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Abstract

Phytomyxea (plasmodiophorids) is an enigmatic group of obligate biotrophic parasites. Most of
the known 41 species are associated with terrestrial and freshwater ecosystems. However, the
potential of phytomyxean species to influence marine ecosystems either directly by causing
diseases of their hosts or indirectly as vectors of viruses is enormous, although still unexplored. In
all, 20% of the currently described phytomyxean species are parasites of some of the key primary
producers in the ocean, such as seagrasses, brown algae and diatoms; however, information on
their distribution, abundance and biodiversity is either incomplete or lacking. Phytomyxean
species influence fitness by altering the metabolism and/or the reproductive success of their hosts.
The resulting changes can (1) have an impact on the biodiversity within host populations, and (2)
influence microbial food webs because of altered availability of nutrients (e.g. changed metabolic
status of host, transfer of organic matter). Also, phytomyxean species may affect their host
populations indirectly by transmitting viruses. The majority of the currently known single-
stranded RNA marine viruses structurally resemble the viruses transmitted by phytomyxean
species to crops in agricultural environments. Here, we explore possible ecological roles of these
parasites in marine habitats; however, only the inclusion of Phytomyxea in marine biodiversity
studies will allow estimation of the true impact of these species on global primary production in
the oceans.
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Introduction

Phytomyxea is defined as a group of obligate biotrophs (Karling 1968; Braselton 2001,
Neuhauser et al. 2010). The phytomyxean species live as endobiotic parasites in a wide
range of organisms, including flowering plants, brown algae, diatoms and oomycetes.
Phytomyxean parasites are notorious as agents of plant diseases or vectors for the
transmission of viruses that cause plant diseases, among them clubroot disease of brassicas
(Dixon 2009), powdery scab of potatoes and potato mop top virus (Merz 2008), and more
than 15 cereal and other plant viruses (Kanyuka et a/. 2003; Rush 2003; Rochon et a/. 2004).
Some of these economically important parasites of agricultural crops have been studied in
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depth by plant pathologists; however, our knowledge of most phytomyxean species in both
freshwater and marine environments is currently limited to brief published records.

This imbalance of information is also mirrored in the number of species described; most of
the currently known species are parasites of plants in terrestrial habitats or of freshwater
hosts and only a few species are described from marine hosts. However, the few species
known from marine habitats are parasites of important primary producers such as brown
algae, diatoms and seagrasses. Johnson and Sparrow (1961) listed Tetramyxa parasitica,
Plasmodiophora bicaudata, Pl. maritima, Pl. halophilae and PI. diplantherae as common
parasites of seagrasses and Phagomyxa algarum as a parasite of brown algae. Recently,
Maier et al. (2000), Parodi et al. (2010) and Walker and Campbell (2009) investigated two
phytomyxean species from marine environments, Maullinia ectocarpii and PI. bicaudata,
which are pathogens of brown algae and seagrasses respectively. Phytomyxean parasites of
marine diatoms have only recently been described (Schnepf et a/. 2000). Johnson and
Sparrow (1961), den Hartog (1989), Schnepf ef a/. (2000) and Maier et al. (2000) all have
suggested that some phytomyxean species with marine hosts have a worldwide distribution,
a view also reflected by the specimens listed in Karlings’ monograph (Karling 1968; Fig. 1).
Although there is minimal information on distribution because phytomyxids with marine
hosts have been poorly studied, we suspect that these organisms may be common parasites
in many marine ecosystems worldwide; however, at present there are only anecdotal data
available to support this hypothesis.

In the present review, we will focus on the biology of marine and estuarine species of
phytomyxids, their life cycles and possible biodiversity. We also consider their roles as
parasites of important marine primary producers, the nature of their interactions with
viruses, potential impacts on ecosystem stability and dynamics in marine and estuarine
communities, including both health and biodiversity of the plant communities and their
possible influences on the (microbial) food web.

Classification

The class Phytomyxea includes a monophyletic group of eukaryotes. Currently, this class is
considered to be part of the protist supergroup Rhizaria (Cavalier-Smith 1993; Bulman et a/.
2001; Burki et al. 2010) and has been placed within the phylum Cercozoa and the
Endomyxa (Bass et al. 2009). On the basis of 18S rDNA data, the class Phytomyxea
comprises the following two distinct orders: Plasmodiophorida, which comprises mainly
parasites of green plants, and the Phagomyxida, which comprises parasites of diatoms and
brown algae. Because the taxonomic classification of this group has been unclear since its
discovery, the informal term ‘plasmodiophorids’ has been used to include the whole group
during the past few decades (Braselton 2001). Phytomyxean species are characterised by
cruciform nuclear division, which has been observed in all species described so far, a
complex extrusome for infecting host cells (Rohr and Stachel), and a distinctive life cycle.
Currently, there are 41 known species belonging to 12 genera (Neuhauser et al. 2010).

The taxonomic placement of the marine species within Phytomyxea is difficult. The five
species parasitic on seagrasses are currently classified as Plasmodiophorida, mainly on the
basis of morphological characteristics and because their full life cycles have been
documented. However, the true taxonomic position is yet to be proven because molecular
data are completely missing for these species. The parasites of brown algae and diatoms are
currently classified together in the family Phagomyxida. This classification is based
primarily on 18S rDNA data, and the full life cycle including resting spores has been
documented only recently for one species (Parodi et al. 2010).
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Life cycles

Ecology

In general, the complete life cycle (Fig. 2) of Phytomyxea includes two types of intracellular
plasmodia (sporogenic and sporangial), a resting spore with a chitin cell wall and two types
of zoospores (primary and secondary; Karling 1968; Dixon 2009). The zoospores possess
two whiplash flagella of unequal length, a characteristic they share with many other species
in the Cercozoa. The details of the life cycle of some species of phytomyxids remain largely
unknown. Until recently, the resting spores were thought to be absent in the Phagomyxida
(species parasitic in brown algae and diatoms); however, Parodi et a/. (2010) identified the
resting stage of the brown algal parasite Maullinia ectocarpii, disproving the theory that the
life cycle of this species is incomplete. Several stages of the life cycle have still not been
observed in the parasites of diatoms (Schnepf er a/. 2000).

The zoospores are the only part of the life cycle outside the host, and are the main mode of
dissemination. Both types of zoospores can move either by the two flagella in liquid media
or by lobose pseudopodia on the surface of a suitable host (Karling 1968; Maier et a/. 2000;
Dixon 2009). It is not known whether zoospores of Phytomyxea can use exogenous energy
resources while swimming before attachment to their hosts; however, because these
microbes are obligate biotrophic pathogens, it is generally thought that the energy needed by
the zoospores is derived entirely from the host cells.

Once inside the host cells, phytomyxean parasites can cause distinct hypertrophy of host
tissues, and there is strong evidence that phytomyxea can adversely affect reproduction in
both brown algae and seagrasses (den Hartog 1989; Walker and Campbell 2009). The
interactions between phytomyxids and their hosts are completely compatible, as no defence
reactions of the hosts have been documented (Karling 1944; Dixon 2009; Siemens et a/.
2009). The plasmodia inside the host cells, especially those of species forming marked
hypertrophies of their host, are known to change the metabolic status of the host plant,
leading to an accumulation of energy-rich compounds (reviewed by Ludwig-Mdller et al.
2009). However, species not causing marked hypertrophies of their marine hosts such, as
phytomyxean parasites of marine diatoms, also live phagotrophically inside the host cell
(Schnepf et al. 2000).

The effects of moisture, salinity and temperature on the survival of any stage of the
phytomyxean life cycle are largely unknown. Phytomyxid parasites have been reported from
tropical (>24°C) and temperate (4-24°C) regions of the ocean (Fig. 1). It is very likely that
the resting spores can survive cold water temperatures in the winter (den Hartog 1989) or
survive periods when the host organisms are absent or rare in the ecosystem.

Although nothing is known about seasonally dependent effects in the life cycle, a seasonal
pattern following that of the host is inevitably tied to the obligate biotrophic nature of the
interaction and probably occurs in nature. Most known genera of seagrasses that contain
compatible host species are ephemeral (Zostera spp., Ruppia spp., Halodule spp., Halophila
spp.), diatom hosts form recurring blooms, and brown algal hosts are either ephemeral or
persistent depending on the stage of the life cycle. Maier ef a/. (2000) noted that the
temperature range for cultivation of brown algal host in the laboratory may differ from the
temperature range for the growth of the parasite; however, they did not observe temperature-
dependent influences on the development of the parasite.

. Author manuscript; available in PMC 2012 February 05.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Neuhauser et al.

Page 4

Phytomyxea in marine environments

Although only nine marine species have been described, marine phytomyxids are parasites
of three major groups of primary producers in the oceans, namely brown algae, seagrasses
and diatoms. Because these three groups of host organisms differ markedly in their
ecological roles within the oceans, the parasites of these groups will be discussed separately.

Parasites of brown algae

Maullinia ectocarpiiis a parasite of Ectocarpus siliculosus and other species of brown algae.
The complete life cycle is described by Maier et al. (2000) and Parodi et a/. (2010). Initially,
this parasite was identified from specimens at La Pasada, Chile and at Flinders, Victoria,
Australia. Maier et al. (2000) used infected filaments of £. fasciculatusto produce zoospores
for infection experiments, and successfully infected 10 species of brown algae from
worldwide geographical origins in culture (from the orders Ectocarpales, Scytothamnales,
Desmarestiales and Laminariales), demonstrating a broad spectrum of susceptible hosts.
Infection by M. ectocarpii caused hypertrophy of host cells in filaments of both the
sporophyte and gametophyte stages in the life cycle of £. fasciculatus (Maier et al. 2000).
Microscopic gametophytes of brown algae with heteromorphic life cycles such as
Desmarestiaand Macrocystis also became infected. Some somatic filament cells in the
gametophytes became hypertrophied; in Macrocystis pyrifera, the parasite entered young
oogonia in the female gametophyte and reduced the host’s reproductive potential.

Phagomyxa algarum (hosts Bachelotia antillarum and Hincksia mitchelliae), also a
phytomyxid of brown alga, has been reported only from the Shackleford Banks, North
Carolina (Karling 1944; Johnson and Sparrow 1961). Morphologically, its life cycle differs
markedly from that of Maullinia. Ph. algarum aggressively attacks its host, mainly the algal
thallus. After approximately 2 days, when the parasite’s life cycle is completed, the host
cells quickly disintegrate, consequently making morphological detection of the parasite
difficult (Karling 1944). Although the infections were sometimes heavy, the total number of
diseased plants never reached a level sufficient to endanger or eradicate the host population
(Karling 1944). However, the parasite mediates a change from brown to green in the colour
of the host brown alga, which possibly reflects a change of the photosynthetic status of the
host capable of influencing its fitness and reproduction rate.

Parasites of seagrasses

Four Plasmodiophora species parasitic in marine hosts are known. P/ maritima and Pl.
halophilae have been found only once, whereas P/ diplanthereaand Pl. bicaudata have been
documented repeatedly. Walker and Campbell (2009) recently reported A/. diplantherae in
specimens of Haloaule wrightii collected at three sites in northern central Gulf of Mexico.
This pathogen has been found on the eastern coast of Florida (Braselton and Short 1985) and
along the shores of Saint Croix, Danish West Indies (Karling 1968), indicating a wide
distribution in the Caribbean. This pathogen causes enlarged shoot galls in seagrasses and is
likely to occur across the entire pan-tropical distribution of the genus Halodule. PI. bicaudata
is parasitic in species of the seagrass Zostera. Infected plants form characteristic galls at the
internodes and show reduced root growth. Den Hartog (1989) found a worldwide
distribution of this pathogen (Fig. 1).

Gall formation is conspicuous in shoots of both Halodule wrightiiand Zostera spp. infected
with a phytomyxean parasite. Infected plants appear dwarfed because infected internodes
appear unable to elongate and swell up. Leaf growth appears relatively normal in plants
infected with marine Plasmodiophora species, whereas inflorescences have not been found
in plants infected with P/, diplantherae (den Hartog 1989). The dwarfing of infected plants is
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accompanied by a reduced number of and reduced growth of roots (den Hartog 1989;
Walker and Campbell 2009).

Tetramyxa parasitica is a parasite of Zanichellia spp. and Ruppia spp. Karling (1968)
indicated a worldwide distribution of this pathogen. 7. parasitica induces marked production
of galls in its host plant. In the original description, Goebel (1884) described that galls were
white when young. Microscopic observations revealed that the outer part of the gall
consisted of sponge-like tissue, whereas the inner part of the gall was dark and filled with
resting spores of the parasite. In autumn, the galls of senescent plants became darker until
the galls disintegrated and the spores were released.

Parasites of diatoms

Phagomyxa bellerochaea and Phagomyxa odontellae are parasites of marine diatoms
(Schnepf et al. 2000). The host for PL. bellerochaeais Bellerochea malleusand for Ph.
odontellae it is Odontella sinensis. In these species, only an incomplete life cycle without
secondary zoospores and secondary plasmodia is known. Like all phagomyxids, both
Phagomyxa species have phagotrophic nutrition inside the host cell. Inside the host cells, the
plasmodia have a single large central digestion vacuole in Ph. bellerochaea and numerous
small digestion vacuoles in Ph. odontellae. The host cytoplasm, including chloroplasts, is
digested within the digestion vacuoles. Nothing is known about the influence of infection on
the reproductive status of their hosts.

Influence on the ecology and biodiversity of the hosts

Besides anecdotal reports, very little information is available on the influence of marine
phytomyxean parasites on their hosts. Nonetheless, from what is known about their
interactions with their hosts, the disease symptoms, and their life cycles, conclusions can be
made about possible consequences of this parasitic symbiosis for both host populations and
ecosystem function and stability.

The negative impact on the reproductive potential and/or growth of the host caused by all
marine phytomyxids is evident. The reproductive potential of brown algae infected by M.
ectocarpif and Ph. algarum was reduced compared with uninfected individuals (Karling
1944; Maier et al. 2000). Infections with Plasmodiophora spp. and T. parasitica reduce the
growth of the host plant (Johnson and Sparrow 1961; den Hartog 1989; Walker and
Campbell 2009), and probably reduce the formation of inflorescences (den Hartog 1989).
The effects of a reduced formation of inflorescences on the competitiveness and fitness of
the hosts is not clear, because some seagrasses such as Zostera can reproduce both sexually
through the formation of seeds and asexually through the formation of rhizomes (ramets),
the latter process being very important on a smaller spatial scale (Becheler ef a/. 2010).

Phytomyxean parasites also cause increased uprooting of their angiosperm hosts as a
consequence of reduced root growth. In areas where seagrass-restoration projects are
ongoing, this uprooting can subsequently damage seagrass beds (Walker and Campbell
2009) and there is also a considerable risk of floating plants spreading this pathogen to other
populations of seagrasses.

Phytomyxean parasites are abundant in diverse habitats (terrestrial, marine, freshwater).
Therefore, phytomyxean parasites probably do not influence the a-biodiversity (i.e. the
biodiversity within a certain area) in estuarine or marine habitats; however, the way they
influence their hosts can have a strong impact on the p-biodiversity (i.e. how species
composition changes with distance). Phytomyxean species are obligate biotrophic parasites
and depend on their hosts for survival. Therefore, we assume that they will not have a strong
impact on species biodiversity (=a biodiversity) within a certain area. However,
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phytomyxids can change the abundance of certain organisms within a limited area, creating
an environmental gradient (=p biodiversity) within the limited area where they occur. Along
this gradient, the impact on biodiversity is probably massive because of the changed
metabolic status of the host (e.g. substances excreted by the plant, changed chemical
composition of the plant), and because of the amount of energy that is available at the lower
levels of the food web.

The currently known marine hosts usually are dominant in a limited spatial area, such as
monotypic seagrass meadows (Becheler et a/. 2010). The increased uprooting described for
seagrasses infected by Plasmodiophora spp. (den Hartog 1989; Walker and Campbell 2009),
resulting in a considerable number of floating (i.e. removed) plants, can influence the host-
plant density within the plots where it is established. The uprooting and removal of infected
plants can regulate the plant density, thereby preventing the plants from becoming locally
too abundant and can promote biodiversity by increasing the available space. The high
diversity of species within and the energy produced by seagrass meadows together with their
role in stabilising sediments makes seagrasses key organisms in marine coastal habitats
(Orth et al. 2006), and the impact of phytomyxean species on these environments needs to
be studied to properly maintain these habitats.

The potential role of marine phytomyxids as vectors for viruses

Symptoms of disease such as morphological alteration in the host plant (e.g. galling) are
caused by the phytomyxean parasites themselves, and in terrestrial ecosystems, phytomyxids
can also act as vectors for sometimes devastating viral diseases (Kanyuka et a/. 2003; Rush
2003; Rochon et al. 2004). The presence of viruses is independent of the formation of
hypertrophies of the host caused by certain phytomyxid species.

At least 20 types of viruses that cause diseases in flowering plants important in agriculture
are known to be transmitted by phytomyxid parasites (Kanyuka et a/. 2003; Rochon et al.
2004). These are all positive-sense single-stranded RNA (ssRNA) viruses belonging to five
virus genera and one currently unassigned virus (Adams 2005). The viruses in the genus
Bymovirus (Family Potyviridae) have flexuous filaments with two modal lengths (250-300
nm or 500-600 nm) and a diameter of 13 nm, whereas the viruses in the genus Benyvirus
(Family unassigned) and in the genera Pecluvirus, Furovirus and Pomovirus (Family
Virgaviridae) have rod-shaped virions that vary in length (60-380 nm) and width (18-21
nm). The watercress yellow spot virus (family unassigned) has icosahedral virions (Walsh et
al. 1989). All of these viruses are thought to be carried within the cytoplasm of zoospores (in
vivo transmission); however, the mechanisms of uptake and release are still largely
unknown. These viruses can be present in the phytomyxids during all stages of the life cycle
and they can persist for years in resting spores (Rush 2003; Rochon et al. 2004).

In the marine environment, no correlation between an infection with a phytomyxid and the
transmission of viruses has been found and no virus particles have yet been detected in
zoospores of marine phytomyxids. However, this is not surprising considering the lack of
knowledge of this group. Recently, it was revealed that viruses are the largest source of
genetic diversity and (fatal) pathogenicity in marine environments, being responsible for
killing an estimated 20% of the marine biomass daily (Suttle 2007; Lang ef a/. 2009;
Kristensen et al. 2010). The mechanisms of transmission of eukaryote-infecting viruses in
the marine environment are largely unknown. Although most of the recently characterised
sSRNA viruses are transmitted via water on lysis of the host cell (Lang et a/. 2009), the vast
biodiversity of marine viruses implies that some of these viruses will be transmitted by
vectors, especially the ones infecting aquatic angiosperms or brown algae that have to enter
the host organism through thick cell walls. Prior to infection, the viral genome must enter
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the host’s cells, a process that could be facilitated by phytomyxids in the marine
environment, as it is in freshwater and terrestrial environments.

This viewpoint is supported by the fact that the most abundant group of RNA viruses in the
ocean are “‘picorna-like viruses’. This group is loosely defined as positive-sense SSRNA
viruses with an icosahedral capsid. Viruses transmitted by phytomyxids from the genus
Bymovirus (e.g. barley yellow mosaic virus, vector Polymyxa graminis) are covered by this
definition (Culley and Steward 2007). The structural properties of the watercress yellow spot
virus, transmitted by Spongospora nasturtii, are similar to the picorna-like viruses.
Therefore, we suspect that marine phytomyxids probably can act as vectors for the most
abundant group of viruses in the ocean.

Recently, positive-sense ssSRNA viruses were detected in diatoms (Nagasaki 2008; Tomaru
et al. 2009); however, the interactions between the viruses and their hosts are still largely
unknown. Furthermore, brown algae are infected by sSRNA viruses that probably could be
transmitted by phytomyxid hosts. Easton et a/. (1997) studied epidemic dieback of the kelp
Ecklonia radiata (Laminariales) in New Zealand. Dieback disease of £ck/onia causes
massive damage to kelp populations along the coast of parts of New Zealand (Easton et al.
1997). In general, the large number of kelp plants that wash onto the beaches is thought to
be caused by storm damage and changing water temperature; however, the role of viral
diseases must now be considered. Both straight rod-like and flexuous filamentous viral
particles were observed in dieback-affected plants, and the viruses could not be transmitted
via water, suggesting that a vector for the transmission might be needed. The long flexuous
virus filaments (700-900 nm) were in size similar to potyviruses, and the rods (280 nm)
were in size and form similar to tobamoviruses or furoviruses (Easton et al. 1997).
Furoviruses can be transmitted by terrestrial members of the phytomyxids (Adams 2005),
strengthening the hypothesis that phytomyxean species might play a role as vectors for
marine viruses. Because phytomyxean zoospores can infect many species of brown algae, it
is possible that both phytomyxean zoospores and sSRNA viruses can come in contact on the
surface of at least some brown algae such as £. radiata.

Possible impact on marine and estuarine food webs

We expect that a much wider spectrum of brown algae, seagrasses and diatoms than
currently known are hosts for phytomyxean species. Brown algae, diatoms and seagrasses
are keystone species in highly productive and complex marine ecosystems. Brown algae
dominate many benthic communities, especially along cold-temperate coasts, and seagrasses
are prevalent in estuaries worldwide (Orth ef a/. 2006). Diatoms are prevalent in all aquatic
ecosystems.

Large numbers of zoospores may be released by phytomyxids to ensure survival in these
ecosystems, because strong currents can carry many of the zoospores far away from their
potential hosts. Zoospores that do not attach to hosts possibly provide significant food
resources for grazing zooplankton and small filter-feeding invertebrates. As obligate
biotrophic parasites (i.e. primary consumers), phytomyxean zoospores provide a link
between (otherwise inedible) producers and secondary consumers in freshwater ecosystems,
as do other zoosporic microbes (Gleason et al. 2008). We predict the same role in marine
ecosystems. The impact of shoot galls as an additional food source for consumers in
estuarine ecosystems is unknown, although shoot galls could provide valuable food
resources for grazing invertebrates, owing to a changed chemical composition (Neuhauser et
al. 2011).

Dead marine plants are not easily digested by microbes and, if they sink to the bottom in the
water column, their organic matter may not be quickly recycled. Infected plants behave
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differently from uninfected plants (e.g. increased uprooting of seagrasses). Further, the
process of lysis of host cells on infection with phytomyxean parasites or by viruses releases
nutrients back into the environment before the plants sink. Both dissolved and particulate
organic matter is thus made available as a substrate for microbes in the food web directly at
the site where the plants grow and not at the bottom of the ocean. Consequently, microbial
parasites of primary producers have a direct influence on the levels of carbon dioxide stored
in the ocean. Diseases caused by phytomyxids that result in uprooting of seagrasses and
kelps may release new substrates for colonisation by other populations. This could increase
biodiversity; however, infected hosts carried by the water currents can spread these diseases
as they float into areas free of disease, and this can negatively influence seagrass restoration
projects (Orth et al. 2006; Walker and Campbell 2009).

Future directions in marine-phytomyxid research

Recent data suggest that phytomyxean species are widespread in both marine and estuarine
ecosystems worldwide, yet these biotrophic parasites have been poorly studied. Parasitism
by phytomyxean species may severely reduce primary production globally; however, at the
same time, these species might enhance biodiversity. To remedy this lack of quantitative
data on the prevalence of infection, the abundance of phytomyxids in marine ecosystems
and their biodiversity and host range need to be explored. Without these data, the true role of
these enigmatic biotrophic parasites and their impact on their host populations cannot be
fully understood.

Are the known phytomyxids examples of emerging diseases? Is it possible that deteriorating
environmental conditions and climate change are increasing the rate of spread of these
diseases in some ecosystems? The effects of rising temperatures in the ocean on populations
of phytomyxean species are unknown. To restore seagrass beds in estuarine and coastal
ecosystems and kelp beds in benthic coastal environments to pristine conditions, the roles of
phytomyxids and other parasites need clarification. Monitoring programs need to be
implemented to track the spread of the diseases caused by phytomyxids. Also, it is possible
that phytomyxean species may have a devastating effect on gametophyte cultures of brown
algae used in maritime facilities. However, phytomyxids might also have a regulating role in
the environment by controlling the population size and density of their hosts, thus increasing
biodiversity and health of the ecosystem (Hudson et a/. 2006; Lafferty et al. 2008).

Phytomyxean species are not the only eukaryotic parasites of brown algae and seagrasses.
For example, members of the Chytridiomycota, the Hyphochytridiomycota and the
Oomycota are also parasites of brown algae (Klpper and Miller 1999) and the
Labyrinthulomycota (Vergeer and den Hartog 1994) are parasites of seagrasses. Andrews
(1976) listed some of the microbial and metazoan parasites of marine algae; however, this
list needs to be updated, with new groups of microbes added. The interaction between these
parasites and other microbes affects the complexity of these ecosystems.

The recent discovery of viruses causing diseases in primary producers in the marine
environment adds another dimension to marine ecology. We have just begun to explore the
vast biodiversity of viruses in the sea, and their possible roles in marine ecosystems. Little is
known about which organisms are infected by most of these viruses, and data on the
transmission of viruses by vectors, as in terrestrial ecosystems, are incomplete. Terrestrial
phytomyxean species are notorious for their ability to transmit plant viruses. Because most
of marine RNA viruses discovered so far structurally resemble the viruses transmitted by
terrestrial phytomyxids, it is very likely that phytomyxean species can serve as vectors for at
least some of them in marine ecosystems.
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Fig. 1.

Global distribution of records of marine Phytomyxea. The figure is based on the origin of
the specimens listed (Karling 1968; den Hartog 1989; Maier et al. 2000; Schnepf et al. 2000,
and the references therein), although the distribution of some of the species is likely to be
much wider. For (&), grey shades indicate the distribution of 7etframyxa parasitica.
M=Maullina ectocarpi, A Phagomyxa algarum, B=Phagomyxa bellerochae, O=Phagomyxa
odontellae. For (b), dark grey=Plasmodiophora bicaudata, dotted light grey=Plasmodiophora

diplanthere.
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Fig. 2.

Generalised phytomyxean life cycle. Not all stages have yet been reported for some
phytomyxean species, and the life cycle may be complicated in some species. (&) Release of
primary zoospores from resting spores. (5) Free primary zoospore. (¢) Infection of a suitable
host. (d) Primary plasmodium inside a host cell. (¢) Lobed zoosporangia. (# Secondary
zoospore. (g) Secondary plasmodium formed after infection of a suitable host with at
secondary zoospore. (/) Resting spores.
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