxanthellae populations and the concurrent increase in VLP concentration

suggests that bacterial contaminants are not the source of the new VLP group observed
by AFC.

In previous experiments, VLPs have been observed in stressed corals and zooxanthellae.
However a clear correlation identifying the host of the VLP group associated with the
decline in the zooxanthellae has not been identified. This correlation found in all three
strains examined in this study suggests the high SSC group is the causative agent

responsible for the demise of the zooxanthellae.

3.3.5 Isolation and concentration of VLPs

Several strains of zooxanthellae were cuitured to large volumes to obtain high
concentrations of the high SSC VLPs. The culturing of zooxanthellae outside of their
host and the volumes of cultures required to isolate inducible latent viruses from these
cultures were problematic issues. The zooxanthellae cultures were slow growing and
obtaining the large volumes of cultures to prepare CsCl gradient took several months.
Technical issues and equipment failure, such as faulty tubing which was compromised

during the concentration step slowed the progress in obtaining quantities of the high




SSC VLPs and incubator malfunctions devastated the original set of cultures. Technical
issues were overcome and concentrated lysates of strains 152 and 292 were prepared.
The high SSC VLPs present in the lysates of the cultures were concentrated an order of
magnitude. Filtering of 1-3 | of zooxanthellae cultures 152 and 292, 96 h afier UV
induction, removed the majority of the contaminating bacteria. The discrete white band
at 1.25 g cm in the CsCl gradient (Figure 3.7) contained an intense group of the same

high SSC group of VLPs observed before concentrating (Figure 3.8).

3.3.6 Visualisation of VLPs

Free VLPs in the UV-treated supernatants and concentrates were observed post
induction by TEM as long flexible filaments 2-3 pm in length and approximately 30 nm
in width (Figure 3.9 and 3.10). VLPs purified by CsCl gradient centrifugation showed
an increased concentration of the filamentous VLPs, 3x10” VLPs ml™ (Figure 3.10).
VLPs observed in the three separate lysed cultures, strains 12, 152 and 292 all showed
similar morphology. The inductions of morphologically similar VLPs suggest these
latent filamentous VLPs are potentially present in many different strains and clades of
zooxanthellae.

VLPs observed in the TEM images further support the AFC data which suggests a latent
VLP is induced from the zooxanthellae after UV treatment. The high SSC group
observed in the AFC would be consistent with a filamentous VLP as most described
viruses are isocohedral and have a lower SSC signal. The dimension of a filamentous
particle would increase the light scatter and shift the group to the right.

The filamentous particles observed in the TEM images do not appear to be TEM
artifacts due to staining as staining artifacts generally have a geometrical shape. In the

case of small round or icosahedral VLPs visualised at lower magnification, stain artifact
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could potentially be mistaken for VLPs. In the case of the filamentous VLPs observed
here this may be ruled out.

TEM images of concentrates further support that the filamentous VLPs visualised by
TEM are this same group and the AFC analysis of concentrates shows a substantial
increase in the high SSC VLP group. Thin sections of UV-treated zooxanthellae
revealed filamentous VLPs of similar morphology within the cytoplasm and around the
membranes of zooxanthellae cells exposed to UV light (Figure 3.11- 3.13). In the two
strains examined by thin sectioning, strains 152 and 292, filamentous particles were
observed in the UV-treated cells, but were not seen in controls. The incidence of VLPs
observed in the thin sections increased markedly between 39 and 46 h post induction.
The demonstration of intracellular VLPs provides further evidence that the particles
observed are actually infecting the zooxanthellae rather than infecting bacteria present
in the cultures. This new group of VLPs has been termed “zooxanthellae filamentous

virus 1” (ZFV1) (Lohr ef al., 2007).

3.3.7 Molecular work

Molecular approaches such as PFGE, digestion with enzymes, phylogenetic markers
and genome sequencing are common techniques used to classify and characterise
viruses (van Regenmortel et al., 2000). Application of several molecular techniques was
used to try to further characterise the filamentous VLP.

The morphological similarities noted between ZFV 1 and previously described viruses
indicated that this could be a RNA virus. Initially RNA methods were attempted with
the filamentous VLP, but this work was excluded as treatment of the nucleic acid with
RNase and DNase showed the nucleic acid to be sensitive to DNase, suggesting that the
VLP is composed of DNA. All subsequent studies were carried out using DNA

methodology.
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Sizing of the potential virus genomes was determined by PFGE. Genomic DNA was
prepared for PFGE by lysing VLPs that had been encased in agarose blocks; this
improves the resolutions of the genomic DNA by minimising shearing. The run
conditions of the electrophoresis were selected to resolve fragments in the size range of
50-500 kb. PFGE run conditions differ from conventional agarose electrophoresis in
that the orientation of electrical field alternates as opposed to being unidirectional; this
variability in the electric field allows PFGE to resolve very large fragments (>600 kb) as
smaller fragments reorient quicker and therefore migrate faster through the gel.

PFGE analysis of strain 152 showed one band was ca. 3-5 Mb and another ca. 45-65 kb.
Genomic DNA from strain 292 produced a smear; this is likely to be caused by
shearing. It was concluded that the band ca. 3-5 MB was bacterial contamination and
that the band ca. 45-65 kb is likely to be the filamentous VLP. In a previous study of
inducible viruses of corals and freshly isolated zooxanthellae, PFGE analysis showed
the most abundant VLP in the samples had a genome size <48.5 kb (Davy et af., 2006).
In this same study, filamentous particles ca. 3 pm were observed in the heat shock
coral/zooxanthellae samples.

The scarcity of genomic DNA from the filamentous VLPs was a limiting factor on the
quantity of molecular techniques that could be performed. Whole genome amplification
was used to increase the concentrations of DNA. GenomiPhi, which is considered the
most accurate amplification method available to generate a higher DNA concentration
(Pinard ef al., 2006), was used to amplify the genomic DNA obtained from the
filamentous VLPs. It must be acknowledged that whole genome amplification can
introduce bias in the relative concentrations of different genomes (Angly et al., 2006).
The non-axenic zooxanthellae cultures contain several types of bacteria and more than
likely, several types of bacteriophages. Although aliquots taken from CsCl gradients

appeared to have had a majority of the bacterial contamination removed, bacterial
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contamination made the genome sequencing troublesome. Even small amounts of
bacterial contamination, whether from the original VLP concentrate or contamination
acquired during the genome amplification processes, were problematic in the
sequencing process. The sequences assembled into several contigs ranging in size from
a few hundred base pairs up to 3kb. BLAST results showed strong similarities to
previously described bacterial sequences found in GenBank.

The close association of bacteria with dinoflagellates is well established (Kogure et a/.,
1982; Silva, 1982). It has been demonstrated in Pfiesteria-like dinoflagellate cultures
that the elimination of the bacterial contaminants can have adverse effects on the growth
of the dinoflagellate cultures. Alavi (2001) proposed that a subset of bacteria physically
associated with the dinoflagellate cells may be required for the growth of dinoflagellate
populations (Alavi et al., 2001). It has been previously demonstrated that Pfisteria
piscicida consumes bacteria (Burkholder & Glasgow, 1997). In the Pfiesteria-like
dinoflagellate cultures, it was shown that one of the dominant members in the baclerial
community of the dinoflagellate culture is a marine alpha-proteobacterium (Alavi ef al.,
2001).

The comparison of contigs sequences obtained from strain 292 to the Genbank database
showed that 63% of the contigs were related to the gammaproteobacterium
Marinobacter aquaeolei VT8. The important number of sequences related to
Marinobacter aquaeolei VT8 suggests a close association between strain 292 and the
gammaproteobacterium Marinobacter aquaeolei VT8. This bacterium could be the
principal diet element of strain 292 similar to the results reported by Alavi (Alavi ef al.,
2001). Alternatively, Marinobacter aquaeolei VT8 could be a symbiont of strain 292
contributing to the lifestyle of strain 292, The food versus symbiosis type relationship
between strain 292 and Marinobacter aguaeolei VT8 could be tested by fluorescent in

situ hybridisation (FISH) and labeling Marinobacter aquaeolei VT8 using a specific
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16S rRNA fluorescent probe to determine the location of the gammaproteobacterium.
Furthermore, microbial community analysis could be used to determine if Marinobacter
aguaeolei VT8 is an artifact amplified by the Genomephi process or truly a dotninant
member of the bacterial community associated with strain 292,

To overcome bacterial contamination in the sequencing step, more thorough separation
through tighter CsCl gradients or perhaps the application of several CsCl gradients
would achieve a bacteria-free aliquot of VLPs. The method of filtration may not have
removed all bacteria as some bacteria can pass through 0.45 pm filters.

The sequencing data did not provide a clear indication of the identity of the filamentous
VLPs induced from the zooxanthellae cultures. Molecular characterisation of ZFV 1 is

essential to confirm this relationship, but initial sequencing attempts were unsuccessful.

3.4 Implications for coral bleaching

Wilson et al (Wilson ef al., 2001) first suggested that zooxanthellae may harbor a latent
infection, after showing that VLPs were present in zooxanthellae of thermally stressed
anemones and that isolated VLPs could re-infect zooxanthellae. Further studies have
shown the presence of VLPs in three species of tropical coral (Davy ef al., 2006). While
the hosts of the numerous VLPs remain unknown, their abundance and close association
with corals and their symbiotic zooxanthellae are evident. A variety of VLP forms have
been observed, and while most of these are hexagonal, it is notable that a filamentous
VLP (up to 3 pm in length) of similar morphology to ZFV1 has been observed
following exposure of the coral Acropora formosa to heat stress (Davy e al., 2006).
The majority of algal viruses described to date are members of Phycodnaviridae, which
are a family of large dsDNA viruses with an isocohedral shape (van Etten & Meints,
1999; Wommack & Colwell, 2000). More recently, a number of RNA viruses have also

been isolated and characterised (Lang et al., 2004; Tai ef al., 2003; Tomaru et al.,
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2004). ZFV 1 shows striking morphological similarities to RNA viruses which are
known to infect plants, in particular the family Closteroviridae. Members of this family
are filamentous and flexuous with lengths ranging from 1500-2200 nm (Agranovsky e!
al., 1995; van Regenmortel et al., 2000). As the morphology of ZFV1 is strikingly
similar to RNA viruses further work based on RNA characterisation seems a logical
next step in trying to identify the filamentous VLP induced from the zooxanthellae
strains.

Although the experiments utilised non-axenic cultures, results clearly indicate that
zooxanthellae contain a latent virus that is induced by UV treatment, leading to the lysis
of the zooxanthellae. Extrapolation of this virus-host interaction and its effects on
zooxanthellae viability provides a novel link to the impact of latent infection on
symbiotic dinoflagellates and the subsequent disruption reef ecosystems. If stress-
induced viral induction in zooxanthellae occurs within the natural reef environment, the

observation of this new group of filamentous VLPs is clearly of importance.

3.5 Conclusions

The inducible filamentous VLP observed in several zooxanthellae strains are highly
suggestive that the filamentous VLP, ZFV 1, is a latent virus of zooxanthellae. The
microbiology and virology of the multiple strains further strengthens this conclusion as
these filamentous particles were observed in several strains. [t seems unlikely that
multiple strains would have the same VLP as an artifact or common contaminant. While
AFC or TEM alone cannot be used 1o claim that the VLPs observed in the UV-treated
zooxanthellae are truly viruses, the VLPs observed in AFC, TEM and thin sections

strongly support the conclusion that ZFV1 is a latent virus of zooxanthellae.

103



CHAPTER 4 Inducible VLPs of a freshwater cyanobacterium

4.1 Introduction

The class Cyanophyceae is a incredible group of simple photosynthetic microorganisms.
These unique bacteria represent an evolutionary link between prokaryotes and the
simplest photosynthesising eukaryotes. The division Cyanophyia belongs to the
kingdom Eubacteria with a prokaryotic nature of the cell structure of cyanobacteria and
the absence of membrane-bound organelles which is consistent with those of other
bacteria. The structure of cyanobacterial thylakoids, which lie free in the cytoplasm, are
similar to those found in the chloroplasts of eukaryotic algae and higher
photosynthesising organisms.

Cyanobacteria are millions of years old with fossil records dating back to the early
Precambrian period (Hall et al., 1974). Evolution of prokaryotes changed the geology of
the planet; cyanobacteria are believed to be the first organisms to release elemental
oxygen, which allowed the development of aerobic metabolisms and higher plants and
animals (Farquhar ef a/., 2000; Holland, 1994). Eukaryotic cells appears to have
evolved from captured and ingested prokaryotic cells (Bhattacharya & Medlin, 1998;
Delwiche, 1999; McFadden, 2001; Palmer, 2003; van den Hoek et al., 1995). The
chloroplasts are believed to have arisen from endosymbiosis of cyanobacterial cells
which were eventually transformed into organelles (van den Hoek et al., 1995).
Molecular comparison of ribosomal RNA (rRNA) from cyanobacieria to that of
chloroplasts from algae and higher plants implies that photosynthetic capabilities were
derived by endosymbiosis of cyanobacteria (Fay, 1983; Margulis, 1993). Evolutionary
development of this early symbiosis resuited in three primary lineages;
Glaucocystophyta, Chlorophyta and Rhodophyta (Moreira ef al., 2000). Other groups of
photosynthetic eukaryotic algae arose from secondary and tertiary endosymbiosis events

from these lineages (Delwiche, 1999). These events are evident by examining the

104



number of membranes surrounding the plastid; for example two, three or four
membranes indicate primary, secondary and tertiary endosymbiosis respectively.
Analysis of nuclear and plastid genomes further support the evolution (Cavalier-Smith,
2002). Structural similarities between chloroplasts and cyanobacteria cells as well as
similarities in rRNAs show highly similar composition and functions of the
photosynthetic apparatus in chloroplasts and cyanobacteria.

Assessment of phylogenetic relatedness between cyanobacteria and other groups of
microorganisms based on 16S rRNA gene phylogeny has been used to discern
genealogical relationships. The universal distribution, ease of isolation and the slow rate
of change occurring in the nucleotide sequence of the 16S rRNA gene makes it a very
good phylogenetic marker to assess the relatedness between bacteria and archaea.
Comparative analysis of 16S rRNA gene sequences has been successfully applied to
reveal the phylogenetic affinities among cyanobacteria and other major groups of
prokaryotes as well as between cyanobacteria and chloroplasts of eukaryotic algae.
Based on 165 rDNA phylogeny, cyanobacteria resemble the bacteria more than
eukaryotic algae and other plant groups. Cyanobacteria are phylogenetically remote
from other bacteria while the chloroplasts of red algae (Porphyridium) are more closely
related to cyanobacteria.

The prokaryotic cellular structure of cyanobacteria is similar to that of other bacteria,
while the photoautotrophic metabolism is similar to that of eukaryotic plants. The
thylakoids of cyanobacteria are not closely associated or membrane-bound like those of
eukaryotic photosynthetic organisms, as prokaryotes lack membrane-bound organelles.
However, the presence of chlorophyll a, thylakoids, and an electron transport system
show similarities to those found in plants (Hall ef a/., 1974).

Cyanobacteria are important in biogeochemical cycles, especially the carbon and

nitrogen cycles. A majority of the bioavailable carbon in aquatic environments is
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While cyanobacteria have a major role in primary production, they play an even more
important role in biological nitrogen fixation (Capone, 2001). In marine environments,
nitrogen is a common limiting nutrient for primary production and cyanobacteria are
one of the main organisms responsible for fixing nitrogen (Tyrell, 1999). Cyanobacteria
are one of the few groups of organisms that can convert atmospheric nitrogen into an
organic form, which is vital io the nitrogen cycle. Annual marine nitrogen fixation is
estimated to be up to 190 Tg N y™" and Trichodesmiwum spp. alone is estimated to
contribute over 50% of fixed nitrogen, ca. 100 Tg N y ' (Berman-Frank ez al., 2003).
Beside their contribution to biogeochemical cycles in aquatic environments,
cyanobacteria are well known for bloom formations where their abundant growth can be
detrimental to local aquatic ecosystems (Fay, 1983). Bloom-forming species, mostly
freshwater species, that produce toxic secondary metabolites have been the focus of
many studies as the blooms can have both environmental and economic impacts
(Wiegand & Pflugmacher, 2005). Microcystis aeruginosa which produces microcystins,
is one of the more ecologically damaging species; the microcystin-producing blooms
affect aquatic and terrestrial organisms as well as humans (Baptista & Vasconcelos,
2006; de Figueiredo er al., 2004). Many studies are underway to assess the various
factors responsible for these cyanobacterial blooms (McGillicuddy et al., 2007).
Viruses that infect cyanobacteria are ecologically significant factors that have crucial
influences on the structure of microbial communities and bloom formations. Freshwater
LPP-1 and LPP-2 cyanophages were the first isolated cyanophages. These cyanophages,
infecting filamentous forms of cyanobacteria in the genera Lyngbya, Plectonema and
Phormidium (Safferman & Morris, 1963; Safferman et al., 1969), have been shown to
occur throughout the world (Safferman ef al., 1973). The cyanophage SM-1, also
discovered in the 1960s (Safferman et al., 1969), was the first cyanophage found to

infect a unicellular form of cyanobacteria, It was not until the early 1980’s that the first
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marine cyanophages were reported (Moisa er al., 1981). Since then, cyanophages have
been identified from each of the three well recognised bacteriophage morphological
families: Myoviridae, Siphoviridae and Podoviridae (Safferman ef al., 1983; Suttle &
Chan, 1993) and have been shown to be ubiquitous, diverse and abundant in aquatic
environments (Suttle, 1999).

Many investigations have focused on lytic cyanophages (Mann, 2003). Lytic
cyanophages are known to be involved in the termination of blooms and it is possible
that selective pressure on community composition of cyanobacteria by cyanophages
may potentially prevent blooms (Tucker & Pollard, 2005; Weinbauer &
Rassoulzadegan, 2004). Prophages are known to confer immunity to similar viruses and
it has been proposed that cyanobacterial blooms may also result from a conferred
immunity of the host to the prevalent cyanophage (McDaniel et al., 2006).

Temperate cyanophages can have other profound influences on cyanobacterial
populations as well. Prophages can influence cyanobacteria by conferring phenotypic
traits to the host. Phage conversion by temperate cyanophage, for example, has been
proposed as a possible mechanism responsible for toxin production in some strains of
cyanobacteria. For example, in a study on a toxin-producing strain of Microcystis
aeruginosa it was shown that an inducible phage was present, while in the non-toxic
strain inducible phages were absent (Vance, 1977). The possibility of temperate
cyanophages in toxic strains of other cyanobacteria has been suggested (Orjala ef al.,
1995), although few have been isolated (Ohki & Fujita, 1996; Ohki, 1999), The
implications of temperate cyanophages are poorly comprehended as few temperate
systems have been characterised.

The genome sequencing of cyanobacteria and cyanophages has identified possible
integrase genes, suggesting that lysogeny in cyanobacteria may be common (Palenik er

al., 2003; Sullivan et al., 2005) and it has been proposed that integrases found in the
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cyanophage Syn5 genome may be due to a possible temperate life style (Pope et al.,
2007). Lysogenic infections in natural populations of marine Synechococcus spp. has
been demonstrated, with inducible viruses detected in 46% of the sirains tested
(McDaniel et al., 2002). In filamentous forms of cyanobacteria, prophage induction has
been demonstrated as well (Cannon ef al., 1971; Ohki & Fujita, 1996; Padan ef al.,
1972). Recently an inducible temperate cyanophage, AS-1, which infects Anacystis
nidulans has been isolated and characterized. While lytic phages infecting Anacystis
nidilans have been previously characterised this is the first report of a temperate phage
of Anacystis nidulans (Lee et al., 2006). Characterisation of temperate cyanophages is
important to reveal knowledge of their prevalence and their potential roles in the
environment.

Cyanophages infecting Pseudanabaena populations are completely unknown, as is the
possibility of lysogeny in this genus. The filamentous cyanobacterial genus
Pseudanabaena contains morphologically simple members of the order Osciliaforiules.
They are commonly present in low numbers in lakes on severai continents, namely
Asia, Africa, Northern Europe and North America (Komarek & Kling, 1991). Studies
have shown that Pseudanabaena species are most abundant below five meters in the
water column and densities reach their peak in late summer (Kling & Watson, 2003).
The Pseudanabaena cyanobacterium, PPt10905, was isolated from Priest Pot, a pond in
the English Lake District, from a water sample collected at a depth of 0.5 m (Baker,
2005). The unusual interaction of this freshwater cyanobacterium and its inducible

VLPs are described here.
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4.2.2 Enumeration of VLPs

Exponentially growing cultures were transferred to an incubator at 34°C to heat induce
potential VLPs, whilst control cultures were maintained at 26°C; both had similar light
regimes (Section 2.1.2). Heat-treated cyanobacterial cultures were screened for the
presence of inducible VLPs using AFC. Representative dot plots from the lysates of
control and heat-treated lysates are shown in Figure 4.3. The dot plots in panels 1
through L show the appearance of a new group of VLPs. The abundance of this group
of VLPs increased in abundance from 48 h to 144 h after the heat treatment of the
cyanobacterial cultures. The areas typical of bacteriophage/noise (Panel A), bacteria

(Panel E) and the new group of VLPs (Panel L) are highlighted in Figure 4.3.
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4.2.3 Induction curves

To discern an interaction between the cyanobacterial host and the group of VLPs
appearing in the heat-treated cultures, cell counts of the host were plotted against the
group of VLPs observed in the AFC analysis (Figure 4.4). A decline in host density was
observed in the heat-treated cultures and a substantial increase in VLPs was observed in
the heat-treated cultures. A decrease in host abundance was observed within 24 h of
heat treatment with a continual decrease up to 120 h. AFC analysis of VLPs induced
following heat treatment of the cyanobacterial cultures revealed a group of VLPs
increasing in abundance. The appearance of the VLPs began ca. 48 h after introduction
of the cultures to increased temperature and continued to increase, with the maximum
number of VLPs occurring at 144 h during this time the growth of host cells appeared
static.

Groups of particles in the areas representative of bacteriophage/noise (Figure 4.3, panel
A), bacteria (Figure 4.3, panel E) were also analyzed. The residual events in the area
typical of bacteria remained unchanged between the treated and control cultures over
the time course of the experiment. The area typical of noise/bacteriophage showed
extreme fluctuations between replicates, with the control appearing to have more events

and variations in this area.
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4.2.4 Visualisation of VLPs

TEM analysis of the lysates from the heat-treated cultures showed an abundance of
VLPs ranging in size from 70-100 nm in diameter. The VLPs had a circular shape with
a thick capsid surrounding a less electron dense inner core (Figure 4.5).

Thin sections of strain PPt10905, prepared after 96 h of heat treatment, are shown in
Figures 4.6 and 4.7. The peripheral regions of the cytoplasm, which contain the
photosynthetic apparatus consisting of a few membranes extending in concentric sheets
beneath the cell membrane, are defined in panel A of Figures 4.6 and 4.7. Particles of
two morphologies were observed in the heat-treated thin sections. The VLPs observed
in Figure 4.6 were similar in size and morphology to those observed in the TEM of the
lysates. These VLPs ranged in size from 50-100 nm and had a round morphology. In
panels A, B, C and D, VLPs similar in size and morphology to those observed in the
heat-treated lysates are seen clustered (30-50 VLPs) at the periphery of the host cell.

In Figure 4.7, particles ca. 200 nm in diameter with a distinctive isocohedral shape
shaped were observed. The larger icosahedral particles, presumed to be carboxysomes,
were observed in the controls but at a much lower frequency (1-2 per cell). In the heat-
treated cells the larger icosahedral particles were ca. 10 x more abundant than in the

controls (10-15 per cell).
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Figure 4.8. Gel image showing nucleic acid extracted from the virus fraction of the
heat-treated strain PPt10905. Lane | shows the discrete band of nucleic acid. Lane 3

shows the | kb molecular weight marker. Lane 2 is empty.

4.2.5.2 PFGE

Concentrates prepared from lysates were digested in agarose plugs (Section 2.8) and
examined by PFGE (Figure 4.9 and 4.10); liquid loading of nucleic acid extracted from
concentrates was also examined by PFGE (Figure 4.11). Figure 4.9 and 4.10 show gels
run with a pulsed time of 5.5 sec to 36.5 sec for 21 h; the gel in Figure 4.11 was run
with switch times of | sec to |5 sec for 22 h, PFGE analysis revealed one slightly
degraded band ca. 45- 50 kb in lane 4 of the gel in Figure 4.8 and lanes 2 and 5 in
Figure 4.10. Lane 2, in Figure 4.11, shows the result of the loading of a liquid sample

(nucleic acid extraction) which revealed a degraded band < 20 kb.
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described bacteriophages (Table 4.1). Although not the top BLAST hit, two contigs,
contig 2 and contig 4 showed sequence similarities to cyanophage AS-1 contigs 5, 14
and 16 (Accession numbers; DQ115812, DQ115821, DQ115823) using BLASTn
restricted to virus sequences present in the GenBank database. While the sequence
similarity was significant (3e-06) no putative function has been assigned to the

cyanophage AS-1 contigs.
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Table 4.1. BLAST results.

Contig Length BLASTnR results E-value Accession #
1 496 Acidovorax spp. 1542, complete genome 1.00E-102 CP000539
2 1035 Pseudomonas mendocina ymp, complete genome 0.00E+00 CP000680
4 1031 Pseudomonas mendocina ymp, complete genome 0.00E+00 CP000680
5 940 Verminephrobacter eiseniae EF01-2, compiete genome 0.00E+00 CP000542
6 649 Xanthomonas axenopodis pv. citri str. 306, complete genome 2.00E-119 AEO11733
7 1044 Pseudomonas mendocinag ymp, complele genome 0.00E+00 CPO00680
8 1343 Acidovorax spp. JS42, complete genome 4 00E-114 CP000539
I 469 Sinorhizobium meliloti 1021 plasmid pSymA complete plasmid sequence 1.00E-140 AE007214
12 1190 Anabaena variabilis ATCC 29413 chromosome, complete sequence 5.00E-10 CP0O00L 17
13 340 Pseudomonas fluorescens Pf-5, complete genome 7.00E-27 CP000076
14 246 Burtkholderia cenacepacia phage BeepBI1 A, complete genome 2.00E-06 AY616033
15 1011 Sinorhizobium meliloti 1021 complete chromosome 8.00E-172 ALS591793
16 1482 Pseudanabaena spp. cpeBA 9.00E-15 X63073

8 913 Bradyrhizobium spp. BTAil, complete genome 3.00E-11 CP000494
Contig Length BLASTR results virus database E-value Accession #
2 1035 Sulmonella enterica subsp. enterica serovar Choleraesuis str. SC-B67, complete genome 2.00E-28 AE017220
4 1031 Saccharopolyspora erythraea NRRL2338 complele genome 8.00E-14 AM420293
14 246 Burkholderia cenocepacia phage BeepBI A, complcete genome 6.00E-08 AY616034
15 1011 Saccharopolyspora erythraea NRRL2338 complete genome 5.00E-16 AMA420293
18 913 Mycobacteriophage Omega, complete sequence 4.00E-10 AY129338
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Table 4.1 (cont.). BLAST results.

Contig
1

[$%]

0 -~ G W B

12
13
14
15
16
18

Contig

15
18

Length BLASTx results

496 aminomethyl transterase [Delfiia acidovorans SPH-1]

1035 nuclcasc [ Pseudomonas mendocina ymp]

1031 diguanylate cyclase/phosphodiesterase [Psendomonas mendocia ymp]
940 D-alanine—D-alanine ligase [Comamonas testosteroni KF-1]

649 phosphoesterase [Stenorrophomonas maltophilia)

1044 flagellar hook-associated 2 domain protein [Pseudomonas mendocina)
1343 putative transcriptional regulator [4cidovorax avenae subsp. citrulli AAC00-1]
469 histidinol dehydrogenase [Sinorhizobium medicae WSM419]

1190 uncharacterised conserved protein [Nostoc puncriforme]

340 methyltransferase type 12 [Pseudomaonas putida GB-1]

246 gp37 [Burkholderia phage phiE255]

1011} putative DNA polymerase II1 alpha protcin [Sinorftizobium meliloti 1021]
1482 hypothetical protein L8106 11892 [Lyngbya spp. PCC 8106]

913 site-specific DNA-methyltransferase [Bradyrhizabium spp.]

Length BLASTX results virus database

1035 putative DNase/RNase endonuclcase [Bacteriophage SPBc2]

246 gp37 [Burkholderia phage phiE255]

1011 DNA polymerase I11 alpha subunit [Saccharomonospora phage PIS]

913 gpl 35 [Mycobacterium phage Omcga])

E-value
7.00E-76
1.00E-105
2.00E-113
7.00E-73
6.00E-33
7.00E-83
6.00E-53
1.00E-74
1.00E-38
1.00E-26
6.00E-17
5.00E-133
1.00E-70
1.00E-43

E-value

3.00E-10
4.00E-18
1.00E-29
4.00E-39

Accession #
EAV72887
YP_001186040
YP_001186260
ZP_01517992
ZP_01643009
YP_001188320
YP 972751
ZP_01412085
ZP_00111140
ZP_01716206
YP_001111237
NP_387277
ZP_ 01621542
YP_001242420

Accession #
NP_046558

YP Q01111237
AALG66178
NP_818455



4.3 Discussion

4.3.1 Growth curves

Assessing the growth of filamentous cyanobacteria in liquid culture can be challenging
due to their filamentous nature which renders difficult the growth monitoring with
common methods such as O.D, Alternative methods 10 monitor the growth of the
cyanobacterium PPt10905 were investigated and compared for efficiency (Figure 4.2),
as previous growth curves using optical density proved to be an unreliable method
(Baker, 2005). Filamentous morphologies are the most troublesome to quantify as
broken and dividing filaments have a tendency to clump, making the use of optical
density readings inaccurate. The results of the comparison between haemocytometry
and the Coulter counter to monitor the growth of strain PPt10905 showed that both
methods generated growth curves in accordance with the classical bacteria growth
model; lag, log and stationary phases.

During the division, the cyanobacterium reproduces by trichome formation and the
fragments of the filaments detach and break away. The Coulter counter measures the
electrolyte displacement produced by particles, which is proportional to the volume of
the particle, as they are drawn through an aperture. The output shows the size
distribution of particles, particle diameter {pm), within the selected range, but omits
small fragments of the dividing cells as they lie outside of the range and within the
background noise. The fragmentation of the actively reproducing cells interfered with
Couiter counter measurements, The dividing fragments noticeably lowered the counts of
the exponentially growing cultures ca. day 10 during mid-late exponential growth of the
culture, at which time the Coulter counter measurements showed the culture to be in
stationary phase. Unlike Coulier counter the haemocytometer is not biased against smail
dividing fragments and gave a better assessment of the exponential growth. The

haemocytometer showed exponential growth of the culture through to day 17. The
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dividing strategy found in this strain of filamentous cyanobacteria is best compensated
for with direct counts and overall haemocytometry counts generated more accurate

growth curves.

4.3.2 Identification and enumeration of VLPs by AFC

Identification and quantification of inducible VLPs released after heat treatment of
strain PPt10905 was achieved by analysis of dot plots of SSC versus GFL. AFC
analysis revealed the presence of a group of particles which started appearing ca. 48 h
after heat treatment. The group of particles continued to increase in abundance and was
clearly distinguishable 144 h after treatment (Figure 4.3). It was concluded that this
group contained inducible VLPs of strain PPt10905, although the SSC and GFL signal
was outside of the size range typical of known lytic cyanophages (Brussaard ef «l.,
2000; Chen ef al., 2001). The size discrepency observed in the AFC analysis may be
due to the VLPs sticking together making the group of VLPs in the dot plots appear
larger.

Haemocytometer counts of the cyanobacterium were plotted against the analysis of the
AFC dot plots of the VLPs to discern a relationship. A decline in the concentration of
cyanobacteria was observed within 24 h after heat treatment; the appearance of the VLP
group began ca. 48 h and a rapid increase in the concentration of VLPs occurred after
ca. 72 h (Figure 4.4). The concentration of these VLPs continued to increase to ca. 9.7 x
10’ particles ml™ at 144 h after heat treatment, at which point the heat-treated
cyanobacterial cultures had substantially declined and had become static. A direct
correlation seen in a typical host-virus interaction was not observed; the increase in
VLPs occurred later than those seen in other virus-induced culture crashes, such as that
observed in the Symbiodinium spp. (Section 3.2.5). This observation is most likely due

to absorption of the released VLPs to the actively dividing cells as this would account




for the drop in host numbers and the lag in the appearance of VLPs. As the samples
were analysed a couple hours after the artifical light cycle was initiated the peak of the
observed VLPs may represent viral release from the second round of infected host cells
consecutive to the initial induction of the prophage. It has been proposed that phage
infection reaches a maximum during daylight hours of the diel cycle which would be

consistant with the observed results (Clokie ef al., 2006).

4.3.3 Visualisation of VLPs

The VLPs observed in the supernatants of the heat-treated cultures had a round
morphology with no discernable tail and a diameter ca. 70-100 nm. Particles with a
similar morphology were observed in the thin sections of the heat-treated cultures.
VLPs with this morphology are typical of podoviruses (Safferman et al., 1983). In the
thin sections of the heat-treated cultures, clusters of the VLPs were observed in the
periphery of the cells at 96 hours after heat treatment (Figure 4.6). The increase in
abundance of VLPs observed in AFC occurred during this time, further supporting the
evidence that the VLPs observed in AFC are an inducible phage of strain PPt10905.
In thin sections of the heat-treated cultures, several larger isocohedral particles with a
diameter ca. 200 nm were observed. These larger particles were observed in thin
sections of the controls, but they were ca. 10 times more prevalent in the thin sections
heat-treated cultures. These larger icosahedral particles had morphology similar to
carboxysomes, which are commonly found in cyanobacteria (Fay, 1983; Tanaka ef al.,
2008). Carboxysomes are structures 200-300 nm in diameter that contain a
metabolically active form of the primary photosynthetic enzyme ribulose-1, 5
bisphosphate carboxylase/oxygenase (RuBisCO) which catalyses CO; fixation into
ribulose 1, 5 bisphosphate (RuBP), the primary step in the dark reactions of

photosynthesis.
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Carboxysomes were first observed in Nostoc pruniforme (Jensen & Bowen, 1961) and
are commonly mistaken for viruses due to their morphology (Bobik, 2007). The
increase in abundance in carboxysomes in the heat-treated cultures was unexpected.
Investigations have shown many cyanophage, up to 88% (Hill, 2006), may carry
photosystem Il genes that benefit both the phage and the host (Mann, 2003; Mann er al.,

2005; Sullivan et al., 2006).

4.3.4 Molecular studies

Nine cyanophage genomes have been fully sequenced (Genbank, March, 2008). The
characterised cyanophage genomes consist of 4 podoviruses and 5 myoviruses with
genome sizes ranging from 40,938 nt (Cyanophage Pf~-WMP4) (Liu ef al., 2007) to
196,280 nt (Cyanophage S-PM2) (Mann et al., 2005). The cyanopodovirus genomes;
Syn5 (Pope ef al., 2007), PE-WMP4 (Liu et al., 2007), P-SSP7 (Sullivan et al., 2005)
P60 (Chen & Lu, 2002), have genome sizes between 40-48 kb. PFGE showed a genome
size of the VLPs of strain PPt10905 to be ca. 45-50 kb (Figure 4.9 and 4.10). This
genome size estimation of the putative cyanopodovirus of strain PPt10905 is in
agreement with that of other cyanopodovirus genomes and tends to point toward an
average cyanopodovirus size of ca. 45 kb.

The size difference of the VLPs of strain PPt10905 observed in Figure 4.11 may be due
to shearing caused by the loading of a liquid sample when pipetting or it may be due to
the run conditions of the PFGE as pulse times can dramatically affect the way a product
may migrate. Over half of the cyanophage genomes available in Genbank are circularly
permuted. With a shorter pulse time, similar to the running conditions of the gel in
Figure 4.11, a circular genome would migrate faster relative to the linear lambda ladder.
A linear genome should migrate to the same position relative to the linear marker

regardless of the running conditions; the changes in migration relative to the linear
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lambda concatamers suggest the putative cyanophage genome of strain PPt10905 might

be circularly permuted.

4.3.5 Contigs and sequencing

Several cloning methods were attempted to produce a clone library. Variations in blunt
ending methods, cloning vector and transformation procedures were tried to produce a
library. Sonicated fragments were blunt ended with three different methods; the
sonicated fragments were filled in with the enzyme Pfu, or ends of the fragments were
cut back with the Mung bean enzyme and lastly a commercial blunt ending kit from
Lucigen was employed. In all three cases, ligation controls were as expected, but clones
containing inserts in the desired size range were low. As the cloning difficulties may
have been due to incompatibility between the phage DNA and the vector, three cloning
vectors were used; Invitrogen Zero blunt, Lucigen HC Kan and Lucigen pJAZZ. The
Invitrogen vector yielded clones with the fragments of the desired size, but the
efficiency was very low as <30% of the clones had inserts and many of these were small
fragments. The Lucigen kits were employed to eliminate issues due to highly modified
phage DNA, toxic genes, AT rich areas and/or repeats, which are often a problem with
phage cloning. The Lucigen HC Kan kit yielded many clones, ca. 85% with large
inserts. The vector primers did not work in the sequencing reactions. After many
trouble-shooting steps, it was concluded the vector was compromised and this library
was dismissed. The final attempt to clone the VLPs of strain PPt10905 employed a
Lucigen pJAZZ vector. Both electrocompetent and chemically competent cells were
used, yet none of them gave satisfactory transformation. Cloning of phage and viruses
can be tricky as there are frequently modified nucleotides, toxic genes and/or repeat
regions. Selecting cloning vectors which are more compatible can overcome some of

the difficulties with cloning viruses. Other methods, such as pyrosequencing bypass



cloning altogether. While pyrosequencing has its own drawbacks such as short reads,
more complex assembly processing and problems assembling repeat regions it could
circumvent problems associated with cloning the phage genome (Wommack et al.,
2008).

Clones obtained from the Invitrogen zero blunt cloning were screened for larger inserts
and sequenced. This provided ca. 15 kb of sequence which assembled into 18 contigs.
Contigs obtained from the preliminary sequencing showed several sequence similarities
1o cyanophage genomes, cyanobacteria genomes, bacterial genomes as well as some of
a T7-like phage. Cyanophage Pf-WMP4, which infects the freshwater cyanobacterium
(Phormidium foveolarum) (Liu et al., 2007) and other cyanophages have sequence
similarities to T7-like phages (Liu ef al., 2007). Some of the hits from the 18 contigs of
the PPt10905 cyanophage were to T7 phages and possibly prophages associated with
their hosts. Two contigs showed sequence similarities to undescribed contigs from the
cyanobacteria phage AS-1. Interestingly, Xinyao et al., 2007 recently showed AS-1 to
have a lysogenic life cycle, supporting the hypothesis that the VLP induced from
PPt1090S5 could be a lysogenic cyanophage.

The complete sequence analysis of this freshwater temperate cyanophage will be of
great interest, as the comparison of this genome with the previously described
cyanophage genomes will provide an insight into the differences and similarities found
in freshwater and marine cyanophages. Furthermore, as there are no unambiguously
temperate cyanophage genomes currently sequenced, it would be most interesting to see
how this one compares to the genomes of lytic cyanophages. This could potentially
explain some of the mechanisms behind the temperate lifestyles of cyanophages and

their host interaction.
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4.4 Conclusions

The inducible VLPs observed in the cyanobacterial strain, PPt10905, are highly
suggestive that cyanobacterium PPt10905 harbours an inducible temperate phage. The
results showing the group of VLPs appearing in the AFC of the heat-treated cultures,
the podovirus morphology of the particles observed in the TEM and the clusters of
VLPs observed in the thin sectioning of the heat-treated cultures all strongly support the
hypothesis that the cyanobacterium PPt10905 harbours a prophage which appears to be
lysogenic. The significance of lysogenic cyanophages in freshwater cyanobacteria is not
well understood and the isolation and characterisation will provide valuable information

about aquatic temperate cyanophages.
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CHAPTER 5 Latency in algal culture collections

5.1 Introduction

Marine algae have a central role in the marine environment. Their numbers and ubiquity
make them essential contributors in a variety of major biogeochemical cycles as well as
key members of the marine food web (Rao, 2006). The different algal studies have shed
light on the complex and numerous roles that algae play in the environment from
primary production (Marra, 2002) to CO; sinks (Buitenhuis, 2001). Completion of
several algal genomes (Dunalellia salina, Chlorella vuigaris and Micromonas pusilla,
DOE Joint Genome Institute), will provide much information that will increase our
knowledge of these organisms and help grasp the full extent of their capabilities.

The economy of marine algae has developed following the growth of aquaculture
industries which use algae as a source of live and preserved feeds. In 1993, 90% of the
14.5 million metric tons of aquaculture-produced animals utilised phytoplankton during
at least one of their developmental stages (Duerr ef al., 1998). With the aquaculture
industry growing at a rate of 8% per year (Pulz & Gross, 2004), there is a need for
more intense alga production. The average estimated production cost of one kg of dry
algae is $50-3150 (Pulz & Gross, 2004) and can be as much as $600 in smaller
hatcheries (Borowitzka, 1997); these high prices have prompted significant research on
algal production and algal physiology in order to provide a better knowledge of the
strains used and eventually reduce the price of alga feeds.

In marine environments, phytoplankton growth is influenced by numerous factors and
seasonal increases in phytoplankton density (blooms) can have great ecological
importance in marine food webs (Munn, 2004). While not all blooms are toxic, the term
harmful algal bloom (HAB) is used to describe algal blooms which have ecological and
economical impacts. Toxic HABs are caused mainly by cyanobacteria, dinoflagellates,

and diatoms which produce toxins that can be harmful to fish, shellfish and humans. For
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example, a HAB that is common to the eastern Gulf of Mexico, is caused by the
dinoflagellate Karenia brevis that produces brevetoxin, and HABs that occur in the gulf
of Maine are a result of the dinoflagellate Alexandrium fundyense which produces
saxitoxin. A study in the United States reported that HABs over a period of 15 years
(estimates based on costs from 1987-1992) cost about $450 million and impacted
sectors such as public health, commercial fishery and tourism
(www.whoi.edu/redtide/pertinentinfo/Economics_report.pdf). The mechanisms by
which algal blooms form and dissipate remain unclear and much research has been
devoted to explaining the different factors that can affect these blooms (McGillicuddy er
al., 2007).

Strains in algal culture collections are used as model organisms to provide a better
understanding of the multiple contributions of algae. At the ecological level, research
involving species found in culture collections has provided evidence of their role in
nutrient cycles, food web dynamics and algal bloom formations. At the economic level,
culture collection specimens have provided for improvements of algae production for
aquaculture purposes (Borowitzka, 1997; Day et a!., 1999).

Marine algae collected from the planet’s various water bodies are preserved in different
culture collections around the world, where they are maintained and made available to
researchers and industry. Algae culture collections, which contain thousands of strains,
represent a vast and relatively untapped resource for the study of algae (Table 5.1). The
Plymouth Culture Collection (PCC) of Marine Algae (Plymouth, UK,
http://www,mba.ac.uk/education/education_outreach.php?culturecoilection), for
example, which was established in 1910, was originally created for the provision of
algae as food organisms and for taxonomic research. Since the establishment of the
Plymouth algal collection, which currently contains 285 different strains of algae, its

focus has extended to other fields of study such as carbon acquisition in various species
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and calcification in coccolithophorids. As described below, algal cultures are utilised to
understand algal life cycles, their roles in species succession and phytoplankton
dynamics. The use of culture collection algae strains under laboratory conditions to
replicate environmentally occurring blooms has shown to be an adequate model system
that has provided insights into the bloom cycles (Pettersson ef al., 2000; Sol¢ ef al.,
2006). The mathematical modeling of algal blooms has been a challenging task due to
the multiplicity of factors involved under environmental conditions. By incorporating
the effect of viral lysis, these mathematical models have proven to be a better fit in
predicting the abundance of phytoplankton during the various stages of bloom events at

magnitudes similar to those observed in situ (Beltrami & Carroll, 1994).
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Table 5.1. List of the main algal culture collection throughout the world.

Country Algal Culture Collection

Australia CSIRO Microalgae Research Centre

University of Toronto Culture Collection of Algae and
Canada Cyanobacteria

Canadian Center for the Culture of Microorganisms

Czech Republic  Culture Collection of Algae of Charles University Prague
Culture Collection of Algal Laboratory, Trebon

Microalgai Culture Collection of the University of Caen Basse-
France Normandie

Roscoff Culture Collection
Pasteur Culture Collection of Cyanobacteria

Germany Culture Collection of Algae at the University of Cologne

Culture Collection of Algae at the University of Gotting
Department of Cell Biology and Applied Botany, Philipps-
University

The Friedrich Hustedt Diatom Collection

Japan National Institute of Environmental Studies
Marine Biotechnology Institute Culture Collection
IAM Culture Collection
WFCC-MIRCEN World Data Centre for Microorganisms
Marine Biotechnology Institute Culture collection

Mexico CIBNOR Microalgae Culture Collection, La Paz

United Kingdom Culture Collection of Algae and Protozoa
The Plymouth Culture Collection of Marine Algae

United States University of Texas Culture Collection of Algae
American Type Culture Collection
Provasoli-Guillard Culture Collection of Marine Phytoplankton
Antarctic Protist Culture Collection at Woods Hole. MA
Loras College Diatom Culture Collection
Culture Collection of Microorganisms from Extreme Environments
The Diatom Collection of the California Academy of Sciences




The work on Emiliania huxleyi best exemplifies the successful use of a strain from a
culture collection that provided much information into the role of algae in the microbial
loop as well as bloom formation. £. huxleyi is one of the ca. 300 known bloom-forming
marine microalgae. £. huxleyi is a very cosmopolitan microalga that is found in all but
polar oceans (Le Vu ef al., 2003). [t forms blooms in various regions, from the Bering
Sea (Stockwell er al., 2001) to the English Channel (Wilson ef al., 2002) and these
blooms can be large enough that they can be monitored from space by satellite remote
sensing (Smyth e al., 2004). Studies of E. hAuxleyi blooms have shown that they can
have a major environmental impact through water albedo and dimethyl sulfide
production (Levasseur et al., 1996). Furthermore, it has been shown that E. huxley:
blooms are sinks of atmospheric carbon dioxide through calcification and
photosynthesis (Buitenhuis, 2001).

Most of our knowledge about the genetic diversity of algal viruses comes from studies
of viruses which have been isolated and purified in the laboratory. Algal viruses of
major marine bloom-forming algal species such as E. huxleyi, Phaeocystis spp. and
Micromonas pusilla have provided most of the studied algal viruses (Baudoux &
Brussaard, 2005; Brussaard ef al., 2004b; Schroeder ef al., 2002).

The study of viral latency in microalgae has not been the subject of much attention,
unlike the viruses of the macroalgae Ectocarpus siliculosus and Feldmannia species
(Delaroque et a/., 2001; Miiller & Frenzer, 1993). Latency in aquatic algae has been for
the most part overlooked. Research, as part of this thesis, used algal strains belonging to
five of the nine recognised algal divisions: namely, Chlorophyta, Heterokontophyta,
Cryptophyta, Haptophyta, Rhodophyta; each was examined for potential latent viruses.
To evaluate the potential contribution of latency found in the Plymouth algal culture
collections the percentage of latent viruses in algae and/or the frequency of potential

latent viruses was determined. A total of 49 strains of pico and nano algae from the
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PlymouthiCultureiCollection of Marine. Algae (Table2.4) were séreénedi for latent:

virusesiusing PCR, AFC, TEM, thin:sectioning, igel electrophoresis, PFGE and genomic

sequencing:,
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Table 5.2. Summary table of changes in UV-induced algal cultures. No change (0), absent (-), present (+) and increase (++). GFL — Green

fluorescence.

Division (Class)

Chlorophyta (Chiorophyceae)

Chlorophyta (Prasinophyceae)

Heterokontophyta
(Eustigmatophyceae)

Cryptophyta (Cryptophyceae)
Rhodophyta (Rhodophyceae)

PCC
Designation
83

85

430

491

[§]
~J
o)

299
315
492
570

591

663
29
539

Species

Dunaliella tertiolecta
Chlorella stigmatophora
Dunaliella minuta
Chlamydomona concordia
Tetraselmis tetrathele
Pyraminonas urceolata
Tetraselmis spp.
Pyraminonas panceae

Tetraselmis marina ?
Nannochloropsis salina

Nannochloropsis oculata
Cryptomonas maculata

Porphridium purpureum
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Table 5.2 (cont.). Summary table of changes in UV-induced algal cultures. No change (0), absent (-), present (+) and increase (++).

GFL — Green fluorescence.

PCC

Division (Class) Designation

Haptophyta (Prymnesiophyceae) 8
93
133
156
240
351
377
378 (1)
434 (5)
475
506A
508
515
527
536
564
565

Species

Isochrysis aff. galbana
Pavlova gyrans
Imantonia rotunda
Pleurochrysis carterae
Isochrysis spp.
Cricosphaera ?
Chrysotila stipitata
Pleurochrysis carterae
Ochisphaera ?
Chrysotila lamellosa
Isochrysis spp.
Apistonema spp.

Pavlova virescens

Prymnesium patelliferum

Hymenosa globosa
Dicrateria inornata

Isochrysis galbana
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5.2.3 Effect of UV treatment on induction of VLPs over time

From the thirty strains examined (Section 5.2.2), 15 strains were further characterised
by AFC. AFC dot plot analyses of algal cells compared to potential VLPs are shown in
Figure 5.3. Triplicate cultures of each strain were exposed to UV irradiation. Algat cells
in the control and the UV-treated cultures were enumerated by AFC and the lysates of
each strain were analysed using AFC to detect potential VLPs. The images in the upper
left hand corner of each figure shows the control and UV-induced cultures 96 h after
UV treatment and the dot plots in the lower left hand corner show the potential VLPs in
the control and UV-treated lysates 96 h after UV treatment. Events occurring in the
region between 0.5 to 5 AU (GFL) and 0 to [ AU (SSC) were analysed for potential
VLPs. The potential VLPs (VLPs/ml x 10° were plotted against the number of algal
cells (cells/ml x 10°) over the time course of the induction experiments.

Seven of the strains (430, 491, 156, 240, 475, 508 and 536) showed a static or reduced
growth after UV treatment and had an increase in the VLP groups (Figure 5.2 a and c).
Five of the strains (85, 29, 133, 564 and 565) showed a decline in growth 24-48 h after
UV treatment and had increases in the VLP groups (Figure 5.2 a, ¢ and d). Three strains
(515, 663 and 83) had unclear interactions occurring (Figure 5.2 a, ¢ and d). From the
six strains (430, 85, 491, 29, 156, 240 and 491) that had VLPs that were easy to
distinguish, four strains were selected for further characterisation (strains 29, 85, 156
and 430) (Figure 5.2 a, ¢ and d).

AFC dot plots of the bacteria, noise and the high GFL groups were analysed; no striking
differences were noted between the controls and UV-treated cultures. The bacterial
groups in most cases had a slight decrease in numbers following UV treatment and then
resumed a similar growth rate to that of the controls. The high GFL group notéd in
Table 5.2 did not appear consistently in the triplicates of the cultures; despite this the

group was analysed for each culture. While most strains did not have this group
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appearing, the:ones that:did,:showed no significant variation between controls and UV~

treated cultures. Strains 515 and 240 were an exception and showed slight decreases in:

this group in'the UV-treatedicultures (Figure:5:2 )




























5.2.4 Visualisation of VLPs

TEM grids were prepared from fixed lysates of several UV-treated strains. TEM images
of lysates from UV-induced strains 83, 430, 85, 491 and 29 are shown in Figures 5.4
and 5.5. Figure 5.4 shows images from the lysates of the induced Dunaliella strains, 83
and 430. Round, slightly icosahedral particles ca. 75 nm were observed in both strains.
In strain 430, clusters of the VLPs were observed.

TEM images from Chlorella stigmatophora, strain 85, are shown in Figure 5.5 (Panels
A-D). The diameter of the particles observed are ca. 175 nm in diameter and spikes
protruding from the central core of the particles are ca. 300-400 nm in length. Panel E
shows the lysate from Pleurochrysis carterae, strain 156. The VLP shown in this image
has a diameter ca. 175 nm. Panel F shows a particle observed in the lysate of

Cryptomonas maculata, strain 29, the icosahedral particle is ca. 200 nm in diameter.
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5.2.5 Thin sections

Thin sections prepared 43 h after UV induction of strains 85, 156 and 430 are shown in
Figures 5.6, 5.7 and 5.8, respectively. In Figure 5.6 (strain 85), VLPs ca. 100 nm in
diameter are shown in panels A-H. In Figure 5.6a, panels A and B, VLPs are visible
outside of the nuclear envelope. VLPs with an electron dense core and several VLPs
which look like empty shells are seen in the chloroplast area. In panels C and D, many
VLPs are visible in the pyrenoid. In panels E-H, VLPs ca. 100 nm in diameter are
visible in the region between the nuclear envelope and the chloroplasts. In Figure 5.6b,
panels A and B show a cell undergoing mitosis, in interphase. VLPs are visible
migrating to the periphery of the cells and electron dense particles are visible on the
periphery of the cells. Panels C through F show the electron dense particles which
appear to be integrated into the outer membrane of the algal cell (Panels C, F, G and H)
and the VLPs appear to be migrating toward these particles (Panel A and F).

In Figure 5.7a, strain 156, VLPs ca. 100 nm in diameter are visible around the edges of
a vacuole in panels A and B. In panels C and D, a VLP ca. 100 nm in diameter can be
observed under the edge of a coccolith. In panels E through H (Figure 5.7a) and panels
A-H (Figure 5.7b), several VLPs are seen on the periphery and inside of the cells.

In Figure 5.8a, strain 430, (panels A through H) and 5.8b (A through F), VLPs ca. 150-

200 nm are visible within the cells.
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ranging in size from 310 bp to 2673 bp (Supplemental Material 3). Contigs were
compared to Genbank database using BLASTn; i4 of the contigs showed similarities to
previously described organisms. Figure 5.17 shows a summary of the organisms that
have significant hits to nucleotides of the contigs. A hit was considered significant with
E-values below 0.001. The distribution of BLAST hits showed 79% of the contigs
showed significant nucleotide similarities to heterotrophic bacteria and 14% showed
sequence similarities to previously described bacteriophages (Table 5.3).

Figure 5.18 shows the distributions of significant hits to 7 of the 25 contigs restricted to
nucleotides from viruses available in Genbank. Contigs and their top significant
nucleotide similarities to the virus database are listed in Table 5.3. The contigs showed
about 43% sequence similarities to bacteria. The remaining 57% of the significant
sequence similarities were to bacteriophage sequences.

The 25 contigs were compared to proteins in Genbank using tBLASTXx to look for
homology with previously described sequences (Table 5.3). The results from this
analysis showed that 20 of the 25 contigs were homologous to previously described
proteins. Hypothetical proteins and proteins of unknown function comprised 60% of the
homologies. The remaining 40% of contigs had sequence homology to previously
described proteins involved in protein and nucleotide modification and metabolism. The
distributions of significant hits to contigs comparing only protetns from viruses
available in Genbank (Table 5.3) showed sequence similarities to hypothetical proteins
(74%) of bacteriophage and viruses. Assessment of the functions assigned to the

previously described protein sequences with homology to the contigs showed homology

to proteins involved in nucleotide modification and phage assembly.







Table 5.3. BLAST resuits.

Contig Length BLASTn results

25

Contig

16

25

473

589

757

1195

1106

550

675

1081

1386

1132

162

2272

Length

757

1195

1106

675

1386

762

2272

Homo sapiens chromosome 17, complete sequence

Xanthomonas campestris pv. campestris str. ATCC
33913, section

Ralstonia metailidurans CH34 megaplasmid,
complete sequence

Pseudomonas fragi gene for D(-)-3-
hydroxybutyrate dehydrogenase, complete cds
Bacteriophage 16-3, central region
Acidovorax avenae subsp. citrulli AACO00-1,
complete genome

Burkholderia cenocepacia phage BeepBlA,
complete genome

Paracoccus denitrificans PD1222 chromosome 2,
complete genome

Silicibacter spp. TM1040 mega plasmid, complete
sequence

Sinorhizobium medicae WSM419, complete
genome

Pseudomonas putida KT2440 complete genome
Bradyrhizobium spp. BTAil, complete genome

BLASTn results virus database
Saccharopolyspora erythraea NRRL2338 complete
genome

Saccharopolyspora erythraea NRRL2338 complete
genome

Bacteriophage 16-3, central region

Burkholderia cenocepacia phage BeepBI1A,
complete genome

Salmonella enterica subsp. enterica serovar
Choleraesuis sir. SC-B67, complete genome

Burkholderia cepacia phage Beep22, complete
genome

Mycobacteriophage Omega, complete sequence

E-value

9.00E-09

3.00E-60

3.00E-86

1.00E-177

5.00E-10

3.00E-09

7.00E-06

6.00E-85

5.00E-11

4.00E-24

2.00E-25

9.00E-11

E-value

6.00E-08

3.00E-08

1.00E-11

2.00E-07

6.00E-04

4.00E-16

1.00E-09

Accession #

ACO015724

AE012194

CP000353

ABI83516

Al131679

CP000512

AY616033

CP000490

CP000376

CP000738

AE015451

CP000494

Accession #

AM420293

AM420293

AJ131679

AY616033

AEQ17220

AY349011

AY 129338



Table 5.3 (cont.). BLAST results.

Contig Length BLASTX results

20

21

22

24

25

1379

589

757

345

1195

1106

790

550

675

1081

1386

1132

162

1136

1257

418

2673

1605

1896

2272

hypothetical protein BACCAC 00738
[Bacteroides caccae ATCC 43185]

UDP-2,3-diacylglucosamine hydrolase
[Stenatrophomonas maltophilia R551-3]

beta-ketoacyl synthase [Stenotrophomonas
maltophilia R551-3]

hypothetical protcin BSORFS52 [Psendomonas
phage B3]

3-hydroxybutyrate dehydrogenase
[Stenotrophomonas maltophilia R551-3]

RB16 HNH{AP2) 3 [Enterobacteria phage RB16]

hypothetical protein Smed 1641 [Sinorhizobium
medicae WSM419]

protease Do [Delfiia acidovorans SPH-1]

gp37 [Burkholderiu phage phiE255)
hypothetical protein Pden_0135 [Paracoccus
denitrificans PD1222]

hypothetical protein Becep1808_1162
[Burkholderia vietnamiensis G4|

peptidoglycan-binding domain | protein
(Sinorhizobium medicae WSM419]

site-specific DNA methylase [ Magnetospirilium
magneticum AMB-1]

protein of unknown function DUF 1250 [Geobacter

metallireducens GS-15]

hypothetical protein SSE37 25418 [Sagittula
stellata E-37]

hypothetical protein Oant_0250 [Ochrobactrum
anthrapi ATCC 49188]

hypothetical protein SPSV3_gpd9 (Salmonella
phage SETP3]

hypothetical protcin ISM_081 10 [Roseovarius
nubinhibens ISM)

hypothetical protcin amb0352 [ Magnetospirillum
magneticum AMB-1]

site-specific DNA-methyltransferase (adenine-
specific) [Bradyrhizobium spp. BTAIl]

177

E-value

5.00E-26

4.00E-31

2.00E-58

2.00E-18

2.00E-141

9.00E-20

2.00E-15

2.00E-19

2.00E-16

9.00E-44

1.00E-06

2.00E-29

5.00E-52

7.00E-08

8.00E-60

5.00E-11

2.00E-65

2.00E-39

4.00E-46

5.00E-73

Accession #

EDM22357

ZP_01643008

ZP_01642905

YP_164089

ZP 01642828

AAY44388

YP_001327313

ZP_ 01578888

YP 001111237

ZP_00629337

YP_001119008

YP_001326997

YP_419725

YP_38599]

ZP_01748454

ABS1298]

YP_001110849

ZP 00959783

YP_419715

ABQ38514



Table 5.3 (cont.). BLAST results.

Contig Length

4 1379
7 345
8 1195
9 1106
10 790
12 675
14 1386
15 132
16 762
17 548
18 1136
19 1257
21 2673
24 1896
25 2272

BLASTX results virus database

portal protein [Pseudomonas phage D3112]

hypothetical protein B3ORF52 [Pseudomonas
phage B3]

hypothetical protein [Trichoplusia ni ascovirus 2c]

RBI16 HNH(AP2) 3 [Enterobacteria phage RB16]

hypothetical protein Eral03g26 [Ernwinia
amylovora phage Eral03]

gp37 [Burkholderia phage phiE255])

gp90 [Mycaobacteriophage Llij]

gp27 [Mycobacteriophage Halo]

DNA methyltransferase [Enterobacteria phage P1]

hypothetical protcin Eral03g26 [Erwinia
amylovora phage Eral03]

hypothetical protein Mx8p19 [Bacleriophage Mx8]

putalive tail fiber protein H [Bacteriophage 16-3]

hypothetical protein SPSV3_gpd9 [Salmonella
phage SETP3]

hypothetical protein BCBBV Icgpl4 [Bacillus
clarkii bacteriophage BCJA I¢c]

gp155 [Mycobacterium phage Omega)

178

E-value

6.00E-08

1.00E-19

2.00E-15

6.00E-21

6.00E-11

1.00E-17

4.00E-04

5.00E-04

2.00E-23

5.00E-04

2.00E-05

2.00E-07

1.00E-66

2.00E-27

2.00E-61

Accession #

NP_038234

YP_164089

YP_ 803294

AAY44388

YP 001039657

YP_001111237

YP_655086

YP_655544

AAQI4149

YP_001039657

NP_203433

CAD93810

YP_001110849

YP_164392

NP_818455



5.3 Discussion

5.3.1 Amplification of with algal virus specific primers

Algal DNA extractions were amplified with primers specifically designed to amplify the
algal virus DNA polymerase gene. The possibility of being able to screen algal cultures
using a molecular approach offers an attractive, simple and quick method for the
detection of latent viruses in these organisms. The specificity of the DNA primers was
tested and refined on the 49 algal strains (Section 5.2.1). The detection of latent viruses
using the specific algal virus DNA polymerase primer set AVS1 and POL, did not
appear to amplify the latent VLPs of the algal strains tested (Section 5.2.1). To reduce
the background “contamination”, algal DNA extraction methodology was optimised to
obtain cleaner DNA preparations. Various PCR conditions and concentrations of PCR
reactions mixtures were tried to minimise the background amplification.

These PCR primers labeled Algal Virus Specific’ (AVS), have a misleading
designation as the primer set only amplifies some double stranded DNA algal viruses
(Willie Wilson, personal communication). The highly conserved DNA polymerase
sequence found in lytic phycodnaviruses has been shown in a previous study using
latent macroalgae viruses (Ecfocarpus and Feldmannia viruses), not to amplify the
expected conserved DNA polymerase (Chen & Suttle, 1996).

Inducible VLPs from three out of four of the algal strains tested and amplified with
AVSI and POL yielded products with sizes ranging from ca. 500bp to 900bp compared
with an expected product size of 550bp (Section 5.2.5.3). The quality of the DNA
proved to be critical in order to obtain a PCR product; furthermore, a high concentration
of primers was found to be required to yield a product. This high primer concentration
helps when using degenerated primers to compensate for the unspecific priming that
may occur and improves the likelthood of obtaining a PCR product (Chen & Suttle,

1996; Short & Suttle, 2002).
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The sequences obtained from the PCR product did not have significant sequence
similarities to previously characterised lytic phycodnaviruses sequences deposited in
Genbank. The difficult amplification of the DNA polymerase using primers targeting
the conserved region of this gene and the fact that the sequence showed only weak
similarities to other latent viruses seem 1o point toward a higher variability of DNA
polymerases throughout latent virus polymerases. Interestingly, the sequences from the
PCR products from three of the VLPs from algal strains did have similarities, at the
nucleotide level, to short fragments (20-30 bp) of DNA polymerase sequences of the
latent herpesviruses. The availability of latent virus DNA polymerase sequences are
limited to mostly clinical latent viruses, such as herpes, and latent viruses of macro
algae (Ectocarpus and Feldmannia viruses). Herpesviruses appear to share an ancestor
with the Feldmania DNA Pol (Villarreal & DeFilippis, 2000) and it has been
demonstrated that DNA polymerase sequences of phycodnaviruses are more closely
related to those of herpes viruses that any other family of viruses (Chen & Suttle,
1996). The design of new primers based on DNA polymerase or other genes common
from latent algal viruses would likely lead to a better amplification therefore providing a
reliable method of detection of latent algal viruses. In order to create suitable sets of
primers, a few latent algal viruses will need to be sequenced to provide a representative

and diverse sample of genes on which the primers would be based.

5.3.2 Inducible VL.Ps detected by AFC

AFC dot plots of SSC versus GFL were analysed to identify potential groups of VLPs
released after UV treatment of the algal cultures. AFC analysis of UV-induced algal
cultures revealed the presence of two grouping of potential VLPs (Section 5.2.2).
Several cultures had an increase in particles with a low SSC and low GFL in the range

typical of viruses and bacteriophage particles (Brussaard, 2004a). Of the 30 algal strains
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screened, 37% showed an increase of particles with AFC signals typical of VLPs in the
UV-treated cultures that were not seen in the controls. Of these, five Chlorophyta strains
(85, 430, 492, 315 and 570) and six Haptophyta strains (93, 156, 240, 351, 536 and 564)
had increases in the group of VLPs (Table 5.2).

Another group of particles were observed in the AFC analysis. This group had a higher
GFL signal than that typical of viruses and bacteriophages, yet lower than that typical of
bacteria at ca. 50-300 AU (arbitrary units); the SSC signals of these group were also
higher than those typical of viruses and bacteriophages (>10%). Dot plots of Chlorophyta
strains 83, 430, 491, 315 and Haptophyta strains 377, 378(1), 506(A), 564 and 565
showed increases in these groups of unascribed particles (33%) (Table 5.2). A decrease
in these unascribed groups of particles compared to the control was observed in the dot
plots of Chlorophyta strains 85, 272, 299, Heterkontophyta strain 663 and Haptophyta
strains 8, 133, 240, 508 and 515 (30%) (Figure 5.2).

The screening of lysates of UV-induced cultures with AFC revealed an intriguing result.
AFC has been conducted on many viruses and bacteriophage which has defined AFC
signatures for many types of viruses (Brussaard, 2004a; Brussaard et al., 2000; Marie e/
al., 1999). Some strains (37%) had obvious VLP groups appearing in AFC in UV-
induced cultures while, unexpectedly, many of the control cultures contained the
unascribed group of particles with the higher GFL and SSC signals. The unascribed
group was not consistent throughout the experiments carried out and their AFC signal
did not match any other known AFC signal (Corina Brussaard, personal
communication). A further study of these particles would allow for their identification
and determine if they are a novel group. After establishing conditions that would
consistenily assert the presence of this group, it would be possible to use flow
cytometric cell sorting to isolate these particles that could subsequently undergo

molecular analysis and microscopic characterisation.
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5.3.3 Effect of UV treatment on induction of VLPs over time

The 15 strains examined here were selected from the original 30 strains screened to try
to discern a host-virus interaction. Typical virus-induced crashes in the host cell
population, such as that observed in the Symbiodinium spp. (Section 3.2.5), were not
observed. A total of 67% of the strains examined showed a reduced growth or static
growth in UV -treated algae cultures and had an increase in the VLLP groups (Figure 5.3).
The rest of the strains showed a decline in the UV-treated algal cultures 24-48 h after
induction and had increases in the VLP groups (Figure 5.3). Many of the cultures had
static or reduced growth rates; this suggests that potential latent viruses of the algae
tested did not efficiently infect the host. This may be due to mispackaging of the virus
DNA or a small burst size. Other factors that could result in this effect are a lack of

efficient reintegration of the virus and/or a mixture of sensitive and resistant hosts.

5.3.4 Visualisation of VLPs

VLPs were observed in the UV-treated supernatants of strains 29, 83, 85, 156 and 430
(Figures 5.4 and 5.5). Thin sections of the UV-treated strains 85, 156 and 430 (Figures
5.6, 5.7 and 5.8) revealed the presence of VLPs within the UV-treated host cells. The
morphology of the VLPs were similar to that of previously described phycodnaviruses
having a round and/or icosahedral shape.

A reduction in the growth rate of the algal cells was observed immediately after UV
induction in the Dunaliella strains 83 and 430 (Figure 5.3a). While the reduced growth
rate may have been due to the UV treatment, a distinct group of VLPs became apparent
in the AFC dot plots of the UV-treated cultures of strain 430, ca. 48 h after UV
induction and increased in abundance to ca. 8.7 x 10’ VLPs/ml (Figure 5.3a). Strain 83
also showed a decrease in the rate of growth in the algal culture after UV induction and

while an increase in VLPs in the UV-treated cultures relative to the controls was not



observed there appeared to be more VLPs in the AFC dot plots of the UV -treated
cultures (Figure 5.3a).

TEM images of lysates from the UV-treated strains 83 and 430 revealed the presence of
VLPs with similar morphology in both lysates. The round slightly icosahedral particles
ca. 75 nm in diameter were abserved in the strains (Figure 5.4). Thin sectioning of strain
430, 43 h after UV induction revealed VLPs within the host cells. The appearance of
VLPs in the AFC occurred shortly after this time frame suggesting that the VLPs
observed in the thin sections are the group of VLPs appearing in the AFC dot plots. The
shape of the particles observed in the thin sections was similar to those seen in the
lysates. A size discrepancy observed between the VLPs in the lysates and the VLPs in
the thin sections is likely due to sample preparation. The morphological similarities of
the VLPs in the lysates of strains 83 and 430, the presence of VLPs of a similar shape
present in the thin sections of strain 430 and the correlation of a decline in host cell
abundance to the increase in VLPs in the UV-treated strain 430 suggest the Dunaliella
strains have a high likelihood of possessing a latent virus.

The Chlorella stigmatophora, strain 85 showed a reduction in host cell numbers ca. 48 h
after UV induction and ca. 48 h a group of VLPs became appearant and increased in
abundance to ca. 2.5 x 10’ VLPs/m! (Figure 5.3b). TEM images from the lysate of the
UV-treated strain 85 showed VLPs with a unique morphoiogy. The particles present in
the lysate of the UV-treated culture had a round central core ca. 200 nm in diameter
with spikes ca. 200-300 nm in length protruding from the central core (Figure 5.5).
While several of the particles observed had multiple spikes, some of the particles had
only one; these particles with only one spike share morphological similarities to the
PBCV-1 viruses (Yamada ef al., 2006). These spikes may function as receptor binding
sites or they may be involved in cell wall degradation. The cell-wall-degrading activity

is suspected to be located in the spike structure of the PBCV-1 virus (van Etten ef al.,
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1991). Another similarity to the PBCV-1 virus was also observed in the thin sections of
strain 85. After attachment and entry of the PBCV-1 virus an empty capsid remains on
the host surface (Meints ef al., 1984). The thin section images of the UV-treated strain
85 showed several electron dense particles present around the periphery of the cells
which might be capsids (Figure 5.6b). It is possible that these particles are capsids
resulting from infection of the cells by the virus.

The AFC analysis of strain 29 showed an interaction in which the appearance and
increase of the VLP group (6.7 x 10° VLPs/ml ) correlated with a decline in the cell
numbers of the UV-treated culture (Figure 5.3 c). In strain 156, the algal numbers in the
UV-treated culture remained static while the VLP numbers continually increased in the
UV-treated cultures to 2.2 x 10’ VLPs/m] (Figure 5.3 d). The lysate from the UV-
treated cultures of strains 29 and 156 revealed VLPs (Figure 5.5) with morphologies
similar to that of phycodnaviruses. Thin section images from UV-treated host cells of
strain 156 showed VLPs within the cells and near the periphery of the cells.

VLPs observed in the TEM images and in the thin sections of the UV-treated host cells
of the algal strains examined support the AFC data which indicate that latent VLPs are
induced from these algal culture after UV treatment. The implication for this finding
could potentially explain the variations observed in culture based studies which
implement algal strains that may harbour a latent virus. For example, in a previous study
utilising Dunaliella minuta, strain 430, the reduction in algal growth rate was attributed
to binding of heavy metal to sulfhydryl groups inhibiting normal cell division (Visviki
& Rachlin, 1991). While this may be a factor that can result in inhibition of cell
division, the addition of heavy metals to an algal culture could act as a stimulant to
induce a latent virus. Although heavy metal induction of latent viruses of algae has not
been demonstrated, a study on the cyanobacterium Anacystis nidulans showed that the

presence of copper (concentrations from 3.1 X 10°M to 3.1 x 10™* M) resulted in the
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induction of the lysogenic phage AS-1 (Lee ef al., 2006). Another example of a
potential latent virus affecting results in a previous study is shown for Chlorelia
stigmatophora (Kalinkina & Yasyukova, 2001). The data demonstrated that under
chemical stress, increased concentrations of NaCl, the glycolate pathway is inhibited
leading to oxidative stress and the destructive after effect to the algal cells (Kalinkina &
Yasyukova, 2001). Again under stressful condition, the induction of a potential latent
virus would be favored which in many cases would appear to be due to the effect of the
chemical stress on the cell. The effect of the chemical stress could in actuality be the
effect of the propagation of an induced latent virus.

The TEM data is highly suggestive of latent viruses being present in the algal culture
collection. The thin sections of the UV-treated strains of algae show the presence of
VLPs which until this study on latent infections in culture collections were unknown.
The AFC data presented here shows that ca. 40% of the strains tested have what appear
to be inducible latent viruses. While other studies using these culture collection strains
have not taken into account the possibility that the strains might harbour latent viruses
this data shows latent viruses are present in a substantial number of the algal strains in
the culture collection. While the full implication for the impact on studies utilising a
culture collection strain harbouring a latent virus is unknown, it could alter results.
These results provide additional data for further documentation of the role of viruses in
culture collections. These results should be taken into account when considering the
viability of strains originating from culture collections. It is to be acknowledged that

suboptimal conditions could trigger lysis events leading to the crash of the culture.

5.3.5 Molecular analysis
Five algal virus genomes have been fully sequenced, three dSDNA phycodnaviruses and

two RNA algal viruses. The dsDNA viruses are EsV-1, which infects a marine




filamentous brown alga, Ectocarpus siliculosus (335,593 bp) (Delaroque et al., 2001),
PBCV-1, which infects a chlorella-like green algal symbiont of the freshwater protozoa
Paramecium bursaria (330,744 bp) and EhV-86 which infects the bloom-forming
coccolithophore Emiliania huxleyi (407,339 bp) (Wilson, 2005). Viruses of eukaryotic
algae tend to have large genomes; from the few marine algal viruses examined by
PFGE, genome sizes from 126 to 400 kb are typical (Reisser, 1993; Steward et al.,
2000). From the examination of PFGE fingerprints of natural virus assemblages from
seawater samples, it has been proposed that viral genomes in the size range of 76—100
kb are likely to be cyanophages while other bacteriophages are generally less than 65 kb
(Steward ef al., 2000). Although lytic algal virus genome sizes are generally bigger than
that seen in the PFGE of this study, the possibility of a smaller latent algal virus genome
can not be ruled out. Sizes of the latent algal viruses of macro algae Feldmmannia spp.
and Ectocarpus spp. are larger, ca. 150-350 kb, (Delaroque er al., 2003; Ivey et al.,
1996) whilst latent viruses of microalgae have not previously been examined. The 70-75
kb genome sizes observed in the PFGE for strains 29 (Figure 5.12) and 430 (Figure
5.11) could nevertheless be within the genome size range of a latent virus as latent
viruses of microalgae have not been investigated.

Amplification of DNA extracts from UV-treated lysates of strains 29, 85, 156 and 430
(Figures 5.13, 5.14 and 5.15) with algal virus-specific DNA polymerase primers did not
show significant sequence similarities to previously described algal virus sequences.
However, an interesting trend among the products sequenced occurred; several small
stretches (20-40 bp) of the sequences obtained had high sequence similarity (>95%
identity) to herpesviruses. This is an interesting result as the herpesviruses are also
latent. The genomes of latent viruses of the macroalgal viruses (phaeoviruses) have also
shown numerous repeat sequences similar to those in baculoviruses and herpesviruses

(Lee et al., 1995; van Etten ef al., 2002), The phaeoviruses and herpesviruses integrate
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within the host cell and require an excision event prior to viral replication. It has been
suggested that the common repeat elements may be involved in the excision process
(Lee et al., 1995).

Sequencing of strain 430 was carried out concurrently with strain PPt10905 and several
cloning and sequencing issues were encountered and are described in section 4.3.4.
Clones obtained from the Invitrogen zero blunt cloning were screened for larger inserts
and sequenced, providing ca. 26 kb of Sanger sequence. Comparison of the 25
assembled contigs to sequences present in Genbank did not reveal strong identities to
other algal viruses (Table 5.3). This result was expected as there are only a few algal
virus genomes for comparison in databases and these viruses are mostly lytic viruses of
unrelated species of algae. As the predominant sequence similarities were to that of
bacteria and bacteriophage sequences present in Genbank, the potential that the cloned
sequence was that of contaminating bacteria and/or bacteriophage can not be ruled out.
Future work on latent VLPs from the algal strains of this study or similar systems could
implement additional clean up steps, such as CsCl gradients, to minimise the possibility
of contamination in the DNA preparations. It is possible that single cell sequencing
could limit the problem of non-algal DNA contamination. Using micromanipulation, it
is possible to isolate a cell through single cell capillary transfer and replicate its DNA
using phi 29 DNA polymerase based rolling circle amplification (Oldrach et al., 2000;
Edvardsen et al., 2003). The use of single cell sequencing may improve greatly the
quality of the algal DNA preparation however, symbiotic algae-associated bacteria,
either extracellular attached directly to the membrane or intracellular will likely remain
an obstacle in obtaining a pure algal DNA preparation. The sequence obtained from the
PCR products amplified from the lysates suggest that the VLPs may be latent viruses
based on the short stretches of high DNA similarity to known latent viruses. To

overcome the issues of successfully cloning the VLPs present in the UV-induced lysates
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alternative sequencing procedures, such as 454 pyrosequencing which bypasses the
need for cloning, may be suited to obtain the genomes of these potential latent viruses.
The knowledge that will be gained from the completion of a latent microalgal virus, wiil
provide much information about characteristics of latent viruses, host virus interaction

and the mechanisms by which latent infection exist.

3.4 Conclusions

The isolation and characterisation of latent viruses from a variety of pico and nano algae
in the Plymouth Culture Collection presented here provides a base line of data for the
potential influence and prevalence of latent viruses found in algal collections. Induction
with UV-C has been used to screen 30 algal species for potential latent viruses.
Thousands of species are maintained in algal collections around the world and the
presence of latent infections within these collections has not been addressed to date.
From the 30 algal species examined in this study over 35% appear to contain an
inducible agent.

Induction curves have been used to characterise 15 species of algae which are
susceptible to UV light induction. AFC and TEM images have confirmed the presence
of VLPs, and thin sections of UV-induced cultures further support the presence of
inducible VLPs in the algal cultures. Molecular characterisation of the VLPs, using
algal virus-specific primers has been attempted and the widely used algal specific DNA
polymerase primers do not appear to amplify the highly conserved DNA polymerase
gene found in lytic algal viruses. The data presented here reveal that a significant
proportion of the algae in this culture collection contain putative latent viruses. This
emphasises the fragile environmental equilibrium in which algae harbouring latent
viruses are living. Changes in environmental conditions can trigger a lytic event which

can lead 1o the crash of the algal community. On the beneficial side, viruses are well
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known vectors of horizontal gene transfer and the widespread presence of latent viruses
within algal genomes opens the possibility of a significant contribution to their host
genetic diversity, likely improving environmental fitness. Additional studies to examine
the genetic contribution of the latent viruses through genomic analysis would be able to
identify which genes have been acquired via viral horizontal gene transfer. Through the
analysis of multiple algal genomes it may be possible to identify where a gene
transferred and whether its maintenance within the host is random or if some sort of
selection occurred, making it possible, by comparing genomes, 1o identify “favored

transfered genes” that would likely shed light on the genetic evolution of algae.
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CHAPTER 6 Conclusions and Suggestions for Future Work

6.1 General overview

Studies of temperate and latent viruses are underrepresented. Latent viruses can
influence the genetic diversity of the host organisms and/or confer immunity or toxin
production to increase the fitness of the host populations. Latent viruses may also be the
factors causing unexplained variations or declines in host populations that have only
considered lytic viruses in ecological studies. This work presents specific aspects of
unique and important temperate and latent viruses of aquatic photosynthetic
microorganisms. Three types of aquatic photosynthetic microorganisms were examined
and new methodology was established, using a varniety of techniques such as AFC,
electron microscopy, and molecular tools. The aim of the first study was to investigate
the possibility of zooxanthellae harbouring latent viruses and to subsequently isolate
and characterise these viruses. The goal of the second study was to isolate and
characterise VLPs of a freshwater cyanobacterium. Finally, the third study assessed the

presence of latent viruses in the PCC algal collection.

6.2 Latent viruses of Symbiodinium spp.

The study of Symbiodinium spp. showed that ca. 37% of the strains tested had an group
of filamentous VLPs which was designated as zooxanthellae filamentous virus |

(ZFV 1) that is inducible by UV-c treatment. This is the first study that conclusively
shows that latent viruses are present in Symbiodinium spp. Extrapolation of this virus-
host interaction and its effects on zooxanthellae viability is a milestone in the
understanding of the complex chain of events that may yield to coral bleaching. The
coral reef ecosystem is a finely tuned ecosystem for which environmental changes such
as water temperature elevation or increase in nutrient concentration can result in

dramatic changes. This research shows how stressful conditions represented by an
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increase of UV exposure can affect the most intimately associated coral relationship,
that of the symbiotic dinoflagellate. As viral induction in vitro is stimulated by exposure
to UV light in cultures of Symbiodinium spp., it is possible that in shallow coral reefs,
natural UV irradiation (UV-A and UV-B) could stimulate induction of latent viruses,
illustrating the importance of the observation of this new group of filamentous VLPs. [n
the last few decades there has been an increased frequency of severe bleaching events
which coincides with times of climatic events such as severe El Nino events and global
warming. In the coral Acropora formosa, exposure to heat stress has been shown to lead
to an increase in VLPs in the coral and in the zooxanthella (Davy et a/., 2006; Wilson ef
al., 2001). Modeling of seawater temperatures predicts increases between 1°C to 2°C
per century; as healthy coral reefs are at the upper thermal limit, even slight increases in
temperature may trigger temperature-induced viral propagation {Jones ef al., 2000;
Pockley, 2000). In addition to these climatic stresses, other stresses such as chemical
pollutants or host disease agents could also be involved in degrading the coral reef
ecosystem. All these stresses could individually or collectively be responsible for the
induction of latent viruses of zooxanthellae which in turn would lead to the demise of
symbiotic relationships of zooxanthellae with coral and other cnidarians, likely
contributing to coral bleaching.

A complete genome sequence of the inducible filamentous VLP would provide much
information, especially on the interaction of the latent virus and the host zooxanthellae.
The coexistence of the zooxanthellae with an integrated latent virus under stable
environmental conditions may offer protection from highly virulent lytic viruses.
Genome data might reveal mechanisms involved in the infection process such as
“sensor” genes involved in triggering the lytic life cycle. Identification of molecular
probes that can amplify a conserved gene (DNA polymerase or structural proteins)

could be tested on strains identified in this study as candidates for harbouring latent
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viruses. The application of a molecular probe that could detect latent viruses in cultures
of Symbiodinium spp. could then be applied to whole animal systems, such as corals and
sea anemones and would allow for the detection of zooxanthellae harbouring latent
viruses. The assessment of the world’s reefs using this type of a molecular approach
coupled with the monitoring of stress factors leading to Iytic cycle induction might

provide a way to predict bleaching events.

6.3 Freshwater temperate cyanophages

The work carried out on the cyanobacterium PPt10905 suggests that this freshwater
cyanobacterium harbours a prophage. The group of VLPs appearing in the AFC of the
heat-treated cultures correlate with the podovirus morphology of the particles observed
in the TEM and the clusters of VLPs observed in the thin sectioning of the heat-treated
cultures.

The significance of lysogenic cyanophages in freshwater cyanobacteria is not well
understood and the isolation and characterisation of this temperate virus will help
determine the potential functions and interactions of aquatic temperate cyanophages.
The complete sequence analysis of this temperate cyanophage will provide information
on the mechanisms involved in the infection and integration processes and the
maintenance of the phage in the host genome. While the majority of cyanophages
investigated to date are lytic, comparison of this temperate cyanophage genome with the
previously described lytic cyanophage genomes will provide a genomic comparative
base. Comparison of this freshwater temperature cyanophage genome to the only
sequenced freshwater cyanophage, Pf-WMP4 (Liu et al., 2007), will provide
information on genomic differences and similarities found in freshwater and marine
cyanophages that could explain physiological and biological interactions, such as

selective adaptations to local conditions (Noble & Fuhrman, 1997). Furthermore, the
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Iytic cyanophages of the genomes of eight cyanophages have provided much
information on novel characteristics, such as the presence of photosynthesis genes.
Cyanophage genomes have been shown to contain genes encoding for the Photosystem
Il core proteins PsbA and PsbD, which help to maintain and enhance photosynthesis
during viral infection, optimising propagation of new viral particles (Hill, 2006, Mann
et al., 2005; Sullivan et al., 2006). Cyanophages of Prochlorococcus spp. and
Synechococcus spp. have been examined for the presence of the Photosystem 11 core
proteins, PsbA and PsbD, and these genes have been found in all the different
cyanophage families: cyanomyoviruses, cyanosiphoviruses and cyanopodoviruses
(Sullivan et af., 2006). While not all cyanophages carry these genes, investigations into
the prevalence of the photosynthesis genes has shown that 88% of the cyanophages
examined contain PsbA and 50% contain PsbD (Sullivan et af., 2006).

The cyanobacterium PPt10905, its inducible VLPs and the co-occurring increase in
carboxysomes could be a new mechanism in which lysogeny benefits freshwater
cyanobacteria, possibly increasing the host’s photosynthetic efficiency. The unusual
interaction observed in this freshwater cyanobacterium, where the abundance of
carboxysome-like particles increased 10 times in heat-treated cultures, might be due to
the presence of photosynthesis genes similar to those seen in other cyanophages. As
carboxysomes are reserves for photosynthetic enzyme that catalyse CO; fixation in the
primary step in the dark reactions of photosynthesis, the mechanism behind this increase
of carboxysomes could provide useful insight into the interaction which occurs in the
host cyanobacterium during viral infection encouraging an increased rate of

carboxysome production. It will be of interest to see if Photosystem 11 core proteins are

present in this temperate cyanophage.




6.4 Latent viruses in algal culture collections

From the 30 algal species examined in this study, over 35% appear to contain an
inducible infectious agent. AFC and TEM images have confirmed the presence of
VLPs, and thin sections of UV-induced cultures further support the presence of VLPs in
the UV-induced cultures. Algal culture studies have been beneficial to the aquaculture
industries and have brought much insight into how algal species can influence natural
environments. Thousands of species are maintained in algal collections around the
world and this is the first study to examine the presence of latent infections within one
of these collections.

Molecular characterisation of the inducible VLPs, using algal virus-specific primers has
been attempted. Algal virus specific DNA polymerase primers amplified a product in
the inducible VLPs of the algal strains tested. In previous studies, it was concluded that
the highly conserved DNA polymerase sequence found in lytic phycodnaviruses could
not be amplified in the latent macroalgae viruses of Ecfocarpus spp. and Feldmannia
spp. (Chen & Suttle, 1996; Short & Suttle, 2002). The products amplified from the UV-
induced VLPs of the algal strains 156 and 85 were bigger than the expected size and the
product from strain 430 was smaller than the expected size using the algal virus-specific
DNA polymerase primers. This variation observed in the amplified product could be
due insertions or deletions in the DNA polymerase gene.

The sequences obtained from the PCR product did not yield significant sequence
similarities to previously characterised lytic phycodnaviruses. However, the products
sequenced from the induced VLPs showed an unexpected similarity to herpes viruses.
While significant sequence similarities were not seen; short fragments (20-30 bp) of
sequence had high levels of similarities (>90%) to that of herpes virus DNA polymerase
sequences. The sequence similarity to the short fragments of a latent virus suggests that

latent viruses contain a variation in the DNA polymerase. It is possible that the
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variability in the latent viruses enhance the fitness of the virus by disguising it and
preventing recognition by the host, improving the chances of survival. Future work to
design a primer set which would amplify a conserved gene of latent algal viruses would
provided a tool to assess algal cultures which are commonly used from culture
collections for latent viruses.

The knowledge of strains that harbour latent viruses could prove useful in aquaculture
industries that depend on algal cultures as a key component in sustaining successful
harvest. In addition, results of modeling studies that only factor in lytic viruses may
experience unexpected variations due to latent viruses not taken into account. The
isolation and characterised of latent viruses from pico and nano algae presented here
provides a base line of data for the potential influence and prevalence of latent viruses

found in algal collections.

6.5 Future directions

This work showed that viable latent viruses are widespread across a variety of algal
species and that under certain conditions, they can be induced. This extends the
knowledge on latent viruses was until now mostly speculative. Because of the
economical use of algae as well as their ecological roles further research on latent algal
viruses is warranted.

The affordability of DNA sequencing has made large scale genomic sequencing
accessible. Genomic sequencing of latent algal virus systems will provide much
information regarding the insertion sites in the host as well as a detailed sequence of the
latent virus that can be use for comparison with other viruses closely related by their
host, habitat or lifestyle. A proteomic study of these systems, similar to the work on the
Emiliania huxleyi virus, EhV86 (Allen et al., 2006b; Wilson ef al., 2005), would

complement the DNA sequencing by providing information on the various viral and
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host proteins that may be involved in the regulation of the latent stages. These
proteomic results could also be used to answer the question as to how viruses are
“sensing” changes in their environment.

A detailed study of the various conditions triggering the lytic cycle should be conducted
under conditions reproducing those experienced in aquaculture facilities, in case of
algae farming and the broader more complex environmental conditions that can be
experienced in open water bodies. In the case of algae farming, the results of such
research would provide guidelines as to how to optimally grow algae in order to avoid
crashes of whole culture batches ultimately resulting in higher yield and reduced cost of
production which would be of much interest to the aquaculture industry.

The study of environmental algae and their latent viruses would be a more delicate
endeavor due to the complexity of their environment and the multiplicity of factors
susceptible to influence the latent host-virus association. Nonetheless, a model study
should be devised that would replicate as closely as possible natural conditions. Similar
to the studies carried out on the Symbiodinium spp., this model could follow the effect
of a variety of natural conditions that, for example, could mimic more or less extreme
global warming climatic consequences such as increase/decrease in water temperature,
change in salinity or variation in the microbial composition of the water bodies. By
testing these different factors, it will be possible to gather information as to what may
trigger a change in the virus latent stage. In this report, it was established that latent
viruses of coral-associated Symbiodinium spp. can be triggered into a lytic cycle by
exposure to UV, The extrapolation of this result provides a new level of events that may
play a role in coral bleaching.

The findings of this work show that latent viruses are present in a large proportion of the
algae examined. It is most likely that latent viruses are ubiquitously present in other

algae and that the algae of this report not showing traces of latent viruses might not
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T have been virus-free;'but rather the:methods employed were unable to:detect these:
viruses. The impact and role of these latent:viruses on'their hosts and more:importantiy:

‘ on the whole:ecosystem remains unclear.. However; it is easy:to:imagine:that because!of

. the abundance _c)f'jiiil;'_g_ae and their.implication in the‘planetary biochemical cycles; any.

effect of these latent:viruses:on theit Hiost t;'iit_ild;dri,sfm,rbithés_e'_C_ycles possibly having,

climatic consequences.
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genome

Polaromonas spp. 15666, complete genome

Marinabacter aquaeolei VT8, complele genome

Paracoccus denitrificans PD1222 chromosome 2,
complete genome

Azoarcus spp. EbN| complete genome

Gramella forsetii KT0803 complete genome

Marinobacter aguaealei VT8, complete genome

Muarinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquacolei VT8, complete genome

Shewanella amazonensis SB2B, complete genome

Marinobacter aquaeolei VT8, complele genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobuacrer aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome
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1149
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Marinobacter aguaeolei VT8, complete genome

Polaromonas spp. 15666 plasmid 2, complele
sequence

Marinobacter aguaeolei VT8, complele genome

Marincbacter aguaeolei VT8 plasmid pMAQUO2,
complete sequence

Marinobacter aquaeolei VT8, complele gecnome

Marinobacrer aquaeolei VT8 plasmid pMAQUODI,
complete sequence

Acidothermus cellulalyricus 1 1B, complete genome

Marinobacter aquaeolei VT8, complele genome

Marinabacter aquaeolei VT8, complele genome

Marinochacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Gramella forsetii KT0803 complete genome

Marinobacter aquaeolei VT8, complele genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter agquaealei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Cellulophaga [ytica ATP-synthctase beta-subunit
gene, complete cds

Burkholderia xenovorans 1.B400 chromosome 1,
complete sequence

Marinobacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome
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1054

698

11914
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508

1480

1561
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1496

1290

1515
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688

1359

739

364

987

856

1396

1116

1850

1527

1521

Marinobacter aquaealei VT8, complete genome

Marinobacter aquaeolei VT8, complele genome

Rhodopseudomonas palustris CGA00% complete
genome; segment 4/16

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Ralstonia eutropha JMP134 chromosome 2,
complete sequence

Mesorhizobium loti MAFF303099 DNA, completc

genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complele genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete gcnome

Marinobacter aquaeolei VT8, complete genome

Cytophaga hutchinsonii ATCC 33406, complete
genome

Haemophilus somnus 129PT, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aquaeolei VT8 plasmid pMAQUOZ,

complete sequence
Marinobacter aquaeolei VT8, complete genome

Sphingopyxis alaskensis RB2256, complete
genome

Ralstonia solanacearum GMI11000 chromosome
complete sequence

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete gcnome

Marinobacter aquaealei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome
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1334

1455

423
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1379

891

Marinobacter aguaeoclei VTB, complete genome

Marinobacter aquaeolei VT8, complele genome

Gramella forsetii KT0803 complete genome

Marinobacter aquaeolei VT8, complete genome

Paracoccus denitrificans PD1222 chromosome 2,
complete genome

Muarinobacter aguaeolei VT8, complete genome

Bacteroides fragilis NCTC 9343, complete genome

Marinobacter aquaeolei VT8, complele genome

Roseobacter denitrificans OCh 114, complcte
genome

Marinobacrer aguaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Gramella forsetii KT0803 complete genome

Xanthomonas orvzae pv. orvzae MAFF 311018
DNA, complete genome

Muarinobacter aquaeolei VT8, complete genome

Marinabacter aguaeolei VT8, complete genome

Paracoccus versutus, plasmid partitioning protein
and replication protein genes, complete cds

Marinobacter aquaeolei VT8, complete genome

Burkholderia xenovorans LB400 chromosome |,
complele sequence

Bardetella parapertussis strain Bpp5 subtractive
hybridisation product 6727 genomic sequence

Chlorobium chlorochromatii CaD3, complete
genome

Xanthomonas campesiris pv. vesicatoria complete
genome

Gramella forsetii KT0803 complete genome

Psetidomonas syringae pv. phaseolicola 1 448A,,
complele genome

Marinobacter aguaeolei VT8, compleic genome
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1308
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1488

834

1481

1241

1367

252

87

175

98

1391

1401

1408

1420

Enythrobacter litoralis HTCC2594, complele
genome

Chromohalobacter salexigens DSM 3043,
complete genome

Marinobacter aquaeolei VT8, complete genome

Pseudomonas viridiflava isolate LH215.1b DNA
gyrase subunit B {(gyrB) gene, partial cds

Pseudomonas aeruginosa UCBPP-PA 14, complete

genome

Marinobacter aquaeolei V18, complete genome

Gramella forsetii KT0803 complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Acidovorax spp. 1842, complete genome

Alkalitimnicola elrlichei MLHE-1, complete
genome

Marinobacter aquaealei VT8, complete genome

Marinobacter aquaeolei VT8 plasmid pMAQU02,

complete sequence

Alcanivorax borkumensis SK2, complete genome

Marinobacter aguaeolei VT8, complete genome

Xanthomonas oryzae pv. oryzae MAFF 311018
DNA, complete genome

Xanthomonas campestris pv. campestris str. ATCC
33913, section 70 of 460 of the complete genome

Xanthomonas axenopodis pv. citri str. 306, section

183 of 469 of the complete genome

Xanthomonas campestris pv. campestris str, ATCC
33913, scclion 51 of 460 of the complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Sinorhizobium meliloti 1021, complete
chromosome

Marinobacter aquaeolei VT8, complete genome
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942
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1586

2568

1467

1905

1239

656

541

487

1921

1446

1299

1317

1379

3n

Maricaulis maris MCS10, complete genome

Polaromonas spp. 15666, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeclei VT8, complete genome

Marinobacter aquaeclei VT8, complete genome

Marinobacter aquacolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complele genome

Muarinobacter aguaeolei VT8, complele genome

Triticum aestivimn clone wlsu2.pk0001.h3:fis, full
insert mRNA sequence

Arthrobacter anrescens TC1, complete genome

Marinobacter aquaeolei VT8, complele genome

Marinobacter aquaeolei VT8, complele genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complele genome

Alcanivorax borkumensis SK2, complete genome

Muarinobacter aguaeolei VT8, complete genome

Tetraodon nigroviridis full-length cDNA

Marinobacter aguaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complele genome
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1108

2739

i 142

1798

{553

1998

990

267

2104

2065

1535

1371

1353

1110

2359

Xanthomonas campestris pv. vesicatoria complele

genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeoiei VT8, complete genome

Pseudomonas syringae pv. fomato str. DC3000
complete genome

Muarinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Murinnbacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Aleanivorax borkumensis SK2, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Pelobacter propionicus DSM 2379 plasmid
pPROI1, complete sequence

Gramella forsetii KT0803 complete genome

Azoarcus spp. EbNI complete genome

Murinobacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter agquaeolei VT8, complete genome

Ralstonia eutropha H16 chromosome 2

Muarinobacter aquaeolei VTR, complete genome

Murinobacter aquaeolei VT8, complete genome

Marinobacter aquueolei VT8, complete genome
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1150

881

Gramella forsetii KT0803 complele genome

Marinobacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VTR, complele genome

Aleanivorax borkumensis SK2, complete genome

Alcanivorax borkumensis SK2, complete genome

Murinobacter aquaeolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Roseobacter denitrificans OCh 114 plasmid pTB4,
complete sequence

Marinobacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Marinobacter aquacolei VT8, complete genome

Marinobacter aquaeolei VT8, complete genome

Saccharapolyspora erythraea NRRL2338 complete
genome

Marinobacter aguaeolei VT8, complete genome

Xanthomonas axonopodis pv. citri str. 306, section
130 of 469 of the complele genome

Dechloromonas aromatica RCB, complete genome

Marinobacter aquaeolei VT8, complete genome

Marinabacter aquaeolei VT8, complete genome

Marinobacter aguaeolei VT8, complete genome

Dechloromonas aromatica RCB, complete genome

Marinobacter aguaeolei VT8, complete genome

BLASTn results virus database

Enterobacteria phage Sf6, complete genome

Prunus necrotic ringspot virus mRNA for coat
protein (CP gene) from Kulluy, India
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62

66
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99
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144
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154
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516

434
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1194
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573

698

Saimonella enterica subsp. enterica serovar
Choleraesuis str. SC-B67, complete genome

Azoarcus spp. BH72, complele genome
Azoarcus spp. BH72, complete genome

Azoarcus spp. BH72, complete genome

Salmonella enterica subsp. enterica seravar
Choleraesuis sir. SC-B67, complete genome

Azoarcus spp. BH72, complete genome

Pruniis necrotic ringspot virus mRNA for coat
protein (CP gene) from Kullu, India

Salmonella enterica subsp. enterica serovar
Choleracsuis str. SC-B67, complete genome

Succharopolyspora erythraea NRRL2338 complele
genome

Azoarcus spp. BH7Z, complete genome
Azoarcus spp. BH72, complete genome

zoarcus spp. BH72, complete genome
Azoarcus spp. BH72, complete genome

Azoarcus spp. BH72, complete genome

Salmonella enterica subsp. enterica serovar
Choleraesuis sir. SC-B67, complete genome

Hepatitis C virus (isolate D54) polyprotein gene,
partial cds

Azoarcus spp. BH72, complete genome
Azoarcus spp. BH72, complete genome

Azoarcus spp. BH72, complete genome

Salmonella enterica subsp. enterica serovar
Choleraesuis sir. SC-B67, complete genome

Salmonella enterica subsp. enterica serovar
Choleraesuis str. SC-B67, complete genome

Bacillus cereus ATCC 14579, complete genome

Porcine endogenous retrovirus PERV-B6 env gene
for envelope prolein, genomic RNA

Azoarcus spp. BH72, complete genome

208

8.00E-14

3.00E-06

5.00E-09

8.00E-18

2.00E-25

2.00E-09

2.00E-26

6.00E-04

2.00E-06

2.00E-15

1.00E-25

1.00C-05

9.00E-09

3.00E-09

2.00E-04

4.00E-04

2.00E-09

9.00E-04

2.00E-10

2.00E-14

9.00E-12

2.00E-22

6.00E-05

1.00E-12

AEO017220

AM406670

AMA406670

AM406670

AE017220

AM406670

AM408910

AEQ17220

AM420293

AM406670

AM406670

AM406670

AM406670

AMA406670

AEO017220

DQ155561

AM406670

AM406670

AM406670

AE017220

AE017220

AED16877

AJ28859]

AM406670



166

194

198

201

207

214

216

234

252

261

276

277

281

290

294

305

313

326

336

337

340

350

352
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1077

1396
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521

1599
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2739

Salmonella enterica subsp. enterica serovar
Choleraesuis str. SC-B67, complete genome

Azoarcus spp. BH72, complete genome

Azoarcus spp. BH72, complete genome

Saccharopolyspara erythraea NRRLL2338 complete
genome

Azoarcus spp. BH72, complete genome

Streprococcirs pyvogenes MGAS6180, complete
genome

Salmonella enterica subsp. enterica scrovar
Choleracsuis str. SC-B67, complete genome

Salmonella enterica subsp. enterica serovar
Choleraesuis str. SC-B67, complete genome

Azoarcus spp. BH72, complete genome

Azoarcus spp. BH72, complete genome

Salmonella enterica subsp. enterica serovar
Choleraesuis str. SC-B67, complete genome

Azoarcus spp. BH72, complete genome

Azoarcus spp. BH72, complete genome

zoarcus spp. BH72, complete genome

Azoarcus spp. BH72, complete genome

Azoarcus spp. BH72, complete genome

Cucumber mosaic virus segment RNA | compleie
sequence

Azoarcus spp. BH72, complete genome

Salmonella enterica subsp. enterica scrovar
Choleraesuis str. SC-B67, complete genome

Saccharopolyspora erpthraea NRRL2338 complete
genome

Saccharopolyspora evpthraea NRRL2338 complete
genome

Salmonella enterica subsp. enterica serovar
Choleraesuis str. SC-B67, complete genome

Azoarcus spp. BH72, complete genome

Azoareus spp. BH72, complele genome
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6.00E-10

5.00E-07

1.00E-17

4.00E-09

2.00E-04

5.00E-08

1.00E-14

4.00E-54

6.00E-07

8.00E-24

6.00E-32

7.00E-25

4.00E-05

B.C0E-11

1.60E-04

1.00E-04

1.77E-19

6.62E-20

4.15E-05

1.61E-04

1.58E-11

8.03E-13

2.19E-12

3.51E-50

AE017220

AM406670

AM4066670

AM420293

AM406670

CP000056

AE017220

AEO17220

AM406670

AM406670

AEQ17220

AM406670

AM406670

AM406670

AM406670

AM406670

AJ879490

AM406670

AE017220

AM420293

AM420293

AEQ17220

AMA406670

AM406670



354

359

360

379

380

381

386

391

397

399

400

407

Contig

21

28

37

56

61

62

67

0

1142

990

267

2359

1061

1973

1824

1208

1724

2068

1912

1562

Length

727

836

694

985

1080

549

1400

534

1105

567

716

Salmonella enterica subsp. enterica serovar
Choleraesuis str. SC-B67, complete genome

Streptococcus pyogenes M1 GAS, complete
genome

Azoarcus spp. BH72, complete genome

Azoarcus spp. BH72, complete genome

Salmaonella enterica subsp. enterica serovar
Cholcraesuis str. SC-B67, complete genome

Saccharopolyspora erythraea NRRL2338 complete
genome

Salmonella enterica subsp. enrerica serovar
Cholcraesuis str. SC-B67, complete genome

Azoarcus spp. BH72, complete genome

Salmonella enterica subsp. enterica serovar
Choleraesuis str. SC-B67, complete genome

Saccharopolyspora erythraea NRRL2338 complete
genome

Azoarcus spp. BH72, complete genome

Azoarcus spp. BH72, complele genome

BLASTYX results

Replication protein C {Raseavarius spp. 217]
putative acyl-CoA dehydrogenase [Pseudomonas
sturzeri A1501]

cxporters of the RND superfamily [Marinobacter
aquaeolei VTE]

RNA polymerase, sigma 32 subunit, RpoH
{Marinobacter aquaeolei VT8]

HfIK protcin [Marinobacter aquaeolei VT8)
signal transduction histidine kinase [Marinobacter
agiiaeolei VT8]

ribosemal protein $6 modification protein [Srappia
aggregaia 1AM 12614]

sodium:neurotransmitter symporter [ Marinobacter
aquaecolei VT8)

triosephosphate isomerase [Marinobacter spp.
ELB17]

MATE efflux family protein [Marinobacier
aquaeolei VTE]

Ornithine cyclodeaminase [Sphingomonas wittichii
RWI1]
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531E-44

1.25E-13

2.86E-05

4.69E-12

491E-07

3.64E-06

1.38E-08

3.46E-05

1.26E-05

1.51E-05

4.94E-33

2.99E-09

E-value

2.92E-77

1.82E-79

2. 714E-98

6.68E-74

4.89E-145

1.65E-47

2.14E-109

4.61E-60

4.02E-4]

1.74E-82

7.10E-28

AE0I17220

AE004092

AM406670

AM406670

AEO017220

AM420293

AEO017220

AM406670

AE017220

AM420293

AM406670

AM406670

Accession #

ZP 01038470

ABPTT808

YP_959332

YP_960999

YP_960029

YP_960159

ZP 01546195

YP 957556

ZP_01735869

YP_957355

ZP_01606249



73

78

82

87

89

93

106

110

116

122

129

146

147

148

157

183

214

217

221

222

231

235

247

266

1262

1370

1677

1294

1553

632

912

516

1586

1222

1581

716

1068

487

1225

1193

1440

1088

1060

1061

1340

1299

1339

512

probable iron-sulphur protein [Psetwdomonas
stutzeri A1501]

transglutaminase domain protein [Marinobacier
aquaeolei VTR]

siderophor receptor, TonB-dependent
[Marinobacier spp. ELB17]

OmpA/MotB domain protein [Marinobacrer
aquaeolei VT8)

37kDa nucleoid-associated protein [Marinobacter
aguaeolei VT8]

HesB/YadR/Y thF-family protein [Marinobacter
aguaeolei VT8]

anti-ECFsigma factor, ChrR [Marinobacter
aquaeolei VT])

type IV-A pilus assembly ATPase PilB
[Marinobacter aquaeolei VTE]

putative silver efflux pump [Hahella chejuensis
KCTC 2396]

protein containing tetratricopeptide repeat
[Marinobacter aquacolei VT8]

type Il restriction enzyme, res subunit
[Marinobacter aquaeoclei V18]

RNA-directed DNA polymerase [Burkholderia
xenovorans LB400]

pilus (MSHA type) biogenesis protein MshL
[Marinobacter aquaeolei VT8]

Protein 1psA [Dichelobacter nodosus)
sodium/hydrogen exchanger [Marinobacter
aguaeolei VTB]

pulative competence-damage inducible
[Flavobacteriales bacterium HTCC2170]

preprotein translocase, SecY subunit
[Marinobacter aquaeolei VT8]

FOF1 ATP synthase subunit B [Marinobacter spp.
ELB17]

thiamine pyrophosphate-requiring enzyme
[Hahella chejitensis KCTC 2396]

Maltoporin precursor (Maltose-inducible porin)
[Aeromonas salmonicida)

plasmid partitioning ATPase [ Paracocciis versutus]

putative 2-nitropropane dioxygenase [Ralstonia
eutropha H16]

PA 14 domain protein [ Marinobacter aquaeolei
VT8]

trehalose-6-phosphate synthase [Flavobacteriales
bacterium HTCC2170]
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7.34E-90

1.16E-59

5.04E-165

8.03E-140

6.23E-159

2.00E-54

1.46E-93

3.45E-83

0.00E+00

3.21E-79

1.07E-104

6.55E-103

2.50E-126

3.15E-50

1.54E-81

1.93E-89

2.51E-73

4.08E-61

2.26E-99

1.83E-24

7.79E-85

291E-113

1.14E-24

2.44E-49

ABP80967

YP_958846

ZP_01739345

YP 960912

YP_959998

YP_ 958796

YP_957712

YP_959943

YP 434212

YP_959307

YP 960220

YP_559418

YP_958037

P39907

YP_957416

ZP_01108150

YP_958023

ZP 01738573

YP_433790

Q44287

AAL56549

NP 943030

YP_958892

ZP_01106094



269

274

276

285

289

292

296

298

299

301

305

306

312

313

315

323

329

338

343

345

349

350

351

355

1140

1424

1241

1408

1420

257

942

1036

793

942

1293

1403

1467

1905

47

893

1317

1235

1985

980

1329

1108

1889

1798

Bap-like [7¥richomonas vaginalis G3]
TraB [Photobacterium damselae subsp. piscicidal

Ribonuclease H [Marinobacter aquaeolei VT8)]
translocation protein TolB precursor [Stappia
aggregata 1AM 12614]

DNA mismatch repair protein MutS [ Marinobacter
aquaeolei VT8]

40-residue YVTN family beta-propeller repcat
protein [Delftia acidovorans SPH-1]

putative Mannose-sensitive agglutinin biogenesis
protein MshQ [Alteromonas macleodiil

sensor histidine kinase [Oceanospirillium spp.
MEDS2]
CTP synthase [Marinobacter aquaeolei VT8]

putative signal transduction protein [Marinobacter
aquaeolei VT8]

PREDICTED: similar to retinoid X receptor alpha
isoform 4 [Bos taurus]

pulative protein with predicted kinase domain
[Alteromonadales bacterium TW-7)

wax ester synthase [Marinobacter
hydrocarbonoclusticus)

Multimeric flavodoxin WrbA [Marinobacter spp.
ELB17]

scnsory box histidine kinase/response regulator
[Marinobacter spp. ELB17]

TPP-dependent acetoin dehydrogenase complex
[Colweliia psychrerythraea 34H]

PREDICTED: similar to CG6439-PA [Tribolium
castaneunt]

riboflavin biosynthesis protein RibF [Marinobacter

aquaeolei VT8]

multicopper oxidase family protcin [Marinobccter
spp. ELB17]

UDP-glucose 4-epimerase [Marinobacter
aquaeclei VT8)

Succinylglutamate desuccinylase/aspartoacylase
[Marinobacter aguaeolei VTE)]

oxygen-independent coproporphyrinogen I11
oxidase [Marinobacter aquaeolei VT8)

integrase/reccombinase XerC [Listeria welshimeri
serovar 6b sir. SLCC5334]

putative RNA methylase [Marinobacter aquaeolei
VTS)
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1.33E-07

B.48E-74

1.62E-94

2.02E-89

T1.62E-91

3.62E-43

897E-17

8.00E-17

1.27E-105

1.27E-87

7.56E-18

1.17E-75

0.00E+00

1.32E-67

1.39E-70

7.55E-63

2.48E-48

8.22E-107

2.72E-156

1.48E-102

6.92E-115

L11E-136

2.35E-08

0.00E+00

XP_001328612

YP_908651

YP_959796

ZP 01545734

YP 959354

ZP_01577728

ZP_01108616

ZP 01165811

YP_958202

YP_959499

XP_887036

ZP 01611785

ABO21021

ZP_01738839

ZP 01737019

YP_269750

XP_973953

YP 958144

ZP_01735813

YP_958982

YP_959615

YP_960361

YP_ 849491

YP_958318
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378

388

389

390

391

393

397

401

405

Contig

20

35

36

38

50

52

54

57

64

1371

1110

1402

755

2402

1208

1408

1724

1003

2776

Length

1150

754

137N

1230

1185

1026

560

560

1100

1003

1121

706

706

D-amino acid dehydrogenase small subunit
[Marinobacter spp. ELBL7]

Secreted/periplasmic Zn-dependent peptidase,
insulinase-like protein [Marinobacter spp. ELB17]

dibydroorotase, multifunctional complex type
[Marinobacter aquaeolei VT8]

putative porin protein [ Methylibium petroleiphilum
PMi]

RepA [Roseobacter denitrificans OCh 114]

Ribosomal protein S7 [Marinobacter spp. ELB17]

transfer system protein TraE [Sa/monella enterica
subsp. enferica serovar Newport str. SL254]

FeS assembly protein SufD [Marinobacter
aquaeolei VT§)

Sigma-70, region 4 type 2 [Shewanellu
denitrificans OS217]

flagellar motor switch protein FliG [Marinobacter
aquiaeolei VT8}

BLASTX results virus database

gene 56 protein [Enterobacteria phage Sf6]

Fusion protein, Feo [Hepatitis C virus]

similar to DNA helicase [Bacteriophage RM 378]
putative ATP-binding cassctie transporter
[Amsacta moorei entomopoxvirus]

NADH dehydrogenase subunit B [Echinochloa
crus-galli]

DNA polymerase [ alpha subunit
[Saccharomonospora phage PIS 136]

putative ATP-binding cassette transporier [Amsacta
mogrei entomopox virus)

cytochrome oxidase subunit | [dedes w-albiis]

gp2 [Equid herpesvirus 1]

putative non-heme haloperoxidasc
[Mycobacteriophage D29]

Crip-31 [Clerodendrum inerme)

pseudomonas resinovorans ORF80-like {Ralstonia
solunacearum phage RSA1]

hypothetical protein HK022p32 [Enterobacteria
phage HK022]
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2.00E-35

3.83E-108

7.41E-86

2.52E-26

2.15E-121

1.25E-131

5.08E-42

4.70E-145

1.92E-36

4.03E-156

E-value

3.00E-24

4.00E-09

6.00E-50

3.00E-04

4.00E-25

3.00E-77

2.00E-04

4.00E-35

4.00E-04

3.00E-04

9.00E-07

4.00E-19

5.00E-17

ZP 01737201

ZP 01736964

YP 961016

YP_001019556

YP_771892

ZP_01738518

YP_ 001101953

YP 960414

YP_561581

YP_959264

Accession #

AAQI2256

BADO00O047

NP 835691

AAG02836

CADS58586

AAL66178

AAG02836

AAQO1584

AAU09476

AACI18502

AANO7178

BAF52423

NP_59789t



66

71

75

19

80

84

85

89

99

115

123

129

131

140

145

146

147

151

154

161

163

165

172

949

1313

703

700

1354

1160

1557

1553

1508

556

1047

673

1194

1626

1149

1229

716

1068

725

698

1317

1496

1515

702

Zn-dependent alcohol dehydrogenase
[Acanthamoeba polyphaga mimivirus)

DUF95S [Clostridium phage phiC2]

Orf-87 [Sulmonella typhimurium bacteriophage
ST64T]

gp3 [Mycobacteriophage Qyrzula]
Hypothetical protein BHLF1 early reading frame
[Human herpesvirus 4 type 1]

hypothetical protein ORF012L [Singapore grouper
iridovirus)

methyltransferase [Clostridium difficile
bacteriophage phi CD119]

nucleoid-associated protein [Psewdomonas
aeruginosa phage F116]

glutamine: fructose-6-phosphate amidotransferase
GFAT [Chlorella virus)

Stage 0 sporulation protein J [Bacillus spp.
B14905]

type [I DNA-methyltransferase [Bacteriophage phi-
3T]

putative helicase [Listonella pelagia phage
phiHSIC]
integrase [bacteriophage blL310]

putative triacylglycerol lipase [Acanthamoeba
polyphaga mimivirus)

putative type I secretion system ATP synthasc
[Candidatus Hamiltonella defensa]

putative DNA methylase [Sinorhizobium meliloti
phage PBC5]

reverse transcriptase [ Bordetella phage BPP-1]

unnamed protein product [Enterobacteria phage
Tke]

putative transposase [Staphylococcus phage
phiPVL108]

phospholipase D/Transphosphatidylase
[Anaeremyxobacter spp. Fw109-5]

head-tail preconnector protein gp5 of
bacteriophage [Escherichia coli UTI89]

Hypothetical protein BHLF ! carly reading frame
[Human herpesvirus 4]

voltage-dependent calcium channel [Loligo
bleekeri]

LYCV glycosyl hydrolase [Clostridiim
acetobuplicum ATCC 824]
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3.00E-11

2.00E-06

1.00E-07

7.00E-18

9.00E-04

5.00E-04

6.00E-04

2.00E-14

4.00E-96

7.00E-11

2.00E-06

5.00E-30

2.00E-10

7.00E-08

3.00E-15

4.00E-08

9.00E-05

2.00E-05

3.00E-04

2.00E-06

1.00E-16

8.00E-04

3.00E-15

4.00E-04

AAV50763

YP_001110758

NP_720284

YP_655683

PO3181

YP_164107

YP_529621

AAT45874

BADI15299

ZP_01724179

CAAS56493

YP 224270

AAKO8B405

AAV30790

ABA29443

NP_542283

NP_958675

CAA26076

BAF41205

ZP_01667863

AAA32343

P03181

BAAI13136

AAKT76896



191

207

234

234

244

250

257

261

276

278

303

313

326

336

340

342

345

346

351

356

360

378

391

394

892

1627

1315

1315

1455

818

1365

1389

1241

252

1202

1905

1446

373

1599

1772

980

840

1889

1442

267

1110

1208

977

putative ATP-binding cassette transporter [Amsacta
moorei entomopoxvirus)

unknown [Diachasmimorpha longicaudata
entomopoxvirus]

T7 Dna Polymerase Ternary Complex With 8 Oxo
Guanosine And Ddctp At The Insertion Site

thioredoxin, putative [Aspergillus fimigatus
Af293]

putative transglycosylase [Bacteriophage SPBc2]
thioredoxine reductase [Streptococcus pneumoniae)

Replication factor C [Staphylothermus marinus F1]

putative DNA gyrase B subunit [Clostridium phage
c-st]

putative ribonuclease [Emiliania huxleyi virus 86)

Aspartyl-tRNA synthetase bacterial/mitochondrial
type [Ralstonia eutropha IMP134]

Polyphosphate kinase [Azotobacter vinelandii
AvOP]

gp! 17 [Mycobacteriophage CIW 1]

gene 56 protcin {Enterobacteria phage Sf6]

UL36 [Cercopithecine herpesvirus 16]
Chlorella virus CVK2 translation elongation factor
homolog [Paramecium bursaria Chlorella virus 1]

response regulator protein [Bacillus thuringiensis
phage MZTP02]

nucleotide-sugar epimerase [Cyanophage P-SSM2]

EBNA-| [Human herpesvirus 4 type 2]

phage-related integrase {Cyanophage P-SSP7]
DNA primase bacterial DnaG type [Thermus
thermaphilus phage YS40]

orf229 gp [Streptococcus thermophilus
bacteriophage Sfil9]

putative Zn-dependent peptidase [Acanthamoeba
polyphaga mimivirus)

hypothetical protein PSSM2_176 [Cyanophage P-
SSM2)

putative DNA polymerase [Staphylococcus phage
K]
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1.00E-12

2.00E-04

9.00E-38

8.00E-04

3.00E-08

3.00E-08

7.00E-09

8.00E-16

9.00E-29

9.00E-10

3.00E-06

2.00E-08

2.00E-23

1.00E-03

1.00E-27

1.00E-08

2.00E-14

7.00E-05

3.00E-04

1.00E-11

5.00E-08

2.00E-13

1.00E-55

3.00E-30

AAGO02836

AAT99858

ITKO_B

EAL91252

AACI13005

CAB96624

YP_001041227

BAE47797

CAl65828

AAZ59821

EAMO06691

NP_817564

AAQI2256

ABA29290

NP_049022

AAX62130

AAXA44647

YP_001129471

AAXA44192

YP_874036

AAD44067

AAV50506

AAXA44554

YP_024516



397
398.
405
410!

411

1724
‘1695
2776
2103

2907

aininotransferase [Environmentil halophage !l
AAJ2005]

putative monoglycéride lipase [Cowpoxiviriis]|
transposase:[Sodlis phage phiSG ]

gp32 [Mycobacteriophage Halo]

iBirrV=1:B9 [Feldmannia‘irregularis virus:a)|
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1.00E:38
9.00E-04
2.00E:04
4.00E-10!

2.00E=10]

ABB77916:

ABD97390

BAEB0487:
YP._655549.

AAR26884
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A latent virus-llke agent, which we desl

hella Al flrus 1 (ZFV1), was isolated from

Symbiodinium sp. straln CCMP 1465 and charocterired. Transmission electron microscopy and anahtlcal flow
cylemedry revealed the preseoce of o pew groop of dlstlactive filamentons strus-llke particles afler exposure of
the zooxanihellae to 1V light Examinatten of thin secitons of the romanthellac cevealed the formatlon and

proliferation of Glamentous slrus-like pardcles In the UV.induced cells, A

Madink
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5p-

cultures wag used here sy o model to show the elects of UV lrrndiance and indection of potential latent viruses.
The unlque hosi-vhius system deseribed here provides lnsight Inlo the vole of latent Infectlons |n zooxanthellae
through cnsironmenially regulated viral Induction mechanisms.

The frequency uud intensity of coral bleaching have in-
creased in the 1R two decades, leading 10 mass mortality of
corals amd 0 resuliing reduction In the biodiverstty of reels (7.
33). Bleaching has been observed in more than 50 couniries
and w the thred major eceans (31). Many énvionmental foe-
tars have been [inked to coral bleaching; these Inctors include
ddevated and neduced temperatures (13), exposuze to UV m-
datign (17}, and bacteriad infectiens (3, 19). However, the
underlying causes of bleaching and the muchanisms mvolved
remain bigely unknown,

Reef-builiding corals sssocinte with a diverse amay of enkary-
oliz and prokaryatic microbes. The coral colony kas been mod-
cled 13 a holobivnt comprising mulispecies mutvalisms con-
sisting of the corl animal, cndesymibiatic dineflagellates
{rvexanihddlae), bacteria, fungi, prolozcans, andolithic aigae,
and other unknown components (27). Disruption of any of
these compunenis may cause physiclogical changes thal result
in coral distase or death.

Zoownthellue (geuus Symbiodinium) we now known fo
comprise numerons cades (2). Zeoxanthellas form a symbiotic
relstionship with many Cnidaria species and are by far the
bexr-underdood microbial associates of corals, and they have a
clearly bene ficial retationship with the roral. They retease pho-
1osynthelic poducts 1o their hosts, prniding an impotant
sourco of organic carbon and nitrogen for host metabolism,
growth, and reproduction (12, 24, 40). The symbiosy with
zeoxanhellae is helisved 1o explain the success of reaf-budding
corals in nuitient-poor troplva) seas (15). Disruplion of the
zooxamhella-host symbiosis (Meaching) can lead to exputsion
of zooxanthellze from the host nndior a decrease in the
ameunt of the zooxanthells photasynthelic pigment (15, 18).
Zooeanthellae have been shown to underge necrosiy, apoplo-
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sis, and tysis during bleaching (4, 31). The expulsion of Sym-
biodinium cells moy hetp corals adapt Lo changing ¢nvironmen-
1al conditious by ollowing symbioni populations to redistibure
themsehves (3, 10 ). I the symbioni-kost selationship is oot
recovered, 1he caral does not survive {33), it has been argued
that the random mosaic pattenms of bleaching ar diflicult to
attribuie 1o the elecl of temperatura siress alone as neighbor-
ng regions of a colony must be exposed to the same conditions
{16). Cme explanation for the patchy spatial disirbution of
coral hleaching mvolves locatized infections. Ractera! infec-
tion bre Vibrio sp. has been shown 1o be responsible for some
types of coral bleaching (5, 28, 37). Given the great abundanco
of viruses v marine sysiems, in which concemrations reach
~> 10" pamicles ml~" (6, 44}, & is likely that vinuset are alto
msolvedt as agents of coral discuse (11), and Tvolvement of
vinzses in the coral Meaching process must be considerad. It
has been established thay the majority of maring viruses infact
hacteria, but vinuses that infet enkaryotic algee have aleo been
shonn {o be abundant in the marine environment (8). Virus
like panicles (VLPs) hava heea found In cells of abouw 50
diforent algal species representing nearly sll major algal
classes (26, 38 ). and evidence suggests that viruses ploy a
significant role in Lthe population dynamics apd community
camposition of maring phytoplankton (8, 22, 29, 32), Despite
this, there have been reletvely few reports on viruses of
dinefageTates (14, 30, 35) and fewer 51l on the presence of
viruses in 200xanihelise. Previous studiea m our laboratoty
have shown that zoovan(hellas and corals produce VLPs when
they arc cxposed 1o siresa and clevated temperatores (11, 42,
43), suagesting thal eooxanbellaa harbor lutent viruses. In
urder to determine whether VILPs arc induced by exposure of
the zoo<anthellae ta UV Jight, we uiilized Symbiodiniunt .
cultured & vitco 1o simplify the complesity found in whele
vrganisms coutalning symbioats.

MATERIALS AND METHODS

Zoounthells caltures Duglag i atudy, 16 stsim of dyndcdnro specics
moliezd lrom 3 sariely of caidkiiie brsiswee Baistrined is cultire {noarwenk).
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(O) rugzther wil the atabers of Lbs hish SSC VLEs ml*! o Lte nrimpdisied conirs) cultures (A) and th= UV-ts
antratiozs ¢f agreria n the coatzch cxlturss {0) 2ad 1% UV-teated caltirs: (W), logether with the

{10} in the contzel vultzrss (&) 2nd e UV-treated ccltur=e () T
uirrez

wrth 3 Reizbere Jung Ultrazn mjraoie; the zedors v dogesd onto taans
miseien ek mdae K Spp (T EM) jrids, fsined wih 2% urand 1etse n T0%
abanel 115 ca), sithed i dubledicilled HyO. gaxed wak Bevoclds fead
e e 15 mie, 433 then rawed 0 dosbledinaled 2,0 Fapyred gids wd
thr redions wirs emcined weh 2 JESL I TN TEM mamatanien, 201
B0, 000 3 160 &Y Fholagrghs were tazee at prge 3ate=o3 betwem x5,30)
nd ¥5320)

Coawenrrathon of VIFs. Zocoariblla: were prom 1o 5 dencky f e, 107 ¢alle
m~t i 3 kers of ASP BA medum and e as UV tighe (354 rua) v 2 rin
0 cpen petr dabas VLEr were irglucd fram e 2rowsh media 96 h afsr
expasare o UV, Debiig bazenin, =d 58 «liz weer mmesed by flinten
heugh LS pomepors see, 47-men-dimnster Blrzes (PALL Camp). VEFI mothe
LIpTmAaE Fere chmntraled Ly ngeerid das th-arms (Vraes fip o)
w1h 2 52eD: antoffto chrain 2 36 . Furher 2ontnratica to i 3 ol way
1o plidyr dby'travBriliga ek &h 4 Beotr o LP-M at LD < ¢ ir 20
ViEs wers fraboe furified sod etz 2on 3 CoO gradiend prepaced wth
CiQ o TS vafkes of depsaden <l 10,12, 14, 20d | 6 2 @™), and the pelieted
VL0LEs were 23d:3 10 e | O o™ layer. This feeparanka =as o conraf: gzd
2 OO0 ~ 2t 20 & MO, wik e Jecrleratisrt oot 4 8 A tracdycmt uh ge
S wus remeved by plerazy the sltnsimedige b pra ek the band,
ik atowsd Jiqueksta be reparwod Al wers didyzcd (Firher dimce-
er, 052 mmo9; 12 e 14 £Ds melemiar mazs (e £) srermight agaicst 1 1deref
TS tuder ot 40, andibe TE bufes was chenpe d roiee inthistine The didlyzed
VLF concentnate was gosed &t FCumid 2 war amalyzed

RESULTS AND MSCUSSION

Induction of VLI's by UV irradiation of zoosantbellne. AFC
amahss of UV-indieed zooxnthe s culiires revenled the
presence of a separate geoup of high-38C, low-green-flucres-
cence (GFL) pariicles which were visthke ca 24 h after GV
indn:tion. By 9% h, this group was clenrly distingnishable (Fig.
1B). It was tikely thut thy group contained VLPs, despite the
fact that is had a unique SSC-versus-GIL signal with the $5C
higher than that of previossly descrbed bacteriophages and
vinees {9). The higher 85C suggested that the particles might
he flameqtens, sioce $SC is intluenced by intesnal stmewre
and its refractive index (99, Of the zooxanthella iotates
sereened for UV induction of poutential lat2ar viruses, 3%
shawed protiferation of o groap of VLPs similar to that shown
in Fig. 1B. VLIs in this high-SSC group were concenirated

YLPumi (10%)

AfpL Bavizon. MicrzaoL.

Thew (dsaxv)
3.2 (A) Growls curves showirg Lumbers of oxds of zoomanltclly stiz COMP 2465 mi ™" (n conlral culturss {O) ard UV areaied cuhtores

at=d enilures (4) (R} Cor.r-
sumbers o Sadaricohazs parlicdss ml™

The crror bass ludicate the qtandard errors for measacements trem topheats

from a 3liter culre of zooxanthelta strain CCMP 2465, Cs(CL
gradient centrifugation proded a diseeete whbite band at a
demity of 125 g em™ (Fig [0). ARC unabs of ths band
revealed that it was dominated by the same high-SSC group of
VLPs (Fig ID).

In UV incuction experiments, 3 decline in the zooxantheHla
concentration was obse rved starting 24 b after UV induction,
which cormelated with the spprarance snd rapid inenease in the
concentration of the high-SSC VLP group (Fig 2A), The ton-
ceutrarinn of e VLP continped 10 increae (0 it over 2 3
10 particles mI™ at 96 h afler UV treatment al which point
e 17V indured ronxanthells sultie had fzed

Since the woxsathells cultures were nonaxeny:, a group
with a signal charnatertsti: of bacteria was present in the con-
ol (Fig 1A), as well as o the TV treated zooxaathiella cui-
twres (Fig. 1B). To mle out the possibility that lysogenic
bacteria were the sourre of the high-SSC VLPs, bacterial con-
cenlrations were abo monitored in the inductivn experivenis.
The temporal changes in bacierial concentrarions were similar
in the control and UV -beated coltures, although there was o
slight decrease in the UV-treated culrures betwren 24 and
48 h, before they again exhibited the same growth rute o the
rontrol {Fig. 28), This initial decrease in bacterial conecotru-
tions could have been catoe d by several [actors, such a3 Iysis of
UV semsilive bacterts anddor induction of lysogenis bas terio-
phage, alikough there was no appare ot increase in tbe number
of bacteriophage particks compared to the enntral during the
induction experiment (Fig 2B). Bacteriophages usually group
io the area abowe the inswument poise in the bottom lkeft
commes of a2 GFL-wersus SSC plot {Fig. 1A} (%), This group was
anafyzed, and the munber of events remained consistent for
the controks and the experimental samples throaghou! 1he ex-
periment. While the exgurimientul ireatmen sppeared o have
an effect on the nuinbers of bactenia present in the nonaxenic
axantbe |l culure, the clear correlstion between the de-
crease in the sizz of the zoomnthella population and the con-
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revizaled pockets of filamentous VIPa with simitar morpholagy
inthe cytoplasm on the periphery of zoaxanthella cells (Fig. 4);
Hamentons V1.Ps wete not scen in controls, The incidence of
VLPy observed in the thin sections increased mairkedly be-
twaen 39 and 46 h podtinduction compared 1a the incidence in
noninduced conltrels {in which no filaments were observed).
The presence of intravellular VI.Ps provides further evideace
that the particles observed were actuslly infecting (he zooxan-
thellas and not the bacteria preseal in the cultores, Thereior,
wo designated the new group of VI.Ps “zoawmntkslla flsmen-
tous virus L7 (ZFV1).

The majority of algal viruses described 1o fale are members
of the Piycodnaviridre, which is a family of large double-
stranded DNA virases that have an jcosahedeal shape (38, 44),
although more recently a number of alsal RNA viruses have
also been jeolated and charsctesized (21, 34, 38). ZFVI ic
morphologically similar 10 RNA viruses which are known to
infect planis, in panticular viruses balonging to the family Chy-
ieroviridae. Members of this family sre lamentous and Qexu-
ous, and they are 1,500 1o 2,200 nm leng (1, ). Howover,
determination of the taxenomic affiliaion of ZFV1 will require
further molecular characterization, and this certainly wurrants
further investigition,

Implications for the mcchanlse: of coral bleaching, Wilton

et al |43} first suggested that zoownthellae may harbor a
latent Infection, after showing that VLPs were present in
zovxanthellae of thermally stressed noemones and that iso-
lated VL.Ps oould reinfect zooxanthellne. Purther studies hove
shown that VLPs are present in threo species of tropical coral
(11}. While the hosis of the aumerous VLPs remam unknown,
the atmndance of VLPs aud theis close asocialdon with coauls
and the symbiotic zooxanthellae is evident, A vasiety of VLP
forms havo béen observed. nnd while most of VLIPS 1he ara
bexagoral, ¥ is notable that a flamentous VLF (up 10 3 pm
long) whnea morphology is similas 1o that of 7FV1 has been
ohserved in seawater following expesure of the cural Acrponr
Jormasa 1o heat "ress (11), Alibough in our cxperiments we
utilized nonaxenic cultures, our results c!r:-uly ndicoie that
zooxanthellae contain a latent virus that & induced by UV
treatment, leading to the lysis of the zooxanhellae. Extrapo-
lation from this virs-host Interaction apd its effects on 700-
wnthella vighiliry provides a novel link to the impact of lateat
infection on symbivtic dinoflagellates and the sub 1 dis-
ruption of reei ecosystemia. [f strass-induced viral nduction in
spavanthellae otours in the nstural reef euviroament, the pres-
ence of this new group of filamentous VIPs & cleary impor-
ant.
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