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ABSTRACT: Large icosahedral virus-like particles (LVLPs) ranging in diameter from ca 300 to 750 nm
occurred in food or waste vacuoles of phaeodarian radiolarians collected in the Pacific Ocean, the
Sargasso Sea and the Weddell Sea. The samples were from coastal to open-ocean waters, surface
waters to 2000 m depth, and a variety of seasons. A few LVLPs were also found in bulk sediment trap
material, in zooplankton guts and fecal pellets, and in minipellets. Phaeodarians are unique among
small marine organisms because they carry a record of their past feeding activity within their
phaeodium, a collection of food and waste vacuoles. This probably explains why they often contain
abundant LVLPs. Phaeodarians appeared to have acquired the LVLPs while feeding on sinking or sus-
pended particulate material. Calculations based on serial sections indicate that a single phaeodarian
could contain thousands of LVLPs. Although their hosts have not been determined, LVLPs are clearly
ubiquitous. These particles are being called LVLPs because of similarities in morphology with viruses,
but they could be as yet unidentified microorganisms, a type of spore, or possibly an organelle of a

eukaryote.

INTRODUCTION

Studies of natural populations of marine viruses have
indicated that most viruses are small (heads <60 nm)
and are probably bacteriophages (Bergh et al. 1989,
Borsheim et al. 1990, Bratbak et al. 1990, 1992a, Proc-
tor & Fuhrman 1990, Wommack et al. 1992). However,
Bratbak et al. (1992a) reported unusually large virus-
like particles (VLPs) with heads 340 to 400 nm and tails
2.2 to 2.8 um long from Norwegian and Danish coastal
waters. They were unable to determine the hosts.
Because the large VLPs were present in a sample from
a mesocosm experiment containing only planktonic
organisms, they suggested that the host might be
planktonic. They noted that some of the methods typi-
cally used for the study of marine viruses would either
eliminate this size class from samples (prefiltration) or
cause large VLPs to be counted as bacteria (epifluores-
cence microscopy).

The presence of similar large VLPs (LVLPs) has been
noted intermittently in a variety of sediment trap and
plankton samples since the early 1980s (Gowing &

© Inter-Research 1993

Silver unpubl.). The LVLPs have consistently occurred
in vacuoles of phaeodarian radiolarians. Phaeodarians
are sarcodines and engulf particles with pseudopodia.
These omnivorous generalists appear to act as sam-
plers of particulate material in their surroundings as
they feed. They feed on detritus and a variety of cells
ranging in size from bacteria to small metazoans,
including microalgae and protozoans (Gowing 1986,
Swanberg et al. 1986, Gowing 1989, Nothig & Gowing
1991, Gowing & Garrison 1992). Their vacuoles typi-
cally contain siliceous debris such as pulverized
diatom frustules. Because phaeodarians have no struc-
tures for grinding, siliceous fragments indicate feeding
on sinking organic aggregates (Gowing 1989). Phaeo-
darians are unique in their accumulation of large num-
bers of food and waste vacuoles in what is collectively
known as the phaeodium. The vacuoles are similar in
size and content to the abundant minipellets in the
ocean (Gowing & Silver 1985). How long the vacuoles
are retained within the organism is unknown; the time
could be days to weeks. In a recent data set of phaeo-
darian vacuole contents analyzed for a feeding study,
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LVLPs were found in high abundances, and appeared
to be similar to those described by Bratbak et al.
(1992a). The purpose of this paper is to characterize
LVLPs (greater than about 300 nm in the longest head
dimension) both in phaeodarian vacuoles and in a vari-
ety of other marine samples, and to discuss the impli-
cations of their presence in these samples.

MATERIALS AND METHODS

Sample collection and fixation. The details of the
collections are listed in Table 1, and only the important
features are summarized here. Sinking particulate
material and organisms were collected from the upper
2000 m of the north Pacific Ocean as part of the multi-
disciplinary VERTEX project (see Martin et al. 1987 for
a description of the overall project). Multitrap particle
interceptor traps (Knauer et al. 1979) contained a
borate-buffered paraformaldehyde or glutaraldehyde
fixative in a sucrose density gradient (Gowing & Silver
1983), and sinking material was collected over approx-
imately 2 to 4 wk periods at several locations once a
year from 1980 to 1984 and seasonally at 1 location
from 1986 to 1988. Austral fall and winter plankton
tows and water samples from the Antarctic and tows
from Monterey Bay, California, USA, were preserved
with 0.1 M cacodylate-buffered modified Karnovsky's
fixative. Plankton tows from the Antarctic in the late
austral winter were preserved with 2% formalin
buffered with hexamine; tows from the Sargasso Sea
were preserved with borate-buffered formalin. Cope-
pods collected with the DSRV 'Alvin’ were preserved
in situ with glutaraldehyde.

Electron microscopy. Bulk trap material was cen-
trifuged and enrobed in agar prior to processing for
transmission electron microscopy (TEM). Details of
processing of the various samples are given in the ref-
erences in Table 1. Briefly, specimens or samples were
rinsed in cacodylate buffer, postfixed in 1% osmium
tetroxide in buffer, rinsed in buffer, dehydrated in a
graded acetone series, and embedded in Spurr's or
Poly Bed/Araldite resin. Thin sections were cut with a
diamond knife, collected on polyvinyl formate (Form-
var)-coated grids, stained with uranyl acetate and lead
citrate, coated with carbon, and viewed with a JEOL
100 B transmission electron microscope at 80 kV. For
all except 1 phaeodarian radiolarian, 2 grids of thin
sections were examined from an area of the organism
where there were 10 to 20 food and waste vacuoles.
Nine grids of thin sections collected at 5 um intervals
were examined from 1 specimen of Euphysetta leucani
from the Sargasso Sea that had been serially sectioned
with 1 pm sections. The number of LVLPs in the entire
phaeodarian (whose diameter was 137 um) was cal-

culated by multiplying the mean number of LVLPs
per thin section by the volume of the phaeodarian
available for vacuoles. The latter was calculated as
0.75 (total volume - nuclear volume); 0.75 is a conserv-
ative estimate of the volume of cytoplasm plus vac-
uoles that consisted of vacuoles.

Analysis of samples. Phaeodarian radiolarians from
traps collected from 1986 to 1988 and from Antarctic
plankton tows and copepods collected with the sub-
mersible ‘Alvin’ had originally been analyzed with
TEM in sufficient detail that abundances of LVLPs
were recorded. Phaeodarians that contained 6 or more
LVLPs in thin sections (11 specimens) were re-exam-
ined for the presence of LVLPs in their nucleus and
cytoplasm. Vacuole contents of the phaeodarians from
the VERTEX VI cruises had been analyzed in detail for
a feeding study (Gowing & Bentham unpubl.); contents
of vacuoles with and without LVLPs were compared.

Other samples, such as the trap material and some of
the fecal pellets, had only been documented with ran-
dom micrographs or had been studied in less detail,
therefore there is considerably less information about
these samples than about the phaeodarians and cope-
pods. For the trap and pellet samples, records, includ-
ing notebook entries (Gowing unpubl.) and approxi-
mately 8000 micrographs (Gowing & Silver unpubl.}
were examined for LVLPs.

LVLPs in micrographs from all samples were mea-
sured and their morphologies were recorded. There
was no information on size or morphology from note-
book entries for which micrographs had not been
taken. The amount of DNA inside the head of a LVLP
600 nm in diameter was estimated from the head vol-
ume by a calculation based on the assumption that the
packing of DNA was the same as that in the Chlorella
virus PBCV-1 (190 nm diameter, genome size 333 kilo-
base pairs (kbp); Van Etten et al. 1991).

RESULTS

A total of 137 TEM micrographs of LVLPs from a
variety of organisms and samples were examined.
Regardless of the fixative used, the LVLPs looked
similar. Typical-sized virus-like particles (not enumer-
ated) were present in some of the same samples, indi-
cating that the processing of samples preserved the
ultrastructure of other virus-like particles. A variety of
morphologies were observed (Figs. 1 & 2). The most
common morphology was hexagonal; hexagonal and
pentagonal cross-sections result from sections of icosa-
hedrons, depending on the plane of the cut (e.g. Mat-
tern et al. 1974). Sizes ranged from 298 to 750 nm in the
longest diameter (Fig. 3). The widths of the visible tails
ranged from 30 to 100 nm; tail lengths are probably not
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Table 1. Locations, dates and depths of collections and literature sources for fixation and handling of samples

Cruise Location Date
VERTEX 1 35.7°N, 123.8°W 26 Aug - 8 Sep 1980
N Pacific,
coastal upwelling
VERTEX II 18.0° N, 108.0°W 27 Oct - 17 Nov 1981
E tropical Pacific
VERTEX III 15.7°N, 107.5°W 9-30 Nov 1982
E tropical Pacific
VERTEX IV 28.0°N, 155.0°W 21 Jul - 23 Aug 1983
N Pacific central
gyre
VERTEX VA 33.3°N, 139.2°W 8-29 June 1984
N Pacific
gyre edge
VERTEX VI-1  33°N, 139°W 29 Oct 1986 - 22 Jan 1987
VERTEX VI-2 N Pacific gyre 26 Jan - 9 May 1987
VERTEX V1-4  edge 14 Jul - 22 Oct 1987
VERTEX VI-5 27 Oct 1987 — 30 Jan 1988
VERTEX VI-6 3 Feb - 6 May 1988
AMERIEZ 86 65-66°S, 42-50°W Mar 1986
Weddell Sea
AMERIEZ 88 57-62°8S, 35-50°W 9 Jun - 13 Aug 1988
Weddell/Scotia Seas
WWGS 89 65-75°S, 8-45°W 16 Sep - 13 Oct 1989
Weddell Sea
'Alvin’ SCB 33°13.8'N, 118°36.3' W 4-11 Dec 1984
Santa Catalina Basin
'Alvin’ V7 13°23'N, 102°27'W 23 Nov - 4 Dec 1988
E tropical Pacific
seamount
BATS 31.2°N, 64.5°W 9 Aug 1991
Sargasso Sea
MB 92, 93 36°45.7'N, 121°57.1'W 10 Mar 1992
Monterey Bay, CA, USA 27 Feb 1993

Collections Source

Traps at 12 depths Silver et al. (1987)
from 50 to 2000 m

Traps at 9 depths
from 30 to 2000 m

Gowing & Silver (1985)

Traps at 9 depths
from 80 to 2000 m

Gowing & Silver (1985)
Silver & Gowing (1991)

Traps at 10 depths
from 50 to 2000 m

Gowing (1986)

Traps at 7 depths
from 150 to 2000 m

Gowing & Coale (1989)

Traps at 10-12 depths
from 50 to 2000 m

Gowing (1993)

Tows in upper 200 m
Water sample at 600 m

Gowing (1989)

Water samples in
upper 200 m

Gowing & Garrison (1992)
Tows to 1000 m Nothig & Gowing (1991}

Tows at 1250
and 1300 m

Gowing & Wishner (1986)

Tows at 750, 1300
and 3100 m

Gowing & Wishner (1992}

Surface tow See 'Methods’

0-100 m tow See 'Methods’

meaningful because the whole length may not have
appeared in a section. The majority of LVLPs had
electron-dense material in the head; some of this mate-
rial appeared to be a continuation of a tail (Fig. 1Jto L,
N, O). Occasional empty heads were seen (Fig. 2A).
The boundary of the LVLPs appeared multi-layered,
with the distance from the innermost to outermost
layer ca 30 nm and the distance between adjacent
electron-dense layers ca 15 nm; occasionally there was
material beyond the outermost layer (Fig. 1D, H, N,
Q). If the maternial in the heads is DNA, a head 600 nm

in diameter could contain up to about 1.05 x 10* kbp,
6.54 x 10° Da, or 0.01 pg of DNA.

LVLPs were ubiquitous in the samples, occurring in
vacuoles of several species of phaeodarian radiolarians
collected from surface waters to 2000 m in coastal and
open ocean regions around the world during several
seasons (Tables 2 & 3}. On the VERTEX VI cruises,
LVLPs were found in vacuoles of 7 species of phaeo-
darian radiolarians collected during 5 seasons from
surface waters to 2000 m at the edge of the north
Pacific central gyre (Table 3). LVLPs were present in
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Fig. 1. Transmission electron micrographs of LVLPs. (A) LVLP from a vacuole of the phaeodarian Protocystis xiphodon collected
at 200 m in the N Pacific in fall 1986. (B) LVLP from a vacuole of a Castanellid phaeodarian from the upper 100 m of Monterey
Bay, California, USA, in March 1992. (C) LVLP from a vacuole of the phaeodarian Challengeron willemoesii from 400 m from the
N Pacific from summer 1987. Note what could be a part of a tail in the center of the particle. (D) LVLP from a vacuole of the
phaeodarian Euphysetta leucani from the surface waters of the Sargasso Sea in August 1991. Note what could be part of a tail in
the center of the LVLP. (E} LVLP from a vacuole of the phaeodarian Challengerosium radians from 1500 m in the N Pacific in
June 1984. (F) LVLP from a vacuole of C. willemoesii from 275 m in the N Pacific in June 1984. This was the only LVLP observed
with horn-like structures. (G) LVLP from a vacuole of the phaeodarian Euphysetta elegans from 2000 m in the N Pacific in spring
1988. (H) LVLP from a vacuole of the phaeodarian Challengerosium avicularia from 850 m in the N Pacific in summer 1987
(I) LVLPs from a vacuole of the phaeodarian Euphysetta pusilla from 250 m in the N Pacific in fall 1986. (J) LVLP from a vacuole
of E. pusilla from 400 m in the N Pacific in spring 1987 (K) LVLP from a vacuole of E. elegans from 1500 m in the N Pacific in
winter 1988. (L) LVLP from a vacuole of Porospathis sp. from 500 to 1000 m the Weddell Sea in the late austral winter 1989.
(M) LVLP from the gut of an immature male copepod Xanthocalanus sp. from 1300 m in the Santa Catalina Basin in 1984.
(N) LVLP from a vacuole of the phaeodarian Haeckeliana sp. from 1500 m in the N Pacific in June 1984. (O) LVLP from the
vacuole of the phaeodarian Lirella melo from 550 m in the N Pacific in fall 1986. (P} LVLP from E. leucani from the surface waters
of the Sargasso Sea in August 1991. All scale bars = 0.25 pm

-~y —_— — — - -

45% (of 184 specimens) of phaeodarians from this
location and in 2 to 8 % (of 181 specimens) from the 3
Antarctic locations. No LVLPs were ever found in the
nucleus or cytoplasm. A comparison of contents of sec-
tions of vacuoles containing LVLPs and those lacking
LVLPs showed that more bacteria, cyanobacteria, algal
cells, and some cellular remnants occurred in vacuoles
with LVLPs than in those lacking LVLPs (Table 4).
Amorphous material was also more prevalent in vac-
uoles containing LVLPs, but siliceous debris was
slightly more prevalent in vacuoles lacking LVLPs. No
LVLPs were seen inside any of the recognizable cells in

LVLPs were also observed in several other types of
samples. These included bulk trap material from 100
and 700 m from VERTEX I and from 2000 m from VER-
TEX III. LVLPs were found in minipellets (e.g. Gowing
& Silver 1985) from 120 and 400 m trap material from
VERTEX Il and 140 m trap material from VERTEX II.
LVLPs occurred in a zooplankton fecal pellet from
700 m from VERTEX I, in zooplankton fecal pellets
from 30 and 400 m and in a fecal pellet of the swim-
ming crab Pleuroncodes planipes from 120 m from
VERTEX II, and in a larvacean gut from 80 m from
VERTEX I and larvacean guts from the Sargasso Sea

food vacuoles. plankton tow. Out of 91 'Alvin’-collected copepods

Fig. 2. Transmission electron micrographs of LVLPs. (A) LVLPs from a vacuole of the phaeodarian Protocystis tridens from 600 m
in the Weddell Sea in the austral fall 1986. Note that several of the LVLPs are empty. (B) LVLPs in the food vacuole of the helio-
zoan Sticholonche sp. collected in the upper 200 m of the Weddell Sea during the austral winter 1988. Scale bars = 0.5 um
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Fig. 3. Size-frequency plot of maximum diameters of individ-

ual heads of LVLPs. Measurements were divided into size

classes (1~25, 26-50, 51-75 nm etc.); midpoints of the size
classes are shown

Table 2. Occurrences of LVLPs in thin sections of vacuoles of phaeodarian
radiolarians from particle interceptor traps and plankton tows. e: empty LVLPs.

Months of sampling are in Table 1

from 1300 m in the Santa Catalina Basin, 1 LVLP was
found in the gut of an immature male Xanthocalanus
sp. and one in a minipellet in the gut of Diaixis sp. Out
of 79 ‘Alvin’-collected copepods from the Volcano 7
seamount in the eastern tropical Pacific, 1 LVLP was
found in a minipellet in the gut of a female Hetero-
stylites longicornis from 752 m and 1 was found in the
gut of Scolecithricella sp. from 1300 m. Several LVLPs
were found in a food vacuole of 1 specimen (of 13 spec-
imens examined) of the heliozoan Sticholonche sp.
from the upper 200 m of the Weddell Sea in the austral
winter (Fig. 2B).

DISCUSSION

LVLPs were found in feeding structures of several
different marine organisms from various oceans. The
morphology of these particles is similar wherever they
are found, and they have several features in common
with viruses and virus-like particles depicted in the lit-
erature, as well as some differences. Icosahedrons are
common shapes for bacterial, algal, and animal viruses
(e.g. Bradley 1967, Tinsley & Harrap 1978, Palmer &
Martin 1988, Van Etten et al. 1991).
Some of the LVLPs look similar to pub-
lished micrographs of known large
viruses, for example, the iridoviruses
(e.g. Fig. 1 of Devauchelle et al. 1985,

Fig. 21C of Doane & Anderson 198%)
and the African swine fever virus
— (Fig. 2 of Vinuela 1985). The African

Location Depth Number Phaeodarian
and date (m)
N Pacific, 1981 120 1 Aulacantha scolymantha
N Pacifc, 1982 80 1 Unidentified
N Pacific gyre, 1983 150 1 Phaeodina sp.
300 1 Conchopsidae
1100 2 Unidentified
N Pacific, 1984 275 1 Challengeron willemoesii
750 1 Protocystis sp.
1000 3 Phaeodina sp.
1000 1 C. willemoesii
1500 1 Challengerosium radians
1500 2 Haeckeliana sp.
1500 1 Haeckeliana sp.
Weddell Sea, 1986 0-200 1, 13e Cannosphaera antarctica
600 2, 5e Protocystis tridens
Weddell/Scotia 0-200 1 Challengeron swirei
Seas, 1988 0-200 1 Phaeodina antarctica
Weddell Sea, 1989 500-1000 1 Porospathis sp.
Sargasso Sea, 1991 Surface 1, 10e Euphysetta leucani
Surface 5 E. leucani
Surface 4, 2e E. leucani
Surface 397 le E. leucani
Monterey Bay. 1992 0-100 1 Castanellidae
Monterey Bay, 1993 0-100 1 Phaeodina valdiviae
*Sections from several areas of this organism were examined

swine fever virus (diameter 200 nm;
Vinuela 1985) is smaller than the
LVLPs, but iridoviruses (diameters of
120 to 380 nm; Anthony & Comps
1991) overlap in size with the LVLPs.
Iridoviruses include the erythrocytic
necrosis viruses (150 to 400 nm) of
marine fish (Plumb 1993). Although
Bratbak et al. (1992a) did not section
their LVLPs, the shapes of some of the
heads of the LVLPs observed in the
present study (e.g. Fig. 1J, K) are con-
sistent with their micrographs of nega-
tively stained LVLPs. Some of the
LVLPs with tails (e.g. Fig. 1N) resem-
ble viruses of zoospores of the alga
Chlorococcum minutum, although the
heads of the latter were only 220 x
180 nm (Gromov & Mamkaeva 1981).
Gromov & Mamkaeva (1981) also
remarked that the tail was often
invaginated into the head of mature
viruses; some of the rod-shaped inclu-
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Table 3. Total numbers of LVLPs observed in vacuoles of phaeodarians from the seasonal VERTEX VI cruises at the edge of the
north Pacific central gyre. Number in parentheses: depth where phaeodarians were trapped. Fraction in brackets: number of
phaeodarians containing LVLPs/total number of specimens of that species for all seasons combined

Name Total LVLPs observed per season for each depth
[fraction] 29 Oct 1986 — 26 Jan - 14 Jul - 27 Oct - 3 Feb -
22 Jan 1987 9 May 1987 22 Oct 1987 30 Jan 1988 6 May 1988
Challengerosium avicularia 1 (400) 1 (550) 13 (850) 1 (400) 10 (550)
[15/28) 5 (850) - - 12 (850) 11 (1500)
4 (1200) - - - -
Challengeranium diodon - - - 2 (400} 5 (300)
[2/7]
Challengeron willemoesii 6 (550) 2 (275) 4 (400) 7 (550) 5 (250)
[15/33] 8 (850) 4 (550) 2 (850) - 4 (400)
Euphysetta elegans 1 (550) 11 (250) 2 (1500) 17 (850) 11 (400)
[20/47) 5 (850) 1 (1200) 2 (2000) 26 (1500) 2 (2000)
25 (2000) 3 (1500) - - -
E. pusilla 5 (250) 2 (250) 3 (250} 3 (200) 5 (250)
[10/28] - 2 (275) 4 (400) - 2 (400)
- 1 (400) - - -
Lirella melo 14 (250) 1 (400} 1 (300) 3 (400) -
[6/16] 6 (550) - - - -
3 (850) - - _ _
Protocystis xiphodon 3 (200) 2 (100 1 (250} 12 (250) 10 (300)
[14/25] 2 (250) 3 (550 - - -
10 (300) - - _

sions in the center of the LVLPs could be invaginated
tails. The layers surrounding the cores of the LVLPs in
the present study are distinctive and appear similar to
but more complex than layers described for other algal
VLPs. Hoffman & Stanker (1976) noted that the 200 to
230 nm algal VLPs they studied had 'a well-developed,
multilayered, membranous coat which is 14-16 nm
thick’ (p. 2829). The coats they describe are the thick-
ness of 1 layer of the ones in the present study. The
coats of the 200 to 230 nm algal VLPs studied by Swale
& Belcher (1973) were about 30 nm thick, with several
dark and light laminations. The large (390 nm) VLPs
infecting Uronema gigas had a 15 nm multilaminate
shell (Dodds & Cole 1980), and the large (380 to
400 nm) VLPs infecting Brachiomonas sp. had a tri-
lamellar coat (L. Hoffman pers. comm.). Eukaryotic
algal viruses and VLPs typically have an external
multilaminate shell surrounding the core (Dodds 1979,
Van Etten et al. 1991). Morphological differences
between the LVLPs and large algal VLPs could be due
to differences in fixation and processing and the possi-
bility that LVLPs in food vacuoles are partially
digested. Furthermore, the large algal VLPs are from
fresh water, so the LVLPs would not be expected to be
identical to them.

Size is one important difference between the LVLPs
described here and most published micrographs of
viruses and virus-like particles. However, there are
several examples in the literature of viruses and virus-

Table 4. Comparison of vacuole contents between vacuoles
containing LVLPs and vacuoles lacking LVLPs. Percentages
of vacuoles containing the various categories of cells, cell
remnants, and detrital material are shown. Vol. = volume of
vacuoles, assuming thin sections were 90 nm thick

Category Vacuoles Vacuoles
with LVLPs lacking LVLPs
n = 207 vacuoles n = 2827 vacuoles
Vol. = 1388 um® Vol. = 16029 um?®
Bacteria 49 22
Cyanobacteria 6 3
Algal scales 5 <1
Algal cells 11 8
Chlorella-like cells 7 4
Trichocysts <1 <1
Unidentified cell 6 5
Amorphous material 94 77
Siliceous debris 17 20
Unknown structure 0 <1
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like particles that overlap the lower end of the size
range of LVLPs. In addition to the aforementioned
large VLPs described by Bratbak et al. (1992a) and
some of the iridoviruses (Anthony & Comps 1991),
there are several reports of 'larger'-sized icosahedral
(200 to 400 nm diameter) algal viruses and algal VLPs
(reviewed by Sherman & Brown 1978, Van Etten et al.
1991, and Reisser 1993).

Other differences between the LVLPs and known
tailed viruses are the lack of obvious subunit structure
in the tails of the LVLPs (L. Proctor pers. comm.,
L. Hoffman pers. comm.) and the occurrence of a
membrane-like structure within the head of Fig. 1D
(F. Eiserling pers. comm.). Of the 4 reports of tailed,
non-Chlorella eukaryotic algal viruses and VLPs
(reviewed by Van Etten et al. 1991), 2 of the VLPs had
a distinctive tail substructure. The tails of the VLPs
infecting Brachiomonas sp. had a collar on their proxi-
mal end and were striated at ca 11 nm intervals (L.
Hoffman pers. comm.). These VLPs also had an inter-
nal ‘rod-shaped’ core in the head when the tail was not
present (L. Hoffman pers. comm.). The collar-less, hol-
low cylindrical tails of the VLPs infecting Aulacomonas
sp. showed ‘conspicuous alternating rows of dark sub-
units 7 nm across and apart' (Swale & Belcher 1973,
p. 100). In contrast, the tails of the VLPs infecting
Chlorococcum minutum lacked collars (Gromov &
Mamkaeva 1981), and micrographs showed no repeti-
tive substructure. The tails of the large (390 nm head
diameter) VLPs infecting Uronema gigas had a distinc-
tive midpoint swelling (Dodds & Cole 1980); a repeti-
tive substructure could not be ruled out (J. A. Dodds
pers. comm.). Thus the tails of the few known tailed
large VLPs of eukaryotic algae appear to be morpho-
logically diverse, compared to tails of bacteriophages.
Reanney & Ackermann (1982), in their review of evo-
lution of bacteriophages, state that 'the Uronema and
Chlorococcum particles probably represent new virus
categories, but their resemblance to phages is super-
ficial and their tail seems to be a response to the uni-
cellular nature of the host' (p. 260). This may also apply
to the tailed LVLPs reported here.

The different morphologies of LVLPs may also repre-
sent stages in the life cycle of something other than a
virus (L. Proctor pers. comm.), and they could also
represent a variety of entities, some of which may be
viruses and others not. Other possible identities of
these particles include: an as yet undescribed micro-
organism, some type of spore, or organelles or gametes
of eukaryotes. Although of a similar size to bacterial
spores, the LVLPs otherwise differ from known spores
such as those of the non-marine bacterium Bacillus
cereus. Spores of B. cereus are typically found in a
nutrient-poor environment, possess a cortex, and are
usually found in the presence of rods, and as

endospores (A. Aronson pers. comm.). The ultrastruc-
ture of the LVLPs also differs from that of spores of
several species of Clostridium (e.g. Takagi et al. 1960,
Pope & Rode 1969). Unfortunately, there are few data
on marine spore-forming bacteria from the open ocean
(Sieburth 1979). The estimate of the DNA content of
the LVLPs falls within the range of DNA content
reported for bacteria (0.1 to 8 x 10° Da; Herdman 1985)
and fungi (0.009 to 1.5 pg; Cavalier-Smith 1985). A
similar calculation suggests that the LVLPs are
unlikely to be gametes of eukaryotes. With the excep-
tion of Saccharomyces cerevisiae (0.009 pg; Cavalier-
Smith 1985), DNA content of haploid cells of eukary-
otes typically exceeds 0.05 pg and is often an order of
magnitude or more larger (reviewed by Hinegardner
1976 and Cavalier-Smith 1985). With an estimated
0.01 pg of DNA, the LVLPs appear to contain too little
DNA for the eukaryotic genome. In summary, the par-
ticles are presently referred to as virus-like, and mole-
cular or classical (transfer of infection) proof or disproof
is needed.

The common presence of the LVLPs in food vacuoles
of phaeodarian radiolarians raises the question of how
the particles were acquired. The phaeodarians could
have sustained a viral infection or engulfed the LVLPs
during feeding. It seems unlikely that the phaeo-
darians themselves were infected because no LVLPs
were observed in either their cytoplasm or nucleus,
and nuclear and cytoplasmic morphology were nor-
mal. Cells with visible viral or presumed viral infec-
tions typically have large numbers of VLPs in these re-
gions and often, but not always, appear moribund (e.g.
Dodds 1979, Doane & Anderson 1987). Thus the LVLPs
were probably acquired during feeding. The LVLPs
could have entered with organisms or particulate
material consumed. A few instances were observed
where there were several LVLPs in a section through a
vacuole, which would be consistent with entry inside
an infected cell. However, there was no indication,
such as recognizable cell remnants, as to what the cell
may have been. Furthermore, none of the sections
through intact cells in vacuoles contained LVLPs.

The comparison of contents of vacuoles with and
without LVLPs suggests that vacuoles with LVLPs are
more likely to contain also intact cells such as bacteria,
cyanobacteria, Chlorella-like cells, and other small
cells. This suggests that the LVLPs could somehow be
associated with one of these types of cells. Because the
LVLPs are so large, they are unlikely to be bacterio-
phages or cyanophages (e.g. Sherman & Brown 1978,
Frank & Moebus 1987, Proctor & Fuhrman 1990,
Waterbury 1992), although the recent discovery of a
bacterium that reaches a length of 600 pm (Angert et
al. 1993) cautions against belief in rigid size limits
for organisms. Even the ‘largest’ Chlorella viruses



Gowing: Large virus-like particles 41

reported to date (e.g. 200 nm; Van Etten et al. 1991)
are considerably smaller than the LVLPs. Proctor &
Fuhrman (1991) analyzed some of these same particu-
late (bulk trap material and fecal pellets) samples used
here in a detailed electron microscopic analysis of
viruses. They reported several eukaryotic algal cells
containing numerous viruses, but the viruses were
small. They also found no recognizable cyanobacteria
or Chlorella-like cells infected with viruses. Data on
viruses of marine protozoans are notably lacking (e.g.
Théodorides 1989). The best-known protozoan viruses
are small (80 nm or less) and are from non-marine
protozoans that are obligatory parasites (Dodds 1983,
Wang & Wang 1991). There is one report of a large
(385 nm) icosahedral VLP infecting a freshwater
autotrophic dinoflagellate (Sicko-Goad & Walker
1979). Phaeodarians can consume autotrophic and
heterotrophic dinoflagellates (Gowing 1989), and
when this occurs, cellular remnants in the form of
trichocysts should persist in vacuoles. In the present
data set, <1% of the vacuoles either with or without
LVLPs contained trichocysts, suggesting that dino-
flagellates were not a common food item for these
phaeodarians and were unlikely to be the source of the
LVLPs.

Single LVLPs associated with particulate material or
LVLPs suspended in the water could also have been
ingested. LVLPs in micrographs of some of the other
types of samples (bulk trap material, zooplankton
guts, and fecal pellets) are consistent with ingestion of
loose LVLPs. These LVLPs occurred as individuals
rather than as clusters, and in some cases were in as-
sociation with minipellets, suggesting that LVLPs exist
loose in detrital matrices in the ocean. Further confir-
mation of this based on a larger sample size is
needed, however, because the current data set only
contained a few examples of LVLPs from samples of
particles. The types of cells that phaeodarians con-
sume are found both suspended in the water and on
sinking particulate material; thus phaeodarians may
feed on suspended cells (Gowing 1986). Bratbak et al.
(1992a) found abundances of LVLPs up to 104 ml~! in
coastal waters; no water samples were examined in
the present study. It should be emphasized that the
presence of LVLPs in food vacuoles with other food
materials and cells indicates ingestion of LVLPs dur-
ing feeding, rather than by engulfment after their
random encounter with the phaeodarian through dif-
fusive transport. Diffusive transport is a mechanism
recently proposed by Murray & Jackson (1992) for
acquisition of aquatic viruses by particles. Diffusion
depends on particle size and is thus less important for
LVLPs than for smaller VLPs.

The only other protozoan observed with LVLPs was a
specimen of the heliozoan Sticholonche sp. It is also a

sarcodine, and it also contained LVLPs in its feeding
vacuoles. These LVLPs were 330 nm in longest dimen-
sion, but otherwise similar to the LVLPs from phaeo-
darians. There was nothing in the heliozoan vacuoles
indicating the origin of the LVLPs.

To determine the role of phaeodarians in the fate
of LVLPs, one needs to know the abundance of the
phaeodarians, their feeding and defecation rates, the
concentration of LVLPs per phaeodarian, whether the
LVLPs are digested or can be released in a viable state,
and the concentration of LVLPs suspended in the water
and on particulate material. Data on most of these
topics are lacking. Abundances of phaeodarians are
known from only a few oceanic areas, and these are on
the order of tens to thousands m™3. A total cell content
of 5861 LVLPs was calculated for the phaeodarian from
the Sargasso Sea that was serially sectioned for analy-
sis. Although that is an estimate for 1 organism, an
average phaeodarian could contain thousands of
LVLPs by the following reasoning. The number of
LVLPs in a single section of the Sargasso Sea phaeo-
darian ranged from 1 to 7, and the numbers of LVLPs
per section in similar-sized phaeodarians that were not
serially sectioned ranged from 1 to 21. It is unlikely that
the sections of the other phaeodarians revealed the
only LVLPs present; thus the calculation may be a valid
estimate for LVLPs contained in phaeodarians from
other sites as well. This study also suggests that the
abundance of LVLPs varies spatially and/or temporally
because the percentage of phaeodarians sectioned that
contained any LVLPs ranged from 2 to 45% over the
locations sampled. However, geographic or species
differences in phaeodarian feeding behavior cannot be
ruled out.

In conclusion, phaeodarians from many depths in
many oceans appear to have sampled LVLPs while
feeding, indicating that LVLPs are ubiquitous. The
unique feeding biology of phaeodarians, including
omnivorous generalism and retention of vacuoles in
the phaeodium, allowed the prevalence of LVLPs to be
noted. The current focus of research on marine viruses
began with the recognition of types and abundances
of smaller viruses in the ocean and was followed by
identification of hosts and determination of the impact
of viral infections on carbon dynamics (e.g. Suttle et al.
1990, Bratbak et al. 1992b, Proctor & Fuhrman 1992).
Similar studies are now needed for LVLPs. The wide-
spread occurrence of LVLPs may be further evidence
that natural virus assemblages are diverse. If the
LVLPs are indeed viruses, the current placement of
virioplankton in the femtoplankton (0.02 to 0.2 pm;
Sieburth et al. 1978) will need to be revised. On the
other hand, if these particles can be identified as some-
thing other than a virus, similar questions can be asked
about their role in the sea.
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