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Summary. Plasmodiophorid sporosori (aggregations of resting spores) reach their most complex form in Spongospora subterranea f. sp.
subterranea, the biotrophic plant pathogen which causes the economically important disease powdery scab of potato (Solanum tuberosum).
Resting spores are the perennation life cycle stage of plasmodiophorids, allowing them to survive for long periods and infect subsequent
host generations. Light microscopy was used to measure resting spores and sporosori of Sp. subterranea, and enumerate resting spores in
individual sporosori. Mean resting spore diameters differed for two sporosorus collections, being 4.0 um (from New Zealand) and 4.3 um
(from Switzerland). Counts of resting spores in 4 um thick serial sections of sporosori from one collection gave a mean of 667 (range 155
to 1,526) resting spores per sporosorus. Number of resting spores per sporosorus was closely related to sporosorus volume, and could be
accurately estimated using the formula; number of resting spores = 0.0081 x sporosorus volume (assuming sporosori to be spheroids). Us-
ing this formula, mean numbers of resting spores in sporosori from 37 Sp. subterranea collections from field-grown potato tubers from 13
countries were determined to range from 199 to 713. Differences in numbers of resting spores between the collections were statistically
significant (P < 0.05), and independent of country or host cultivar of origin, indicating that enumeration should be carried out for individual
sporosorus collections to accurately quantify inoculum. Morphology, using scanning electron microscopy, also showed that between 2 and
51% (average 20%) of resting spores released zoospores after exposure to roots of host plants. The formula for resting spore enumeration
validated in this study can be used to standardise Sp. subterranea resting spore inoculum for plant pathology studies, and possibly to assist
determination of soil inoculum potential for disease risk evaluations.
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INTRODUCTION modiophorida, Plasmodiophoridae) (Cavalier-Smith
and Chao 2003) causes powdery scab of potato (Sola-
num tuberosum L.). This disease is economically im-
portant because infection of potato tubers and roots by
Sp. subterranea reduces tuber quality and yield (Fal-
Address for correspondence: Richard E. Falloon, New Zealand In- loon ef al. 1996, 2004,; Harrison et al. 1,9 oT; LISter etal.
stitute for Plant and Food Research Ltd, PB 4704, Christchurch, 2004)' The pathogen is also capable of mfeCtmg several

New Zealand; Fax: +64 3 325 2074; E-mail: richard.falloon@  Other host plants (Qu and Christ 2006), and is a vector
plantandfood.co.nz. of Potato moptop virus (Jones and Harrison 1969).

Spongospora subterranea (Wallr.) Lagerheim f. sp.
subterranea Tomlinson (Cercozoa, Phytomyxea, Plas-
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In this paper we use the names Spongospora subter-
ranea f. sp. subterranea (hereafter Sss.) for the patho-
gen that infects potato, and Spongospora subterranea
f. sp. nasturtii Tomlinson (Ssn.) for the pathogen that
infects Nasturtium officinale R. Br. (watercress).

Spongospora subterranea produces resting spores
in sporosori. [We follow the terminology advocated
by Karling (1981) and confirmed by Braselton (2001),
and use resting spore (elsewhere “spore cyst,” “cyst,”
“resistant cyst”) and sporosorus (elsewhere “spore
ball,” “cystosorus™)]. Resting spores are thick-walled
cells that are the resistant propagation and perennation
life cycle stages of members of the Plasmodiophoridae
(“plasmodiophorids”), allowing long-term survival of
these pathogens between host generations. Sporosori
are aggregations of resting spores.

The plasmodiophorids are pathogens of plants, al-
gae, fungi and stramenopiles (Karling 1968, Braselton
1995). Most members of this family produce resting
spores in sporosori, which probably assist dissemina-
tion of these organisms. Sporosorus form in the plas-
modiophorids has been described and illustrated by
Karling (1968) and Dylewski (1990). Sporosorus com-
plexity varies between plasmodiophorid genera, and
sporosorus form is a key character for distinguishing
the genera of the family (Karling 1968, Dylewski 1990,
Braselton 2001). Plasmodiophora produces separate
resting spores and does not produce sporosori. Tetra-
myxa produces sporosori that are generally tetrads of
resting spores, while Octomyxa has octad sporosori. In
Sorodiscus the sporosori are disc-shaped resting spore
aggregations, and in Sorosphaera the resting spores are
amassed in discrete hollow spheres. Membranosorus,
Polymyxa, Woronina and Ligniera have sporosori of
variable size and form, each containing many resting
spores. Spongospora has the most complex sporosori of
the known plasmodiophorids, with many resting spores
aggregated in sponge-like structures of variable size.
Resting spores or sporosori have not been observed in
Maullinia (Maier et al. 2000).

Increasing sporosorus complexity in the plasmodio-
phorids has been postulated as an evolutionary progres-
sion (Karling 1968), and knowledge of sporosorus form
in Spongospora will provide understanding of a point
in this progression that is possibly the most highly
evolved of the plasmodiophorids. Osborn (1911) pre-
sented an early description and illustration of sporosori
of Sp. subterranea, and ultrastructural detail of sporo-
sori and resting spores of the pathogen were described
and illustrated by Lahert and Kavanagh (1985).

Resting spores in Sss. sporosori each produce a pri-
mary zoospore (Merz 1997), and zoospores initiate in-
fections of host roots and, in potato, stolons and tubers
(modified stolons). Sporosorus infestation of soil pro-
vides inoculum for subsequent infection of potato roots
and tubers, while sporosori carried on seed tubers, in
powdery scab lesions and/or as surface contaminants,
transmit the pathogen to potato crops in previously unin-
fested land. Sporosori on seed tubers are the most likely
means by which the pathogen has become widespread
throughout most of the world’s potato growing regions,
and the disease is of economic importance in most areas
where intensive potato production is carried out (Harri-
son et al. 1997, Merz 2008). Furthermore, resting spores
and sporosori can survive in soil for many years (Kole
1954, Harrison et al. 1997), released into the soil after
death of infected potato roots, stolons or tubers, or from
infected or infested potato seed tubers.

Long-term survival of plasmodiophorid resting
spores causes problems for management of the eco-
nomically important diseases they cause. Many of the
strategies for management of powdery scab of potato
aim to avoid contamination of field soil by Sss. sporo-
sori, or to prevent initiation of infection of host tissues
by zoospores released from sporosori (Falloon 2008).
Understanding the biology of sporosori, resting spores
and zoospores is important, therefore, for develop-
ment of effective management of powdery scab (Merz
and Falloon 2009). Furthermore, enumeration of rest-
ing spores in sporosori is a necessary step in accurate
determination of inoculum potential of the pathogen,
a likely key component of disease risk assessment in
potato cropping soils.

Several methods have been developed to detect in-
oculum of Sss. on seed potato tubers or in soil. These
include bioassays (Merz 1989), antibody methods
(Walsh et al. 1996, Merz et al. 2005a), techniques us-
ing polymerase chain reaction technology (Bulman and
Marshall 1998, Bell et al. 1999, van der Graaf et al.
2003, Ward et al. 2004, Qu et al. 2006), and immuno-
chromatography (Merz et al. 2005b). These methods
are mostly qualitative. Where quantification has been
attempted, this has been through correlative associa-
tion between sporosori (rather than resting spores) and
disease (Merz and Falloon 2009). Culturing techniques
cannot be used for inoculum quantification because the
pathogen is an obligate biotroph.

Sporosori are commonly used as inoculum in exper-
iments with Sss. Accurate determination of the inocu-
lum potential (numbers of potential zoospores in spo-



rosorus inoculum) is not possible, because the numbers
of resting spores in each sporosorus cannot be easily
counted. This problem is exacerbated by considerable
variation in sporosorus size. Kole (1954) noted that he
made “Unsuccessful attempts ... to count the numbers
of resting spores in the sections of sporeballs,” and Kar-
ling (1968) observed that enumeration of Sss. inoculum
based on sporosori “would not give an accurate index
of the numbers of spores present”.

This paper reports a morphological study that aimed
to determine the numbers of resting spores in sporosori
of Sss. (and Ssn.) as a basis for accurate quantification
of inoculum. Resting spores and sporosori have been
measured, and the numbers of resting spores within
sporosori have been determined using direct measure-
ment with microscopy and appropriate calculations.
The method for determining numbers of resting spores
developed from these measurements has been applied
to sporosorus collections from a number of different
countries, to examine variation in numbers of resting
spores they contain. A series of preliminary reports on
this study have been presented previously (Falloon et
al. 2005, 2006, 2007, 2010).

MATERIALS AND METHODS

Sources of sporosori

Most samples of sporosori used in this study were obtained
from powdery scab lesions on field-grown potato tubers from dif-
ferent host cultivars. Sporosori of two collections were examined
in detail. These were, respectively, from tubers of cv. Agria har-
vested at Lincoln, New Zealand, or cv. Estima harvested at Recken-
holz, Switzerland. Both collections were made in 2004. Sporosori
for scanning electron microscopy were from cv. Binje, grown in
Switzerland. In addition, 37 collections of sporosori from tubers
of different potato cultivars from 13 countries, and two collections
of sporosori of Ssn. from root galls of laboratory-grown watercress
plants (Nasturtium officinale R. Br.) (Table 2) were also used for
measurement of sporosorus dimensions.

Sporosorus and resting spore dimensions
(light microscopy)

Samples of sporosori from the potato cvs. Agria (New Zealand)
and Estima (Switzerland) were placed in reverse osmosis purified wa-
ter on glass microscope slides, and viewed with a compound micro-
scope (x 1,000 magnification). Images of individual sporosori were
captured with a digital camera, taking care to ensure that focus of
each image was on the equatorial plane of the sporosorus. Dimen-
sions (longest and shortest diameter) were determined from micro-
graphs of 101 and 96 sporosori respectively from the two collections.
A second sample of sporosori from each collection was mounted in
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trypan blue in lactophenol, and photographed (x 1,000 magnifica-
tion). This preparation method, along with careful microscope focus-
ing before image capture, gave good definition of individual resting
spores within sporosori (see Fig. 4). Dimensions of resting spores
were measured, taking a sample of five resting spores from each of
six different sporosori from each of the two collections. All measure-
ments were made using calibrations based on an image of a micro-
scope stage micrometer captured at x 1,000 magnification.
Dimensions of sporosori from each of the other collections ex-
amined in this study (Table 2) were measured for a sample of 50
sporosori, using standardised micrometric methods (above).

Calculation of resting spore and sporosorus volumes
and arithmetic enumeration of resting spores

Volumes of individual resting spores from the two collections
from cvs Agria and Estima were calculated assuming them to be
spheres (Weisstein 2009a), and volumes of sporosori were calcu-
lated assuming them to be ellipsoids (spheroids) (Weisstein 2009b).
Estimations of numbers of resting spores in sporosori were made by
calculation of the proportion of total sporosorus volume divided by
resting spore volume, and different arbitrary proportions (Table 1)
of sporosorus volume occupied by resting spores.

Embedding and sectioning of sporosori
(light microscopy)

Sporosori from cv. Agria (above) were suspended in 2% molten
water agar, which was cut into | mm? blocks when solidified. These
were fixed in 2.5% glutaraldehyde, post-fixed in 2% osmium tetrox-
ide, passed through an acetone dehydration series, and then embed-
ded in resin (Spurr 1969). Sequential sections (4 um thick) of the
embedded blocks were cut with a microtome and glass knife, and
mounted in order of cutting on glass microscope slides. The sections
were examined at x 1,000 magnification with a light microscope,
and images of all of the sections from each of 30 sporosori were
captured with a digital camera.

Estimation of numbers of resting spores in sectioned
sporosori

Images of sporosorus sections were printed, and numbers of
resting spores in each section were counted from these micrographs.
Total number of resting spores in each sporosorus was determined
as the sum of resting spores in all sections. Two dimensions of the
largest (equatorial) section of each sporosorus were determined mi-
crometrically, and the third dimension was determined as the prod-
uct of the number of sections cut for each sporosorus and 4 pm
(section thickness). Sporosorus volume was calculated using two
methods: Method a, assuming sporosori to be ellipsoids (Weisstein
2009b) each with the three dimensions, and Method b, by summing
the cylindrical volume (height = 4 um) of all of the sections making
up each sporosorus (Fig. 1).

Numbers of resting spores releasing zoospores

In a previous study (Merz 1997), sporosori of Sss. were exposed
to roots of tomato plants (Lycopersicon esculentum Miller) for 5 or
8.5 h in a nutrient solution bioassay. Suspensions of sporosori were
added to nutrient solution in which tomato plants were growing,
and after the periods of exposure the sporosori were collected and
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Volume =V, +V,+..V,+V, +V,

eg. V.= (133 xm xr xr,x4) pm’

Number of resting spores
counted in each section

Fig. 1. Schematic indicating methods for calculation of Spongospora subterranea sporosorus volume, from summation of volumes of 4 pm
thick sections of sporosori (left; see text, Method b), and counting resting spores in each section (right).

viewed with scanning electron microscopy. Electron micrographs
from this study were reviewed to assess the numbers and propor-
tions of resting spores in 25 sporosori that had released zoospores.

Numbers of resting spores in sporosori of different
Sp. subterranea collections

The longest and shortest dimensions of 50 sporosori from each
of 37 Sss. and two Ssn. collections were measured on micrographs
(% 1,000 magnification) as described above, and the mean number
of resting spores per sporosorus was calculated for each collection
using the derived formula (Equation 2) outlined below. For com-
parison of collections, numbers of sporosori were analysed using
a generalised linear model, with log link function and gamma error
distribution. Least significant intervals (Snee 1981) were calculated
for each collection on the log scale then back-transformed to the
natural scale for presentation.

RESULTS

Sporosorus and resting spore form

Our detailed study of sporosori of Sss. has confirmed
that these structures are complex aggregations of rest-
ing spores, which are “sponge-like” in overall form
with holes on their outer surfaces leading to internal
channels. Sporosori were usually spheroids, but were
of variable form, from spheres to spheroids to more or

less oblate or prolate spheroids (Weisstein 2009b). The
complexity of internal channelling increased with in-
creasing sporosorus size. In a detailed examination of
one sectioned sporosorus, large internal spaces unoc-
cupied by resting spores were obvious, and 47% of the
sporosorus was occupied by resting spores. Variability
in sporosorus form in one collection of sporosori is in-
dicated by the examples in Fig. 2.

Fig. 3 illustrates general sporosorus form and sur-
face ornamentation. Individual resting spores in sporo-
sori ranged from circular to roughly hexagonal in cross
section, and had punctate outer surfaces. They were
arranged within sporosori in roughly double layers
(Fig. 5). The punctate surface of each resting spore was
always the exposed surface. Outer surfaces of resting
spores observed with electron microscopy after expo-
sure to tomato roots had open pores (see Fig. 7), where
some of the resting spores had released zoospores. The
resting spore arrangement within each sporosorus ex-
posed each resting spore to open space, either on the
external sporosorus surface or to an internal channel.
All released zoospores would thus be given access to
the environment external to the sporosorus.

Publikacja objeta jest prawem autorskim. Wszelkie prawa zastrzezone. Kopiowanie i rozpowszechnianie zabronione
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Fig. 2. Light micrographs of representative sporosori of Spongospora subterranea f. sp. subterranea from powdery scab lesions on potato
tubers (cv. ‘Agria’, New Zealand 2004), indicating their range in size and overall form. Calculated numbers of resting spores (see text) for
each sporosorus are indicated. Bar: 10 um.

Sporosorus dimensions and volumes for two these data indicated that sporosori from the two collec-
collections tions had similar (P = 0.73) mean diameters. Calculated

Longest sporosorus diameters [(least) mean (great-  SPOTOSOrus volumes, assuming them to be oblate spher-
est)] were: from cv. ‘Agria’, (20) 50 (100) pm, and oids (Weisstein 2009b), were [(least) mean (greatest)]:
from cv. ‘Estima’, (18) 51 (88). Statistical analysis of from ‘Agria’, (2,667) 51,800 (235,300) um?; and from

Publikacja objeta jest prawem autorskim. Wszelkie prawa zastrzezone. Kopiowanie i rozpowszechnianie zabronione
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Fig. 3. Scanning electron micrograph of a Spongospora subterra-
nea f. sp. subterranea sporosorus, showing individual resting spores
each with punctate outer surface ornamentation. Bar: 10 um.

Fig. 4. Light micrograph of resting spores of Spongospora subter-
ranea f. sp. subterranea. Bar: 10 um.

‘Estima’, (3,311) 57,900 (224,500) um?®. These repre-
sent an 88-fold volume range for ‘Agria’ and a 68-fold
range for ‘Estima’.

Resting spore dimensions and volumes for two
collections

Fig. 4 illustrates resting spores of Sss. Mean diam-
eters of resting spores from the two collections were:
from cv. Agria, 4.0 um, and from cv. Estima, 4.3 pm.
Statistical analysis of data of resting spore diameters
indicated that the means for each of the two collections
were different (P = 0.03). Resting spores in each col-
lection, however, were of very similar dimensions; the
standard deviation of the resting spore diameters from
different sporosori was 0.33 pum, and within sporosori,
0.25 um. Mean calculated (spherical) resting spore vol-
umes (Weisstein 2009a) for these two collections were
33.5 um?® from cv. ‘Agria’ and 42.8 um?® from cv. ‘Es-
tima’, with the mean volumes for the two collections
being different (P = 0.03).

Calculation of numbers of resting spores
in sporosori

Table 1 presents the calculated numbers of resting
spores in sporosori from the two collections, for dif-
ferent arbitrary proportions of sporosorus volume oc-
cupied by resting spores.

Numbers of resting spores and volumes for sec-
tioned sporosori

Fig. 5 shows a section of a sporosorus which was
included in the detailed determination of resting spore
numbers. For the 30 sporosori which were examined
using serial 4 um thick sections, the mean number of
resting spores per sporosorus was 667 (range 155 to

Table 1. Estimated numbers [(least) mean (greatest)] of resting spores
in Spongospora subterranea f. sp. subterranea sporosori from two
collections (from powdery scab lesions on potato tubers of cv. Agria
from New Zealand and cv. Estima from Switzerland). Numbers are
calculated from mean sporosorus and resting spore dimensions deter-
mined for the two collections, and for different arbitrary proportions
of total sporosorus volume occupied by resting spores.

Proportion of sporosorus Collection

volume occupied

From cv. ‘Agria’ From cv. ‘Estima’

100% (80) 1,548 (7,031)  (77) 1,354 (5,248)
75% (60) 1,161 (5,573)  (58) 1,015 (3,936)
50% (40) 774 (3,516) (39) 677 (2,624)
25% (20) 387 (1,756) (19) 339 (1,312)

Publikacja objeta jest prawem autorskim. Wszelkie prawa zastrzezone. Kopiowanie i rozpowszechnianie zabronione
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1,526). Mean dimensions of these sporosori (with min-
ima and maxima) were: length 64 um (32; 101 pm);
width 49 pm (29; 71 um); depth 47 pm (24; 76 um).
Mean sporosorus volume (with minima and maxima),
assuming they were spheroids (volume determination
Method a, above) was 82,050 um?® (11,660; 187,070
um?). The more precise method to determine sporoso-
rus volume from serial sections (Method b, above) gave
a mean volume of 77,060 um?(13,960; 184,520 pum?).
Fig. 6 illustrates the linear relationship between
number of resting spores and sporosorus volume (de-
termined using Method b) for the 30 sporosori. From
this we have calculated that the proportion of sporoso-
rus volume occupied by resting spores (assuming rest-
ing spore volume = 33.5 um?) was 0.29 (s.e. = 0.022).

Estimation of numbers of resting spores in sectioned
Fig. 5. Light micrograph of an equatorial section (4 um thick) of sporosori
a sporosorus of Spongospora subterranea f. sp. subterranea, in
which 113 resting spores were counted. Bar: 10 um. Comparison of the two methods for determining

resting spore volumes showed that numbers of resting
spores in a sample of sporosori can be accurately esti-
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Fig. 6. Relationship between numbers of resting spores and sporosorus volumes (estimated from serial sections) for 30 Spongospora subter-
ranea f. sp. subterranea sporosori.
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mated assuming sporosori to be oblate spheroids (Meth-
od (a) above) and applying a correction factor of 0.945
to the relationship illustrated in Fig. 6. Thus, numbers
of resting spores for a particular collection of sporosori
can be estimated by calculating mean sporosorus vol-
ume (Equation 1 below) and applying a multiplication
factor from this linear relationship (Equation 2).

Equation 1: sporosorus volume

=133 xmxr x(r)

[where | is the longest mean sporosorus radius and r, is
the shortest mean sporosorus radius].

Equation 2: numbers of resting spores per sporosorus
=0.0081 x sporosorus volume.

Numbers of zoospores released from sporosori

Fig. 7 shows a sporosorus recovered after exposure
to tomato roots in a bioassay. Open pores in some of
the resting spores indicate those from which zoospores
have been released. From similar images, each of one
sporosorus, it was determined that between 2 and 51%
of resting spores in 25 sporosori had released zoo-
spores. Mean proportions of resting spores with release
pores were similar for two groups of sporosori which
had been exposed to tomato roots for different periods;
18% for sporosori exposed for 5 h and 21% for those
exposed for 8.5 h. The overall mean proportion of rest-
ing spores that had released zoospores was 20%.

Fig. 7. Scanning electron micrograph of a Spongospora subterranea
f. sp. subterranea sporosorus from which zoospores have been re-
leased from individual resting spores. Bar: 10 um.

Numbers of resting spores in sporosori of different
Sp. subterranea collections

Table 2 contains data of sporosorus dimensions
and calculated numbers of resting spores in sporosori
(Equation 2) from 37 Sss. collections from potato and
two Ssn. collections from N. officinale. Sporosorus di-
mensions differed among the collections (P < 0.05).
The calculated mean number of resting spores per spo-
rosorus for Sss. also differed among the collections (de-
viance ratio = 17.5; d.f. = 36, 1,813; P < 0.001). The
mean calculated number of resting spores in these col-
lections ranged from 199 to 713. Sporosori from the two
collections of Ssn. were smaller than those of Sss., and
the calculated mean number of resting spores per spo-
rosorus for these two collections (97 and 166, respec-
tively) were less (P < 0.05) than for the Sss. collections.

No patterns of numbers of resting spores per spo-
rosorus relating to country of origin or potato cultivar
were apparent from these data. The 16 collections from
New Zealand and the five collections from Switzer-
land all spanned the full range of sporosorus size and
numbers of resting spores. Similarly, the six collec-
tions from the cultivar ‘Agria’ spanned a broad range of
numbers of resting spores per Sporosorus.

Within individual Sss. sporosorus collections, calcu-
lated numbers of resting spores per sporosorus varied
considerably (Table 2). The greatest variation within
a collection was 63-fold (18 to 1,137) in a New Zealand
collection from the potato cultivar ‘Riverina Russet’,
and was commonly 10- to 20-fold in other collections.
The smallest variation was 7-fold (74 to 531) in a New
Zealand collection from cv. ‘Rua’. The overall mean
for the 37 Sss. collections was 412 resting spores per
SpOTrosorus.

DISCUSSION

This study followed a sequence of first calculating
numbers of Sss. resting spores in sporosori from simple
measurements of resting spore and sporosorus vol-
umes, then determining numbers from detailed exami-
nation of sectioned sporosori. From this, a formula was
derived which accurately estimated numbers of resting
spores in sporosori of this organism.

The general equation we have derived for calculat-
ing numbers of resting spores in sporosori will allow in-
oculum enumeration to the level of potential zoospores,
which are the infective units of this plant pathogen.
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This precision has not been attempted previously, as in-
oculum standardisation has been achieved at the level
of sporosori.

Sporosorus size in Sss. is highly variable, and num-
bers of resting spores are closely related to sporosorus
volume. Estimation of numbers of resting spores in
sporosorus inoculum can be achieved by measuring
the dimensions of an appropriate sample of sporosori.
Using the conversion factor determined in the pres-
ent study, an accurate estimation of the numbers of
potential zoospores in the inoculum can be obtained.
Our study has shown that different collections of the
pathogen are likely to have different sporosorus dimen-
sions, so we recommend that measurements are made
of sporosori, and resting spore numbers are calculated,
for each collection. If less precise estimates of resting
spore numbers are appropriate, the overall mean num-
ber of resting spores per sporosorus we obtained (412)
could be used to estimate resting spore numbers. In any
case, these approaches to inoculum quantification will
give a more precise estimation of inoculum potential
than quantification of sporosori.

We have confirmed previous reports that have out-
lined the general form of Sss. sporosori (e.g., Osborn
1911, Jones 1978, Lahert and Kavanagh 1985). Spo-
rosori of this organism are the most complex of the
plasmodiophorids, and are probably the most advanced
along an evolutionary path towards complexity. Each
Sss. sporosorus contains many resting spores, and large
numbers of sporosori are produced in each Sss. lesion
(root gall or tuber scab) on host plants.

The evolutionary advantages of complex sporosori
in the plasmodiophorids are difficult to identify. Sporo-
sori, particularly the relatively large ones of Spongos-
pora, Woronina and Ligniera, probably assist dispersal
in wind, soil or water, and on host propagation material
such as seed potato tubers. They may also resist deg-
radation in soil or water environments, or help prevent
desiccation in dry conditions. This could be especially
the case for the internal resting spores within complex
sporosori, which are protected by the outer sporoso-
rus layers. However, all of the plasmodiophorids are
successful pathogens, of plants, algae, straminipiles
or fungi. The most economically important are Plas-
modiophora which causes clubroot of Brassica spp.,
Spongospora which causes powdery scab of potato and
crook root of watercress and vectors viruses of these
hosts, and Polymyxa, which vectors viruses of sugar
beet (causing rhizomania) and gramineaceous crops.
These economically important pathogens of food and

forage crop plants have sporosori that span the full
spectrum of complexity of resting spore aggregation.
Thus, sporosorus complexity may not be the only factor
responsible for pathogenic success. The ability to pro-
duce resting spores in numbers great enough to survive
between host generations, recognise susceptible hosts
and release zoospores that initiate infection are charac-
teristics more likely to determine pathogenic success,
and these are features intrinsic in resting spores, rather
than sporosori.

The question remains as to whether evolution in
plasmodiophorids could be towards sporosorus com-
plexity. Sporosori develop within single host cells,
from sporogenic plasmodia. These plasmodia are
multinucleate, which develop into uninucleate resting
spores. The considerable variation in sporosorus size
within individual plasmodiophorid species which pro-
duce large, complex sporosori is probably a reflection
of the variable size (volume) of the respective host cells
in which they develop. Sporosorus differences between
the different plasmodiophorid species are likely to be
affected by the differences between hosts, for which
cell size (at least) is likely to be different. For example
species of Worononia are pathogens of straminipilous
fungi, while Spongospora and Polymyxa parasitise
higher plants. Plasmodiophorids also generally cause
host hypertrophy to greater or lesser extents, which af-
fects host cell size and also (presumably) sporosorus
complexity of the pathogens. Thus, host factors are
likely to considerably influence sporosorus complexity
within the plasmodiophorids.

Our examination of different collections of Sss.
from potato showed that resting spore size differed
only slightly between two collections of the pathogen,
but sporosorus size differed greatly between different
collections of the pathogen from particular locations
(countries) and potato cultivars. These results strongly
suggest that environmental (rather than host) factors af-
fect sporosorus size within Sss.

Determination of resting spore viability cannot be
achieved by currently available methods. We have deter-
mined in a limited study (again using morphology) that
low proportions (an average of 20%, but ranging from 2
to 51%) of resting spores released zoospores over a peri-
od of a few hours. This may indicate either a mechanism
by which the pathogen maintains inoculum potential
over long periods by not releasing all potential infection
units at any one time, or that not all of the resting spores
in each sporosorus were viable. Detailed study of zoo-
spore release is required to accurately determine resting



spore viability or if some mechanism delays zoospore
release to maintain inoculum. In either case, zoospore re-
lease is likely to be affected by environmental, host and/
or pathogen factors. Bioassays and electron microscopy,
as described by Merz (1989, 1997), could be further used
to determine proportions of released zoospores. This ap-
proach could also indicate factors affecting the ability of
the pathogen to release zoospores and infect host tissue,
and may reveal important information on the epidemiol-
ogy of powdery scab of potato.
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