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ABSTRACT: The histological location, morphological fedtures and ultrastructural characters of the 
sporulation of the parasite causing Marteiliasis affecting cultured mussels in Galicia fit the charac- 
teristics defined for the type species Marteilia relringens The early stages of the infection are  confined 
to the host stomach epithelium. The spreading of the parasites through the host digestive diverticula 
involves a n  exponential increase in the number of parasites as the infection progresses, suggesting the 
occurrence of merogony, in addition to the well known sporulation. The infection usually triggers a host 
hemocytic reaction that may slow down or even stop the infection at  times. The study of 5 zones of 
culture disclosed great spatial variability in the prevalence of Marteiliasis on mussels throughout the 
bays of Galicia, including a n  area in which no infection was detected. The culture zones located within 
the bays showed higher prevalences than those located outside. There was no significant difference in 
the intensity of the infections among the affected zones Sporulation occurred throughout the year 
Several peaks of both prevalence and occurrence of heavy ~nfections took place every year. 
Considering the areas affected by Marteiliasis, the higher the prevalence of the infect~on the higher the 
mortality. In some of the studied zones, mortality was significant for the mussel farming industry. 

INTRODUCTION 

Farming of mussels Mytilus galloprov~ncialis in 
the bays of Galicia (NW Spain) is a very important 
industry for the region. Around 150 000 t (wet wt) a re  
produced annually. The techniques and strategies of 
mussel culture used in this region have been described 
by Perez-Camacho et al. (1991). The disease arising 
from the infection by a Marteilia-like parasite can 
be considered the most troublesome among those 
detected in cultured mussels of this region (authors' 
unpubl. data),  because of the well known association 
of some Marteilia species with massive mortalities of 

their bivalve host populations (Alderman 1979, Wolf 
1979). 

The genus Marteilia and its type species M. refrin- 
gens were proposed by Grizel et  al. (1974) for a proti- 
stan parasite of flat oysters Ostrea edulis affected by 
'digestive gland disease' (Comps 1970). Subsequently, 
several bivalve species infected by parasites of this 
genus have been reported (Table 1). The epizootiology 
and temporal cycles of the infections caused by M. 
refringens and M. sydneyi in populations of Ostrea 
edulis in France and Crassostrea commercialis in 
Australia, respectively, have been documented 
(Balouet e t  al. 1979, Wolf 1979, Grizel 1985). The ultra- 
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Parasite Host First citation 

M. refringens Ostrea edulis Grizel et al. (1974) 
Mytilus edulis Tige & Rabouin (1976) 
Crassostrea gigas Cahour (1979) 
M. galloprovincialis Comps & Joly (1980) 
0 .  chilensis Grizel et al. (1983) 
0 .  angasi Bougner et al. (1986) 

M. sydneyi Crassostrea commercialis Perkins & Wolf (1976) 
C. echinata? Wolf (1979) 

M. lengehi Crassostrea cucullata Comps (1976) 

M. ma urini Mytilus galloprovincialis Comps et al. (1982) 
M. edulis Auffret & Poder (1985) 

M. christenseni Scrobicularia piperata Comps (1985) 

Marteilia sp. Cerastoderma edule Comps et al. (1975) 
Mytilus edulis Comps et al. (1975) 
Venerupis pullastra Poder et al. (1983) 
V. rhomboides Poder et al. (1983) 
Modiolus modiolus Auffret & Poder (1985) 

Table 1. Bivalve mollusc hosts of Marteilia spp. (ca 2 cm in length) from natural recruitment 
on coastal rocks, was tied on ropes hung from 
the rafts, between late February and May 
1988 (date depending on site). The seed used 
in Zones 2 and 3 came from the same batch. 
Seed sources were different for the other 3 
zones. Thinning out the culture ropes and 
transferring mussels onto new ropes was car- 
ried out in the period August-September 
1988. The raft initially chosen at  Vigo Bay 
had to be abandoned after 7 mo. Thus an- 
other experimental culture was started in 
Zone 1 when culture ropes were thinned. 
Cultures were terminated when market size 
(around 7 cm in the longest axis) was ex- 
ceeded in each zone, between August and 
September 1989. 

Samples of 30 mussels were taken monthly 
from each experimental site. An approxirna- 
tely 5 mm thick section of meat containing 
gills and visceral mass was excised from 
every sampled specimen, fixed in Davidson's 

structure of the sporulation of both species of Marteilia solution and embedded; 6 pm thick sections were 
has been described (Perkins 1976, Perkins & Wolf stained with Harris' hematoxylin and eosin (H&E) and 
1976). Based on the characteristics of the sporogonia, examined under light microscopy for disease diagno- 
this genus is included in the phylum Paramyxea sis. In addition, some infected mussels were processed 
(Desportes & Perkins 1990). for electron microscopy: small fragments of digestive 

Gutierrez (1977a, b) reported the occurrence of gland were fixed in 2.5 % glutaraldehyde in 0.2 M 
Marteilia refringens in oysters and mussels cultivated sodium cacodylate buffer, pH 7.8 for 2 h at 4 "C, 
in the bays of Galicia, based on light rnicroscopy obser- washed in the same buffer and postfixed in buffered 
vations. Subsequently Comps et al. (1982) described 2 % OsO, for 2 h at 4 "C. After dehydration in an etha- 
the new species Marteilia maurini, with Mytilus gallo- no1 series, the material was embedded in Epon, sectio- 
provincialisas type host, based on host specificity and ned, double stained with uranyl acetate and lead 
ultrastructural features. Thus, the specific identity of citrate, and observed in a JEOL 100 CXII transmission 
the parasite causing Marteiliasis in mussels cultivated electron microscope operated at 60 kV. 
in Galicia became controversial (Figueras et al. 1991). Rating of infection intensity. Each sampled mussel 

The objectives of this study were to determine the was rated according to the degree of proliferation of 
identity of the Marteilia-like parasite affecting the 
mussel Myfjlus galloprovincialis of Galicia; to under- 
stand the phases of progression of the infection in mus- 
sel tissues; to evaluate the prevalence and intensity of 
the infection and its temporal cycle in different zones 
of mussel culture in the region; and to assess whether 
this disease is a serious threat to the mussel farming 
industry. 

MATERIALS AND METHODS 

Experimental cultures and sampling of mussels. 
Experimental cultures were established in floating 
rafts in 5 zones of mussel cultivation (Fig. l ) ,  following 
the local practices (P'rez-Camacho et Fig, 1. Location o f  the experimental cultures (,) in the bays of 
The rafts used for the experiments were ~imulta-  Galicia. Zone 1 is located in Vigo Bay, Zones 2 & 3 in Arousa 
neously used for commercial cultivation. Mussel seed Bay, Zone 4 in Muros Bay and Zone 5 in Ares-Betanzos Bay 
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the Mai-teilia-like parasite, using a scale based on the 
intensity of infection: 
- Uninfected: no parasite detected. Intensity = 0. 
- Light infection: the parasites were confined to the 

stomach epithelium. Intensity = 1. 
- Moderate infection: just a few digestive tubules 

(DT) were infected (less than 10 % of the DT vlsible 
in a histological section). 1ntc.nsity = 2. 

- Heavy infection: three different intensity degrees 
were considered in this category, according to the 
percentage of infected digestive tubules (PlDT): 
Intensity = 3 when 10 ' '<> < PlDT < 50 %I; Intensity = 4 
when 50 % < PIDT < 90 %; and Intensity = 5 when 
PlDT > 90 %. 
Each mussel was scored by examining a single histo- 

logical section. The PIDT was estimated by counting 
infected and uninfected DT in each of l 0  randomly sel- 
ected microscope fields, at 400X, and then calculating 
the mean value. A test was made to compare intensity 
rates estimated from different digestive gland areas of 
mussels (n = 104) mussels coining from the most infec- 
ted experimental site (Zone 3) were used in this trial. 
The whole digestive gland of each mussel was trans- 
versely sectioned Into 3 fragments (anterior, interine- 
diate and posterior) that were processed for histology; 
a histological section of each of the 3 digestive gland 
levels per mussel was examined for intensity rating A 
G-test for independence (Sokal & Rohlf 1981) showed 
that the differences between intensity rates estimated 
from the different levels of the digestive gland were 
not significant (Table 2).  In mussels with heavy infec- 
tions, a 2-way ANOVA test was performed to compare 
the PIDT values obtained from the 3 digestive gland 
levels of each mussel, using a randomized complete 
blocks design (Steel & Torrie 1980). Mussels were con- 
sidered as blocks. Ten observations (10 microscope 
fields) were made per treatment per block. The PIDT 
values were arcsine transformed to normalize the data.  
Differences due  to digestive gland levels were not sig- 
nificant (Table 3).  

The relatlve occurrence of each of 3 different stages 
of the parasite was also estimated for each mussel with 

Table 2. Mytjlus galloprovincialis infected by Marteilia 
I-efringens. Results of a G-test to determine whether estimates 
of lntenslty of infection differ according to the level of mussel 
digestive gland from w h ~ c h  they are obtained. n = 104, 

df = 10, G = 3.17, p > 0.975 

Digestive gland Infection intensity categories 
level 0 1 2 3 4 5 

- 

Anterior 63 27 6 1 4 3 
Intermediate 61 29 4 3 3 4 
Posterior 61 28 7 3 2 3 

Table 3 Mytil~ls galloprovincialis infected by Martellia 
refringens Results of the ANOVA by ~andomized  complete 
blocks design to compare thc- es t~mates  of pertcntage of in- 
fected digestive tubules obtalned from 3 different levels of 

nlussel d iges t~ve gland ns p > 0 05 

Iligestive gland levels 2 0.501 0.831 ns 
Blocks 7 3.543 
Experimental error 14 0.603 
Sampllng error 216 0 122 
Total 239 

a moderate or heavy infection. The stages considered 
were 'pseudoplasmodia' including only secondary 
cells (early stages of sporulation, ES); 'pseudoplasmo- 
dia' with secondary cells which included spore primor- 
dia (intermediate stages of sporulation, IS); and 'pseu- 
doplasmodia' with refnngent granules inside the 
secondary cells (advanced stages of sporulation, AS). 
The percentages of parasites corresponding to each 
stage (PES, PIS, and PAS, respectively) were calcula- 
ted from each of 10 randomly selected infected DT of 
an  histological section, and a mean value was obtained 
for each stage. Only sections of infected DT with a visi- 
ble lumen were examined. Likewise, the mean number 
of parasites per section of infected digestive tubule 
(MNPIDT) was estimated from the same selected DT. 

Rating of host hemocytic reaction. Each sampled 
mussel \vas scored using arbitrary scales for both 
intensity of hemocytic infiltration of tissues and sprea- 
ding of granulocytomas, by examination of a single 
histological section. Both scales ranged from 0 (no infil- 
tration and no granulocytoma, respectively) to 3 (heavy 
hemocytic infiltration and granulocytomas widespread 
throughout the digestive gland, respectively), with the 
scores 1 and 2 as intermediate levels. 

Estimation of mortality. For this purpose, and to 
avoid losses by predation, a batch of 1000 mussels from 
each expenmental culture was placed into circular pla- 
stic trays (100 mussels per tray), which were stacked 
and hung from the rafts. Because of accidental losses of 
the trays (storms or theft), recording of mortality could 
not be started until late November 1988 at Zones 1, 2, 
3 and 4, and late January 1989 at  Zone 5. Live and  
dead mussels were counted each time when sampling 
for histology. The death rates calculated for the periods 
between sampling dates were used to estimate cumu- 
lative mortality percentages. 

Statistical analysis. Spearman rank correlation coef- 
ficients between PIDT and each of the following varia- 
bles: MNPIDT, PES, PIS, and PAS, were calculated 
using SOLO statistical software. Association of inten- 
sity of infection with intensity of hemocytic infiltration 
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on the one hand, and with degree of spreading of gra- 
nulocytomas on the other hand, was assessed by G- 
tests of independence (Sokal & Rohlf 1981). The diffe- 
rences in parasite prevalence, intensity of infection 
and mussel mortality among the culture zones were 
analyzed by G-tests of independence with contingency 
tables. For prevalence comparisons, the contingency 
table columns were the numbers of infected and unin- 
fected mussels; for infection intensity comparisons one 
column was the sum of the number of moderate and 
heavy infections and the other column was the number 
of light infections; for mortality compansons, the 
columns were the number of live and dead mussels in 
the trays, after 9 mo in the trays. Table rows were the 
culture zones. 

RESULTS 

Description of the parasite 

The different stages characterizing the life cycle of 
the genus Marteilia were found in histological sections 
of the mussels (Figs. 2 to 11). Early stages consisted of 
multinucleate, spheric to elongated cells, up to 12 pm 
in length (Figs. 2 & 3).  The sporulation process yielded 
'pseudoplasmodia' (primary cells) up to 25 pm long, 
enclosing 8 sporonts (secondary cells). Each sporont 
(ca 12 pm in diameter) enclosed 4 spores (tertiary 
cells). As spores developed, 3 to 7 highly refringent 
bodies within the sporonts became prominent. 

Ultrastructurally, the primary cells were delimited by 
a plasmalemma. The cytoplasm contained numerous 
ribosomes and large multivesicular bodies. Free vermi- 
form or oblate haplosporosomes, 30 to 60 nm in diame- 
ter and up to 600 nm long were found in the cytoplasm. 
Primary cells also contained striated inclusions 0.5 to 
5 pm long consisting of membranes of endoplasmic 
reticulum (ER) cisternae alternating with electron- 
dense zones in periodic array (23.5 nm periodicity). A 
small number of vesicular mitochondria containing few 
cnstae were also observed (Fig. 8). 

Initially, the sporonts (sporont primordia at that 
moment) were delimited by 2 pa.ralle1 membranes. The 
cytoplasm lacked multivesicular bodies, haplosporo- 
somes and striated inclusions; only mitochondria, ER 

cisternae and numerous ribosomes were included. As 
sporulation progressed, a wall 23 to 60 nm thick was 
formed around each developing sporont. The cyto- 
plasm became progressively vacuolated, and included 
polymorphic inclusion bodies 2 to 6 Fm long. These 
inclusion bodies corresponded to the refringent bodies 
observed under light microscopy (Fig. 9) .  

Spores were spheroidal with greatest diameter 3.5 to 
5.0 pm. The protoplasm of each spore consisted of 3 
uninucleate sporoplasms of graded sizes, one within 
the other (Fig. 10). The outermost sporoplasm con- 
tained haplosporosomes. These haplosporosomes were 
mostly spheroidal to oblate, some of them elongated, 
92 to 312 nm long and diameters of 40 to 150 nm. Other 
cytoplasmic organelles were vesicular mitochondria, 
vesicles, ER, and ribosomes. As spores matured, the 
number of haplosporosomes increased and the occur- 
rence of other organelles was progressively reduced. A 
wall 22 to 30 nm thick was formed around the outer- 
most sporoplasm. A layer of concentric membranes up 
to 215 nm thick was observed surrounding the wall of 
some mature spores (Fig. 11). The intermediate sporo- 
plasm lacked haplosporosomes similar to those of the 
outermost sporoplasm, but included flattened, vermi- 
form, double membrane-limited vesicles 180 to 637 nm 
long and 23 to 50 nm diameter, with enlarged ends. In 
addition, vesicular mitochondria, ER vesicles and 
numerous free ribosomes occurred in the cytoplasm. 
The innermost sporoplasm included only 1 nucleus, 
1 to 2 mitochondria and a high density of ribosomes. 

Occasionally, either sporulated or presporulated 
forms of a microsporidian-like hyperparasite were 
observed inside the Marteilia-like parasite, under light 
microscopy (Fig. 6). The hyperparasite was not de- 
tected in any ul.trathin section. 

Progression of the infection in the host 

The vegetative stages were initially seen in the api- 
cal border of the stomach epithelium, at the earliest 
stage of the disease (Figs. 2 & 3). The infection then 
spread through the epithelia of digestive diverticula 
(Figs. 4 & 5) .  Sporulation took place mostly in the 
epithelia of digestive tubules, also in ducts, and very 
rarely in the stomach epithelium. Sporonts enclosing 

b 
Figs. 2 to 7. Marteiiia refringensinfecting Mytilus galloprovincial~s. LM, H&E staining. F i g E a r l y  stages of the parasite (arrows) 
In the apical border of the stomach epithelium (*) of the host L Lumen of the stomach. X500. Flg. Deta~l  of early stages of the 
parasite in the aplcal border of the stomach epithelium (*). L. Lumen of the stomach. X 1250. W. Numerous parasites (arrows) 
in the epithelium of digestive tubules of the host at  a widespread stage of the infection. L: Lumen of digestive tubules. x500. 
Fig. Detail of a digestive tubule of the host with advanced stages (arrows) and early stages (arrow heads) of sporulation of the 
parasite. L: Lumen of the tubule. X1250. Fig. 6. Detail of a digestive tubule of the host with early (arrow head) and ad- 
vanced (arrow) stages of sporulation of PI. refringens and a pseudoplasmodia of M. refringens containing hyperparasite cells 
(double arrow) L: Lumen of the tubule. x 1250. Flg. Heavy hemocytic infiltration of an area of the digestive gland of the host 

infected by the paraslte (arrows). The outline of a destroyed d~gestive tubule (*) can be observed. X500 
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F ~ g s  8 to 11 Marte~ha refr~ngens lnfectlng Mytilus gdlloprovincialis EM Fig Early stage of M. refringens. C,: Primary cell; NI: 
nucleus of the pnmary cell, N2: nucleus of a secondary cell, HC cell of the host x8000 Flg 'Pseudoplasrnodia' of M ,  refrin- 
gens Three sporonts [Cz) are observed inslde the primary cell (C,) Spores (S) are Included inside the sporonts. Polymorphic in- 
clus~on bod~es [arrows) can be observed In the vacuolated cytopldsm of the sporonts. 'n5000. Fig, 10. Maturing spore of the para- 
site in whlch outermost sporoplasm (So), ~n te rmed~ate  sporoplasm (SI) and nucleus (NI of the innermost sporoplasm are visible. 
H Haplosporosomes, HC cell of the host X 2 0  000 Fig. 11 .  Mature spore (S) of the parasite showing a layer of concentric 

membranes (arrows) around wall RG. Polymorph~c ~ncluslon body [refr~ngent granule). X15 000 

mature spores were released to digestive lumina, and 
even partially filled the lumlna of the stomach and the 
intestine in some cases of heavy infection. A vanable 
number of vegetative stages was always seen in the 
stomach epithelium of Infected mussels. 

Fig. 12 shows the relationship among the variables 
typifying the pattern of progression of the infect~on. 
The progression was quantified by the PIDT. The 
MNPIDT became higher as the infection spread. The 
PAS tended to increase steadily as the PIDT ~ncreased. 
The PES decreased as the lnfectlon progressed, but 

never reached zero, and even when the PIDT reached 
the highest values, the PES was around 30 %. The PIS 
increased dunng the early steps of progression, and 
plateaued when the PIDT reached 20 to 40 ?h. 

The host reaction consisted of hemocytic infiltration 
of the connective tissue in the digestive gland as well 
as the epithelia of the stomach and digestive diverti- 
cula. This reaction occasionally resulted in focal, mas- 
sive concentrations of hemocytes (granulocytomas) 
involving the destruction of both the parasites and the 
host tissues included in those foci (Fig. 7). G-tests 
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Fig 12 Mytilus galloprovincial~s infected by Maiteilia r e f r~n-  
gens Vanat~on of the mean no of parasites per sect~on of 
Infected digestlve tubule (MNPIDT), and the percentage of 
the early, intermediate and advanced stages of sporulatlon 
(PES PIS and PAS respectively) as the infection progresses 
The progression IS quantified by the percentage of infected 
digestlve tubules [PIDT) PIDTs are grouped in 5 classes 
Class marks are  the highest values of each class Height of 
bars represents the mean value (with standard error) of each 
varlable corresponding to every cldqs of PIDT Sample s u e  
was 98 mussels Numbers at  the upper part of each graphic 
are the values of the Spearman rank correlation coefficients 
between PIDT and each respective variable Level of 
significance of the correlation coefficients ' 0  05 > p > 0 01, 

" ' p < O 0 0 1  

showed that both the intensity of hemocytic infiltration 
and the degree of spreading of granulocytomas were 
significantly associated with the occurrence of the 
infection. Differences in the spreading of granulocyto- 
mas between infected mussels with different infection 
intensities were not significant. However, there were 
some significant differences in hemocytic infiltration 
between infected mussels with different infection 
intensities (Tables 4 & 5, Fig. 13). 

HEMOCYTIC INFILTRATION 
CATEGORIES: 

CATEGORIES OF INFECTION INTENSITY 

GRANULOCYT. SPREADING 
CATEGORIES: 

V m 
0 1 2 3 4 5  

CATEGORIES OF INFECTION INTENSITY 

Flg 13 Mj~tilus galloprovincialls infected by Marteilia I-efrin- 
gens. (A) Distribution of mussels according to intensity of he- 
mocytic infiltration and intensity of infect~on PMCHI. Percen- 
tage of mussels in each category of hemocytlc infiltration. (B)  
Distribution of mussels according to the spreading 
of granulocytomas and intensity of infection. PMCSG. 
Percentage of mussels In each category of spreading of 

granulocytomas 

Spatial and temporal patterns of the infection 

Fig. 14 shows the prevalence and distribution of 
categories of infection intensity throughout the culture 
period, in the four zones affected by the disease. No 
infected mussel was found in samples from Zone 4 .  
The earliest histological evidence of infection was 
detected in Zones 2 and 3, during the fourth month 
after introducing the mussel seed. Light and  heavy 
infections (the latter involving sporulation) were 
detected throughout the year in Zones 1, 2 and 3. 
Several peaks of both prevalence and occurrence of 
heavy infections were recorded each year. However, at  
Zone 5 the infection was only detected in a few 
monthly samples during the second year of culture, 
with very low prevalences. Both the prevalence and 
the infection intensity were higher during the second 
year of culture except in Zone 1. 
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Table 4. Mytilus galloprovincialis infected by Marteilia refringens. Results of G-tests for Independence to determine whether 
numbers of mussels in each category of intensity of hemocytic infiltration differ according to intensity of infection. Table shows 
G-values and sample sizes (n) corresponding to the comparisons between each pair of categories of infection intensity; df = 3 in 

every case 

Infection intensity Infection intensity category 
category 0 1 2 3 4 

ns: p > 0.05, '0.05 > p  > 0.01, "0.01 > p  > 0.001, "'p < 0.001 

Table 5. Mytilus gaUoprovincialis infected by Marteilia refringens. Results of G-tests for independence to determine whether 
numbers of mussels in each category of spreading of granulocytomas differ according to intensity of infection. Table shows 
G-values and sample sizes (n) corresponding to the comparisons between each pair of categories of infection intens~ty; df = 3 in 

every case 

Infection intensity 
category 0 

Infection intensity category 
1 2 3 

ns: p > 0.05, '0.05 > p > 0.01, "0.01 > p > 0.001, " ' p  < 0.001 

Differences in prevalence among the 4 affected mussel mortality among culture zones were significant 
zones were significant in each case except between in each case except between those recorded in Zones 2 
those recorded at Zones 1 and 2 (Table 6). On the con- and 4 (Table 7). 
trary, differences in infection intensity were not signifi- 
cant (df = 3, G = 2.52, p > 0.25). DISCUSSION 

Mortality Taxonomy 

Fig. 15 shows the cumulative mortalities recorded at 
each zone during a period of 9 to 10 mo. Differences in 

The process of sporulation of this parasite is charac- 
teristic of the phylum Paramyxea (Desportes & Perkins 



Villalba et al.: Marteiliasis of mussels 69 

F M A M J J A S O N D E F M A M J J A S  

- ZONE 2 

F M A M J J A S O N D E F M A M J J A S  

F M A M J J A S O N D E F M A M J J A S  F M A M J J A S O N D E F M A M J J A S  
I 88 I 89 I I 88 I 89 I 

- 

Fig. 14. Marteilia refringens prevalence during the culture period in the zones affected by the disease. *: beginning and end of 
experimental cultures; 2 :  no sample corresponding to July 1988 from Zone 2 

ZONE 5 

I 

t n 

1990). The morphological features of the parasite and 
the histological location of the presporulation and spo- 
rulation stages are in agreement with those described 
by Perkins (1976) for the type species Marteilia refrin- 
gens, but they also agree with those of M. rnaurini, 
including the host in this case. The only differences 
found by Comps et al. (1982) between M. maurini and 
the type species M. refringens were their respective 

Table 6 .  Mytilus galloprovincialis infected by Marteilia re- 
fringens. Results of G-tests to compare the differences in M. 
refringens prevalence between the culture zones affected by 
the disease. Table shows G-values and sample sizes (n) corre- 
sponding to the comparisons between each pair of zones; 

df = 1 in every case 

Zone 1 Zone 2 Zone 3 

Zone 2 G = 3.8 ns 
n = 715 

Zone 3 G =  35.4"' G =  70.0"' 
n = 717 n = 712 

Zone 5 G=39.7"' G =  19.5"' G = 140.2"' 
n = 720 n = 715 n = 717 

ns: p > 0.05, ' ' 'p < 0.001 

type hosts, the shape of the haplosporosomes of the 
outer sporoplasm and the structure of the envelope of 
the spore. The validity of exclusively using these crite- 
ria to create a new taxon is doubtful: (1) It is not 
unusual that some parasitic species are able to infect 
different bivalve species. For example, controlled 
introductions of healthy oysters, Ostrea chilensis from 

20 : 

',I . 

l 0  ,. 
. 

k 
J . r i  Y 

. / 7  -.WA 

./L @ 

2 

,*c // 
0 =L A'., , , , , . -.- 

N D J F M A M J J A S O N D  

ZONE 1 - ZONE 2- ZONE 3 

O- ZONE 4 + ZONE 5 

Fig. 15. Mytilus galloprovincialis. Cumulative mortality for 
each culture zone 
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Table 7. Mytilus galloprovincialis infected by Marteilia refringens. Results could be explained by the occurrence of 
of G-tests to compare the differences in cumulat~ve mortality between the multiplication (merogony), 
studied culture zones. Table shows G-values corresponding to the compari- The merogony would continuously supply 
sons between each pair of zones; df = 1 and n = 2000 mussels in every case 

new parasites to be involved in sporula- 

Zone 2 
Zone 3 
Zone 4 
Zone 5 

Zone 1 Zone 2 Zone 3 Zone 4 

Chile and 0. angasi from Australia, into areas of the 
French Atlantic coast where 0 .  eduLis was naturally 
infected by M. refringens, led to the transmission of the 
infection to the newly introduced species (Grizel et al. 
1983, Bougrier et al. 1986). (2) Comps et al. (1982) 
noted the occurrence of haplosporosomes with a diffe- 
rent shape (230 to 320 X 70 to 90 nm) when describing 
M. maurini. However, there is a certain variability in 
the shape of these organelles of the outer sporoplasm 
reported from M. refringens: 230 X 140 nm (Grizel et 
al. 1974), 175 to 203 X 100 to 130 nm (Perkins 1976). 
Auffret & Poder (1985) noted sizes of 260 X 120 nm in 
M, maurini from the mussel Mytilus edulis. The varia- 
bility is much greater if the haplosporosomes of the 
cytoplasm of the primary cell of M. refringens are con- 
sidered (Perkins 1976). (3) Comps et al. (1982) de- 
scribed a layer of concentric membranes surrounding 
the wall of the mature spore of M. maurini which 
would not occur around the spore of M. refringens. 
However, Perkins & Wolf (1976) observed a layer of 
loosely applied whorls around a few spores of M. 
refringens. As a consequence, we choose to include 
this parasite in the type species, Marteilia refringens, 
since conclusive evidence to consider the parasite of 
the mussel as a different species was not found. 

The rnicrospondian Nosema ormieresi is the only 
protistan hyperparasite reported from any Marteilia 
species. Comps et al. (1979) found this hyperparasite in 
M. refringens, which was parasitizing Ostrea edulis. 
The microsporidian-like hyperparasite of our parasite 
could belong to the same species, but ultrastructural 
confirmation is laclung. 

tion and it would explain the steady 
increase of the PAS as the infection 

Progression of the infection in the host 

The pattern of progression of the infection involves 
that the number of parasites per infected tubule 
increases as the number of infected tubules becomes 
higher. It implies an exponential increase of the total 
number of parasites as the infection progresses, which 
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G =  20.9"' G = l . O n s  G=47.3 '"  
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ns: p > 0.05, '0.05 > p  > 0.01, "0.01 > p  > 0.001, " 'p  < 0.001 

spreads. The PES initially decreases but 
later tends to be asymptotic. It could be 
easily explained by a continuous loss of 
early stages of sporulation, which evolve 
to more advanced stages, coupled with an 
increasing supply of new early stages aris- 
ing from merogony. Consistently, the PIS 
remains unchanged as soon as the PIDT 

reaches 20 to 40 %. In very heavy infections, in which 
every digestive tubule is infected with a high number 
of sporulating parasites, if no merogony occurred, then 
there would have to be an equal number of infective 
cells entering the host initially which would then have 
to each undergo sporulation to yield the observations 
of such heavy infections. It is much easier to believe 
that fewer infective stages enter the host, multiply 
and then undergo sporulation. Nevertheless, Perkins 
(1988) pointed out that cell multiplication other than in 
spore formation has not been noted in any Marteilia 
species. Franc (1980) and Grizel(1985) proposed hypo- 
thetical life cycles for M. refringens involving schizo- 
gony, although definitive evidence was not presented. 
The observed pattern of progression of the infection 
shows that the highest PASS occur when the infection 
reaches the maximum spread (PIDT = 100). It implies 
the production and release of high numbers of mature 
spores all at once. It seems to be a strategy of the para- 
site to insure a succesful propagation. Alderman (1979) 
also reported similar cases of massive and simulta- 
neous release of spores of M, refnngens from oysters 
Ostrea edulis. It seems necessary that some kind of 
initiator for such wide spreading of the infection 
occurs. A weak condition of the host could favour the 
progression of the infection. Moreover, it can be ex- 
pected that the progression of the infection also con- 
tributes to the weakening of the host, since large 
amounts of parasites inhabit the absorptive epithelia 
of the digestive tract. 

There is evidence that supports a host hemocytic 
reaction triggered by the infection. Differences in host 
reaction between infected mussels with different 
intensity of infection were significant in some cases. 
This could mean that the host tries to slow down or stop 
the infection before it becomes widespread by means 
of a light hemocytic reaction but, if the infection conti- 
nues spreading, then the host reaction tends to become 
heavier. Nevertheless, the highest frequency of infect- 
ed mussels without hemocytic reaction corresponded 
to the heaviest infections. This could mean that the 
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infection spreads the most widely and most quickly 
when there is no host reaction, but also could mean 
that the host response is overwhelmed. Figueras et al. 
(1991) also reported massive hemocytic infiltration into 
the digestive gland in mussels affected by Marteiliasis 
from Arousa Bay. Grizel et al. (1974) did not observe 
hemocytic reaction in oysters Ostrea edulis infected by 
Marteilia refringens, but Alderman (1979) noted that 
variable amounts of hemocytic reaction may be ob- 
served in the oysters at different stages of the infection. 

Spatial and temporal patterns of the infection 

A great spatial variability in the prevalence of 
Marteiliasis on cultured mussels throughout the bays 
of Galicia has been found, including a zone in which 
no infection was detected throughout the whole cul- 
ture period. Significant differences were detected 
even between Zones 2 and 3, located in the same bay. 
In this case, genetic differences in mussel susceptibil- 
ity to the disease should be discarded, since the mus- 
sels cultivated at both places came from the same 
batch of seed. The zones located in the inner part of the 
bays (Zones 1 & 3) had higher prevalences than the 
zones located in the outer parts (Zones 2, 4 & 5). In con- 
trast, the percentage of infections that progressed to 
moderate or heavy categories was similar in each 
affected zone. The occurrence of an estuarine-oceanic 
gradient in the prevalence of Marteiliasis on mussel 
culture was also suggested by Figueras et al. (1991). 
The lack of infections at Zone 4 does not necessarily 
imply that Muros Bay is free of Marteiliasis. In fact, 
Alderman (1979) reported that flat oysters Ostrea edu- 
lis cultivated for more than 1 yr in a raft at this bay 
were free of Marteilia refringens, although there was 
another raft in which oysters had high burdens of the 
parasite just 2 km away, at  the same time. Further stu- 
dies should be carried out on the factors controlling the 
spatial variability of the incidence of Marteiliasis, since 
it could have an influence on mussel farming manage- 
ment. 

The temporal pattern of the disease at the zones with 
higher incidence of Marteiliasis indicates that sporula- 
tion occurs throughout the year and several peaks of 
prevalence as well as occurrence of heavy infections 
take place every year. The latter could coincide with 
periods of weak condition of the mussels. In fact, the 
highest percentages of heavy infections coincide with 
post-spawning periods (Villalba et al. unpubl.). This 
temporal pattern without a marked seasonality differs 
from those described for Marteilia refringens in oysters 
from the French Atlantic coast (Alderman 1979, 
Balouet et al. 1979, Grizel 1985), since there sporula- 
tion takes place during the summer-autumn period, 

and the winter-spring period is characterized by low 
prevalences and light infections. 

Mortality 

Considering the 4 zones affected by Marteiliasis, the 
higher the observed prevalence of the disease, the 
higher the observed cumulative mortality, although it 
is not known what percentage of the mortality can be 
attributed to Marteiliasis. In an experiment in which 4 
different stocks of mussel seed from different localities 
of Galicia were cultured in each of 3 different areas 
(inner, intermediate and outer) of Arousa Bay, Fuentes 
(pers. comm.) also found significantly higher mortali- 
ties in the inner area (the same raft as ours at Zone 3) 
for each mussel stock. By extrapolating from the 
recorded pattern of cumulative mortality, the expected 
mortality for a usual culture period (from seed to mar- 
ket size) of 18 mo would be 32 % in Zone 1, 17 % in 
Zone 2, 40 % in Zone 3, 18 % in Zone 4 and 12 % in 
Zone 5. That is, mortality can attain significant levels in 
the areas with higher prevalence of this disease. 

Heavier mortalities than those recorded in this study 
could be expected if the prevalence or the intensity of 
the infection became higher in the mussel culture 
zones, as occurred with the populations of Ostrea edu- 
lis from France and Crassostrea commercialis from 
Australia affected by Marteilia refringens and M. 
sydneyi, respectively (Alderman 1979, Wolf 1979). 
Marteiliasis should be considered as a threat to the 
mussel farming industry of the coast of Galicia. 
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