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Genome Structure of a Virus Infecting the Marine Brown Alga Ectocarpus sificulosus
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We describe a procedure far the isclation of virus particles from the marine brown alga Ectocarpus sificufosus, Wirus
particles are composed of at least 13 different polypeptides, including two glycoproteing, and double-stranded DMNA. A
typical virus DNA preparation contains three fractions, namely linear DNA and circular DMA, each composed of about
320 kilobase pairs, as well as DNA fragments, 10 to 60 kilobase paira in size. The large linear and the circular DNA
contain single-stranded regions (average length: 2.9 kilobases). We propase that the native Ectacarpus virus genome is
a circular DNA molecule whose double strand is interrupted by single-stranded regiens. During the preparation proce-
dure, the DNA circles tend to braak at the single-stranded sites producing large linear as well as fragmentad DMA,
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INTRODUCTION

Viruses or virus-like paricles have been detectaed in
a large nurmber of marine algae {reviewed by van Etten
ef al, 1981). However, many of thess viruses were
observed in field-collected samples and remained un-
available for detailed investigations.

Maore recently, Muller et al {1990) described a viral
infection of the marine brown alya Ectocarpus silfculo-
sus, acosmapolilan plant growing at all ocean coasls
of temperate climate zones, The Lofocarpus system
appears to be suited for molecular and cell biological
invesligalions because lhe crganism has been axten-
sively studied, and its life cycle is well known (MUllar,
196 7). Furthermore, the species can be grown under
laboratory conditions, and the development of disease
symptoms and the appearance of virus particles can
be wall studied in cultivated algae (Miler ef &/, 1990}

Symptoms of virus infection becorme manifest in the
reproductive argans, gametangia, and sporangia, but
not in the vegeiative cells of the infected host. Nor-
mally, multiple miloses produce densely packed zoi-
dangia with several hundred loculi. In virus-infected or
ganisms, however, cell divisions come o an early halt,
and the nuclel acquire 8 severalfold higher DNA con-
lenl compared to that of normal cells. After nuclear
breakdown, virus particles are formed in the cytoplasm
which eventually becomeas densely packed with these
parlicles. [inally, the infected cells burst, and virions
are released into the surrounding sea water. Mature
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Eciocarpus plants are resislant against infection, out
free zoospores or gametes are infected by the wvirus
resulting in pathelogically allered reproductive organs
of the progeny plants (MOller ar &/, 1990}

An analysis of the Eciocarpus virus is interesting for
several reasons. Thevirus may be of considerable coo-
logical imporlance as symptoms of viral infection were
discovered in Ectocarpus isolates from the coasls of
New Zealand, Australia, Northern Europe, the Ameri-
cas and are moast likely present in all Eciocarous popu-
lations worldwide (MOller and Stache, 1892). Intorest-
ingly, virus multiplication is to some degree tempera-
ture-sensitive: the disease develops at 10-187, but
pathological symploms are reduced at about 20°, sug-
gesting that seasonal temperature changes may affect
algal proliferation through the induction ot viral multipli-
cation {Miller, 1991a). In additior, the virus could
gsenve as a vector-mediating imerspecific gene transfer,
since it was found to infect not only different isolates of
the specics Ectocarpus siicuiosus but also the refated
genus Kuckuwekia (Moller, 1932},

The Eectocarpus virus is also intriguing from a ceil
biclogical paint of view. Its genome ig tranamitted like a
MMendelian trait to progeny plants {Miller, 19910} and
is prasentin a latemt form in all cells of an infected adull
plant. However, virus multiplication specifically occurs
in developing reproductive organs. [t should be aninler-
esting future task to more closely investigate the na-
ture of the lysogenic state and the conditions for induc
tion.

In this communication, wa describe some molecular
properties of the isolated virus and its genome, provid-
ing the basis for a more detailed exploration of the ge-
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netics and the biclogical behavior of the Ectocarpus
Virus. '

MATERIALS AND METHODS
Cells and the preparation of virus particles

All experiments were performed with a clonal sporo-
phyte culture of £ silculiosus (Dillw.) Lyngb. desig-
nated NZ-Vic-Z14. lts parents were a male virus-in-
fected gametophyte from Kaikoura, New Zealand, and
a healthy female plant from Flinders, Victoria, Australia.
Stock cultures were maintained bacteria-free on cul-
ture medium in 1% agar. Mass cultures were started
by inoculation of agar-grown fragments into petri
dishes with sterile culture medium {autoclaved North
Sea water, enriched according to the ES formula of
Starr and Zeikus, 1987). The cultures were illuminated
with a white fluorescent lamp for 18 hriday. After 4
weeks the plants wers fragmented and transferred to
volumes of 0.5 liter of culture medium for an additional
culture period of 3 weeks. Mature plants showed pro-
lific virus expression and were harvested on nylon nats
followed by drying on cellulose paper.

Aliquots of about 3 g algae (fresh waight) were sus-
pended in 50 ml seawater (with 0.05 M Tris—HCI, pH
7.8), and the reproductive cells were disrupted with
1-mm glass beads in a Braun homogenizer at 3000
rotations/min for 20 sec under cocling. Cellular debris
was remaved by centrifugation at 13,000 g for 10 min
in a Sorvall swing-out rotor. Polyethylene glycol (PEG
B000; 8% final concentration) and 1 M NaCl (final) were
added to the supernatant. After 1 hronice, the precipi-
tate was collected by centrifugation at 4% and 11,000 g
for 10 min. The pellet was resuspended in 0.5 ml sea-
water—0.05 M Tris—HCI {pH 7.8).

The resuspended sample was added onte a slep
gradient of CsCl solutions, 2 ml each, with densities of
1.46, 1.36, 1.30, 1.25, and 1.2 g/ml, made up in 0.01
A MgCl,, 0.06 M Tris—HCI, pH 7.8. Centrifugation was
performed in the Beckman SW40 rotor at 67,000 g for
90 min at 4°. A turbid band of viral material appeared at
the interface between the 1.25-g/ml and the 1.3-g/ml
layer. The virus band was collected by puncturing with
a hypodermic needle. CsCl was removed by dialysis
against seawater—0.05 A Tris-HCI, pH 7.8.

Extraction and investigation of DNA

Virus particles were embedded in blocks of 0.7%
low-rnelting-point agarose (InCert agarose, FMC). For
deproteinization, the agarose blocks were incubated 2
times for 12 hr at 50° with proteinase K (1 magsmlin 0.5
M EDTA, 1% sodium laurylsarsosing, 10 mAd Tris—HCI,
pH 7.8). For inhibition of proteinase K, the agarose
blocks were then kept for 2 cycles of 6 hr each in TE
puffer (10 mAf Tris-HCI, 5 m/Ad EDTA, pH 7.8) with 2

mid phenylmethylsulfornyl fluoride (PMSF), followed by
incubations in TE buffer without PMSF. The blocks are
then stored at 47 in TE buffer until use.

For digestion with restriction enzymes, the agarose-
embedded DNA was first dialyzed against the corre-
sponding enzyme buffer (2 cycles of 1 hr dialysis time)
and then incutated for several hours with at teast 10
enzyme units/ug DNA.

Untreated or Sfil- and Ascl-digested DNA was inves-
tigated in 0.8 to 1.2% agarose gels (Fast Lane, FMC)
by rotating field gel electrophoresis (Zisgeler er al.,
1987) using the Biometra Rotaphor-b apparatus, Elec-
tropharesis conditions: 22 md Tris-borate, 0.5 mAd
EDTA (pH B.0) times of intervals: 3 to 40 sac; field
angle: 120° to 130°; 140 to 200 Volis; 38 hr. All param-
eters increase in a lingar manner,

ONA, restricted with mare frequently cutting en-
zymes, was analyzed by conventional agarose gel elec-
trophorssis (Samorook et af, 1989).

Electrophoretic size markers were phage A DNA
concatemers (Waterbury and Lane, 1887} or restricted
X DNA (Sambrook et 5/, 1983},

If necessary, DNA was released from agarose by
treatment with agarase as sugaestad by the manufac-
turer (Clontaech).

Protein analysis

Virus particles were obtained after CsCl centrifuga-
tion, diluted threefold in seawster, and pelleted at
80,000 g for 1 hr at 4°. The pellet was resuspended in
loading buffer {(with sodium dodecylsulfats) and ana-
lyzed by denaturing gel electrophoresis {Laemmli,
1974). The separated polypeptides were visualized by
staining with silvar salts (Wray ef ai, 1981} or trans-
ferrad 1o a nitrocellulose membrane (Towbin &t &/,
1979) for the determination of glycoproteins using the
enzyme-hydrazide method of Gershani et al. (1885},

Electron microscopy

Infected plant cells were fixed for 2 hr on ice with 3%
glutaraldehyde in 0.05 M sodium cacodylate, pH 7.7.
After washing in cacodylate puffer and postiixation in
196 080, the material was washec in distilled water,
dehydrated stepwise in acetone, and embedded in re-
sin (Spurr, 1969, Plattner and Zingsheim, 1987). Sec-
tions were stained with 2% uranyl acetats followed by
0.5% lead citrate in 0.1 M NaOH. Isolated virus parti-
cles were negatively stained with urany| acetate as de-
scribed by Haschemeyer {1870). DNA was investi-
gated using the BAC-spreading technigue of Vollen-
weider et al, {1975). The resulting surface film was
mounted on carbon-coated grids which had been ex-
posed 1o glow discharge of tripropylamine vapor (Du-
bochet and Groom, 1982), The grids were then treated
with & mAf uranyl acetate and rotary shadowed by
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Fia. 1. Virus particles in infected gametophytas. (Left) Densely packed virus particies are located between residual components of the plant
cell. Bar: 1 am. {Right} & larger amplification demaonstrating the two-layerad viral shell. Bar; 0.5 am,

evaporation of tungsten as detailed in Wessel et al.
{1980). Tovisualize single strands, DNAwas incubated
with the bacterial single-strand-specific binding (SSB)
protein (Pharmacia) at a ratio of 10 gg protein/pg DNA,
fixed in 0.1% glutaraldehyde, and processed for BAC
spreading.

Micrographs were taken in a Zeiss EM 800 electron
microscope.

Length measurements of DNA relative to internal
length standards were performed using magnified posi-
tive prints.

RESULTS
Virus particles

A cross-section through an infected gametophyte,
grown al 12°, shows densely packed isometrical virus-
like particles. These particles have apparent diameters
of 130150 nm and consist of a shell with 2 layers
surrounding an electron-dense core (Fig. 1).

The particles were prepared from disrupted cells and
purified by a procedure invalving differential centrifuga-
tion, followed by PEG precipitation and centrifugation
through a cesium chloride step gradient. Essentially all
cellular debris, including mitochondria and chloro-
plasts, were removed by differential centrifugation. The
virus particles appeared as a turbid band at the border
between the CsCl density steps 1.25 and 1.3 g/ml. The
turbid band did not appear when the extraction proce-
dure was performed with healthy plants {not shown).

In Fig. 2, we show negatively stained virus particles,
demonstrating that the viral particles remained mor-
phologically intact after the standard preparation pro-
cedure.

A buoyant density of approximately 1.3 g/ml is in a
range characteristic for viruses compased of nucleic
acid and protein without a substantial lipid component.
However, further experiments are needed to specifi-
cally investigate the presence of lipids in the Fciooar-
pUS virus.
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FiG. 2. |solated virug particles. A negative stain technigue was
used to demonstrate that the virus structure remained largely intact
afler PEG precipitation and repeated centrifugations. Bars: 0.4 um
{left); 0.2 wm {right).

Structural proteins

Furified virus particles were disrupted in sodium do-
decylsulfate and investigated by denaturing polyacryl-
amide gel electrophoresis (Laermmli, 1974). Staining of
the gel with silver salts reproducibly revealed 13 major
and several additional minor polypeptide bands in a
molecular weight range of 20 to 150 kDa (Fig. 3, lane
2). The large number of detectable polypeptides sug-
gests a complex virus structure as might be expected
from its electron microscopical appearance (Fig. 1),

The gel was blotted onto nitrocellulose membranes
and stained using the enzyme-hydrazide method of
Gershoni et a/. (1985} to investigate the possible pres-
ence of glycoproteins. As shown in Fig. 3 {lane 3), two
stainable bands could be detected suggesting that at
least two of the major structural proteins (apparent mo-
lecular weights: 56 and 60 kDa) are glycosylated.

Ectocarpus virus DNA

Previous experiments had shown that DAPl-stain-
able material accumulates in the reproductive organs
of infected plants (Muller et &/, 1990). This finding sug-
gested that the genetic material of the Ecrocarpus
virus maost likely consists of DNA. To investigate its
nucleotide compaosition, DNA was prepared from puri-
fied virus particles, hydrolyzed, and processed for chro-
matography as described by Flatau et al. {1984). We
determined a content of about 50% GC and 50% AT
base pairs. In addition, Ectocarpus virus DNA containg
a low, but significant amount of methylated bases:
about 1% of the cytosine as well as 3% of the adenine
residues chromatographed as 5-methylcytosine and

G-methyladenine, respectively. The presence of meth-
ylated adenine residues is characteristic for bacterial
DNA but quite unusual for DNA of eukaryotic origin.
However, 6-methyl-adenine appears to be a typical
component of the DNA obtained from other viruses
infecting algae (van Etten et a/., 1991).

When we first started to investigate the nature of the
virus DNA we used standard phenol-chloroform ex-
traction protocols but always obtained heavily frag-
mented DNA. In order to avoid breakage, we embed-
ded aliquots of the virus preparation in low-melting-
point agarose before deproteinization and agarose gel
electrophoresis (see Materials and Methods).

As a typical result of pulse-field electrophoresis, we
observed ethidium-bromide-stainable DNA bands at
three locations in the agarose gel {Fig. 4): (i) one promi-
nent band, migrating as linear DNA of about 320 kbp
{estimated relative to a series of concatemeric A DNA
markers); {ii} a second prominent band remaining at or
close to the start of the gel; and (i} a spectrum of DNA
fragments in a size range of 10 to 60 kbp. This distribu-
tion was found in each one of the many independent
DNA preparations investigated but the relative
amounts of the three fractions varied from experiment
to experiment.

When agarose-embedded, deproteinized Ectocar-
pus virus DNA was treated with restriction endonucle-
ases we detected distinct patterns of DNA bands.

As examples, we show the digestion products after
treatment with restriction nucleases Sfil and Ascl (Fig.
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FiG. 3. Structural viral polypeptides as investigated by denaturing
polyacrylamide gel electrophaoresis, Isolated virus particles (Fig. 2)
ware concentrated by centrifugation. A sample, containing a total of
5 ug protein, was denatured with sodium dodecylsuliate in loading
buffer (Lagmmli, 1974) and investigated using a 12% polyacrylamide
gel. Lane 1. marker proteins; lane 2, viral polypeplides as visualized
by silver staining; lane 3, a parallel lane, blolted onto nitracellulose
sheets for the identification of glycoproteins (Gershoni et af, 1985),
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5). Both enzymes recognize oclameric nucleotide se-
guences, and are therefore expected to produce rela-
tively feww DNA fragments. In fact, 561 degraded the
virus DNA to give six bands, and Ascl digestion re-
sulted in two restriction fragments.

in many digestion experiments, we detected the
praducts of partial digests, visible as more faintly
stained bands as indicated in Fig. 5. These bands were
also obtained at a 10-fold higher enzyme concentration
and at longer incubation times. 1t is thus possible that a
fraction of virat DNA lacks one or two restriction sites.

The sum of the sizes of unique Sl or Ascl restriction
tragments gave a total of about 320 kb. A similar result
was achieved by adding up the sizes of the 50 or more
bands, obtained after complete digestion of viral DNA
by restriction enzymes Hindlll, BamH|, or Safl (data not
shown), Thus, the restriction enzyme data are in good
agreement with the electrophoretic analysis of undi-
gested Ectocarpus virus DNA (Fig. 4).

Some additional paints concerning the experiment
shown in Fig. 5 must be considered. First, the fact that
restriction enzyme digestions resulted in reproducible
patterns of DNA bands excludes the possibility that
Ectocarpus virus DNA may be circularily permuted.
Second, it should be noted that restriction enzymes
degraded net only the linear 320-kb DNA but also the
DNA species which remained at the start of the gel. ltis
therefore unlikely that this fraction of viral DNA failed to
enter the gel because of insufficient deproteinization.
This could rather be a consequence of some special
structural feature.

One possibility is that this DNA traction may be cir
cularily closed, Itis well known that high electric fields

339,5 —
291,0 —
242,5 —
194,0 —
145,5 —

87,0 —
48,5 —

FiG. 4. Viral DNA as investigated by rolaling field agarose gel elec
wrophoresis. The conditions for electrophoresis are described under
Materials and Methods, Lane 1, & DNA concatemers as lenath
marker (thair sizes in kbp are noted on the lefty; lane 2, Ectocarpus
wirus DINA
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Fig. 5. Restriction fragment pattern. Eotecarpus virus DNA was
prepared and restncted as described under Materials and Methods.
The resulting restriction fragrmnents were investigated by rotating field
agarose gel eleclrophoresia using A DNA concaterners and & DNA
HindlH resinction fragments as lengths markers. We show the restric
tion fragment pattern as obtained after S/ and Ascl digestion as well
as after double digestion with both enzymes. Asterisks denote in-
complete digestion préducts.

have drastically different effects on the mobilities in
agarose of linear and of open circular DNA. Sufficiantly
large circular DNA forms are prevented from migrating
into the gel, whereas linear DNA molecules migrate
narmally (Levene and Zimm, 1987: Louie and Senwer,
1989},

Circular DNA

The possibility of circularity is consistent with our
restriction enzyme analyses. In Fig. 5, we prasent the
result of an Ascl/Sfl double digest. The number of frag-
ments obtained was eight. The sum of all eight bands
armounts to a total of 320 kb, the size of unrestricted
Ectocarpus virus DNA. Thus, the number of fragments,
obtained by Ascl/SH double digests corresponcs to
the sum of the fragments after two single digestions
{zix Sfl fragments plus two Ascl fragments; Fig. 5).

A restriction map was constructed by using the dou-
ble digestion data of Fig. 5 as well as partially digested
fragments obtained from a series of experiments with
very low and increasing amounts of Sfil (not shown).
The fragments could be arranged to form a circular
map &s shown in Fig. 8.

Only the fraction of the viral DNA remaining at the
start of the gel (Fig. 4) is likely 1o be in the form of open
circular DNA. However, our restriction enzyme analy-
ses were performed with total Ectocarpus virus DNA
and reproducibly gave the results shown above in Fig.
5. In fact, circular {i.e., nonmigrating) and lingar DNA
gave an identical restriction fragment pattern (not
shown). This indicates that the DNA circles were bro-
ken at random sies,



Ectocarpus VIRUS DNA 807

stfarrda of various 1angths we detected
number of circular DNA molecules. One of thaae s
shown in Fig. 7.

The Iengths of 10 clrcuiar matecuies we datar- -

mined using as an internal length ‘marker ¢

cosmid DNA clone of known size (45 kpb) which was
added 1o the viral DNA preparation before spreading
for electron microscapy. The estimated size of circular
Ectocarpus virus DNA corresponded to 320 kbp (10
kbp) which agrees well with the electrophoretic data

and the restriction fragment analyses.
" To summarize this section, we conclude that a con-

mdembie fraction of the extracted Ectocarpus virus
DNA may be clrculanly closed. It remains to be shown

whether all virus particles contain circular DNA and

whether linear DNA Is produced as an artifact during

preparation.

S'i'hﬁla'esirand_ad regions

‘As described above, a typical preparation of Ecto-
carpus virus DNA contains the two high-molecular-
weight DNA species as just discussed and, in addition,
a class of DNA fragmems of 10 to 60 kbp (Fig. 4). This
fraction of fragmented DNA varied from experiment to
experiment, but it cannot be caused by unspecific nu-

Id result in a broad
DNA fragments to unit
ﬁ’bﬁsaibﬂity;_js that the

cleolytic breakd

Fig. 7. Electron micrograph of circular Ectocerpus virus DNA. Bar:
5.6 um.
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Fig. 8. Treatment with single-strand-specific mung bean nu-
clease. Incubations were at 37° and as described i Sambrock ef al.
(1889 Investigation of DMNA by rotating field agarose gel gleclropho-
resis. The wirus DNA was agamose-embedded as described under
Malerials and Methods. Lane 1, single-strandad phage M13 DNA,
incubated in the absence of enzvme; lane 2, M13 DNA, incubated
for 120 min with 1 enzyme unit/gq DNA {degradation 1o fast-migrat-
ing small products); lane 3, linearized double-stranded plasmid
pBR322 DNA, incubation withoul enzyme; lane 4, linearized plasmid
DNA, incubated for 120 min with 1 enzyme unit/ug DMNA; lane 5,
concatemeric A marker DNA{lengths as indicated on the left]; lane &,
Ectocarpus virus DNA, untreated control; lanes 7 and 8; Ectacarpus
virus DNA, treated with 1 enzyme unitfeg for 60 and 120 min, réspec:
tively.

10- to 60-kbp fragments observed arose as a conse-
quence of discontinuities in the Ectocarpus virus DNA,

These discontinuities could be single-stranded
breaks or single-stranded gaps. To investigate this pos-
sibility we treated agarose-embeddad virus DNA with
single-strand-specific nucleases. We found that incu-
bationg with mung bean nuclease for various lengths
of time converted an increasing fraction of circular and
linear unit length virus DNA into 10- to 70-kbp frag-
menis (Fig. 8). ldentical results were oblained using
the single-strand-specific 51 nuclease (data not
shown).

These results indicated that the Ectocarpus virus
DNA contains single-stranded regions. We used elec-
tron microscopy to independently confirm this conclu-
sion and to obtain an information concerning the
iengths and the structure of the single-stranded re-
gions. To better visualize these regions, we treated the
viral DNA with the bacterial single-strand-specific bind-
ing (SSB) protein before spreading for electran micros-
copy. Single-stranded phage M 13 DNA was added to
the preparation and served as an internal control and a
length marker.

in a significant number of DNA-molecules, we ob-
served SSB-coated single-stranded regions. These de-
tectable DNA regions consisted of cne continuous
strand connecting two double-stranded sections and

one fres-ended single strand (Fig. 9). In many cases,
the continuous single strand and the broken strand
were found to be of similar lengths.
The single-stranded DNA sections are most likely
the preferred sites for DNA breakage as DNA frag-
ments frequently ended in a single strand (Fig. 8).
We determined the lengths of the single stranded
sections by measuring SSB-coated continuous single
strands relative to the M12 marker (Fig. 8). We cb
tained values ranging from 1.0 to 8.5 kb with an aver
age of 2.9 kb (number of single-stranded regions mes-=
sured: 60). It is important to note, though, that single-
stranded regions <100-200 bp cannot be detected by
the electron microscopic technique but can be de-
graded by endonucleases as shown in the experiment
of Fig. 8.
In addition, we measured the lengths of 40 double-
stranded sections. Most of them were determined to
be about 10 to 60 kbp in length, in agreement with the
bicchemical data of Fig. 8. However, some double-
stranded sections were smaller than 10 kpb. These
smaller double-stranded sections are probably too few
and too dispersed to be detected by ethidium-staining
of gels like those shown in Figs. 4 and 8.
in summary, the mung bean nuclease digestion data
and electron microscopy unambiguously show that
Fotonarpus virus DNA contains single-stranded gaps
at distances of about 10 to 60 kbp. These single-
stranded regions are most probably preferred break:
age sites and could be responsible for the production
of the fragmented DNA commonly found in viral DNA
preparations.

DISCUSSION

We described some structural properties of a newly
discovered virus which is endemic in populations of
the cosmopolitan marine brown alga £. sificulosus. The
most interesting finding so far concerns the viral ge-
nome, a large DNA molecule of about 320 kbp.

DNA molecules.of this size are characteristic for al-
gal viruses {van Etten el &/, 1991} but it is not known
yet whether the entire genomes are composed of sin-
gle-copy genes or whether they contain nongoding re-
gions or multiple genetic elements.

From the compositicn of the viral sheli with its 13 or
more polypeptides (Fig. 2), itcan be estimated that less
than 20 kbp of the genome may be reserved as coding
regions for structural proteins.

Another virus-specific gens may encode the en-
zymels), responsible for the generation of methylated
nucleatides, in particular of methylated adenine. This
modifisd base is present in the genomes of other vi-
ruses infecting eukaryotic algae (van Etten et al.,, 1991]
but does not normally occur in eukaryotic cellular DNA
In fact, it has been shown in the case of Chiorella vi-
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Fie. 9. Electren micrograph of SBB-trealed Ectocarpus virus DNA. The arrowheads indicate the single-stranded DNA regions, {Left] internal
g_le-sﬁbnged regions; (right) single-stranded ends. Circular single-stranded M13 DNA was added as an internal size marker, Bar, 0.8 um,

ruses that a virus-specific methyitransferase (Xia and that not more than a few percent of the viral genome
van Etten, 1986) may be a component of a virus-spe- are reserved 1o code for these enzymes.

cific modification-restriction system (Xia et a/, 1987, This leaves a large part of the viral genome to code
1988). it is likely that modification and restriction en- for functions involved in viral multiplication; and wviral
zymes are also encoded by the Ectocarpus virus, but multiplication may well need a large number of specific
this has yet 10 be shown. Nevertheless, we estimate gene products given the unusual architecture of the
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ELetocarpus virus gename whose replication should be
a complex series of reactions.

We have presented three lines of evidence suggest-
ing that a typical preparation of Ectocarpus virus DNA
contains circularily closed double-stranded DNA. First,
during pulse-field electrophoresis, part of the DNA re-
mains at the start of the agarose gel, a well-known
feature of open circular DNA {Levene and Zimm, 1987);
second, double digestion with two different restriction
endonucleases gives the same number of fragments
as two independent digestiens with either restriction
enzyme, and these fragments can be composed 1o
give a circular restriction map; and third, and maost
compelling, electron microscopic investigations reveal
that a considerable fraction of isolated virus DNA ax-
ists in the form of DNA rings of about 320 kbp. This
explains why we failed to identify specific ends of the
Eetocarpus virus DNA by an experimental procedure
that had been used for a mapping of the genomic ends
of a Chiorelia virus {Rohozinski ef af,, 1989),

A second fraction of isolated virus DNA migrates
during gel electrophoresis as linear melecules of 320
kpb. A likely interpretation of our data is that the native
DNA, present in intact virus particles, narmally occurs
in a circular form, and that a substantial fraction be-
comes linearized during preparation. Since a digestion
of linear DNA gives the same pattern of restriction frag-
ments as circular DNA, it can be concluded that lingar-
ization does not occur by breakage at one specific site
but at many sites of the circular molecule.

Breakage is most probably facilitated as a conse-
guence of another interesting feature of Ectocarpus
virus DNA, its partial single-strandedness. We have
demonstrated that sections of 10 to 60 kbp of viral
duplex DNA strand are interrupted by single-stranded
regions. These single strands are preferred break
paints as many of the DNA fragments, seen in our
electron micrographs, possess frayed single-stranded
ends. It is not known yet whether the extensive break-
ages observed are the sole consequence of disruptive
shear forces or whether virus particles include or are
associated with a single-strand-specific endonuclease
that attacks the released DNA. However, we can pres-
ently not exclude the interesting possibility that DNA
fragments are products of intracellular replication or
processing events, and become enclosed in protein
shells before maturation,

In any case, as demonstrated above, DNA frag-
ments of 10 to 60 kbp are quite cormmon in viral DNA
preparations; and the most likely reason for their occur-
rence are breaks at single-stranded sites.

Thus, the most probable structure of native Ectocar-
pus virus DNA is that of a circular DNA molecule con-
sisting of double-stranded sections connected by sin-
gle-stranded regions. Presently, the molecular struc-
ture of the singie-stranded regions is not entirely clear.

In most of our electron micrographs we detect cne
broken single strand and one continuous single strand
connecting two double strands. However, we occa-
sionally detect two continuous single strands in the
form of a single-stranded bubble between double-
stranded DNA sections {not shown). It is possible that
most or all single-stranded regions were originally pres-
ent as “‘bubbles" in native DNA but became disrupted
during virus preparation due to their extreme vulnera-
bility.

Another interesting question concerns the nucleo-
tide sequences of the single-stranded DNA regions.
They could be rich in adenine and thymine residues
which may facilitate strand separation during manipula-
tions. However, we also detect single strands when
the DNA had been kept at 37° during the entire extrac-
tion procedure. Presently, we can therefore not ex-
clude the pessibility that the single strands are non-
complementary. In this case, it will be necessary and
interesting ta determine whether they contain coding
regions or whether they are just random pieces of DNA
separating the genetically more important double-
stranded sections. One possibility is that the single
strands are acquired from the cellular genome as a
consequence of a multiplication step. A precedent
may be bacteriophage Mu which is integrated in the
host genome and replicates in situ to produce progeny
DNAwith some 100 bp of host DNA at its right end and
up to 3000 bp of host DNA at its left end (Symands et
al, 1987). However, Mu DNA is linear and completely
double-stranded; and its mode of replication therefore
cannot serve as a model for the Ectocarpus virus.

Presently, we know neither the molecular structure
of the latent viral DNA in infected somatic host cells nor
the structure of replicating DNA in diseased reproduc-
tive cells. It has been suggested that the Ectocarpus
virus DNA may be integrated as a provirus in the plant
cell genome {Muller, 1991b), but this has vet to be
directly demonstrated. An episomal state of the viral
DNA can presently not be excluded.

In either case, the viral mode of DNA replication is
likely to be quite bizarre. For example, the single strand
complements could be the results of independent repli-
cation events and could later be joined via base pairing
torming the partially double-stranded molecules that
we observe,
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