


pericardial cavities of experimentally infected rainbow trout The site s if ity h' peCI ICI to t e

pericardial cavity corresponds with that recorded here and by other authors for natural

infections in all fish hosts (see Chapter 2.1). However, in two of the four experimental

infections, low numbers of metacercariae were also recovered from the body cavity,

associated with the pyloric caeca. This additional site of cysts was occasionally observed

for natural infections of I. erraticus in powan (present study) and in experimentally

infected rainbow trout (Olson, 1970). All such cases were recorded from heavily

infected fish and the phenomenon appears to be a result of burden size. However, in

contrast, Wootten (1973a) noted 1. erraticus cysts in "unusual sites" within naturally

infected rainbow trout from Hanningfield reservoir, Essex, but he recorded these cysts

from "light" infections.

In initial experimental infections with 1. variegatus cercariae the perch were

maintained at ambient temperatures and metacercariae failed to encyst by day 34 p.i.

This slow maturation rate was believed to be due to the low water temperature in the

small static tank, which would have dropped significantly at night from its warm (c.

18°C) daytime levels. An experimentally infected perch maintained at 14-18°C was

found to harbour mainly encysted 1. variegatus metacercariae by 17 days p.l.,

demonstrating a slightly more rapid development than seen for 1. erraticus.

All attempted 1. variegatus cercarial infections established in perch (remaining

specimens examined at 8 weeks p.i.), with encysted metacercariae adhering solely to the

inner surface of the swimbladder, the site typically recorded for naturally infected fish

of this species. Encysted 1. variegatus metacercariae were recovered by Odening &

Bockhardt (1971) from the swimbladder and body cavity walls of experimentally

infected Mesogonistius chaetodon after two weeks p.i. at 20°, However, they stated that

development to infective metacercariae could take up to 29 days in this host. It must be

remembered that the infectivity of the metacercariae attained in the present study was

not investigated and encystment does not represent evidence of this. Consequently, the
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newly encysted 1. variegatus metacercariae obtained at 17 days p.i. may not have been

infective.

The intensities of I. variegatus infection attained in the present study were not

high (7-32 metacercariae) and the percentage recovery from cercariae challenged (76

from 250; 30%) were lower than obtained for 1. erraticus in rainbow trout (302 from

500; 60%). Experimental infections of ruffe with I. variegatus cercariae would have

made an interesting comparison to the results gained for perch infections, but a source

of uninfected/lightly infected ruffe was unavailable. Would the ruffe have exhibited

larger burdens from challenges of the same magnitude (naturally infected ruffe were

always found to be heavily infected, see Chapter 2.1; Results), i.e. are they more

susceptible to infection? Or, if recoveries were of a similar size, would the low burdens

have indicated a preferential infection site in ruffe; one that was masked by the high

intensities in naturally infected fish?

Developmental periods, from cercarial invasion to infective metacercariae,

recorded by Odening et al. (1970) for 1. platycephalus were similar (maximum of 4

weeks) to those observed by Odening & Bockhardt (1971) for 1. variegatus. However,

fish experimentally infected with 1. platycephalus were maintained at the elevated

temperature of 20-28°C, indicating that maturation of this species is somewhat slower,

possibly explained the greater size attained by this metacercaria (see Chapter 2.2.2).

Experimental infections with A. gracilis cercariae, derived from metacercariae

excised from naturally infected stone loach, showed an unexpected host specificity.

Attempted infections in stone loach were all successful, while challenges to other known

hosts (see Chapter 2.1), salmon parr, rainbow trout and brown trout, all failed. Inverse

results were obtained by Blair (1974, 1976). He experimentally infected a range of fish

species with A. gracilis cercariae emerging from a naturally infected snail. These

infections successfully established in rainbow and brown trout, but no metacercariae were

recovered from stone loach. Such host specificity results raise doubts as to the homogeneity
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of this species, a possibility that is supported by previous observations in the present study;

the collective evidence for which will be considered later in Chapter 8.

A. gracilis metacercariae from two experimentally infected stone loach were still

found to be pre-encysted at 18 days p.i, A proportion of the experimentally raised

metacercariae of both Ichthyocotylurus spp. were found to be encysted by this time,

suggesting that a longer maturation period is required for A. gracilis metacercariae.

Detailed monitoring of the maturation of A. gracilis metacercariae was undertaken

by Crocombe (1959) in experimentally infected bullheads and Vojtek (1972, as A. cobitidis)

in experimentally challenged Proterorhinus marmoratus. Crocombe's fish were kept in

outdoor aquaria at ambient temperatures and encystment was not noted prior to day 57 p.i.

Maintenance temperatures were not indicated by Vojtek (1972), but he observed that

encystment began at about 30 days p.i. and was complete by 38 days. Later, Blair (1974,

1976) noted 68 pre-encysted and 39 encysted A. gracilis metacercariae in experimentally

infected rainbow trout, which were maintained at 15°C, at four weeks p.i. Examination of

infected stone loach in the present study at five weeks p.i. revealed 36 of 37 metacercariae

to be encysted. These metacercariae were predominantly located in the cranial and body

cavities of their hosts, although smaller numbers were also recovered from less typical sites,

such as the humour of the eye and pericardial cavity. This broader distribution of cysts was

also seen in some heavy natural infections of stone loach. Percentage recovery of

metacercariae (36%) was similar to that obtained for 1. variegatus experimental infections.

In summary: experimentally raised cercanae were found to be infective; host

specificities were observed for 1. erraticus and A. gracilis, being particularly stringent for

the latter species; site specificities recorded were as observed in natural infections;

metacercarial maturation periods (for encystment) were highly temperature dependent, being

comparable for the two Ichthyocotylurus spp. and rather longer for A. gracilis specimens.
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CHAPTER 7: KARYOLOGICAL STUDY OF STRIGEIDS



INTRODUCTION

According to Blaxhall (1983), "Cytogenetics relies on the preparation of a

karyotype where individual chromosomes can be accurately identified. A karyotype is

the characterisation and analysis of a chromosome complement at metaphase within the

nucleus of a given species. This defines the chromosomal numbers, size, type and

morphological characteristics". Cytogenetic methods of investigation have contributed

significantly to the elucidation of controversial problems in taxonomy, as karyotype

parameters remain constant throughout ontogenesis and exhibit discrete species-specific

characteristics.

According to White (1973), the first studies on helminth karyotypes began near

the end of the 19th century. Nevertheless, cytological analysis of cestodes and

trematodes is still in its infancy. Of over 40,000 trematode species noted by Cheng

(1973), cytological information is available on just several hundred, and for many of

these, data are limited solely to chromosome numbers. White (1977) stated that the

haploid chromosome number of most animal species lies between 6 and 20. In

trematodes the range is rather narrower, with 93% (246 of 264) of those studied

possessing a haploid complement of between 6 and 11, and for over 56% of these, 10

or 11 chromosomes (Barsiene, 1993).

Although no digenean families have been extensively studied, among the most

widely and thoroughly investigated are: the Plagiorchiidae (see Britt, 1977; Barsiene &

Grabda-Kazubska, 1988a, 1988b, 1991; Barsiene & Orlovskaya, 1990, 1991; Barsiene,

1993); the Schistosomatidae, unique for their heterosexuality and heterogeneity of

chromosome numbers (14, 16, 18, 19,20) (see Short & Menzel, 1960; Raghunathan &

Bruckner, 1975; Short, Menzel & Pathak, 1979; Grossman, Mckenzie & Cain, 1980;

Barsiene, 1993); and the Echinostomatidae (see Mutafova & Kanev, 1986; Mutafova,

Kanev & Angelova, 1986; Mutafova, Kanev & Vassilev, 1987; Richard & Voltz, 1987;

Richard, Voltz & Vassilev, 1986; Barsiene & Kiseliene, 1990; Barsiene, Kiseliene &
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Grabda-Kazubska, 1990; Mutafova, 1993; Barsiene, 1993). In each of these studies the

authors elucidated both the number and morphology of the parasite's chromosomes,

while several workers discussed karyotypic features pertaining to particular taxa (e.g.

Barsiene & Kiseliene, 1991), or proposed possible mechanisms involved in the evolution

of the chromosomes described (e.g. Mutafova, 1994).

Such investigations on named strigeid species appear to be limited to that of

Barsiene, Petkevichute, Stanevichute & Orlovskaya (1990). They used the parthenitae

from naturally infected snails in North-West Chukotka to describe the karyology of four

strigeid species belonging to three genera; Cotylurus cornutus, Apatemon

(Australapatemon) fuligulae, Ichthyocotylurus pileatus and I. erraticus. The later text

by Barsiene (1993) also included the chromosome morphology of three further

Cotylurus spp. and three Apatemon spp. (subgenus not indicated).

It was hoped that the application of this technique to the experimentally reared

parthenitae in the present study would enable the first karyological descriptions of I.

variegatus andA. gracilis, while providing an accurate means of discriminating between

the molluscan stage of I. erraticus and I. variegatus, the cercariae of which are

morphologically very similar and occupy the same molluscan host species.
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MATERIALS AND METHODS

7.1. Source of sporocysts.

Cytological analysis of digeneans is performed either upon cells extracted from

the testes of adults or, more typically, from parthenitae (sporocysts or rediae). In this

investigation sporocysts of 1. erraticus and I. variegatus were obtained from

experimentally infected Valvata piscinalis and A. gracilis from Lymnaea peregra. The

snails were infected and maintained as described in Chapter 5.1; Materials and Methods.

7.2. Preparation of mitotic chromosomes.

Experimental infections in snails were known to have been successful with the

onset of cercarial release. At this point germ balls within the daughter sporocysts are

rapidly undergoing mitosis. These snails were carefully removed from their (operculate,

V. piscinalis) shells (to maximise exposure and uptake of the alkaloid) and placed into

a 0.1% solution of colchicine made up in artificial spring water (A.S.W) at room

temperature. Periods of incubation in this medium were either 3-4 hours or 16 hours.

The colchicine blocks cell division at metaphase by inhibiting microtubule

polymerisation and hence spindle formation, resulting in the accumulation of cells

bearing condensed diploid chromosomes. Following treatment, sporocysts were dissected

out of the snail's digestive gland in a solution of isotonic KCL, placed in distilled water

for 5-10 minutes and then fixed in Carnoy's fluid (l part acetic acid to 3 parts ethanol),

which was changed after 30 minutes, 1 hour and 24 hours. The parthenitae were teased

apart and then ground with a glass rod in 45% acetic acid to yield an homogenous cell

suspension. Using a drawn-out pipette, the suspension was dropped from a height of

approximately 30cm onto a slide heated to 40°C . Each drop was allowed to evaporate

for 5-10 seconds before being withdrawn. This technique resulted in a monolayer of

cells in concentric rings upon the slide. The slides were allowed to dry overnight and

then stained in 10% Geimsa.
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The same procedure was followed for uninfected snails as a "control"; cell

suspensions being created from the digestive gland the site of sporo t Iocali ,, cys oca isauon.

7.3. Determination of chromosome number.

Chromosomes of more than 50 metaphase spreads, prepared from sporocysts

originating from at least three infected snails, were counted for each species, The

chromosome number whose frequency occurrence was highest was considered to be the

diploid number for that species. Variations in chromosome number (both hypo- and

hyper-diploid) were considered to be the result of errors inherent in the preparation

technique.

7.4. Morphometric measurements of the chromosome.

Karyotypes were made from the photographs of individual metaphase plates.

Individual chromosomes of each karyotype (from at least 5 karyotypes) were measured

with a slide calliper. The relative length (LR) of each chromosome was calculated as the

percentage of the haploid complement length: LR= 100CL/HCL; where CL is the

individual chromosome length and HCL is the combined length of all chromosomes in

the haploid complement. The centromeric position of each chromosome, expressed as

the centromeric index (Ie), was calculated on the basis of the percentage of the small

arm in relation to the total length of the chromosome.

The level of interspecific differences between chromosomes were determined by

performing Student's t-tests on their relative lengths and centromeric indices. Idiograms

were constructed which show diagrammatically the absolute length or relative length of

a chromosome in relation to the total haploid genome.

Classification of chromosomes

The karyotypes of different species have been described according to the

classification proposed by Levan, Fredga & Sandberg (1964) on the basis of centromeric
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index (Ie). The karyotypes were presented according to the length of the chromosomes

in descending order and increasing number. So, the 1st chromosome is the longest and

the 10th the shortest in any karyotype. Although this classification of chromosomes is

generally accepted, very few authors have adopted the nomenclature suggested by Levan

et al. (1964): median, submedian, subterminal and terminal chromosomes. Most workers

have preferred to apply the more established metacentric-acrocentric names to this

classification system. In this study the nomenclature of Levan et al. (1964) was not

applied, as it is too confusing for the reader to follow comparisons with other work

when different nomenclature is used.

The number of chromosome arms in the karyotype, the "nornbre fondamental"

(N-F) of Matthey (1945), was also included for each species description.

Nomenclature used in present study

Centromeric index: Chromosome Symbol Description
(short arm/total length) x 100 designation

50 Metacentric M

37.5-50.0 Metacentric m Bi-armed

22.5-37.5 Submetacentric sm

12.5-22.5 Subtelocentric st

0.00-12.5 Acrocentric a Single-armed

0 Telocentric T
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RESULTS

Both snail incubation periods in colchicine provided preparations with cells in

metaphase. However, the shorter period (3-4 hours) produced low numbers of

particularly well-defined chromosome spreads, while the longer exposure (16 hours)

gave a larger number of less well-defined spreads. This applied equally to both

molluscan hosts.

7.1. Chromosome number.

Diploid chromosome number data obtained from strigeid parthenitae cells

and molluscan host digestive gland cells are given in Tables 69 and 70, respectively.

These include the number of cells with different chromosome numbers and their

frequency in percentages. These data are also represented graphically in Fig. 110.

Table 69 indicates, that for all three strigeid species studied, most of the

parthenitae cells (over 610/0) possess 20 chromosomes, suggesting that this is the diploid

chromosome number for each of these parasites. The variation in chromosome number

was similar in each case, i.e. 1. erraticus (16-21), and I. variegatus and A. gracilis both

(16-22). The distribution of the chromosome frequency is quite skewed, particularly for

I. erraticus parthenitae cells. Collectively, 27.3% of the cells observed exhibit

hypodiploidy compared to 6% of the cells which have a hyperdiploid chromosome

number (Fig. 110). This suggests that the technique for chromosome preparation is more

likely to cause the loss of a chromosome rather than fragment them.

Table 70 shows the distribution of chromosome numbers recorded from

molluscan host cells. Digestive gland cells of V. piscinalis, the molluscan host of both

Ichthyocotylurus spp., have a diploid chromosome number of 20 (70% of cells).

Metaphase cells of L. peregra, the snail host of A. gracilis parthenitae, were found to

typically contain 34 elements (60.4%). The variation in chromosome number about the

mode was normally distributed for V. piscinalis cells (17-22 chromosomes) but skewed
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for L. peregra (29-35 chromosomes) with a hypodiploid number accounting for 18 of

the remaining 19 cells (Fig. 110).

7.2. Chromosome morphology.

Metrical data and the classification of the chromosomes are presented in Tables

71-73. The classification of many of the chromosomes is borderline due to an

overlapping of their 95% confidence limits. When chromosomes fall into the

submetacentric-subtelocentric (sm-st) classification class they are considered to be

single-armed.

I. erraticus (Table 71, Figs Ill, 112)

The karyotype consists of 4 single (Nos 3, 4, 5, and 6) and 6 bi-armed (Nos 1,

2,7,8,9 and 10) pairs of chromosomes. There are 4 pairs of metacentric (Nos 1,2,9

and 10), 2 pairs of submetacentric (Nos 7 and 8), 3 pairs of subtelocentric-acrocentric

(Nos. 3, 4 and 5) and a single pair of submetacentric-subtelocentric chromosomes (No.

6). The chromosome length varies between 2 and 7.5Jlm with the first 5 pairs

accounting for 70.3% of the total haploid genome length. The diploid arm number (N-F

of Matthey, 1945) in this species is 32.

I. variegatus (Table 72, Figs 113, 114)

The karyotype consists of 4 single (Nos 2, 3, 4 and 5) and 6 bi-armed (Nos 1,

6,7, 8, 9 and 10) pairs of chromosomes. There are 4 pairs of metacentric (Nos 1, 8, 9

and 10), 1 pair of submetacentric (No 6), 4 pairs of subtelocentric (Nos 2, 3, 4 and 5)

and 1 borderline metacentric-submetacentric pair (No 7) of chromosomes. The

chromosome length varies between 1.7 and 5.5urn with the first 5 pairs accounting for

67.3% of the total haploid genome length. The N-F is 32.
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A. gracilis (Table 73, Figs 115, 116)

The karyotype consists of 5 single (Nos 2, 3, 5, 6 and 9) and 5 bi-armed (Nos

1, 4, 7, 8 and 10) pairs of chromosomes. There are 3 pairs of metacentric (Nos 4, 8 and

10), a single pair each of submetacentric (No 7) and acrocentric (No 3), a pair of

borderline metacentric-submetacentric (No 1), 3 pairs of borderline submetacentric

subtelocentric (Nos 2, 6 and 9) and a single pair of borderline subtelocentric-acrocentric

(No 5) chromosomes. The chromosome length varies between 3.0 and It.Oum with the

first 5 pairs accounting for 71.40/0 of the total haploid genome length. The N-F is 30.

v. piscinalis (Figs 117, 118)

The karyotype consists of 10 bi-armed pairs of chromosomes. There are 8 pairs

of metacentric (Nos 1 to 4, 6, 7, 9 and 10) and 2 pairs of submetacentric (Nos 5 and 8)

chromosomes. The chromosome length varies between 2.5 and 6.01lm with the first 5

pairs accounting for 59.2% of the haploid genome length. The N-F is 40.

The karyotype differences between Ichthyocotylurus species and Valvata

piscinalis (the snail host possessing only bi-armed chromosomes) enabled any

contamination by host tissue to be readily identified.

L. peregra (Fig. 119)

The karyotype was not studied in detail because L. peregra cells could be readily

distinguished by their large chromosome number; but it was found to consist mainly of

metacentric and submetacentric chromosomes.

Although possessing the same number of chromosomes In diploid sets, the

species studied here exhibited distinct differences in their karyotypes (Tables 71-73 and

Figs 112, 114 and 116). Idiograms, based on the relative length of chromosomes of the

three species examined, demonstrate this visually (Fig. 121). The level of these
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interspecific differences was determined by performing Student's t-tests on the relative

lengths and centromeric indices of their chromosomes and are demonstrated in Table

74. These results showed that the differences were species-specific. Other idiograms,

based on the absolute length of the parasite chromosomes indicated the differences in

their size between the 3 species (Fig. 120).
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Table 69. Frequency distribution of the number of diploid chromosomes in the strigeids studied.

Species Number of chromosomes

16 17 18 19 20 21 22 Total

1. erraticus No. of cells 1 5 15 22 71 2 0 116

% 0.86 4.31 12.93 18.97 61.21 1.72 0 100

1. variegatus No. of cells 1 1 8 17 72 8 1 108

% 0.93 0.93 7.41 15.74 66.67 7.41 0.93 100

A. gracilis No. of cells 1 1 6 7 55 4 2 76

% 1.32 1.32 7.9 9.21 72.37 5.26 2.63 100

TOTAL No. of cells 3 7 29 46 198 14 3 300

% 1.00 2.33 9.67 15.33 66.00 4.67 1.00 100
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Table 70. Frequency distribution of the number of diploid chromosomes in the molluscan hosts studied.

ISpecies II I
v. piscinalis Number of chromosomes 17 18 19 20 21 22 23 Total

No. of cells 1 2 5 35 6 1 0 50

% 2.00 4.00 10.00 70.00 12.00 2.00 0 100

L. peregra Number of chromosomes 29 30 31 32 33 34 35 Total

No. of cells 1 1 2 6 8 29 1 48

% 2.08 2.08 4.17 12.5 16.67 60.42 2.08 100
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Fig. 110. Frequency distribution of diploid chromosome number in the strigeids and molluscs studied.
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Table 71. Metrical data on the chromosomes of Ichthyocotylurus erraticus and their classification.

Chromosome LR + S.D. 95% C.L. IC + S.D. 95% C.L. Classification after Levan
Number et al. (1964)

1 18.1 + 1.5 17.0 - 19.2 44.5 + 1.5 43.4 - 45.6 m

2 16.2 + 1.1 15.4 - 17.0 44.1 + 2.8 42.1 - 46.1 m

3 13.1 + 1.0 12.4 - 13.8 12.3 + 3.0 10.1 - 14.5 st-a

4 11.9 + 0.3 11.7-12.1 11.6 + 2.2 10.0 - 13.2 st-a

5 10.9 + 0.9 10.3 - 11.5 13.4 + 2.7 11.5 - 15.3 st-a

6 7.1 + 0.5 6.7 - 7.5 27.7 + 4.4 24.5 - 30.9 sm-st

7 6.5 + 0.6 6.1 - 6.9 28.2 + 2.8 26.2 - 30.2 sm

8 5.9 + 0.4 5.6 - 6.2 34.1+3.4 31.7 - 36.5 sm

9 5.5 + 0.4 5.2 - 5.8 41.5 + 3.2 39.2 - 43.8 ill

10 4.9 + 0.5 4.5 - 5.3 44.5 + 3.3 44.1 - 46.9 m
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Fig. 111. Metapha e pread of I . erraticlls chro mosomes.

Fig. 112. Repre entati karyotype of !. errati ' U. chro mosomes .
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Table 72. Metrical data on the chromosomes of Ichthyocotylurus variegatus and their classification.

Chromosome LR + S.D. 95% C.L. IC + S.D. 95% C.L. Classification after Levan
Number et al. (1964)

1 16.8 + 0.4 16.3 - 17.3 48.8 + 0.7 47.9 - 49.7 m

2 14.7 + 0.6 13.9 - 15.5 14.3 + 1.8 12.5 - 16.5 st

3 12.8 + 0.5 12.2 - 13.4 17.1 + 1.2 15.6 - 18.6 st

4 11.9 + 0.3 11.5 - 12.3 19.0 + 1.9 16.6 - 21.4 st

5 11.0 + 0.6 10.2 - 11.8 17.8+ 1.6 15.8 - 19.8 st

6 8.0 + 0.5 7.4 - 8.6 30.8 + 2.0 28.3 - 33.3 Sill

7 7.2 + 0.4 6.7 - 7.7 39.4 + 4.2 34.2 - 44.6 ill-Sill

8 6.5 + 0.4 6.0 - 7.0 38.8 + 1.8 36.6 - 41.0 ill

9 6.0 + 0.2 5.7 - 6.3 46.5 + 2.0 44.0 - 49.0 m

10 5.1+0.4 4.6 - 5.6 46.5 + 1.3 44.9 - 48.1 m
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Fig. 113. Metapha e pread of 1. veriegntus chromosomes.

Fig. 114. R pr nt ati ve karyotyp of I. vnricgntus chromosomes.
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Table 73. Metrical data on the chromosomes of Apatemon gracilis and their classification.

Chromosome LR + S.D. 95% C.L. IC + S.D. 95% C.L. Classification after Levan
Number et al. (1964)

1 16.8 + 1.4 15.0 - 18.6 37.1 + 0.9 36.0 - 38.2 m-sm

2 15.3 + 1.5 13.4 - 17.2 21.7 + 2.8 18.2 - 25.2 sm-st

3 13.8+ 1.1 12.4 - 15.2 10.6 + 0.9 9.5 - 11.7 a

4 13.0 + 1.5 11.1 - 14.9 41.3+2.1 38.7 - 43.9 m

5 12.3 + 1.5 10.4 - 14.2 13.3 + 1.7 11.1 - 15.4 st-a

6 7.4 + 0.5 6.8 - 8.0 24.8 + 2.3 21.9 - 27.7 sm-st

7 6.5 + 1.0 5.3 - 7.7 30.4 + 2.6 27.2 - 33.6 sm

8 5.6 + 0.6 4.8 - 6.4 44.2 + 2.9 40.6 - 47.8 m

9 5.4 + 0.7 4.5 - 6.3 26.9 + 2.7 23.5 - 30.3 sm-st

10 4.0 + 0.8 3.0 - 5.0 47.9 + 1.1 46.5 - 49.3 m

350



Fig. 115. Metaphase spread of A . gracilis chromosomes .

Fig. 116. Representati ve karyotyp of A. gracilis chromosomes .
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Fig. 117. Metapha e spread of V. piscinalis chromosomes.

Fig. 118. Repre entative karyo type of V. piscina lis chromosomes .
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Fig. 119. Metaphase spread of L. pere gra chromosomes .
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Table 74. Significant differences in relative size and centromeric indices of chromosomes of the strigeid species studied (Students t-test).

Strigeid species I. variegatus A. gracilis

LR IC LR IC

I. erraticus Cl. 2.63c Cl. 7.61a Cl. 11.82a
C2. 3.23b C2.24.77a C2. 14.49a
C6. 3.25b C3. 4.50a C4.25.43a
C7. 2.81c C4. 6.88a C8. 5.80a
C8. 3.15c C5. 3.95b C9. 9.33a
C9. 3.40b C7. 6.38a

C8. 7.23a
C9. 3.70b

I. variegatus C8. 3.06c Cl. 22.39a
CIO. 2.5c C3. 8.05a

C4. 9.02a
C5. 4.27b
C7. 4.7Ib
C9. I3.09a

LR - relative length of chromosomes; IC
- centromeric index; upper case letters indicate chromosome number; lower case letters indicate

significant differences at - a: p,O.OOl, b: p,O.Ol, c: p,O.05.
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Table 75. Known karyotypes of strigeid species.

Barsiene et al. (1990) Present study
Chromosome

No. Cotylurus Apatemon Ichthyocotylurus I. pileatus I. erraticus I. variegatus Apatemon
cornutus (Australapatemon) erraticus (Apatemon)

fuligulae gracilis

CI a st m a m m m-sm

C2 a st a a m st sm-st

C3 a sm a a st-a st a

C4 a a a st-a st-a st m

C5 a a a st st-a st st-a

C6 st sm sm sm-st sm-st sm sm-st

C7 st-a sm sm st sm m-sm sm

C8 st sm sm m sm m m

C9 st m m m-sm m m sm-st

CIO m m m m m m m

Number of 22 32 32 26 32 32 30
arms

Lowercase letters: Chromosome classification according to Levan et al. (1964).
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Fig. 120. Absolute chromosome lengths from centromere origin (0) in: a - /. erraticus, b - I. variegatus, c - A. gracilis.
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Fig. 121. Relative chromosome lengths from centromere origin (0) in: a - I. erraticus, b - I. variegatus, c _A. gracilis.
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DISCUSSION

The snail incubation period in colchicine was found to affect the number and

quality of metaphase spreads ultimately recorded, with the shorter duration (3-4 hours)

providing more well-defined chromosome sets for the construction of the karyotype.

Karyotypes were obtained for the three strigeid species whose life-cycles were

completed experimentally, Ichthyocotylurus erraticus, 1. variegatus and Apatemon

gracilis.

The number of chromosomes in metaphase spreads was the same for each

species (2n = 20), and this number was also recorded for the strigeid species, A.

fuligulae, Cotylurus cornutus, I. erraticus and 1. pileatus examined by Barsiene et al.

(1990). Twenty chromosomes appears to be the standard for somatic cells of the family

Strigeidae. However, this generalisation is based on just six species from three genera

and a larger number of karyotypes, including those of species from other genera, are

required before such a conclusion can be made.

Other digenean families have demonstrated that the number of chromosomes

comprising diploid sets is not strictly conserved, sometimes even at the level of genus.

Members of the Paramphistomidae possess 14 [e.g. Paramphistomum cervi (Schrank,

1790)], 16 [e.g. Cotylophoron cotylophoron (Fischoeder, 1901)] or 18 [e.g. P.

microbothrium (Fischoeder, 1901)] chromosomes in somatic cells (see Subramanyam

& Venkat Reddy, 1977). The Plagiorchiidae may have a diploid complement of 18 [e.g.

Eustomos chelydrae (MacCallum, 1921) and Glypthelmins quieta (Stafford, 1900); see

Britt, 1947], 20 [e.g. Leptophallus nigrovenosus (Bellingham, 1844); see Barsiene &

Grabda-Kazubska, 1988] or 22 [e.g. Haplometra cylindracea (Zeder, 1800) and

Opisthioglyphe ranae (Frolich, 1791); see Barsiene & Grabda-Kazubska, 1988] and the

Echinostomatidae typically 20 (Echinoparyphium spp.; see Mutafova et al., 1987) or 22

(Echinostoma spp.; see Barsiene & Kiseliene, 1991).
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While exhibiting the same diploid chromosome number, distinct differences were

recorded in the chromosome morphology of the three strigeids investigated and

statistical analysis (Table 74) showed these to be species-specific. These differences

were most readily seen in the form of an idiogram indicating relative chromosome

lengths (Fig. 121). It is interesting to note that differences in the chromosome

morphology of I. erraticus and I. variegatus were as extensive as those between A.

gracilis and the individual Ichthyocotylurus spp. Indeed, it was the two Ichthyocotylurus

spp. that exhibited the greatest differences between their relative chromosome lengths.

These Ichthyocotylurus spp. could be readily discriminated without the use of statistics

by their second chromosome pair. In I. erraticus this pair was bi-armed and I.

variegatus single-armed (Figs 112 and 114). Similarly, the fourth chromosome pair of

A. gracilis was bi-armed but single-armed in both Ichthyocotylurus spp. (Figs 112, 114

and 116).

The snail host (V. piscinalis) of the Ichthyocotylurus spp. was, like the parasites,

found to possess 20 chromosomes in somatic cells. Fortunately, the karyotypic

differences between the Ichthyocotylurus spp. and V. piscinalis were marked; all

chromosomes of the snail being bi-armed, which enabled any contamination by host

tissue to be readily identified.

Fig. 120 shows that the absolute lengths of individual chromosomes differ greatly

between the species investigated. These results should be treated with caution, as the

degree of chromosome spiralization varies depending upon the point in metaphase at

which cell division was stopped. It does appear, however, that A. gracilis (2.8-10.8f.lm)

possesses longer chromosomes than I. erraticus (2.0-7.4f.lm), which have longer

chromosomes than I. variegatus (1.7-5.5f.lm). Barsiene et al. (1990) observed a narrower

size range for their strigeids (3.8-7.2f.lm), while Barsiene & Grabda-Kazubska (1988)

recorded chromosome lengths of 2.0-14.2f.lm for plagiorchiids and Barsiene & Kiseliene

(1990) 1.8-11.1f.lm for echinostomatids.

The karyotype of I. erraticus was described by Barsiene et al. (1990) using
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parthenitae from naturally infected Valvata helicoidea in north-west Chukotka, Siberia.

Their results differed markedly from the karyotype recorded h fl' .ere or . errattcus. It IS

possible that interpopulational variation exists in the chromosome morphology of I.

erraticus from geographically distant samples, especially when utilising different

molluscan hosts. Such variation was noted by Barsiene & Kiseliene (1991) for

Echinostoma revolutum, originating from Lymnaea stagnalis and L. auricularia.

Nevertheless, the karyotypic differences recorded for the two I. erraticus populations

were extreme and, given the difficulties in discriminating 1. erraticus and 1. variegatus

by external cercarial morphology alone, it is also possible that the material of Barsiene

et al. (1990) was not conspecific (present study identification confirmed by adult

morphology and known life-history). The differences between their I. erraticus

karyotype and that described here for 1. variegatus are minimal and could easily be

accounted for by measuring techniques (See Table 75).

When comparing the known chromosome morphologies of strigeid species from

this study and elsewhere, several similarities were observed. In each diploid set there

was a size division between the first and last five pairs. Elements of the large

chromosome group (pairs 1-5) were predominantly single-armed and elements of the

small chromosome group (pairs 6-10) bi-armed. The exception to this was that of

Cotylurus cornutus, whose karyotype consisted of nine single-armed pairs; see Table 75.

It was proposed by White (1971), and is now widely assumed in studies on

chromosome evolution, that a "primitive karyotype" consists typically of a large number

of single-armed (subtelocentric and acrocentric) chromosomes. Thus, Grossman & Cain

(1981) considered the karyotypes of Megalodiscus temperatus (Stafford, 1905) and

Philophthalmus gralli Mathis & Leger, 1910, which are composed primarily of

acrocentric chromosomes, to show lesser degrees of chromosomal evolution than

karyotypes of members of the Schistosomatidae, which possess both metacentric and

acrocentric chromosomes (Short & Menzel, 1960; Short & Menzel, 1979; Grossman et
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al., 1980). Similar conclusions were made by Barsiene & Kiseliene (1990) for the

karyotype of Neoacanthoparyphium echinatoides (Filippi, 1854), which they suggested

was more primitive than other known echinostomatids with 20 chromosomes. Thus, it

appears that the chromosomes comprising strigeid karyotypes, with a high proportion

of bi-armed (metacentric/submetacentric) elements, have evolved considerably from the

primitive form.

Changes in chromosome form were believed by Grossman & Cain (1981 ) to

result most commonly from centric fusion, pericentric inversions, changes in the amount

of heterochromatin and euchromatin, and through other chromosomal rearrangements.

Often a likely route for the evolution of chromosomes within a family or genus can be

visualised; key indicators include: karyotypic variation between related species whose

diploid complements differ (e.g. Barsiene & Grabda-Kazubska, 1988); atypically large

chromosomes (e.g. Grossman & Cain, 1981) ; the relative lengths of chromosomes

comprising the haploid genome (White, 1973) ; the chromosome arm number (e.g.

Mutafova, 1993); and the presence and distribution of heterochromatin, which can be

seen using C-banding techniques (e.g. Barsiene & Kiseliene, 1991). One of the most

commonly observed evolutionary pathways occurring in the digenean genome results

from a Robertsonian translocation. This change in form involves the fusion of two non

homologous, single-armed chromosomes to form a single bi-armed element, with the

concomitant loss of a unit from the genome. Such events were thought to be responsible

for interspecific differences in chromosome sets of Phyllodistomum spp. (Barsiene &

Orlovskaya, 1990) , echinostomatids (Mutafova, 1993) and plagiorchiids (Barsiene &

Grabda-Kazubska, 1988). It appears unlikely that Robertsonian translocations were

involved in karyotypic differences observed for strigeid species for several reasons: all

strigeid species described were found to possess the same number of chromosomes (2n

= 20) , resulting in no evidence of a past reduction in the number of chromosomes

comprising the diploid set ; several species do not possess a large bi-armed chromosome

(e.g. C. cornutus and I. pileatus; see Barsiene et al., 1990); and, when species do have
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large bi-armed chromosomes, none were found to be atypically large.

The idiogram of relative chromosome lengths, shown in Fig. 121, suggests that

another common chromosome rearrangement, pericentric inversions, may have been

responsible for some of the karyotypic differences between strigeids, and particularly

the metacentric elements of A. gracilis (C1 and C4), I. erraticus (C1 and C2) and 1.

variegatus (C 1). These pairs of chromosomes have large increases in the length of their

short arms and a reciprocal decrease in the length of their long arms. This type of re

arrangement increases arm numbers but has little effect upon relative chromosome

length. Among the strigeid species which have been studied, the fundamental karyotype

(N-F) ranges from 22 for C. cornutus (see Barsiene et al., 1990) to 32 for A. fuligulae

(see Barsiene et al., 1990), I. erraticus and 1. variegatus (present study). Mutafova

(1993) believed that pericentric inversions were responsible for the development of some

chromosome short arms in echinostomatid species.

The small chromosome pairs (C6-C 10) of studied strigeid species (Barsiene et

al., 1990 and present study) were predominantly bi-armed, which suggests that major

reorganisation has occurred in these elements. Given their size, changes in the form of

these chromosomes may have resulted from minor duplications, deletions, inversions or

translocations. It is suggested above that fusions (Robertsonian translocations) were

unlikely to have been involved in the development of strigeid karyotypes; although such

an event might have explained the discrepancy in size between chromosomes 5 and 6

(the loss of an analogue of intermediate size). An alternative explanation for this

division of the diploid sets into two size groupings could be that chromosome 6 (and

possibly 7) was involved in translocations with smaller units, resulting in the uniformity

in size of these latter pairs.

Further work on other strigeid species is required before any firm conclusions

can be made on the chromosomal evolution of this group. In relation to this, the use of

C-banding techniques might be of value in determining the presence and distribution of

heterochromatin within individual chromosomes.
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In summary, chromosome number and morphology was described for 1.

erraticus, I. variegatus and A. gracilis, the identity of which was known through life

cycle studies. The strigeids described here and from all other sources have been found

to possess 20 chromosomes in diploid sets. Karyotypes obtained from the cercariae

releasing parthenitae enabled the ready discrimination of 1. erraticus and I. variegatus

cercariae which had proved problematic by comparisons of gross morphology. This

technology may also be useful for discriminating between locally obtained 1.

platycephalus and 1. variegatus specimens and so confirm the validity of the latter

speCIes.
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CHAPTER 8: GENERAL DISCUSSION AND CONCLUSIONS



GENERAL DISCUSSION AND CONCLUSIONS

The survey of metacercarial infections in fish included many sites from mainland

Britain and though by no means exhaustive, discovered the presence of just four strigeid

species, two belonging to the genus Ichthyocotylurus and two to the subgenus Apatemon

(Apatemon). On the basis of the available keys and the descriptive works listed in

Chapter 2; Introduction, these species were tentatively identified as 1. erraticus, I.

variegatus, A. gracilis and A. annuligerum. Material obtained from Finland was

identified using the same methods applied to the British metacercariae and appeared to

contain all four Ichthyocotylurus spp. recognised by Odening (1979), 1. erraticus, I.

variegatus, I. platycephalus and I. pileatus. Records of I. platycephalus metacercariae

from Europe and North America have been predominantly from the Percidae and

Cyprinidae (see Chapter 2.1; Historical perspective). Although cyprinids were only

examined from a few sources in the present study, none were found to be infected.

Previous tentative reports of this species from Britain conform more to the knowledge

gathered currently (see Chapter 2.1 and 2.2.2; Results) and by previous authors (see

inter alia Odening & Bockhardt, 1971) for I. variegatus. No British reports exist of the

remaining known member of this genus, the smallest species, I. pileatus.

These metacercariae were used to experimentally raise adults. Morphological and

site specificity data obtained from these adults confirmed the identities conferred to 1.

erraticus and A. gracilis metacercariae, while strongly supporting the validity of 1.

variegatus metacercariae which has been the subject of some dispute. Principal

components analysis (PCA) was also successful in separating these species. Furthermore,

metacercariae from sources that were not confirmed experimentally clustered with the

confirmed species groups. Though the Finnish specimens of I. pileatus and I.

platycephalus metacercariae did not establish as adults in the experimental definitive

hosts and therefore there were no adults available for the examination of their

morphology, nevertheless, PCA of these metacercariae clearly distinguished them from
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the other Ichthyocotylurus spp. (Fig 23) The discrimination f I·l f h. . 0 . pl eatus rom ot er

Ichthyocotylurus metacercariae by PCA was achieved even without the suggested

addition to Odening's (1979) key for this species, i.e. "length of tribocytic organ

comprises at least 1/3 of body length". This ratio, originally proposed as a feature by

Bauer (1987), was however, found to be of considerable value in distinguishing I.

pileatus from 1. erraticus metacercariae of similar dimensions when using traditional

morphological comparisons. Without the refinements suggested as a result of the current

work in Chapter 2.2.2; Results, the key of Odening (1979) was unable to provide a

confident identification of all the Ichthyocotylurus specimens recovered in the present

study.

Had adult 1. platycephalus specimens been obtained it would have been

interesting to apply PCA to attempt to discriminate this species from I. variegatus.

Similarly, the techniques subsequently used on other life-stages (miracidium, parthenita,

cercaria) would have been performed on 1. platycephalus to identify characteristic

features. In particular, karyology should be applied to the parthenita of this species in

the future to enable a comparison of its chromosome morphology with that now known

for 1. variegatus. However, even without this information, all the data acquired for 1.

variegatus at the metacercarial and adult stages supported the validity of this as a

separate species from I. platycephalus, as does the work of Odening & Bockhart (1971),

Swennen et al. (1979) and Odening (1979). Furthermore, the data gathered for I.

variegatus failed to agree with, or contradicted, the descriptions provided for 1.

platycephalus by Hughes (1928), Dubois (1968), Odening et al. (1970) and McDonald,

1981. The salient features are listed below:

1. Metacercariae considered to be 1. variegatus were typically recovered from the inner

surface of the swimbladder of naturally and experimentally infected hosts, not the

pericardial cavity which is the most commonly recorded site of I. platycephalus cysts.
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2. Metacercariae were never found to possess a ventral sucker of comparable length to

the tribocytic organ which is a characteristic of I. platycephalus metacercariae.

3. The adults were site-specific to the small intestine and rectum of experimental gull

hosts and were never located within the cloaca or bursa Fabricius. The latter regions are

the predominant location of I. platycephalus adults, which, although occasionally

recorded from the rectum, are never present in the small intestine.

4. All adults possessed 'closed' forebodies, with superficially placed suckers.

Illustrations of 1. platycephalus in the literature suggest that the suckers are deep set

within an 'open' forebody, though no measurements were available for comparison. The

differences in forebody form and arrangement of suckers for the two species probably

represent adaptations to the topography of their respective specific niches in the

digestive tract of definitive hosts.

The existence of I. platycephalus in Britain, known to be present in Eire (see

Chapter 2.1; Introduction), could be further investigated by performing an extensive

sampling programme of potential fish hosts from uninvestigated sources. Apart from

percids the most likely British hosts for the metacercaria of this species include bream,

silver bream, pike and zander.

Metacercariae of both I. erraticus and I. variegatus were found to mature rapidly

within the definitive host. The developmental rate of I. variegatus was particularly

remarkable, growing from about OAmm to over 6mm in approximately a week. Egg

production was difficult to quantify accurately because the proportion of introduced

metacercariae which did not reach maturity was unknown, but was very high for both

species, particularly for the larger I. variegatus. A single millilitre of faeces from a gull

infected with 200 I. variegatus metacercariae was found to contain approximately
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48,000 eggs. However, this massive output of eggs was balanced by the short life of

these species, which was recorded as a maximum of 45 days for an 1. erraticus infection

and a maximum of 30 days for an I. variegatus infection.

Adult worms of A. gracilis were successfully raised in Aylesbury and mallard

ducklings but not gulls. These experimental hosts did not prove, however, to be

particularly suitable definitive hosts because adults in most infections exhibited a

reduced hindbody size and eggs produced were never released. Only a single source

(from stone loach) resulted in egg releasing adults. All infections with metacercariae

believed to be A. annuligerum failed to establish in these hosts which was not

unexpected, as similar attempts to raise the adult in hosts other than buzzards have also

failed (Odening, 1970; Blair, 1974) and this species may prove to be specific for birds

of prey. Without adults and subsequent life-stages the identification of A. annuligerum

specimens relied on its specificity to perch eyes, a host from which no other Apatemon

metacercariae have been recorded, and the morphological differences between these

specimens and A. gracilis demonstrated by PCA.

With the recent advances in in vitro culture techniques (see Strain & Irwin,

1995) attempts could be made to raise A. annuligerum adults in this manner, hopefully

providing viable eggs and consequently miracidia with which to challenge a range of

potential molluscan hosts. Alternatively, an extensive survey of molluscs is required to

isolate the first intermediate host of A. annuligerum which remains unknown;

identification of the cercariae being via experimental infections in perch and ideally the

subsequent culture of adults.

Several interesting irregularities in the morphology and host specificities of A.

gracilis were recorded in the present study and by other authors, which, when

considered collectively, raise questions as to the homogeneity of the species as currently

accepted. These are listed below:
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1. Light microscopical examination indicated that A. gracilis metacercariae were

morphologically similar, regardless of host origin. However, such similarities are also

observed with the light microscope for A. gracilis and A. annuligerum metacercariae.

PCA demonstrated that A. gracilis specimens excised from non-salmonids exhibited

morphometries intermediate between salmonid metacercariae and those considered to

represent A. annuligerum.

2. Experimental infections using metacercariae from stone loach were markedly more

successful in ducklings than rainbow trout and salmon parr material, attaining a greater

size, showing an increased longevity and releasing eggs in the host's faeces. Even

though the experimental birds employed were not recognised natural hosts, it is peculiar

that the development of the non-salmonid metacercariae should consistently surpass that

of the salmonid material. Comparable results were obtained by Crocombe (1959) and

Watson & Pike (1993) for A. gracilis infections in ducklings; Crocombe recorded the

successful development of bullhead metacercariae to adults, while Watson and Pike

were unable to raise adults from rainbow trout material. In contrast to the latter authors

and the present study, Blair (1974, 1976) obtained adults of a uniform development, all

of which produced viable eggs, regardless of metacercarial source (salmonid and non-

salmonid).

The developmental differences observed here and by preVIOUS authors may

simply result from degrees of metacercarial 'sensitivity' to an unsuitable host, factors

which might have been influenced by the host's diet or the age of metacercariae

introduced. Nevertheless, it would be interesting to observe if metacercariae from all

sources develop equally well within the recognised definitive host, Mergus spp.

3. Particularly interesting results were obtained in the present study for A. gracilis

cercarial challenges to a range of known natural fish hosts. Cercariae derived from stone

loach material penetrated and developed into encysted metacercariae in stone loach, but
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not in rainbow trout, brown trout or salmon parr. Previous experimental infections

performed by Blair (1974, 1976) used A. gracilis cercariae emerging from naturally

infected snails. These infections also showed a distinct, but reciprocal, host specificity,

being successful in rainbow and brown trout, but not in stone loach.

Together, the PCA results, developmental differences in the same experimental host and

piscine host specificities all suggest the presence of two (or more) species which are at

present all considered to be A. gracilis. In hindsight it would have proved informative

to have examined chromosome morphology, using the testes of the variously derived A.

gracilis adults, to ascertain if genetic differences were present. The possibility of an A.

gracilis species complex should certainly be explored in further work on this group.

Comparisons of the morphology and behaviour (release patterns) of known origin

cercariae, karyology of known origin parthenitae, comprehensive experimental infection

trials and genetic techniques, might all be employed to this end.

This confusion for the most studied member of the subgenus Apatemon

(Apatemon) emphasises the limited knowledge presently available for the taxa. Indeed,

some recent authors still maintain that A. gracilis may also utilise leeches as the second

intermediate host (Spelling & Young, 1986), thus indicating the morphological

similarities between metacercariae across the whole genus which gives rise to this

disorder. Experimental completion of the life-cycles of Apatemon spp., such as A.

fuligulae (metacercaria and adult described), are needed to identify ontogenic characters

of systematic importance at the species level. While life-cycle studies must be

performed for species like A. somateriae, whose identity is conferred solely on the basis

of adult morphology and which is recorded from the non-piscivorous eider (Dubois,

1968). Consequently, with future life-cycle information the latter species may actually

prove to belong to the subgenus Australapatemon.

Increased knowledge on all ontogeny of Apatemon spp. may provide new

evidence for the raising of the subgenus to the full generic level, as originally proposed
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by Sudarikov (1959) and clarify the significance of cercarial host specificity at this

taxonomic level. Hopefully, the new knowledge acquired in the present study for the

life-stages of A. gracilis (derived from stone loach material) will enable discrimination

at the species level, while aiding the evaluation of criteria for higher taxa when

equivalent information is obtained for other species.

The miracidial morphology was found to be identical in all three strigeid species

examined, with no differences observed in the arrangement of internal organs, epidermal

plates or sensilla. Indeed, the miracidium is the only life-stage at which A. gracilis could

not be readily discriminated by its morphology from the Ichthyocotylurus spp.

Nevertheless, miracidial development within the egg was more rapid for A. gracilis than

for either of the Ichthyocotylurus spp. Elucidation of the taxonomic value of the absence

of cephalic glands and presence of a gland of unknown function that is situated and

opens posteriorly, in strigeid miracidia (latter feature also described for other strigeoids)

will require further studies on strigeid and related miracidia.

The mounting of miracidia for chaetotaxy examination in glycerine was found

to be extremely beneficial to their observation, allowing the specimens to be "rolled"

within the medium and the epidermal plates counted in relation to a landmark. Such a

method is far more reliable than descriptions made from observations at different planes

of focus, and enabled the description of an unpaired mid-ventral plate in the second tier

of the A. gracilis miracidium which was not recorded by Vojtek (1964a) for this species.

The sensilla pattern was fully revealed by this technique and when compared to works

on other strigeoids was seen to be highly conserved across the superfamily. It was found

that the available nomenclature for the distribution of miracidial sensilla derived by

Dimitrov et al. (1989) was not adequate to fully describe the pattern recorded for these

strigeid species and amendments to their system are proposed. Deciliation of miracidia

was achieved by osmotic shock, a technique which had not previously been applied to

this life-stage and which proved to be more successful than the commonly used method
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of sonication. This removal of the locomotory cilia enabled SEM observation of the

surface structures which confirmed the arrangement of sensilla and revealed sensillum

form.

The longevity of I. variegatus miracidia was short «11 hours under experimental

conditions), necessitating the rapid location of its Valvata spp. host. Experimental

observations suggested that host location by this species may be preceded by an initial

dispersal phase, after which the miracidia responded to the presence of a substance(s)

emitted from susceptible snails. This water borne "miraxone" caused an increase in the

turning response of miracidia, resulting in their accumulation in the vicinity of the snail

and thus an enhanced possibility of contact.

Ichthyocotylurus cercariae were found to be released from a naturally infected

V. piscinalis specimen which constitutes the first record in Britain of cercariae of this

genus (see 5.1.1; Results). All previous confident host records for cercariae of this

parasite genus have been made from Valvata spp. Naive V. piscinalis were also

successfully used for experimental infections (see 5.1; Results). A. gracilis is

predominantly recorded from lymnaeid snails, and naive Lymnaea peregra proved, in

the present study, to be efficient experimental hosts.

Cercarial developmental periods within the molluscan host were found to be

temperature dependent and markedly different for the strigeid genera investigated, with

both Ichthyocotylurus spp. typically requiring several weeks longer than A. gracilis at

Cercariae being specially adapted to a free-living existence are traditionally

considered to possess many useful features for the discrimination of taxa; these include

morphological structures, many of which are subsequently modified or lost,

physiological specificities and behavioural traits. Differences in I. erraticus and I.

variegatus cercarial morphology were previously thought to include the presence (l.

variegatus) or absence (I. erraticus) of unpigmented eye-spots, the number of septa
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dividing the digestive caeca, arrangement of sensilla and pattern of armature (see Olson,

1970; Odening & Bockhardt, 1971; Swennen et al., 1979). Of these, only the first

criterion was found to be reliable, but even this feature, the presence of eye-spots in I.

variegatus, was often difficult to discern. Fine details of the surface of these cercarial

species had previously only been investigated with the light microscope; the "sensory

hairs" being recorded from unstained preparations. Silver-staining and SEM observation

revealed that the chaetotaxy maps of these species were identical, contrary to previous

descriptions, and that variations seen in the armature were not characteristic. PCA was

applied to the sensilla distribution in an effort to find discrete differences. This

examination demonstrated species differences with separation provided by 95%

confidence limits on centroids, but discrimination of individual specimens was not

conclusive and the technique is considered to be of limited practical application. Many

more sensilla were recorded on the tail-stem and furcae of I. erraticus and I. variegatus

cercariae than observed by previous authors, who were only able to visualise those

bearing a long cilium. At present morphological discrimination of I. variegatus and I.

platycephalus cercariae is based solely on the distribution of tail-stem sensilla and the

pattern of the armature (see Odening et al., 1970; Odening & Bockhardt, 1971; Swennen

et al., 1979). Given the current findings it is likely that descriptions in the literature of

the distribution of sensilla and armature (light microscopical) of I. platycephalus will

prove incomplete and may actually correspond closely to those redescribed here for I.

erraticus and I. variegatus. The cercaria of I. pileatus has yet to be described and any

characteristic morphological features are unknown. Thus, it appears that,

morphologically there are few good diagnostic criteria available for distinguishing

Ichthyocotylurus cercariae. Consequently, members of this genus are in the unusual

position of being more readily identified by metacercarial than cercarial morphology.

Within the Strigeidae the features of cercarial armature and chaetotaxy appear

to have more significance at the subgeneric/generic level, e.g. Ichthyocotylurus spp.
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possess both antero-Iateral and postero-Iateral tail-stem sensilla, while they are evenly

spread along the tail-stem of Cotylurus and Apatemon (Australapatemon) spp., and occur

only distally in A. gracilis, the sole member of the subgenus Apatemon (Apatemon) to

have its sensillary pattern demonstrated (for references see Chapter 5 2 3' D' ion). ., ISCUSSlon.

The post-acetabular patch of spines described in the present study and by Blair (1974)

for A. gracilis cercariae does not appear to have been recorded for any other Apatemon

species. This feature was not noted by other authors for A. gracilis (see Table 56) and

a similar oversight may have been made for the remaining cercariae described for the

subgenera Apatemon (only A. graciliformis) and Australapatemon. Consequently, the

systematic significance of this character is at present unknown, but warrants future

study.

Karyological examination of experimentally raised parthenitae known to be

releasing I. erraticus, I. variegatus and A. gracilis cercariae demonstrated convincingly

distinct differences in their chromosome morphology and readily enabled their

discrimination. The most visible difference between the two Ichthyocotylurus spp. occurs

in the second largest chromosome pair, which are bi-armed in I. erraticus and single-

armed in I. variegatus. This characteristic was found to be obvious from microscopical

examination of the chromosome 'spreads' and did not require statistical analysis. The

karyology study emphasised the importance of performing karyotypic "controls", i.e.

ascertaining the karyotype of the snail host, by the finding that V. piscinalis and the

Ichthyocotylurus spp. investigated both exhibit 20 chromosomes in diploid sets.

Although the technique is quick, inexpensive and reliable once the karyotype is known,

the initial description requires material of known identity and the examination of many

'spreads' to ensure the correct complement of chromosomes is considered. A limitation,

which remains untested, is the possibility of variation in a species karyotype resulting

from geographical isolation. Nevertheless, as the technique can also be applied to the

testes of adults (Barsiene, 1993), karyotyping of I. variegatus and I. platycephalus

adults raised from metacercariae excised from locally infected fish, would enable the,
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confirmation of species identities and satisfy the controversy surrounding the status of

these two species.

The specificity of cercarial species to their next intermediate host, which was

proposed by Blair (1977) as a diagnostic criterion, was strongly supported by the results

obtained in this study for I. erraticus and 1. variegatus, indicated in Chapter 2.1; Natural

infections and in Chapter 6; Experimental infection of fish. In the present study 1.

erraticus metacercariae were recorded from the pericardial cavities of naturally infected

British powan, gwyniad, rainbow trout and grayling, with additional specimens

recovered from Finnish whitefish and vendace; all members of the Salmonidae.

Specimens recovered from gwyniad and grayling represent new British host records. The

list of British hosts should also include brown trout (few of which were examined here)

as reported by Wootten (1973a,b) and Campbell (1973). Both of these authors noted

clustering of cysts on the ventricle of the heart in heavier infections, often with cysts

piled on top of each other. This arrangement of cysts is far more typical of

Ichthyocotylurus infections within the pericardial cavity than A. gracilis, where heavy

infections tended to form a monolayered "blanket" adhering to the pericardium and

bound together by connective tissue as a result of the host response (see Tables 2, 4).

I. variegatus metacercariae were found to be restricted to the Percidae and

located predominantly on the inner surface of the swimbladder. Unfortunately, from a

discriminatory perspective, I. platycephalus also utilises percids (and cyprinids), while

1. pileatus has been recorded from salmonids and percids (see 2.1; Historical

perspective). Site-specificities within the fish host may be typical for an

Ichthyocotylurus species, but this feature alone was not found to provide a reliable

means of identification. There was also some evidence gathered here to suggest that the

site-specificity of these metacercarial species broadens with increasing intensities of

infection (see Chapter 2.1; Results).

A far more extensive host range was observed for A. gracilis metacercariae than
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the two Ichthyocotylurus spp., with specimens obtained from three families of fish; the

Cobitidae (stone loach), Cottidae (bullhead) and Salmonidae (rainbow trout, salmon parr

and arctic charr). The infection in arctic charr represents a new British host record.

Additional hosts were also identified by Blair (1974, 1976) as the three-spined

stickleback and brown trout (experimental host). Site specificities of A. gracilis were

found in the present study to vary according to host species (see also Crocombe, 1959;

Blair, 1974, 1976; Wootten & Smith, 1980). This broad range of hosts and site

specificities for A. gracilis metacercariae provides a sharp contrast to the apparently

oioxenic A. annuligerum and highly specialised life-cycle demonstrated experimentally

by Combes & Nassi (1977) for A. graciliformis (see Chapter 2.1; Historical perspective).

Particularly puzzling regarding A. annuligerum is the lack of a clear link between its

known hosts; perch and buzzards. What advantage this pairing imparts to the parasite

is unclear. Equally mystifying is why no cysts of this species were ever recovered from

ruffe; a species which is closely related to perch, occupies the same habitat, exhibits

similar behaviour and is presumably equally liable to consumption by the definitive

host.

Another mechanism for identification of Ichthyocotylurus spp. at the cercarial

stage relies on behavioural phenomena. This study recorded a common resting posture

for all three species of strigeid cercariae, the characteristic feature being the ventral

curvature of the body. The postures of these species have all been described before (in

illustrations) and differ in each case from those recorded here (Table 75). All previous

figures of I. erraticus (see Olson, 1970; Swennen et al., 1979) and I. variegatus (see

Odening & Bockhardt, 1971) show a lateral flexion of the body, though this may be due

to representational differences in the drawings, while Crocombe (1959) observed no

body curvature for the cercariae he considered to represent A. gracilis. The resting

posture for I. platycephalus recorded by Odening et al. (1970) showed a straight body.

Without a more detailed examination (chaetotaxy/SEM) of the surface structures of I.

platycephalus, which mayor may not prove characteristic, this feature represents the
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only distinction between 1. platycephalus and 1. variegatus cercariae.

The experimentally raised cercariae were seen to exhibit strict circadian release

patterns from their molluscan hosts, which almost certainly enhance the possibility of

infecting their particular fish hosts. A marked difference in strategy was recorded for

the two genera, with both Ichthyocotylurus spp. emerging during daylight hours and A.

gracilis with the onset of darkness. These differences are likely to be linked to their

respective swimming behaviour, which was also seen to differ. Ichthyocotylurus spp.

swim periodically in upward bursts before pausing, spreading the furcae and drifting

downwards; while A. gracilis swims almost continually and away from the light. The

daylight emergence and zig-zagging across the water column would enhance the

possibility of the Ichthyocotylurus spp. encountering their active predatory hosts. In

contrast, the behavioural traits of A. gracilis would increase the chance of contact with

their hosts while the fish are immobile on the substratum during the hours of darkness.

Alternatively, this may represent an adaptation for maximising contact with

predominantly bottom dwelling hosts, e.g. stone loach and bullheads. A consequence of

their respective swimming behaviour was the reduced longevity of A. gracilis cercariae,

particularly compared to that of 1. variegatus cercariae. Further differences between the

two genera existed in the daily production of cercariae and duration of cercarial release.

Experimentally infected L. peregra specimens emitted an average of 2778 A. gracilis

cercariae daily over the course of the infection, which was seen to last for up to 80

days. A far lower average number of 1. erraticus (154) and I. variegatus (127) cercariae

were released each day and the duration of release from experimentally infected V

piscinalis typically lasted no longer than 30 days. It seems likely, given these

differences in cercarial output, that the mode of transmission of the two Ichthyocotylurus

spp. is more efficient than that of A. gracilis.

SEM examination of life-stages enabled a comparison of the number and types

of sensilla particular to ontogeny. All sensilla observed were uniciliate, although
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variation was noted in the structure displayed at th diff t 1'+e 1 leren lie-stages,

Ichthyocotylurus miracidia were found to possess at least three forms of sensilla; the

first terminating in a crescent-shaped structure; the second, the "lateral papilla",

comprising a large dome with highly folded surface; and the third, ending in a short

cilium surrounded by a low collar. The retraction of the terebratorium prevented

visualisation of these apical sensory structures which could be investigated in the future

using TEM. Three forms of sensillum were common to the cercariae of both strigeid

genera, the types differing in cilium length and the nature of the collar. Both A. gracilis

and the Ichthyocotylurus spp. exhibited a fourth sensillum type with a short cilium,

however, the presence of a tall tightly investing collar around the cilium was only

observed for the Ichthyocoylurus cercariae. The four types of sensilla recorded for

Ichthyocotylurus cercariae were also visualised using TEM and differences in external

appearance reflected variation in internal structure. One particular form (type d, see Fig,

95) was atypical of any previously described for cercariae. Only two sensilla types were

recorded for the metacercariae of both genera, with a short cilium emerging either from

the tegument or from a raised dome. The numbers of sensory structures present were

seen to increase from miracidia to metacercaria, but very few were observed on the

surface of adults and these were restricted to a single form. However, due to the

'cupped' nature of the forebody, the sensilla positioned on the inner (ventral) surface

could not be viewed. This could be rectified by preparing adults for histological section

(in wax), cutting through to expose the inner surface of the cup, removing the wax and

then processing for SEM. A complete examination of the sensory structures present in

these strigeid life-stages would require extensive use of TEM to investigate the presence

of subtegumental non-ciliate receptors which have been recorded for metacercariae in

other families (see Bennett, 1975; Hoole & Mitchell, 1981). The greater variety of

surface sensillum types exhibited by the free-living stages reflects the complex

behaviour involved in their location, recognition, penetration and ultimate migration

through the intermediate hosts.
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This study applied a range of both traditional and little used modern techniques

to all available life-stages of strigeids found infecting fish in the United Kingdom.

Morphological, behavioural and karyological investigations were carried out and all

shown to contribute to discrimination at the species and generic levels. The description

of complex patterns of sensilla using chaetotaxy and of fine surface structures under

SEM revealed many similarities at the species level, but provided evidence for their use

in the separation of higher taxa. All comparisons of morphology were enhanced by the

ability of principal components analysis to discern subtle variation, while karyological

investigations provided precise species determination. There is much scope for the use

of the latter two techniques for other systematic problems within the digenea.
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APPENDIX

Definition of the family Strigeidae Railliet, 1919 according to Shoop (1986).

Diagnosis: Body bisegmented; forebody cup-shaped with a bilobed tribocytic organ; oral

sucker, pharynx, and bifurcate caeca to the posterior end of the body usually present;

pseudosuckers present, vestigial or secondarily absent; acetabulum present; vitelline

distribution whole body or only in the fore- or hindbody; reproductive organs in

hindbody; testes tandem and lobed; cirrus sac absent; paraprostate present;

hermaphroditic duct present; genital pore dorso-subterminal; excretory pore terminal;

eggs large and operculate; mesocercarial stage sometimes present; tetracotyle-type

metacercaria; paranephridial plexus with 3 major longitudinal vessels, transverse

commissures 3 or less; adult parasitic in intestinal tract of birds, more rarely mammals.

Definitions of the genera Apatemon, Ichthyocotylurus and Cotylurus, reproduced

with slight amendments' from Blair (1974) and based on the work of Dubois (1968,

1970a), Niewiadomska (1971a), Odening (1969) and Dubois & Nassi (1977).

Genus Apatemon Szidat, 1928

Strigeid with bisegmented body; pharynx present; forebody variously cup-shaped,

lacking lateral extensions, small multilobed proteolytic gland, (typically") lacking

vitellaria. Hindbody sac-shaped, subreniform or subcylindrical; generally curved or

lacking a collar, separated from the forebody by a constriction. Ellipsoidal or reniform

ovary in the anterior 2/5ths of the hindbody; testes of various shapes and generally

orientated obliquely, may be bi- or trilobed (with the lobes directed anteriorly) or

multilobed. Copulatory bursa of medium size, with a terminal opening containing a

genital cone at the base of which the uterus and ejaculatory duct unite to form the

hermaphroditic duct.
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Subgenus Apatemon Szidat, 1928

Apatemon with poorly developed genital cone traversed by an' harrow, straig t,

hermaphroditic duct with little associated musculature Cercariae ith di
. WI ru lmentary gut

caeca; six, eight, or more postacetabular penetration gland cells. Excretory formula

2[(2)+((2)+(1))] = 10; postacetabular excretory commissure; metacercariae in fishes.

Subgenus Australapatemon Sudarikov, 1959

Apatemon with well developed and muscular genital cone, traversed by a

muscular, and often convoluted, hermaphroditic duct. Cercaria with gut terminating in

two long caeca. Eight (rarely six) postacetabular penetration gland cells. Excretory

formula 2[(2)+((4)+(1))] = 14; with one or two excretory commissures. Metacercariae

in leeches.

Diagnosis common to both Ichthyocotylurus Odening, 1969 and Cotylurus Szidat, 1928

genera.

Strigeids with bisegmented body; pharynx present. Forebody variously cup

shaped or hemispherical, lacking lateral extensions; proteolytic gland poorly developed

and rather diffuse; forebody may contain a few vitellaria. Hindbody variously

cylindrical, lacking a collar, and separated from the forebody, to which it is often

attached eccentrically, by a distinct constriction. Ellipsoidal or reniform ovary situated

in the anterior half of the hindbody. Testes may be trilobed with the lobes directed

posteriorly (one dorsal and two lateral), or multilobed. Copulatory bursa of moderate

size with a subterminal genital pore; genital cone absent, but a genital bulb present, at

the base of which the genital ducts emerge dorsally into the copulatory bursa. Cercariae

with excretory formula 2[(2+2)+((2+2)+(2))] = 20, preacetabular excretory commissure.

Genus Ichthyocotylurus Odening, 1969

Testes trilobed or multilobed. Cercariae with two pairs of postacetabular
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penetration gland cells. Metacercariae In fishes, *enveloped in unperforated cyst of

various thicknesses.

Genus Cotylurus Szidat, 1928

Testes with three lobes. Cercariae with two pairs of preacetabular penetration

gland cells. Metacercariae in snails and leeches, *enveloped in tightly investing thick

walled cyst which is typically pear-shaped and perforated.
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