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ABSTRACT: Juvenile Atlantic salmon Salmo salar L. at  a number of Scottish smolt units become 
infected each year by the myxosporean parasite Sphaerospora truttae. The first detectable signs of 
infection occurred in late June/early July in fish in their flrst year on site, when extrasporogonic stages 
were found in the blood and kidney interstitium. These stages proliferated in the fish until early Sep- 
tember. Sporogonic stages occurred in the kidney tubules from early August, with mature spores first 
present in September. The prevalence and intensity of each of these developmental stages was 
recorded over a 3 yr period at  2 hatcheries. Marked temperature differences existed between the 2 
farms which appeared to be responsible for differences in the intensity of the parasite at  each location. 
Temperature also appeared to be important in the short term synchronous release of the infective stage 
of the parasite. A pre-patent period of 2 to 4 wk was identified between the point at which fish became 
infected and when infections became detectable. Mature spores remained in fish held away from 
sources of reinfection for at  least 18 mo but, on transfer to sea,  spores were lost within 4 mo. A compar- 
ative study of fish aged l+  which had been exposed to infection m their first year with those which were 
naive indicated that previously exposed fish were subsequently refractory to reinfect~on, but that sus- 
ceptibility was not age  dependent.  
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INTRODUCTION 

There are few sequential studies of the epizootiology 
and seasonal dynamics of myxosporean infections 
(Brummer-Korvenkontio et al. 1991). Of these, the 
more detailed reports have described the epizootiol- 
ogy of economically important species infecting fish 
held under intensive culture conditions (Wyatt 1978, 
Ching & Munday 1983, Amandi et al. 1985, Foott & 
Hedrick 1987). It appears from such work that in tem- 
perate areas, especially in the freshwater environment, 
temperature is often a major factor influencing myx- 
osporean infections, with seasonal epizootics common 
(Mitchell 1977, Lom & Dykova 1992). Cultured fish 

represent ideal populations for study since they pro- 
vide a cohort which can be easily followed from hatch- 
ing and regularly sampled over a prolonged period. 

Myxosporean species of the genus Sphaerospora are 
of particular interest, since a number of species are sig- 
nificant pathogens. Detailed reports of the epizootiol- 
ogy of Sphaerospora spp. exist for S. renicola 
(Grupcheva et al. 1985, Odening et al. 1988a, Sed- 
laczek et al. 1990) and 2 species parasitic in Mediter- 
ranean sea bass Dicentrarchus labrax L.: S. testicularis 
and S. dicentrarchi (Sitja-Bobadilla & Alvarez-Pellitero 
1993). Data also exists on the epizootiology of the PKX 
myxosporean, the causative agent of proliferative kid- 
ney disease of salmonids, PKD (Ellis et al. 1985, Foott & 
Hedrick 1987, Odening et al. 1988b). A number of 
studies have postulated that this organism may be a 

0 Inter-Research 1996 
Resale o f  full article not permitted 



34 Dis Aquat Org 26: 33-41. 1996 

member of the genus Sphaerospora (Hedrick et al. 
1988, Kent et al. 1993). 

The present paper reports the findings of a 3 yr pro- 
gramme of epizootiological and experimental studies 
carried out at a number of Scottish fish farms produc- 
ing Atlantic salmon Salmo salar L. smolts. Fish at these 
sites become infected each year with Sphaerospora. 
The parasite, especially its extrasporogonic stage, is 
considered to be a significant pathogen by farmers and 
causes histopathological changes in the kidney (J. 
McGeorge, C. Sommerville & R. Wootten unpubl.). The 
morphology and ultrastructure of the development of 
this myxosporean were presented by McGeorge et al. 
(1994). The parasite has two distinct life cycle phases 
within the salmon host, an extrasporogonic stage in the 
blood and kidney interstitium which appears to be pro- 
liferative, and a sporogonic stage in the lumen of the 
kidney tubules which produces mature spores in dis- 
porous pseudoplasmodia. McGeorge et al. (1994) con- 
sidered that the salmon Sphaerospora sp. was proba- 
bly S. truttae (Fischer-Scherl et al. 1986), but cautioned 
against a definite identification. However, recent 
experimental studies have confirmed that the salmon 
parasite is S. truttae (McGeorge et al. 1996). 

MATERIALS AND METHODS 

Seasonal dynamics. Sampling programme: Two 
hatcheries producing Atlantic salmon smolts, farm A 
and farm B, were sampled from January 1991 to July 
1993. Farm A lies on the west coast of Scotland and 
produces only SIl2 smolts (i.e. 6 mo old) for transfer to 
sea in the autumn of their first year. Farm B is situated 
in the north of Scotland and, although mainly produc- 
ing S, Atlantic salmon smolts for spring transfer, also 
rears some SIl2 fish. Routine samples of 25 fish were 
taken on average every 3 wk from the single year class 
of fish present on site, from their hatching through to 
their transfer to sea as smolts. The same tank was fol- 
lowed, when possible, throughout this period at each 
farm. 

Fish from each sample were sacrificed within 24 h of 
return to the laboratory and examined by standardised 
procedure for the detection of myxosporean parasites 
(see McGeorge et al. 1994). 

Prevalence and intensity: Prevalence was calculated 
as the percentage of the total number of fish examined 
at a sampling date found to be infected with either 
(1) extrasporogonic, and/or (2) sporogonic stages of 
Sphaerospora truttae. 

Intensity of infection in each fish within the sample 
was calculated for extrasporogonic and sporogonic 
stages in a semi-quantitative manner. Intensity of 
extrasporogonic stages was scored from Giemsa 

Table 1. Scoring system for Intensity of extrasporogonic stage 

Intensity index Extrasporogonic stages 

l+ Detectable infection 
2+ 1 or less parasites per field 
3+ 1-2 parasites per field 
4+ 2-3 parasites per field 
5+ More than 3 parasites per field 

stained impression smears of the whole kidney. A scale 
of l +  to 5+ was devised according to the mean number 
of extrasporogonic stages per field from 40 viewing 
fields at x250 magnification (Table 1).  Category l +  
refers to slides where 40 fields yielded no parasites, but 
more detailed scanning of the entire slide showed the 
parasite to be present. 

Giemsa stained impression smears and histological 
slides were found to be unrepresentative of the num- 
ber of sporogonic stages that were seen in fresh kidney 
squash preparations. Intensity levels of sporogonic 
stages were therefore determined from fresh prepara- 
tions. However, intensity of infection was not simply 
related to the number of tubules infected, but also to 
the number of sporogonic stages in each infected 
tubule. Kidneys were therefore scored in terms of the 
proportion of total tubules from 40 random fields which 
contained sporogonic stages expressed on a scale of 1 
to 10 (10 being all tubules infected). This figure was 
then multiplied by an intensity factor of 1 to 5, to reflect 
the average number of sporogonic stages within each 
infected tubule. The resulting figure, ranging from 1 to 
50, was scaled down by a factor of 10 and rounded to 
the nearest whole number to give an intensity index of 
l +  to 5+ comparable with that for extrasporogonic 
stages. 

Mean intensity for a sample of fish from 1 sampling 
occasion was calculated as the sum of individual inten- 
sity indices divided by the number of infected fish in 
the sample. The degree of variation within a single 
sample was expressed by the range of intensity indices 
shown by the 25 fish within a single sample. 

Experimental studies. Exposure o f  fish to Sphaero- 
spora truttae infection: The relevant cohort of fish for 
each experiment was infected by exposing the fish 
in clean glass-fibre tanks at farms supplied with 
river water known to harbour the infective agent for S. 
truttae. 

Date o f  first infection and pre-patent period: For this 
experiment, farm A was used to establish when fish 
first became infected with Sphaerospora truttae, and to 
compare this date with the first detectable signs of 
infection in routine samples. Sampling for the experi- 
ment began in late April 1992, and was carried out 
coincidentally with the routine epidemiological sam- 
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pling programme as follows: in addition to the routine 
sample of 25 fish, a further 10 fish were obtained on 
each sampling date. Each group of 10 extra fish was 
retained separately in pathogen free water in the labo- 
ratory. When extrasporogonic stages were first 
detected by the examination of routine samples, 
retained hsh from all previous sampling dates were 
examined to determine whether they were infected. 

Period for which spores were present: This experi- 
ment was designed to determine how long mature 
Sphaerospora truttae spores remained in infected fish 
following the disappearance of extrasporogonic stages. 
Sampling at a third farm, farm C, established that 
salmon had been infected by extrasporogonic stages of 
S. truttae in their first summer (1991), and had con- 
tained mature spores by October that year at a preva- 
lence rate of 100%. Thirty of these fish were sampled 
in May 1992, prior to transfer to sea, and retained in 
pathogen free freshwater in the laboratory. Two fish 
were examined from this population each month until 
May 1993 and examined for the presence of extra- 
sporogonic and sporogonic stages of S. truttae. 

Effect on sporogonic stages o f  transfer to sea watec 
The final freshwater sample of fish from farm A In 
November 1991 was found to be infected with sporo- 
gonic stages of Sphaerospora truttae at a prevalence of 
90%. Following their transfer to marine rearing facili- 
ties in the same month (as SI l2  smolts), 10 fish from this 
cohort were sampled and examined at 4, 8, and 16 wk 
to determine the effects of sea transfer on spores and 
sporogonic stages. 

Sphaerospora infections of Atlantic salmon i n  their 
second yeac Three groups of fish were utilised to 
establish if fish previously exposed to Sphaerospora 
truttae could be reinfected and/or if fish age had an 
effect on whether infection occurred. 

Group 1, a reinfection group, were the 1991 cohort of 
potential S2 Atlantic salmon of age l+, from farm C; 
these fish were infected with Sphaerospora truttae at a 
100 5% prevalence, and high intensity during their first 
summer on site (August 1991). Two samples were 
taken from this group during the summer of 1992, their 
second summer exposed to infective waters on site 
(mid-July, 15 fish; mid-August, 12 fish) and examined 
to determine whether a second natural exposure to the 
infective agent for S. truttae led to the establishment of 
new infection. 

Group 2, a control group for group 1, consisted of O+ 
Atlantic salmon parr of the 1992 cohort of farm C, in 
their first summer on site, i.e. being exposed to infec- 
tive waters for the first time. Ten of these fish were 
sampled on the same dates in July and August 1992 as 
the fish of group 1, and examined in order to confirm 
that all fish on site were being exposed to infective 
stages of Sphaerospora truttae during the summer of 

1992. A third group of fish, group 3, consisted of poten- 
tial S, Atlantic salmon of age l +  with no history of S. 
truttae infection, since they had spent their first year on 
a specific pathogen free water supply. These were cho- 
sen to ensure that any differences seen between 
groups 1 and 2 were not simply due to an age effect 
(such as increased in~munocompetence) between O+ 
and l +  fish. Unfortunately, for husbandry reasons 
these fish could not be exposed at farm C .  They were 
therefore exposed at farm D, on the northwest coast of 
Scotland, a growing-on site known to be S. truttae- 
infected. Six fish were examined from this site in July 
1993, their second summer, but their first at a site infec- 
tive for S. truttae, to determine whether fish not previ- 
ously exposed to infection could become infected in 
their second year. 

RESULTS 

Seasonal dynamics 

The prevalence rate and mean intensity of infection 
of both extrasporogonic and sporogonic stages of 
Sphaerospora over time, for the 1991 and 1992 year 
classes of salmon at farms A and B, are given in Figs. 1 
to 4 .  Hatchery temperature data for both farms is 
shown in Fig. 5 .  

Extrasporogonic stages-prevalence. At both farms 
A and B it was clear that extrasporogonic stages 
occurred for only a restricted period each year (Figs. 1 
& 2). Although fish at both sites were transferred into 
river water in February/March each year, extrasporo- 
gonic stages were not evident until late June to mid- 
July each year at both farms. Actual sample dates for 
first detected infections are given in Table 2; the date 
of the previous, negative sample is provided in each 
instance. If these are taken into account, first infections 
could have been present in mid- to late June. 

The prevalence rate of extrasporogonic stages rose 
very rapidly from first detection, peaking each year in 
July and August. At farm A, peak prevalence reached 
80% and 100% in late July 1991 and early August 
1992 respectively. At farm B, prevalences were lower, 
especially in 1991, where prevalence peaked at only 
40% in late July. In 1992 peak prevalence was 65% in 
mid-July. 

Extrasporogonic stages were last detected in mid- 
September at farm A in both 1991 and 1992, but at 
farm B the latest sample in which they were found was 
that of mid- to late August (Table 2). Extrasporogonic 
stages were thus detectable in regular samples for 
around 8 to 12 wk at farm A in the 91/92 year class and 
both farms in the 92/93 year class, but only 3 to 4 wk in 
the 91/92 year class at farm B. 
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Extrasporogonic stages-intensity. Peak mean 
intensities of infection and  the greatest range of inten- 
sity in single samples at  both farms and in both years 
occurred in July and August, mirroring the peak 
prevalence rate within the population. 

Mean intensity at  farm A peaked at  around 3+ or 4+ 
in both cohorts studied, whereas at  farm B, this figure 
was between l +  and 2+ each year (Figs. 3 & 4 ) .  In 
terms of intensity range within each sample, the differ- 

Table 2. Salmo salar. Time for which extrasporogonic stages 
were present in 1991 and 1992 cohorts of Atlantlc salmon at 
farms A and B. Dates of the negative sample prior to the first 
positive sample are given, along with those of the first nega- 

tive sample following the last positive sample 

Farm Cohort Previous First Last First 
negative detection detection negative 

A 1991 15Jun'gl 27Jun'gl 19Sep'91 150ct'gl 
A 1992 17 Jun '92 09 Ju1'92 13 Sep '92 27 Sep '92 
B 1991 04 Ju1'91 18 Ju1'91 lSAug'91 25Sep '91 
B 1992 16 Jun '92 30 Jun '92 26 Aug '92 20 Sep '92 

ences between the 2 farm sites were even more 
notable; at  farm A, some fish carried the highest inten- 
sity levels (5+) in both years, whereas a t  farm B the 
most heavily infected fish attained an  intensity of only 
2+ or 3+. At both farms, even when the prevalence of 
infection in the population was as high a s  loo%, and 
mean intensity was high, range data indicated that 
some infected fish still harboured very low level infec- 
tions ( l + )  on almost all sampling dates. 

Sporogonic stages-prevalence. In the 1991 year 
classes at  both farms, sporogonic stages were only 
recorded in terms of the presence of mature spores, 
whereas in samples from the 1992 cohort of fish, pre- 
sporogonic pseudoplasmodia as well as mature 
spores were included. Sporogonic stages rapidly rose 
in prevalence from first detection, to reach a maxi- 
mum prevalence of above 90% in August or Septem- 
ber for each of the 2 year classes a t  both farms 
(Figs. 1 & 2). Prevalence of sporogonic stages in rou- 
tine samples then remained at or around this level 
until the fish were transferred to sea, in October/ 
November as S,,z smolts at  farm A, and in April as S, 
smolts at farm B. 
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Fig. 3.  Salmo salar Mean intensity and 
range data for extrasporogonic (U) and 
sporogonic ( W )  stages of Sphaerospora 
truttae from 2 separate year classes 
of Atlantic salmon at farm A; (1) 1991; 

(2) 1992 

Fig. 4 .  Salmo salar. Mean intensity and 
range data for extrasporogonic (o) and 
sporogonic (m) stages of Sphaerospora 
truttae from 2 separate year classes 
of Atlantic salmon at farm B; (1) 1991; 

(2) 1992 
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may stimulate release of the infective 
stage of the parasite from the wild 
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Sporogonic stages-intensity. Mean intensity val- 
ues for sporogonic stages at both farms reached maxi- 
mum levels in September or October each year, after 
which there appeared little or no further change in in- 
tensity until fish were transferred to sea cages (Figs. 3 
& 4 ) .  At farm A mean intensity levels and their range at 
a given sampling point were invariably higher than 
those at farm B. Again, as with extrasporogonic stages 
it was clear that even when prevalence and mean in- 
tensity were high within the cohort, some individuals 
carried relatively low level infections of l +  or 2+. 

Experimental studies 

Date of first infection and pre-patent period. The 
experiment to determine the date of first infection and 
pre-patent period, carried out in 1992, compared the 
first appearance of extrasporogonic stages in routine 
samples with fish retained from earlier sampling dates 
and maintained thereafter on pathogen free water. 
Although the first positive sample in 1992 from farm A 
was that taken on 9 July 1992, the retained sample 
immediately prior to that which produced the first pos- 
itive, that of 24 June 1992, was found to be infected at  
a prevalence of 80% (8 out of 10 fish) when examined. 
Fish from all other previous samples were uninfected. 
Therefore there appeared to be a period of some 2 to 
4 wk between when fish became infected and when 
that infection reached a detectable level or became 
detectable with the techniques used. 

Period for which spores were present. The fish from 
the 1991 cohort at farm C, held on infection free waters 
from May 1992 onwards, were found to retain spores 
until May 1993 when they were last examined. The 
prevalence within these fish remained at 100 % 
throughout this time, durlng which the intensity of 
infection appeared to be constant, evaluated on a sub- 
jective basis. 

Effect on sporogonic stages of transfer to sea water. 
Four weeks after their transfer to sea water in Novem- 
ber 1991, the cohort at farm A, being studied to deter- 
mine the effects of host transfer to sea, retained a 
100% prevalence rate of sporogonic stages (10/10 f ~ s h )  
and no apparent changes were seen in spore and pre- 
spore stage structure. However, after 2 mo at sea, in 
early February 1992, the prevalence had declined to 
60% (6/10 fish), and the mean intensity of infection 
and its range had also dropped markedly from 3+ (2+ 
to 5+) to 2+ ( l +  to 3+). Fresh smear and histological 
observations indicated that only mature spores 
remained in infected tubules, differentiating pseudo- 
plasmodia being absent. These spores appeared par- 
ticularly 'compact' and were no longer retained within 
pseudoplasmodia attached to the inner wall of the 

tubule, but were loose in the tubular lumen. In April 
1992, after 4 mo in sea water, sporogonic stages and 
mature spores were absent (O/f fish). 

Sphaerospora infections of salmon in their second 
year. The study of S. truttae infections of salmon in 
their second year found that the fish of group 1, the 
1991 cohort at farm C, whlch had suffered 100% 
prevalence of infection by extrasporogonic stages in 
summer 1991, were not infected with extrasporogonic 
stages during July (0/15 fish) and August (0/12 fish) 
1992. These fish did contain large numbers of mature 
spores on both dates but these were considered to 
result from their infection as O+ fish in summer 1991. 
Group 2, the previously unexposed 0+ 1992 cohort of 
salmon in their first year on the same water supply as 
group 1, were infected at 100% prevalence by 
extrasporogonic stages on both sampling dates. 

Group 3, naive l +  fish exposed at farm D, were suc- 
cessfully infected at  age l+ in the summer of 1993 with 
extrasporogonic stages (5 of 6 fish). One fish was 
infected at very high intensity (5+), the other 4 at a 
mean of 2.25 (range l +  to 4+) .  

DISCUSSION 

Prevalence and intensity data 

Although the mean intensity differed between farms 
A and B, the prevalence of Sphaerospora truttae sporo- 
gonic stages reached 100% each year at both. How- 
ever, the prevalence for extrasporogonic stages often 
peaked at a lower figure; in only l instance (1992, farm 
A) did the extrasporogonic stage prevalence reach a 
level of loo%, whilst at farm B, especially in the 1991 
cohort, extrasporogonic stage prevalence was much 
lower. Of course, all of these fish must have harboured 
extrasporogonic stages at some point, since they all 
subsequently contained sporogonic stages. This might 
in part be explained by the difficulties of detecting low 
intensity levels of myxosporean infection, such as 
those found at farm B. This is illustrated by the pres- 
ence of a pre-patent period when the parasite cannot 
be detected in the present study and has also been 
more generally acknowledged (Mitchell 1977, Lom & 
Dykova 1992). Another factor may be that extrasporo- 
gonic stages peak in prevalence rapidly and over a 
short period of time in the host population. 

In most Sphaerospora spp. in which extrasporogonic 
stages have been demonstrated they precede the 
appearance of sporogonic stages, are only present for 
a short period of time and do not persist following 
sporogony (Foott & Hedrick 1987, Hedrick et al. 1988, 
1990, Sedlaczek et al. 1990). This pattern is also 
shown by S. truttae. However, the C-blood stages of 
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S ,  renicola may be present for long periods after 
sporogony has been completed (Grupcheva et al. 
1985, Molnar 1988, Odening et al. 1988a). Odening et 
al. (1988a) reported 2 types of seasonal variation in S. 
renicola, and suggested that seasonal changes in 
prevalence of both extrasporogonic and sporogonic 
stages may be due to internal rhythms inherent in the 
parasites themselves rather than because of declining 
infection or reinfection. 

The rapid rise in prevalence of sporogonic stages 
within the fish cohorts might indicate that some stimu- 
lus causes extrasporogonic stages to become sporogo- 
nic synchronously, or alternatively that some endoge- 
nous parasite rhythm is responsible. The window for 
which extrasporogonic stages are present seems to 
correlate closely with the time for which temperatures 
remain above 11 to 12°C (Fig. 5), so it could be that a 
fall below 12°C at this time is responsible. 

Prevalence and intensity of sporogonic stages re- 
mained at very similar levels at both farms from late 
September, when mature spores were first found, until 
the fish were put to sea. As there are no extrasporogo- 
nic stages in the fish from September onwards, no addi- 
tional early sporogonic forms are being produced by 
extrasporogonic stages to establish in the kidney 
tubules to maintain this constancy. Although there is no 
evidence from this study, it could be that a further, pre- 
sporogonic, rather than extrasporogonic, proliferative 
process may occur involving existing sporogonic 
stages present in the kidney tubules. The possibilty that 
a hitherto unknown reservoir phase may exist has been 
suggested for Sphaerospora renicola (Odening et al. 
1988a). Alternatively, perhaps spores are simply not re- 
leased, or released only very slowly within the period of 
time that S,,, or S, cultured fish spend in freshwater. 
Certainly, the retained S? fish from farm C, held in non 
infective waters from late summer 1992, still contained 
mature spores and pre-sporogonic stages in summer 
1993. Spores must have been initially formed in these 
fish in autumn 1991, i.e. 20 mo previously. Fischer- 
Scherl (pers. comm. 1992) found that brown trout iso- 
lated from any possible source of reinfection main- 
tained spores of S. truttae for at  least 3 yr, whilst 
Grupcheva et al. (1985) found that sporogonic stages 
remained in carp infected with S. renicola for 3 yr. In 
rainbow trout harbouring both PKX and Sphaerospora 
sp. spores in Germany, Odening et  al. (1988b) reported 
low levels of spore release on an irregular and intermit- 
tent basis from November of their first year of infection. 

Timing of development 

The present study demonstrated that a pre-patent 
period of 15 to 28 d existed between the point at  

which salmon became infected with Sphaer-ospora 
truttae and the point at which infections became 
detectable in the population. Periods of 40 d and 25 d 
have been recorded for Myxobolus cerebralis and 
PKX respectively (Clifton-Hadley & Feist 1989, El- 
Matbouli et al. 1992). It could be that during this 
period the parasite is present at such a low intensity 
that its detection is not possible using the techniques 
employed, or that it has a developmental stage in 
another location in the fish, such as that recently 
demonstrated for the earliest stages of M. cerebralis in 
the central nervous system, skin and gills of rainbow 
trout (El-Matbouli et al. 1995). 

If we include the pre-patent period, extrasporogonic 
stages of Sphaerospora truttae are present from mid- 
May to late September (16 to 18 wk) at  maximum. 
Sporogonic stages first appeared 17 to 31 d later, fol- 
lowed by the first mature spores at 48 to 80 d.  Foott & 
Hedrick (1987) found the first sporogonic stages of 
PKX around 30 d after the appearance of extrasporo- 
gonic stages in a study carried out in the USA, whilst in 
a study in the UK, Clifton-Hadley & Feist (1989) found 
first sporogonic stages of PKX at 63 d with first 'spores' 
after 98 d.  Odening et al. (1988b) however found no 
seasonal patterns for PKX and Sphaerospora sp. spores 
in studies of infection in rainbow trout. 

Extrasporogonic stages first became detectable in 
each fish cohort between the end of June and mid- 
July each year. Allowing for the pre-patent period, 
infections at all farms could not occur until May at the 
very earliest, despite the fish having been exposed to 
river water since January/February. The fact that the 
prevalence of extrasporogonic stages rose rapidly 
thereafter in all cohorts suggests that all fish within 
the year class became infected at a similar time. Such 
initial synchronous waves of infection have been 
shown similarly for Ceratomyxa shasta (Ching & 
Munday 1983), Myxobolus cerebralis (Shulman 1966) 
and PKX (Foott & Hedrick 1987), and must be reflec- 
tive of a synchronous release of (presumably) mature 
actinosporean spores from oligochaete alternate hosts, 
stimulated by a suitable environmental or endoge- 
nous trigger in or around May. One possible stimulus 
could be a rise in temperature. Each year, the first 
signs of infection appear closely related to the point 
when water temperatures rise above -11°C at both 
farms, particularly farm B. 

Differences between farms 

The mean intensity of infection with Sphaerospora 
truttae and its range within the population at any time 
was much higher at farm A than at farm B. A positive 
correlation between actinosporean dose and infection 
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level has been demonstrated for Myxobolus cerebralis 
(Markiw 1986) and, in terms of exposure time to 
infective waters, for Myxobolus pavlovskii (Molnar 
1979b). Differences in mean intensity may therefore 
reflect a difference in the numbers of infective stages 
of the parasite entering the farm and reaching the 
fish. These could result from differences in abun- 
dance or ecology and infection level of either host in 
the wild, or management factors within the farm, 
which in turn may influence the immunocompetence 
of the fish and their ability to resist infection. Farm B 
mixes river water with water from a small stream with 
very few wild fish, which may also mitigate against 
high infections. Stocked fish strain may affect suscep- 
tibility to infection, since the 2 farms stock salmon 
from different egg producers. There is much evidence 
of stock strain variations in susceptibility to myx- 
osporean infection within single host species, espe- 
cially amongst salmonids infected with Ceratomyxa 
shasta (Zinn et al. 1977, Johnson et al. 1979, Hem- 
mingsen et al. 1986) and PKX (Ellis et al. 1985). Per- 
haps local differences in environmental conditions at  
each farm could be responsible. A lower average 
water temperature might cause a shorter release of 
infective stages, for example, leading to a shorter win- 
dow in which extrasporogonic stages are present. At 
farm A, water temperatures at or above 11 to 12OC 
occurred for around 6 mo in the summers of both 1991 
and 1992, whilst at farm B equivalent temperatures 
were attained for only 3 to 3.5 mo (Fig. 5 ) .  Lower tem- 
peratures might also mean that at farm B extrasporo- 
gonic cycles continue for a shorter period than at 
farm A and thus lower intensities of infection are 
established. 

It might be assumed that any fish infected by Sphae- 
rospora truttae would go on to attain a high intensity of 
infection due to the proliferative cycling of extrasporo- 
gonic stages, but this is not the case. In some other spe- 
cies of Sphaerospora (Molnar 1979a) fish are either 
uninfected or infected at very high levels, which can 
be attributed to the presence of an effective 
extrasporogonic proliferation. But even when the 
mean intensity of infection was high, many salmon in 
the present study carried low level infections. The pro- 
liferative nature of the extrasporogonic stages must 
therefore in some way be mediated by other factors. 
Perhaps extrasporogonic primary cells can undergo 
only a finite number of cycles prior to all released cells 
becoming sporogonic. Alternatively, perhaps such 
stages cycle for a limited period of time in the fish or 
between certain temperature limits, until a tempera- 
ture or other cue initiates sporogony. Whatever the 
cause, the length of time for which extrasporogonic 
stages are present in the population each year is 
limited. 

Sea water effects 

Spores and sporogonic stages were completely lost 
from the kidney tubules of salmon in sea water within 
4 mo. No fish were subsequently brought back onto 
freshwater to see whether sporogony could recom- 
mence as it does in Myxidium salvelini (Higgins et al. 
1993). Although this cannot be ruled out, it seems 
unlikely, since in M. salvelini pre-sporogonic plas- 
modial stages remained dormant in the kidney 
tubules and later resumed their development on 
return of the host to freshwater. In Sphaerospora trut- 
tae these stages were the first to be lost in sea water. 
There are no records of Sphaerospora sp. in the kid- 
neys of adult Atlantic salmon returning from sea 
water, although S.  oncorhynchi spores can be found 
in adult Pacific salmon returning to freshwater (Kent 
et al. 1993). 

Reinfection studies 

Salmon previously exposed to Sphaerospora truttae 
appear to be refractory to future reinfection. They do, 
however retain mature and developing spores result- 
ing from their initial infection the previous summer. 
This is very similar to the situation seen in fish which 
recover from PKX infection (Ferguson & Ball 1979, 
Foott & Hedrick 1987) and whirling disease caused by 
Myxobolus cerebralis (Hoffmann et al. 1992). 

That resistance to Sphaerospora truttae was 
acquired as a result of exposure to infection, rather 
than simply due to factors associated with increasing 
fish age and size was shown by the group 3 fish from 
farm D, not previously exposed to Sphaerospora, 
which suffered high levels of infection with 
extrasporogonic stages at age l+ in the summer of 
1993 when moved to an infected site. Odening et al. 
(1989) showed similarly that previously naive 1 yr old 
carp were susceptible to S. renicola. The mechanisms 
of resistance to myxosporean infections merit further 
study, especially when one considers the pathogenicity 
of many such infections. 

It would seem reasonable to propose that in epizooti- 
ological terms Sphaerospora truttae has evolved a life 
cycle in the same manner as that of Myxobolus cere- 
bralis and PKX, that is timed to result in the maximal 
infection of O+ fish in the summer of each year, i.e. a 
time at which naive hosts are at their most abundant in 
the environment. 
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