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REVIEW ARTICLE

Ciliate Mating Types and Their Specific Protein Pheromones

Pierangelo LUPORINI, Claudio ALIMENTI, Claudio ORTENZI and Adriana VALLESI

Dipartimento di Biologia Molecolare Cellulare Animale, University of Camerino, Camerino (MC), Italy

Summary. The determination of a number of pheromone structures from species of Euplores provided direct evidence that these cell type-
specific signals are represented by families of homologous proteins, consistently with their genetic control through series of single-locus
multiple alleles. Due to their structural homology, unequivocally manifested by the organization of similar three-dimensional topologies,
pheromones can thus compete with one another to effectively bind to their cells of origin in autocrine fashion, or to other conspecific cells
in paracrine fashion. The cell response to these different pheromone interactions will accordingly vary, reproductive (mitotic proliferation)

in the former case, mating (sexual) in the latter.

Key words: chemical signalling, ciliates, growth factors, protein families, protein structures, reproduction, sex.

INTRODUCTION

In the wake of the milestone report by Sonneborn
(1937) (“Sex, sex inheritance and sex determination in
Paramecium aurelia”) that conjugation of P. aurelia
involves the intra-specific differentiation of two geneti-
cally distinct mating types, a functional equivalence of
mating types of ciliates with sexes of any other
(micro)organism has for long been widely accepted.
Each mating type would be represented by ““a strain of
conspecific individuals not able to undergo [mating]
fusion with each other, but only with members of a
complementary mating type” (e. g., Hausmann ef al.
2003), and the mating type-distinctive signal molecules
would behave like “sex substances’” (e. g., Kuhlmann

Address for correspondence: Pierangelo Luporini, Dipartimento
di Biologia Molecolare Cellulare Animale, University of Camerino,
62032 Camerino (MC), Italy; E-mail: piero.luporini@unicam.it

and Heckmann 1989) able “to induce chemical interac-
tion and mutual stimulation between cells complemen-
tary for mating union and fertilization” (e. g., Miyake
1981, 1996). These concepts are also the foundation of
a model, known as the “gamone-receptor hypothesis”
(Miyake 1981, 1996), predictive of the mechanism of
action of the first two of these signal molecules, denoted
as “Gamone-1" (G-1) and “Gamone-2" (G-2), that have
been isolated from Blepharisma japonicum. G-1 has
been characterized as a glycoprotein with a sequence
that has now been determined to be of 272 amino acids
plus six sugars (Sugiura and Harumoto 2001); G-2,
instead, is a 3-(2’-formylamino-5’-hydroxybenzoyl)lactate,
i. e., a possible tryptophan derivative (Jacnicke 1984,
Miyake 1996). In spite of the fact that G-1 and G-2
presume quite different genetic determinants - in addi-
tion to being chemically unrelated, G-1 is species-spe-
cific while G-2 is shared in common by a variety of
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species of Blepharisma (Miyake and Bleyman 1976,
Miyakc 1996) these molecules have been designated to
distinguish cells representing two “complementary”
mating types, i. ¢., Mt-1 and Mt-II, and presumed to
behave as symmetric inducers of sexual cell pairing:
G-1 by binding and activaling ils cognalc rceeplor on
Mt-II cells, and G-2 by binding and activaling its cognaltce
receptor on Mt-I cells.

Objective reasons, however, cxist, as has been pointed
out (Nanncy 1980, Luporini and Miceli 1986, Dini and
Nyberg 1993), in contradiction with the equivalence
between ciliale mating Lypes and sexes; hence, in con-
tradiction 1o the related “gamone-receplor” interprela-
tion ol the activity of the B. japonicum G-1 and G-2
signals in the terms only of sexual faclors that are
synthesized by cells of one cell type 1o target another cell
type. Essentially, these reasons are that: (i) rather than
being binary and dimorphic like scx, ciliatc mating type
systems arc usually highly multiple (open?) and polymor-
phic, like the sclf-incompatibility systems of tlowering
plants and some mating type systems of fungi (Cassclton
2002, Charlesworth 2002); (ii) ctfective mating takes
place in many ciliates between cells of the same mating
type (homotypic mating, or sclfing), just as it takes place
between cells of different mating types (heterotypic
mating); (iii) every mating cell, independently of whether
it represents one or the other mating type, gencrates onc
migratory and onc stationary gamete nuclei, and it is this
behavioral divergence between gamele nuclei that has o
be credited with the propertics of a scxual, “malc”/
“lemale” dilTerentiation.

To these reasons we can now add the knowledge,
that is the object ol this review, ol various aspects ol the
biology and structure of the mating type signals that have
been studied, under the denomination of “pheromones”,
in three distinct species ol Euplotes, 1. e., E. raikovi,
E. ociocarinaius, and E. nobilii, the first two of which
are specics widely distributed in temperate waters (ma-
rinc and lacustrine, respectively) and the third onc is
restricted to the marine costal waters of Antarctica.
These Euploies specics, more properly than
B. japonicum, can collectively be regarded as instruc-
tive models (o scarch into the evolutionary and [unctional
mcanings ol the ciliatc mating type mechanism. While in
B. japonicum wc arc substlantially ignorant of the
gencltic basis of the mating types and ol the associated
glycoprotein and tryptophan-derivative signals, the ge-
netic basis ol Euplotes maling types has been deter-
mined 1o be represented by series ol alleles that segre-
gale al a single, highly polymorphic Mendelian mar

(mating-type) locus (c. g., Dini and Luporini 1985,
Luporini ef al. 1986, Heckmann and Kuhlmann 1986,
Dini and Nyberg 1993). And consistently with this
genctic control, Euplotes pheromones all appear to be
represented by proteins that are homologous members
of specics-specilic familics (Rallioni ez al. 1992); henee,
within cach family, characterized by structures that arc
globally similar, yct distinet [rom onc another duc to local
structural specilicitics (Luginbiihl ez al. 1994, Liu et al.
2001, Zahn et al. 2001). These relationships ol structural
homology that uncquivocally exist between mating Lype-
specilic pheromones should be kept as a [irm and central
notion in any allemplt to rationalize the function and
mechanism ol action of ¢iliate pheromones and, more in
general, the evolutionary meaning of the ciliate maling
lype syslems.

Euplotes pheromone synthesis and secretion

Euplotes cclls synthesize and sccrete their phero-
mones constitutively throughout the entire life cycle,
regardless of whether they are, or are not in a develop-
mental or physiological stage suitable for undertaking a
mating process (Luporini ez al. 1992, 1996). Phcromone
gene Lranscription and pheromone secretion arc alrcady
shown by cells that arc at the very beginning of their
clonal life cycle (Luporini et al. 1992), when they are
usually regarded as “scxually immature” or “adolescent”
because of their incapacity to mate (Kuhlmann and
Heckmann 1989), as well as by cells that arc growing
(reproducing) ascxually (mitotically) in the presence of
food (Vallesi er al. 1995), hence in a physiologically
inadequate stage 10 engage in sex.

The rates of pheromone production, as can be as-
sessed by quantitative analyses of protein purified from
the cell supernatant, vary signilicantly among species as
well as, within a given species, among maling (ypes
(Luporini e al. 1986). Pheromoncs of E. octocarinatiis
(designated Phr-1, Phr-2, and so forth) are produced in
minimal amounts, that vary from 0.36-0.38 pg/l (Phr-3
and Phr-4) to 0.5 pg/l (Phr-1) (Weischer er al. 1985,
Schulze-Dicckhott er al. 1987), with respect to those of
E. nobilii (dcsignated En-1, En-2, and so forth), and
E. raikovi (designated Er-1, Er-2, and so [orth) in which
the production is in the range from 50 pg/l (En-2) 1o
150 pg/l (En-1) (Alimenti ef al. 2002, 2003a), and [rom
20 pg/l (Er-20) 1o 330 pg/l (Er-1) (Rallioni et ¢l. 1987,
1992), respectively.

In E. raikovi, quantitative variations in phcromonc
production between cells ol dilferent mating Lypes ap-
pear (o be closely correlated with, and are presumably



causcd by, ditferent degrees of amplification of the
pheromone (mating-type) genes in the cell macronucleus.
This corrclation has been established more precisely for
the pheromones Er-1, Er-10, Er-2, and Er-20, through
the utilization of cultures grown at a density of about 107
cells/ml for 4-5 days in the presence of food and then lelt
to enter carly starvation [or an additional 2 days. Phero-
monc Er-1, that is produced in an amount that is about
2-lold thosc of Er-2 and Er-10 (330 pg/l versus 140 and
180 pg/l, respectively), and about 10-fold that of Er-20
(20 pg/), is specilied by a gene whose macronuclear
copy number has been counted (o be about 2-lold the
copy numbers of the Er-2 and Er-10 genes (2.5-2.9 X
10% versus 1.6-1.8 x 10* and 0.9-1.2 x 100, respectively)
(La Terza et al. 1995), and about 10-fold the copy
number ol the Er-20 gene (2-3 x 107) (unreported data).
These gene-copy numbers hold independently of whether
cells carry a homozygous or heterozygous allelic combi-
nation at their mat locus, and appear to be cstablished at
the beginning of the life cycle, when cells develop their
new macronucleus from the products of the synkaryon
divisions (La Terza er af. 1995).

In a functional contcxt, these inter-mating type quan-
titative variations in phcromone production arc usually
regarded (o be of secondary relevance. Most atlention is
in [act [ocused on the diversification in the pheromone
structures that can more direetly be associated with the
cell capacity, or incapacity, to ellectively interact to [orm
mating pairs. Nevertheless, they greatly condition which
type of mating pair - heterotypic or homotypic, i. c.,
between cells ol differenr mating types, or of the same
malting type - will prevalently, or exclusively, be [ormed
in a mating mixture, both pair types being equally
formed and “lertile” in Euplotes as in many other
ciliates (Heckmann and Kuhlmann 1986) (only
Blepharisma homotypic pairs are known 0 be “sterile”
and to remain united for days without switching on any
meiotic process). [n mating type combinations involving
cells characterized by similar rates of pheromone pro-
duction, hetcrotypic pairing is prepondcrant. Instead, the
combinations that involve cells with dissimilar rates of
pheromonc production usually gencrate a prevalence of
homotypic pairs, and the proportions ol these pairs
relative (o cach onc of the two mating types ol the
combination closcly rellect the inter-mating type difler-
cnces in pheromone production. In general, it holds that:
the lower the amount of phecromone that cells secrele,
the higher the proportion of homotypic pairs that they
form, and, vice versa, the higher the amount of phero-
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mone sccreted, the lower the proportion of homotypic
pairs formed.

These obscrvations have a close counterpart in the
measurcs of pheromone activity, that traditionally are
only referred to the paracrine (sexual) pheromone activ-
ity and, hence, based on mating inducing assays carricd
out (according 1o a procedurc originally devised [or
Blepharisma gamones) by monitoring the minimal con-
centration required for a given pheromonce to induce the
[ormation ol at least onc mating pair between cells
scereting another pheromone (Miyake 1981). However,
assays carried out with cells suspended in the (virtual)
absence, or in the presence of their secreted pheromone,
give rise 10 values of pheromone aclivity that may
change by even three orders of magnitude, i. e., [rom a
range between 10- and 107" M in the [ormer case 10
a range between 10 and 10°®* M in the latter, that is also
the range in which fall the values of pheromone binding
affinitics asscssed on the basis of in vitro analysis
(Ortenzi and Luporini 1995).

Physicochemical features, cytoplasmic precursors,
and primary structures of Fuplofes pheromones

Twenty unique amino acid sequences of Euplotes
pheromoncs have so [ar been structurally determined,
cither by dircct chemical analysis of purified protein
preparations, or molecular cloning ol the relevant coding
genes: nine of 37-51 residues [rom E. raikovi (Rallioni
et al. 1992, Luporini ef al. 1995, Vallesi et al. 1996, Di
Giuscppe et al. 2002), ninc of 8§5-109 residues [rom
E. octocarinatus (Briinen-Nieveler et al. 1991, 1998;
Meyer et al. 1991, 1992; Mollenbeck and Heckmann
1999), and two o 52-60 residues [rom (a single strain of)
E. nobilii (Alimenti er. al. 2002, 2003a). While phero-
mones ol E. octocarinatus belong (o strains showing
intra-specilic mutual mating compatibility (i. e., cells of
a strain can mate with, and their pheromones can induce
mating between, cells of any other strain), E. raikovi
pheromoncs belong to two distinet groups of strains that
arc mutually mating incompatible, and denoted “PR” and
“GA” (with reterence to their collection sites, i. ¢., Porto
Recanati and Gacta on the Eastern and Western coasts
of Ttaly, respectively). In practice, pheromones (Er-1,
Er-2, Er-7, Er-10, and Er-11) of the PR strains can
induce mating between PR cells, not between GA cells
(Er-11 representing a partial exception); similarly phero-
mones (Er-20, Er-21, Er-22, and Er-23) of the GA
strains can induce mating between GA cells, but not
between PR cells (cells secreting Er-11, again, repre-
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scnting a partial ecxception). Because of this behavioral
(mating) strain diversification, E. raikovi pheromoncs
arc also regarded as classitiable into distinct protein sub-
families, particularly apt to reveal the structural specitici-
tics that condition their varied spectra of activity (Vallesi
et al. 1996).

As summarized in Table | Euplotes pheromonces are
all rich in cysteines (lypically, six in E. raikovi, cight in
E. nobilii, and ten in E. octocarinatus), and posscss
acidic isoclectric points (between 3.25 and 4.08). Only
E. nobilii phcromones denole appreciable diflerences in
polar and hydrophobic amino acid composition in relation
with their cold-adaptation (Alimenti er al. 2003b), that
usually requires a reduction of the protein hydrophobicity
associated with increased solvent accessibility and
molecular (lexibility (e. g., Marshall 1997). They are in
fact signilicantly more polar and hydrophilic than
E. ociocarinatus and E. raikovi pheromones, and show
a mcan valuc of the aliphatic index (indicative of the
degrec of thermostability) that is markedly lower than in
the two other species (i. ¢., 24.1 versus 50.3 and 65.4,
respectively).

As occurs in many sccreted protein hormones, also
Euplotes pheromones (as well as the glycoprotein G-1
of B. japonicum) arc synthesized as inaclive prolein
precursors (pre-pro-pheromones), that denote a typical
signal-peptide/pro-segment/mature-protein construction
[rom which the active pheromones have to be liberated
by protcolylic cleavages of the signal-peptide and pro-
scgment (Miceli ez al. 1989, 1991; Meyer et al. 1991;
Sugiura and Harumoto 2001). A salient [eature ol these
pheromone precursors (not yet known in E. nobilii) is a
remarkable degree of intra- and inter-specific sequence
identity that distinguishes both the signal-peptide (lo
a major extent) and the pro-segment (Lo 4 minor extent)
from the secreted pheromone [orms that are themselves
rather variable. This strict structural conscrvation of the
signal-peptide and pro-scgment has presumably func-
tional rcasons, corrclated with the production of mem-
branc-bound pheromone isoforms that in E. raikovi
have been identified as the cell effective pheromone
binding sites and receptors (Ortenzi e al. 2000). These
isoforms arc co-synthesized together with the scereted
forms through a process ol differential splicing of the
primary transcripts of the pheromone genes and incorpo-
rale the cntirc pheromone precursor at their carboxyl
region, while cxiending their amino terminal region by
the addition of a new sequence (Miccli et ¢f. 1992, Di
Giuseppe er al. 2002). Due (o this incorporation, the
signal-peptide and pro-segment become the isoform

(pheromone-receptor) trans-membranc and anchoring
domains; it thus appears nccessary to impose them
unique conformational changes to avoid enzymatic pro-
cessing and removal.

Upon looking closer at the multiple sequence align-
ment of the pheromone precursors, shown in Figs | and
2, il appears that the signal peptide scquences contain no
amino acid substitution at all in E. octocarinatus and
only a dozen substitutions in E. raikovi, lurthcrmore
mostly concentrated in pheromone Er-23 that represents
a somewhat deviant member of the E. raikovi phero-
mone lamily (as discussed below). At the inter-species
level, they present closely comparable lengths (19 resi-
dues in E. raikovi versus 16 in E. ocrocarinatus) and
more than 50% positions that are [ully conserved. Func-
tionally, all the canonical signal-peplide [eatures are
therein recognizable, including a crowding ol positively
charged and hydrophobic residues and a processing site
for signal peptidascs represented by the dipeptide Ala-
Phe.

The degree of the pro-segment scquence identity in
E. ociocarinanes is such that there is only onc substitu-
tion throughout the first 29 positions (the structurally
“cceentric” pheromone Phr4 cxcluded); while in
E. raikovi (Er-23 cxcluded) it varies [rom 50 10 94%. Al
inter-specific level, the variations appear limited to:
(i) the double length that the pro-scgment acquires in
E. octocarinatuys in respect 0 E. raikovi (basically 36
versus 18 residues); (ii) the processing site [or the
release of mature pheromone [orms, that changes [rom
the E. raikovi dipeplide Arg-Asp (with three subslilu-
tions ol Arg with GIn, Gly, or Lys, and one ol Asp with
Gly) (o the E. octocarinatus dipeptide Lys-Asp/Tyr/Gly.
Nevertheless, in both species there is a repetition ([rom
two times in E. raikovi 1o six in E. octocarinatus) ol the
molil Arg/Lys-Xxx-Xxx-Ser (with occasional changes
of Arg/Lys with Gln or Met and of Ser with Glu or Thr),
that may be of common functional importance for post-
translational moditications.

In the scereted pheromones, the degree of sequence
identity drops drastically, cven to reach intra-specitic
values as low as 25-30% that arc usually scen as a
twilight zonc to infer true relationships of scquence
homology. It sccms likely that at the origin of the
pheromone diversilication between E. raikovi and
E. octocarinatus there is an cvent of gene duplication.
This is strongly suggested by the lact that, as is also the
case ol the pro-segment, the pheromone sequences in
E. octocarinatus are praclically twice as large as in
E. raikovi.



Table 1. Basic physicochemical properties ol Fuplotes pheromones.
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Pheromones Total
residues (n)

Cysleine
residues (n)  point pl

Tsoclecwic  Charged Polar
residues (%) residues (%)

Hydrophobic  Glycine Aliphatic
residues (%) residues (%) index!

Jir-1 40 6 3.71 20.0
Er2 40 6 383 125
Er7 40 6 383 125
Er10 38 6 408 184
N1l 39 6 345 12.8
1220 37 6 3.33 135
1ir-21 37 6 3.37 10.8
ir-22 37 6 3.77 16.2
1ir-23 51 10 333 98
Jin-1 52 8 3.25 115
En2 60 8 3.50 15.0
Phrl 99 10 3.58 20.2
Phrl* 9 10 3.56 15.3
Phr2 101 10 3.52 193
Phi2 102 10 341 17.6
Phr3 99 10 388 21.2
Phi3+ 99 10 3.96 19.2
Phd 85 8 3.64 15.3
Phis ! 108 10 3.92 13.9
Phis 2 109 10 349 14.7

45.0 30.0 5.0 53.75
425 35.0 10.0 44.00
45.0 35.0 75 46.50
421 31.6 7.9 51.32
410 43.6 2.6 87.69
459 378 2.7 84.32
403 459 27 108.11
40.5 40.5 27 89.73
50.9 21.6 17.6 23.14
59.6 23.0 5.8 18.85
50.0 25.0 10.0 29.33
404 34.3 5.1 70.00
449 33.7 6.1 64.80
42.6 29.7 7.9 43.47
43.1 31.4 78 47.84
4735 26.3 5.1 48.28
5235 222 6.1 43.33
435 34.1 7.1 38.00
47.2 28.7 10.1 48.70
44.9 284 48.26

lir, lin, and Phr pheromones are from £ raikovi. E. nobilii. E. octocarinatus, respectively. 'Calculated according to lkai (198(). as relative

volume occupied in globular proteins by aliphatic side chains.

Conservation is substantially limited 1o the amino-
terminus usually occupied, in E. raikovi in particular, by
an Asp residue (that likely serves as recognition [or the
proteolylic pro-pheromone processing), and (o the cys-
teine positions. The relention of these positions is obvi-
ously maximal at the intra-specific level (with the partial
exception of E. octocarinatuss), and less stringent at the
inter-specitic one. In the case of E. nobilii and
E. raikovi, that arc specics with close phylogenctic
kinship (Di Giuseppe and Dini, personal communication),
the six Cys residues (designated | to VI) distinctive of
E. raikovi pheromones (Er-23 with ten cysicines cx-
cepled) [ind their counterparts in six of the cight Cys
residues of E. nobilii pheromones, thus implying an
intcr-specics substantial retention of the disullide bond
pattecrn Cys-I/Cys-1V, Cys-II/Cys-VI, and Cys-III/
Cys-V established in E. raikovi (Stewart et al. 1992).
Between the pheromone lamilies of E. raikovi and
E. octocarinanus, thal are species branching phyloge-
netically rather distant from each other (Bemhard et al.
2001, Petroni er al. 2002, Song er al. 2004), the adoption

ol some archilectural motils in common seems 10 be
much more dubious. There is in lact only a convincing
maltch of the disullide bonded Cys-I, Cys-III, Cys-1V
and Cys-V of E. raikovi pheromones with [our of the
six fully conserved Cys residues in E. octocarinatus
pheromones.

Three-dimensional structures of k. raikovi phero-
mones

The molecular architecture was determined for six
E. raikovi pheromones (of the nine characterized at the
level of their primary sequences), i. ¢., Er-1, Er-2, Er-10),
and Er-11 of the PR sublamily, plus Er-22 and Er-23 of
the GA sublamily. These determinations were carried
oul by NMR spectroscopy (Brown ¢f al. 1993; Mronga
et al. 1994; Ottiger et al. 1994; Luginbiihl ez ¢f. 1994,
1996; Liu ef al. 2001; Zahn ¢t af. 2001) and, in the casc
ol Er-1, also by X-ray crystallography (Weiss et al.
1995). As illustrated in Fig. 3, these pheromones (excepl
Er-23) show constructions that closely mimic one an-
other, regardless ol the extent ol divergence thal may
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Fig. 1. Multiple sequence alignment of the E. raikovi and E. octocarinatus pheromone precursors. The alignment is based on the Clustal X
program (Jeanmougin ez al. 1998) and maximized by gap insertions. The numbers of residues of each sequence are reported on theright, and a
motif repetition is indicates by lines. Sequence identities are colour-coded using a gradient from white (< 40% identity) to red (100% identity).

Fig. 2. Multiple sequence alignment of E. raikovi, E. nobilii, and E. octocarinatus secreted pheromones. Criteria for arranging sequence=fm=

alignments and identities are as in Fig. 1. In the E. raikovi pheromones, the sequence segments organized in helical structures are enclosed in
boxes, while the half-cystine residues are indicated by progressive roman numerals and connected by lines according to their disulfide pairings.

separate their primary sequences. These constructions
all conform to a unique model shaped like a pyramid, in
which the base is triangular and the vertical edges are
provided by three helices, designated 1 to 3 starting from
the molecule amino-terminus; they are united by two
extended loops of 2-4 residues and show appreciably
different lengths and an up-down-up topological orienta-

tion. Helices 1 and 3 are uniformly in regular ct-organi-
zation, while helix 2 tends to be less regular and to
appear as a short stretch of distorted 3, -helix turns.
Compactness and stability of each pheromone construc-
tion are ensured by the three strictly conserved disulfide
bridges, two of which (Cys-1/Cys-1V, and Cys-1II/Cys-
V) connect helix 2 (facilitated in this connection by its

http://rcin.org.pl
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Fig. 3. Comparison of the three-dimensional structures of E. raikovi pheromones. Each pheromone is represented in frontal and top views
prepared with the program MOLMOL (Koradi er al. 1996). The helices (h) are numbered progressively from the molecule amino-terminus (N)
to the carboxy-terminus (C). The three helices conserved in all the molecules are coloured green and their three interconnecting disulfide bridges
are shown in yellow. The two helices and the two disulfide bridges that are unique to Er-23 are coloured red and blue, respectively. The atom
coordinates of each pheromone, deposited at the Protein Data Bank (PDB), are to following: Er-1, 1ERC; Er-2, 1ERD:; Er-10, IERP; Er-11,

1ERY: E#-22, 1HD6; Er-23, THAS.

distorted structure that ensures a proper orientation for
the disulfide bonds of its Cys III and Cys IV residues)
to helices 1 and 3, while the third one (Cys-11/Cys-VI)
ties the carboxy-terminal tail to the top of helix 1. The
close spatial proximity of the two inter-helix disulfide
bonds is such to cause a rather exceptional situation,
i. ¢, in each pheromone the formation of quantitatively
minor conformations represented by disulfide isomers
gencrated by all the three possible disulfide pairings
between any two of the four Cys residues I, III, IV, and
V (Brown et al. 1993, Luginbtihl ef al. 1994).

On this common conformational backbone, every
pheromone then locally imposes its personal hallmarks to
acquire its own architectural specificity (as discussed in

great detail by Luginbiihl ez al. 1994, for pheromones
Er-1, Er-2, and Er-10). More direct contributions to the
construction of these hallmarks, that are likely of great
significance also for the pheromone function, appear to
be provided by variations in the organization of: (i) helix
2, (ii) the loop connecting helices 2 and 3, and (iii) the
carboxy-terminal tail immediately following the last
(VD) Cys residue positioned at the end of helix 3. In any
case it is this tail (nevertheless absent in Er-23, whose
sequence ends with a disulfide bonded Cys residue) that
more markedly than the other two structures assumes
aspects varied enough - in relation to, (i) its length
(spanning from one to five residues), (ii) spatial arrange-
ment, and (iii) number of Pro residues (from one to three,
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Fig. 4. Comparison of the surface conservation patters of E. raikovi pheromones, obtained by using the Rate4Site method (Pupko er al. 2002;
Glaser ez al.2003). The molecular surfaces, prepared with the Swiss-Pdb Viewer program (Guex and Peitsch 1997), are color-coded as follows:
dark violet, maximal conservation; white, average conservation; dark turquoise, maximal variability. The approximate spatial locations of the
molecule amino- and carboxy-terminus are indicated by N and C, respectively. Each pheromone is presented in two orientations: in the left one,
helices 1 and 2 are in the viewer front, while in the right one there is helix 3. However, in Er-1, Er-2, Er-10, Er-11, and Er-22, the axis of helix
1 in nearly vertical, while in Er-23 this axis is rotated approximately 90° counter-clockwise in the left orientation, and approximately 90°
clockwise in the right orientation. The surface patch conserved in all pheromones is delimited by red ovals, while the surface patch conserved
in pheromones of the PR subfamily (Er-1, Er-2, Er-10, and Er-11) and not conserved in pheromones of the GA subfamily (Er-22 and Er-23)
is delimited by yellow ovals (in Er-11, dashed line indicates a less extended conserved patch). The amino acid residues yielding the conserved
surfaces are reported jointly with the numbers indicating their positions in the primary structures.

and causing the appearance of conformational isomers
containing cis- and frans-peptide bonds) - to be at the
same time distinctive of every single pheromone and
discriminative between the PR and GA pheromones. In
Er-1, Er-2 and Er-10, that are more typical members of
the PR subfamily, the tail terminal residue appears
similarly settled over the top of helix 3; instead, in Er-22,
representative of the GA subfamily, it appears dislocated
over the top of helix 2. Intriguingly, an E»-22-like dislo-
cation is shown also by Er-11 that, although a member
of the PR subfamily, still manifests a weak capacity to
induce mating between cells of the GA strains.

The Er-23 case

Notwithstanding that Er-23 is, (i) synthesized by a
structurally complete gene regularly amplified to thou-
sands of macronuclear copies, (ii) secreted in amounts
(50-60 pg/1) comparable with the other pheromones from
the same wild-type strain that co-releases Er-22 (hence,
a strain heterozygous at its mat locus for the two
relevant coding genes), and (iii) participates effectively
in cell signaling between cells of the GA strains, it is set
quite apart from the standard structure of the other
E. raikovi pheromones because of its sequence elonga-
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tion from 37-40 to 51 residucs and its increase in the
cysteine number from six to 10 (Di Giuseppe er al.
2002). Clearly (scc Fig. 3), also the molecular architec-
turc of Er-23 markedly deviates from the basic fold of
the E. raikovi pheromonc family, as it has to accommo-
date the addition of the new stretch of 11 residues (Zahn
et al. 2001). This accommodation cssentially occurs at
level ol the central domain of the Er-23 architeclure, and
determines a new [old based on the presence of [ive
helices (rather varicd in extension and organization) that
become fastened (ogether by [ive disullide bridges pro-
vided by the [ollowing Cys-residue combinations: [-V,
H-1V, HI-1X, VI-VIII, and VII-X.

Although the Er-23 (hree-dimensional struclure is
unique, also this structure appears (o be reconcilable
with the (hree-helix bundle (opology distinctive of (he
E. raikovi pheromone [amily (Zahn er al. 2001). lts
helices 1, 2, and 5 arc in fact arranged in an up-down-
up tashion just like the three helices distinctive of the
family model (sce Fig. 3), and their connections are
cnsurcd by three disulfide bonds (i. ¢., Cys-1/Cys-V,
Cys-Il/Cys-1V, and Cys-l11/Cys-1X) that arc spatially
cquivalent with those of the other family members.

Even more convincing support for this structural
reconciliation of Er-23 with all the other E. raikovi
pheromonces is provided by a comparative analysis ol the
[unctionally important regions exposcd on the surlace of
the whole set of the determined pheromone structures.
This analysis is bascd on algorithmic ools, of which the
original onc is referred (o as “Conservation Surface-
mapping” (ConSurl) (Armon er al. 2001) and an imple-
mented version of it as “Rate4Site” (Pupko er al. 2002,
Glaser et al. 2003), that fit extremely well with the case
of the E. raikovi pheromone family. They in lact map
the rate of evolution ol the molecular surlace of homolo-
gous proteins (betler, il this homology is founded on
recognized family links) with known threc-dimensional
structures, and their ultimate target is the identification of
surfacc hot spots and patches that arc likely to be in
cftective contact with other protcin domains, nucleic
acids, or ligands. Clearly, the rationale underncath these
tools is that surface residucs of key importance for the
prolein binding activity should be conserved throughout
cvolution, just like buricd residues that are crucial for the
maintcnance ol the protein [old.

As shown in Fig. 4, the most pronounced conserved
surlace domain, generated by a cluster of §-10 residucs,
appears in common between Er-23 and all the other
pheromones. In Er-23, these residues are provided by

the second halt of helix 1, helix 2, the helix-1/helix-2
connccting loop, and include Cys-IX; in all the other
pheromones, they arc provided by helix | and include
Cys-VLI. It appears, in addition, that Er-23, like its sub-
family member Er-22, lacks another principal surface
domain that, instcad, is conscrved in the members of the
PR sublamily (signilicantly, to a major cxtent in Er-1,
Er-2, and Er-10, and to a minor cxtent in Er-11), and is
[ormed by a cluster of residues positioned in the clelt
delimited between the internal faces of helices | and 2.

Conclusions

The experimental utilization of Euplotes has deler-
mined decisive progress in our knowledge of the struc-
ture and biology of ciliate pheromones, [or long limited
only (0 the “gamones” ol Blepharisma, 1. ¢., a ciliale (0
be regarded as rather “eccentric” for a number of
aspects (first of all, functional and genetic) of its mating
types(granted that intra-specific mating type systems did
actually cvolve in Blepharisma and its relative
heterotrichs, all of which appear to systematically pursuc
intra-specific “selfing” in naturc). This progress widens
our view on the cvolutionary significance of ciliate
mating type systcms, and permits us to beller appreciate
that the conceptual and [unctional complexity of these
systems is lar [rom the onc that is binary and comple-
menlary ol sex but, rather, appears close to the multiple
and polymorphic onc of sell/non-sell recognition sys-
tems evolved in multi-cellular life forms.

The characterization of the three-dimensional conlor-
mations of a significant number of pheromones [rom
E. raikovi, in which maling (ypes have a clearly eslab-
lished genelic basis, has, in particular, made il possible o
appreciate visually (he major implication that arises [rom
Mendelian analyses of the ciliate mating (ype syslems,
i. ., that ciliale pheromones are cell type-specific mark-
ers represcented by intra-specitic families of structurally
homologous proteins. This structural pheromone ho-
mology strongly argucs against a model of pheromone
activity bascd on the interaction, uniquely finalized to a
ccll mating (scxual) purposc, between a pheromone of
onc cell type and a cognate rcceptor of it carricd by
another ccll type (Miyake 1981, 1996). Rather, il sug-
gests that pheromones arc o be regarded as signal
molccules capable of binding, in compelition with onc
another, (o cach others’ cognale receptors; hence, ca-
pable of cliciling a varicty of context-dependent cell
responses, as i the case ol cytokine and growth [actor
networks in more complex multi-cellular organisms.
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In E. raikovi, in addition to acting as mating signals
(paracrine activity); pheromones have been shown able
to promote the vegetative (mitotic) proliferation of the
same cells from which they are secreted (Vallesi ez al.
1995). The pre-requisite to carry out this autocrine
mitogenic activity, that we can reasonably regard as
being evolutionarily and biologically primary in respect to
the paracrine one associated with sex, is that cells
secreting a pheromone must be able to synthesize also
the receptor for this pheromone. The meecting of
E. raikovi with this requirement represents, at the same
time, an insightful instance of parsimony and elegance,
and a unique key to explain how new functional mating
types (i. e., cells distinguished by a new pheromone and
its cognate receptor) can arise (and also how “old”

mating types can disappear) in those mating-type sys-
tems which are usually classified, in particular in Euplotes
and other hypotrichs, as “open’ because of the virtually
unlimited number of different mating types that they
comprise (Ammermann 1982, Valbonesi et al. 1992, Dini
and Nyberg 1993). By alternatively splicing its primary
transcripts, each pheromone gene generates both a
soluble pheromone (whose release into environment
requires proteolytic processing of the cytoplasmic pre-
cursor) and its cognate receptor represented by a longer
pheromone isoform that utilizes the un-cleaved signal
peptide of the cytoplasmic precursor to remain anchored
to the cell surface (Miceli er al. 1992, Ortenzi et al.
2000). The extra-cellular domain of this receptor, in cach
cell type structurally equivalent to the secreted phero-
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mone, tunctions as ligand (pheromonce) binding site (Weiss
et al. 1995, Ortenzi er al. 2000); the structurally unique
intra-ccllular domain contains scquence motifs that are
an object of rescarch intcrest for enzymatic and trans-
duction activitics.

Thus, in conclusion, as diagrammatically summarized
inFig. 5, Euplotes (and rcasonably other ciliates as well)
proves to have very proliciently invested in its phero-
monc/mating-type systems (0 control both the basic
(quantitative and qualitative) aspects ol lile, i. ¢., repro-
duction and scx. To reproduce (i. ¢., multiply mitotically),
or (0 mate (i. e., engage in a sexual process with
inevitable detriment (o reproduction) is an alternative
that cells can apparently decide in relation (o which type
ol pheromone-receplor association, i. e., autocrine ver-
sus paracrine, (urns oul (in the time and space) (0 be
more eflective on their surface. Insightlul inflormation on
how this association occurs at the molecular level essen-
tially relics on the determination of the Er-1 pheromone
crystallographic structurc (Weiss ef al. 1995), and func-
tional analyscs of Er-1 binding to recombinants of the
membranc-bound Er-1 isoform (receptor) (Ortenzi er al.
2000). The challenge for the tuture is to strengthen this
information and, more demanding, shed light on the
regulatory molecules and events underlying these varied,
i. ¢., reproductive and sexual, ccll responscs.
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Morphology, Biometry and Distribution of Difflugia biwae Kawamura,
1918 (Protozoa: Rhizopoda)

Jun YANG"?*?and Yunfen SHEN?
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Summary. The freshwater testate amoeba Difflugia biwae Kawamura, 1918, isolated from Mulan Lake, Hubei Province, China is investigated
using light microscopy and scanning electron microscopy. The morphology, biometry and distribution of this little known species are
supplied. After careful comparison with three other similar species, including D. delicatula Gauthier-Lievre ef Thomas, D. elegans Penard
and D. oblonga caudata Stépdnek, we believe that the characteristics of smooth fusiform shell, conspicuous great collar flare (always larger
than body-width) around the aperture, constriction behind the aperture and a somewhat curved aboral horn set D. biwae apart from all other
Difflugia species. This species shows a great diversity in total length, collar height and aboral horn length which have high variability
(CV between 11.76 and 24.52). However, body width, collar diameter, neck width, body length and aperture diameter are fairly constant
with low variability (CV between 5.34 and 8.79) which shows a remarkable uniformity of D. biwae. Also, the size frequency distributions
of both body width and body length yield bell-shaped (normally distributed) curves and indicate that D. biwae is a size-monomorphic species,
characterized by a main-size class and a small size range. D. biwae is probably endemic to East Asia (China and Japan) because it has such
a large size (165-306 um) that it would have been easily found in Europe and North America, if it were there. Consequently, D. hiwae must
have a restricted geographical distribution, disproving the old hypothesis that microscopic organisms are cosmopolitan.

Key words: biometry, Difflugia biwae, distribution, morphology, Testacea.

INTRODUCTION

Difflugia biwae Kawamura, 1918 was first found in
Lake Biwa, the largest freshwater lake in Japan
(Kawamura 1918). Subsequently, “D. biwae is en-
demic to Lake Biwa, Japan™ has been a fundamental
paradigm for nearly a century (Toshihiko 1979, Nishino
and Watanabe 2000, Tsugeki er al. 2003). However,
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Chinese Academy of Sciences, 430072 Wuhan, P. R. China;
Fax: (8627)68780678; E-mail: shenyf@ihb.ac.cn

D. biwae has not been seen since 1987 in the waterbodies
of Lake Biwa (Ichise er al. 1996). More recently,
Tsugeki et al. (2003) showed that the remains of
D. biwae occurred abundantly before 1960, but de-
creased dramatically thereafter and were not found at all
after 1980 in the sediments of Lake Biwa. Thus the fact
that D. biwae seems (o be extinct in Lake Biwa was
affirmed in both the waterbodies and the sediments.

A very short description of Difflugia biwae, together
with a simple line drawing, was originally supplied in
Japanese by Kawamura (1918, 1927). Many years later,
both the description and the line drawing of D. biwae
have been presented in more than three monographs in
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Japanese (Abe ef al. 1957, Toshihiko 1979, Okada ei al.
1981). However, the later data gave us no more informa-
tion than those reported by Kawamura in the original
literaturc. Unfortunately, little emphasis has been given
to detailed study of its morphometrical characterization
in all previous investigations. Further, the comparisons of
this specics with similar specics were never perfectly
delined. Interestingly, we have observed abundant ma-
terial of living specimens of D. biwae with a high
population density in Mulan Lake, Hubei Provinee, China
during our investigation on the (estalc amocbac of the
Yangtse River Valley. The purposes of this work are (1)
(o characterize morphologically and biometrically
D. biwae using abundant material, and (2) to discuss the
geographical distribution of D. biwae.

MATERIALS AND METHODS

Difflugia bivae Kawamura was collected [rom Mulan Lake. Hubei
Province, China on 24-25 July. 2003, and on 28-29 July. 2004. ‘The
mlormation of the lake was piven by Yang ef of. (2004). Specimens for
light microscopy (Zeiss Axioplan 2 imaging System. Germany) and
scanning clectron microscopy (X-650 HITACHL Japan) obscrva-
tions were prepared following the procedure of Yang e af. (2004).'To
visualize the number and position ol the nucleus. we incubated the
samples with 1.0 ug/ml 4".6-diamidino-2-phenylindole hydrochloride
(DAPD in PBS for 10 min and viewed them under UV fluorescence.

I ght morphometric characters were portrayed in Iigs 1 and 2.
Allmeasurements were madeat middle magnification (320x) using an
ocular micrometer. Statistical analysis was performed using the com-
puter program STATISTICA, version 6.0.

RESULTS AND DISCUSSION

Morphology

The shell is brown, lusiform, 2.1-3.7 collar diameters
in body length (Figs 3-5, 15). Surrounding the circular
oral aperture is a conspicuous low-lunncl-shaped (95°-
125°) collar with a ragged margin (Figs 3-6, 15); the
body is circular in cross section, narrowest below (he
collar and gradually swelling (0 broadest in the position
of the posterior 0.20-0.25 of the body length, then
narrowing abruptly towards the aboral hom, its greatest
diameter (.60-0.98 collar diameter (Figs 3-5, 15); the
aboral horn is stoul, (ubular and somewhal curved,
variable in length, 0.16-0.50 of the total length, and
gradually tapering to a blunt tip (Figs 3-5, 7, 8, 15). Onc
to seven colourless long tinger-like pseudopodia from the
protoplasmic body may protrude through the aperture

(Figs 8. 10). A gas vacuolc was often observed in living
specimens (Fig. 8). Such specimens can right them-
sclves cither by extrusion of the long pscudopodia at-
taching to the substrate (Fig. 10), or by a combination of
the pscudopodia and gas vacuole formation. The cyto-
plasm commonly occupics the greater part of the shell
cavity and usually attaches (o the internal walls by onc
or more threads of ectoplasm (Fig. 11); sometimes the
cyloplasm can cxtend into the aboral horn (Fig. 12).
Reproduction was sometimes encountered, but the evi-
dence (two shells joined at their oral apertures, Fig. 13)
could not be used to determine il it was sexual or asexual
because the high oplical density of the shells obscured
details of the nuclei in these specimens. Although the
shell is only semilransparent or opaque, the [luorescent
light micrograph stained with DAPI clearly shows that
single spherical nucleus is generally located in (he pos-
terior of the protoplasmic body and a few tiny algac arc
sometimes attached to the surface of the shell (Fig. 14).
The nucleus is ovular with many nucleoli and has a
diameter range of 25-30 pm (Fig. 9).

Study under light microscopy reveals the shell wall is
thin, uniform in thickness, composed of tinc sand gran-
ules with [lattish picces of quartz and muddy particles to
produce a smooth surlace (Figs 3-5). It has been
illustrated by scanning clectron microscopy that shells
arc covered with variously shaped particles, apparently
of exogenous origin as determined [rom the irrcgularity
of the shapes of included particles (Figs 16-18). How-
cver, the details of the surlace of the shell arc visibly
dillerent along the anterior body, the posterior body and
the aboral hom. The reason is because the parlicles
constituting the anterior portion of the shell covering are
small (o medium, angular and polymorphic (0 give a
smooth appearance (Fig. 16); the posterior region is
composed ol small angular particles and medium [lattish
picces of quartz to give a smoother appearance (Fig.
17); the aboral horn is made ot small flattish picces of
quartz to give the smoothest appcarance (Fig. 18). It
appcars that Difflugia biwae is able to sclect and
arrange the building matcrial according to size and shape
to construct a specics-specitic shell. This is in good
agreement with that reported by Meisterfeld (2000)) in
the genus Difflugia. No cement struclures arc recog-
nizable in the scanning clectron microscope.

In this study, we found that the typical shape of the
shell of D. biwae in lateral view is [usiform in outline
with a straight ncck, a conspicuous great collar [lare and
a long aboral horn (Fig. 3). Furthermore, the morphologi-
cal characters of the typical specimens [rom Mulan



Figs 1, 2. Shell outline and position of measured axes used in this
study. 1 - wotal Tength: 2 - body width: 3 - collar diameter: 4 - neck
width: 5 - collar height: 6 - body length; 7 - aperture diameter;
8 - aboral hom length.

Lake agrec well with those reported from Lake Biwa
(Kawamura 1918, 1927). Howcver, nonc of the previous
descriptions touched on the atypical shapes of the shell
of D. biwae (Kawamura 1918, 1927; Abc ef al. 1957,
Toshihiko 1979; Okada ¢7 a¢l. 1981). Qur examination
suggests that among the atypical shapes found are those
with a short aboral horn (Fig. 4) and those with an
oblique neck (Fig. 5). Nevertheless, the population (rom
Mulan Lake bears a strong resemblance 1o the original
in terms of the [ollowing characteristics: its [usilorm
smooth shell furnished with a conspicuous great collar
[lare (always larger than body-width) around the aper-
ture and a usually curved aboral hom, its long thin
pseudopodia, ils single spherical nucleus located in the
posterior position and its lacustrine habitat (Kawamura
1918, 1927). Unlortunately, Kawamura (1918, 1927)
was not very precise in the original illustration of the
pscudopodia of living specimens in D. biwae, and be-
causc of this its typical locomotive form on the substrate
was overlooked. The resting form of the specimens as
shown in Fig. 8 is similar to that alrcady illustrated by
Kawamura (1918, 1927). Onc or two pscudopodia al-
ways cxtend from the aperture to the back of the shell.
In (ully extended condition, the pscudopodia may exceed
the point of the aboral horn along the shell (Fig. 8).
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During locomotion two to scven long, somctimes
branched, finger-like pscudopodia arc seen to be pro-
jected out trom the aperture (Fig. 10).

Biometry

Table 1 shows the detailed morphometric character-
ization of Difflugia biwae according to our studics. The
species shows a great diversity in total length, collar
height and aboral horn Iength which have high variability
(CV between 11.76 and 24.52). However, body width,
collar diameter, ncck width, body length, and aperture
diameter are [airly constant and have low variability
(CV between 5.34 and 8.79) (Table 1). The coellicients
of variation of body width and body length are the
lowest, and show a remarkable uniformity of D. biwae
in body size. Also, the size requency distributions yield
bell-shaped (normally distributed) curves and indicate
that D. biwae is a size-monomorphic specics, character-
ized by a main-size class and a small size range (Figs 19,
20). Table 2 illustrates that more than halt (57%) of all
the relationships between morphometric characteristics
in D. biwae are positively correlated at p < 0.05,
cspecially TL is strongly positively corrclated with HL at
p < 0.001 (r = 0.9383; n = 100), while NW is highly
positively corrclated with AD at p < 0.001 (r = (0.9432;
n = 100).

Biometric analysis is the most important part of
phenotypic analysis of testale amocbae, as organisms
with few morphological characters (Bobrov and Mazcei
2004). However, we lcamcd that the size of D. biwae
is 300-400 pm in total length (including aboral horn) [rom
previous studies (Kawamura 1918, 1927; Abe et al.
1957; Okada er al. 1981). Thus, total length in the
population from Lake Biwa is greater than that in the
population from Mulan Lake (300-400 um vs. 165-306
pum). This discrepancy may mainly be due (o dilTerences
in the variation of the investigated specimens. In the
current study, 100 specimens including onc kind of
typical shape of shell of D. biwae and two kinds of
atypical shapes (specimens with a short aboral horn and
those with an oblique neck) were randomly sclected for
the morphometric investigation, whercas only a few
specimens with typical shape ol shell were probably
involved in Kawamura’s study (Kawamura 1918, 1927).
Furthermore, the variation of the aboral horn length was
not mentioned at all in any previous studics (Kawamura
1918, 1927; Abc ¢t al. 1957; Toshihiko 1979; Okada et
al. 1981). However, our results clearly showed that the
aboral horn length (HL) has the highest value of the
coeflicient of variation (24.52%), and il is strongly
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Figs 3-14. LM photographs of Difflugia biwae. 3-5 - lateral views of three different specimens with a long aboral horn (3), a short aboral horn
(4) and an oblique neck (5); 6 - apertural view showing the circular aperture is surrounded by a conspicuous great collar flare; 7 - bottom view
showing the aboral horn (arrow); 8 - lateral view showing the pseudopodia (arrowheads) and the gas-vacuole (arrow); 9 - view showing the
ovularnucleus (arrow); 10 - lateral-oblique view showing the pseudopodia; 11 - living specimen showing the cytoplasm attached to the internal
walls of the shell (arrow); 12 - living specimen showing the cytoplasm extended into the aboral horn; 13 - view showing reproduction (shells
joined at their oral apertures) and some algae attached to the surface of the shell (arrowheads); 14 - lateral view showing the single nucleus
(arrow) and the algae (arrowheads) (Fluorescence microscopy with DAPI stain). Scale bars 20 pym (9); 50 um (3-8, 10-14).

positive with total length (TL) (Tables 1, 2). Accordingly,  variation of the aboral horn length in D. biwae is still not
the total length of D. biwae is largely dominated by the  well understood. One possibility is that it was due to the
length of the aboral horn. The intrinsic reason for the direct and indirect effect of the local environmental

http://rcin.org.pl
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Figs 15-18. SEM photographs of Difflugia biwae. 15 - lateral view; 16 - detail of the surface of the anterior portion of the shell covering, note
the close interlocking of small to medium angular and polymorphic particles to give a smooth surface; 17 - detail of the surface of the posterior
portion of the shell covering, note the close interlocking of small angular particles and medium flattish pieces of quartz to give the smoother
surface; 18 - detail of the surface of the aboral horn, note the close interlocking of small flattish quartz to give the smoothest surface. Scale bars

5 um (16-18); 50 um (15).



108 J. Yangand Y: Shen

‘Table 1. Morphometric characteristics of Difflugia biwae [rom Mulan Lake. China.

Characters? X M SD SE Ccv Min Max n

Total length (1) 227.6 227 26.76 2.68 11.76 165 306 100
Body width (2) 60.5 60 3.23 0.32 5.34 53 69 100
Collar diameter (3) 78.2 78 6.76 0.68 8.64 63 101 100
Neek width (4) 45.1 45 3.04 0.30 6.74 37 56 100
Collar height (5) 229 23 5.08 0.51 2728 11 36 100
Body length (6) 121.3 122 7.90 0.79 6.51 100 142 100
Aperture diameter (7) 354 35 3.1 0.31 8.79 27 45 100
Aboral hom length (8) 85.0 83 20.84 2.08 24.52 29 153 100

'Numbers 1-8 in parenthesis designate [eatures as shown in Figs 1 and 2. Data based on random selection of specimens. Measurements in
um. CV - coellicient of variation in 5., M - median, Max - maximum, Min - minimum, n - number ol individuals investigated. SDD - standard

deviation, Sl: - standard error ol the mean., X - arithmetic mean.

Table 2. Corrclation coellicients between morphometric characteristics in Difflugia biwae [rom Mulan Lake, China. TL - total length:
BW - body width: CD - collar diameter: NW - neck width: CH - collar height; BL - body length; AD - aperture diameter: HL - aboral horn

length (see Figs 1 and 2).

Characters TL (1) BW () CD (3) NW (4) CH(5) BL (6) AD (7) HL (8)
T (D)

BW (2) 0.1935

CD (3) 0.4607##% 0.2618%*

NW (4) 0.1326 0.2763%* 0.27007% e

CH 5) 0.3824 %% 0.1659 0.5128%*# 0.0487

BI. (6) 0.5994 8% 0.1155 0.1907 0.2278* -0.0205

AD(T) 0.1264 0.2665%* 0.3222%* 0943285 0.1356 0.2109* —_—

HI. (8) (1.9383 = 0.1604 (.3712%%* 0.0917 0.2266* 0.4052%%* 0.0594 —

Signilicant relationship *p < 0.03. **p < 0.01. **¥p < 0.001

factors (c.g. water chemistry and trophic status) of the
habitat where the population was formed. Another pos-
sibility is that the aboral horn length likely represents a
normal variation in growth [orm of this specics because
all other morphometric characteristics ol the shell, with
the exception ol collar height and total length, and the
basic shape ol the shell are consistent with the existence
of just a singlc phenotype.

Comparison with similar species

In terms of the shell shape and the possession ol an
aboral horn, Difflugia biwae resembles D. delicatula
Gauthier-Lievre ¢r Thomas, 1958 (Gauthier-Liévre and
Thomas 1958), D. elegans Penard, 1890 (Ogden 1979)
and D. oblonga caudata St&pinek, 1952 (St&panek
1952). However, D. biwae difters trom D. elegans and

D. oblonga caudara in having smooth appearance of
the shell (vs. rough in D. elegans and D. oblonga
caudata) and in having a longer aboral horn (morc than
25% ol the body length vs. less than 20% in D. elegans
and D. oblonga caudata) (Table 3). Although the shell
shapc and structure of D. biwae arc most similar to
those of D. delicatula in having a smooth and [usiform
shell with a long aboral horn, it can be clearly distin-
euished by having a greater (otal length in excess of
165 um (vs. 75-100 um in D. delicatula) and by having
the wide [lat collar which is always larger than its body-
width in diameter (vs. always less than body-width in
diamelter in D. delicatnuila) (Table 3). So D. biwae is
considered 10 be a distinet species in having smooth
fusiform shell with a wide [lat collar, constricted neck,
and long aboral horn.
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Table 3. Comparison ol Difffugia hiwae with three closely-related species. All measureiments in . (7 - data not available)

Characlers Difflugia biwae D. delicatula D. elegans D. oblonga
caudata

Total length 165-306 75-100 113-158 287

Body width 53-69 28-35 69-99 105

Collar diameter 63-101 ? ? 90

Neek width 37-56 ? ? 56

Collarheight 11-36 8-9 ? ?

Body length 100-142 ? ? ?

Aperture diameter 27-45 15 35-55 70

Aboral horn length 29-153 20-22 ? 42

Shell outline smooth; elongate smooth; elongate rough; elongate rough; elongate
fusiform with a fusiform with a oviform with a oviform with a
conspicuous small collar flare small collar conspicuous

Shell composition

Collar diameter > Body width

Neck

Sample location

Dala resource

collar {lare and
a long aboral homn

small to medium
polymorphic
particles and
flattish quartz

yes

long and
constricted

China

present study

and a long
aboral horn

small (o medium
pelymorphic
particles and
flattish quartz.

no

short and
constricted

Alrica

Gauthier-1.i¢vre
and Thomas 1958

{lare and a short
aboral horn

small to large
picees ol angular
quartz and often
diatoms

no

short and
constricted

Iingland

QOgden 1979

collar {lare and
along aboral horn

medium sherds
and sand grains

no

long and
constricted

Slovakia

Stépdnek 1952

Distribution

Many testatc amochac species have cosmopolitan
distribution, at least at the morphological level, but others
have restricted distribution (Foissner 1987, 1999; Beyens
and Meisterleld 2001). At the beginning of the twenticth
cenlury, the aquatic testaccan species Difflugia biwae
Kawamura was [irst found in Lakc Biwa, Southcrn
Honshu, Japan (Kawamura 1918, Tsugeki ef al. 2003),
but it was not [ound everywhere other than in three
Chinese lakes: Qiandao Lake, Zhejiang Province (Li and
Yu 2001), Poyang Lake, Jiangxi Province (Wang et «al.

2003) and Mulan Lake, Hubci Province (present work)
up to now (Fig. 21). Furthermore, it is so large (165-
306 pm) that it would have been casily [ound in Europe
and North America, il it were there. Distribution of the
D. biwae is limiled, as [ar as it is known at present, (o
only the deep lakes in East Asia (Japan and China).
Conscquently, D. biwae must have a restricted geo-
graphical distribution, disproving the old hypothesis that
microscopic organisms are cosmopolitan (Finlay 2002).
According (o Finlay (2002), the abundance of individuals
in microbial species is so great that dispersal is rarely
restricled by geographical barriers, but geographical



barriers to dispersal apply increasingly to organisms
above 1-10 mm insize, thus excluding nearly all protists.
However, Wilkinson (2001) argued that the ubiquity-
biogeography transition gradient starts at 100-150 pm,
rather than | mm, thus including some larger testate
amocbac. It is sale to allirm that our results agree with
the opinion of Wilkinson because D. biwae always
cxceeds 150 um in size.

Regarding its typical habitat, D. biwae is considered
to bc among the typical inhabitants ol the deep lake
(Kawamura 1927). Recently, Tsugeki er al. (2003)
showed that D. biwae has been extinct in Lake Biwa
due 1o eutrophication caused by nutrient input. So far,
only China has the living organism of this special and
inleresling species.
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Free-living Amoebae Serve as a Host for the Chlamydia-like Bacterium
Simkania negevensis
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Summary. Members of the novel family Parachlamydiaceae are commonly observed in free-living amoebae (FLA) as host cells. Therefore,
we examined the potential of 14 different species of free-living amoebae to serve as hosts of the Chlamydia-like bacterium, Simkania
negevensis, previously isolated as a contaminant from a cell culture in Israel (Kahane er al. 1993, 1995). The inoculum of the obligate
intracellular agent was prepared from Buffalo Green Monkey (BGM) cells. The infection of Acanthamoeba strain HLLA and of Naegleria
clarki (N-DMLGo) revealed typical morphological stages of a Chlamydia-like life cycle, including the presence of elementary and reticulate
bodies, as could be shown by electron microscopy. Subsequent infection studies with an Acanthamoeba-adapted Simkania isolate showed
that also Balamuthia mandrillaris and one of two Hartinannella strains supported the growth of Simkania. Balamuthia can be considered
as an experimental host for mass production of elementary bodies. This is based on the finding that the host amoebae expelled great numbers
of bacteria leading to a long-term survival of the infected trophozoites. The observation that Simkania negevensis can survive and replicate
within at least four of tested FLA species suggests that various free-living amoebae may serve as survival and multiplication vehicles
supporting the spread of these pathogens in aquatic environments. The concept that Simkania may fall into the group of environmentally
preadapted pathogens is discussed as well.

Key words: Acanthamoeba, Balamuthia, Chlamydia. endoparasite, Hartmannella, host range, Neochlamydia, Simkania negevensis,
ultrastructure, Waddlia.

INTRODUCTION

Chlamydiae are well known as important obligate
intracellular pathogens. They are the causative agents
of a variety of diseases in humans and animals, e.g.
infections of the eye, as well as of the respiratory and

Address for correspondence: Rolf Michel, Zentrales
Institut-BW-Koblenz, ¢/o Rheinkaserne Geb. 5, Lab. Abt. 1.
(Mikrobiologie), Andernacher Str. 100, 56070 Koblenz; E-mail:
rolf_michel@hotmail.com

genital tracts. The life cycle of chlamydiae is character-
ized by the development of reticulate bodies (RBs) that
divide intracellularly by binary fission and the more
resistant elementary bodies (EBs) that are specialized
for transmission to another cell of the same host and to
a new host (Moulder 1984).

Recent isolation of several novel Chlamydia-related
bacteria from contaminated cell culture (Kahane er al.
1993, 1995), from an aborted bovine foetus (Dilbeck et
al. 1990, Rurangirwa et al. 1999, Henning et al. 2002)
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and from free-living amocbac (Michel er al. 1994,
Amann ¢ al. 1997), has led to the reclassification
of thc order Chlamydiales and to the cstablishment
of the familics Simkaniaccac, Waddliaccac, and
Parachlamydiaccac respectively (Everett ef al. 1999,
Poppert et al. 2002). Since the members ol the
Parachlamydiaccac, such as Parachlamydia (Amann
et al. 1997), Neochlamydia (Horn et al. 2000), Halls
Coccus (Birtles ¢f al. 1997) and various hitherto un-
named strains isolated in the U.S. (Fritsche ez al. 1993,
2000) multiply within free-living amocbac (FLA), the
question arose as 10 whether other members of the
Chlamydiales could also grow within FLA" This issue
has been addressed in various host range studies
i.e. lor Chlamydophila pneumoniae or Waddlia
chondrophila as the type species ol Waddliaceae.
While C. pneumoniae could be observed 1o survive and
replicate within Acanthamoeba polyphaga tor about
14 days (Essig et al. 1997), the Waddlia isolatc was
shown to be able to multiply permanently within various
amocbal hosts (Michel e al. 2001b, 2004). Similarly,
A. polyphaga could be successtully infected with
Simkania negevensis, an organism which was origi-
nally isolated as a contaminant [rom a ccll culture
(Kahane ¢t al. 1993, 1995; Licbcrman ef al. 1997) and
formerly designated “Z”-organism. The inlcction
resulted in a stable host-parasite association (Kahane
et al. 2001). In the present study we aimed to conlirm
these results by cvaluating a broader range ol FLA as
potential hosts as we had previously described [or
Waddlia (Michel er al. 2001b, 2004). The question of
whether FLA - that are widely spread in nearly all
known [reshwater habitats - may serve as natural hosls
and vehicles is ol considerable interest since
S. negevensis was shown 10 be the cause ol bronchioli-
tis in infants (Kahane er a/. 1998) and was also associ-
ated with community-acquired pncumonia (cap) in adults
(Licberman ez al. 1997). It is widely spread in the Negev
region of Isracl, and scropositivity for Simkania has
meanwhile been reported from Canada, Great Britain,
and the Americas (cit. in Kahane er al. 2001). The
findings presented in this article may help to identify the
cnvironmental reservoir and may therelore contribute to
our knowledge on the epidemiology of this organism.

MATERIALS AND METHODS

Origin and maintcnance of Simkania negevensis. Builalo
Green Monkey (BGM) cells were used for cultivation and mainte-
nance of Simkania strain AI'CC VR-1471. strain 7. Lot # 1171209.
Cells were weekly passaged in serum-Iree medium (S1-3, CytoGen,
35764 Sinn / Germany) without antibiotics and with cycloheximide.
were ransferred in intervals of 6 weeks.

Protozoan strains and culture. 'The protozoa used in this study
are listed in Tables 1 and 2. Naegleria gruberi (CCAD 1518/1¢) and
N. lovaniensis {Aq/9/451)) were kindly provided by Johan
De lonckheere/ Brussels, the Balamuthia snandrillaris strain CDC:
VO39 was provided on Vero cells by courtesy ol Klaus Janitschke/
Berlin, In order to replace the Vero cells as host cells, a cell-free
medium that had been developed by Michel and Janitschke (1996)
lamodiflication of SCGY Li-medium (e Jonckheere 1977)] was used.
The Acanthamoeba swain HLA was originally isolated [rom the
comea of a Keratitis patient and has been kindly provided by Horst
Aspock, Vienna. The Dictvosteliwn strain S6-12 was isolated from
soil by M. Steinert, Wiitzburg, who made it available w us. The
Naegleria strain N-DMLGo isolated [rom a garden pond in Bad
Honningen has recently been sequenced and identified as Naegleria
clarki by Julia Walochnik/Vienna (Walochnik er.al.. in preparation).
"The protozoan cultures were maintained on non-nutrient agar (NNA)
sceded with Ererobacter cloacae according 1o Page (1988). N. gruberi,
N lovaniensis, and Hartinannellla vermifornis (OS 101) were grown
axenically on SCGYli-medium according to De Jonekheere (1977).

Growth of bacteria within protozoa. The cell suspension of a
7-day-old infected BGM culture was passed through a membrane
filler with a pore size of 1.2 ym. [t was rich in elementary and
reticular bodies representing a superabundance since these tiny stages
are not countable, and since they do not produce colony [orming units
(cfu) on nutrient agar Allernatively. the bacterial inoculum was pre-
pared [rom heavily inlected acanthamochae, strain HLA, grown axeni-
cally. by freeze-thawing and subsequent passage through a 1.2 um
filter. Bacterial clementary and reticulate bodics from 100 ul Glrate
were added to 25 ml culture flasks containing trophozoites in SCG Y-
medium [orming a monolayer in a 24h log-phasce culture. The same
neculum was added to agar plates with trophic [orms preincubated
for 24 h as well. After 48 h at 28°C., the infected amoebal cullures
were inspeeted daily [or a time period of 10 days. The only exeep-
tions were the two Dictyostelign sirains incubated at room lempera-
ture. Morphological alterations and symptoms of infection as seen
by light microscopy were compared with uninfected host cells.
[n order to oblain protozoa-adapted Simkaniae, heavily inlected
Acanrhamoeba rophozoiles were submitled (o [reeze-thawing.
‘The released 1:B’s and RB's were filterpurified from amoebal debris
and utilized for further cocultivation assays.

Electron microscopy. Inlected amocebal host cells were harvested
5 days postinfection. The cell suspension was centrifuged [or 10 min

ar

at 600 g. 'The resulting pellet was fixed in 3% glutaraldehyde (1 h).

#* The results had been presented at the 20th Annual Mecting of the German Protozoological Society at Bonn-Rotigen (see Michel

et al. 2001a).



transferred o 0.1M cacodylate buller, postlixed in 1% osmium
tetroxide and embedded in Spuer resin. Thin seetions were stained
with 1% lead citrale and examined using a Zeiss 1iM 10 electron
microseope.

RESULTS

Cocultivation of S. negevensis and protozoa. In
order (o evaluate representatives ol the three important
genera Acanthamoeba, Naegleria and Hartmannella
as polential hosts [or Simkania negevensis, we analysed
the capability of the bacteria (o multiply intracellularly in
various strains (Table 1) by light microscopy, phase
contrast microscopy and transmission electron micros-
copy. Bacterial inocula were prepared from infected
BGM cells, and the results of the coincubations on both
NN-agar plates and in axcnic SCGYE-medium arc
summarized in Table 1. After 5 days of cocultivation, onc
of tour Naegleria strains tested (N. clarki, N-DMLGo)
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and onc of two Acanthamocba strains (HLA) showed
characteristic signs of infcction, such as rounding up of
cells, inhibition of ccll migration and the presence of
intracellular coccoid bacteria. Infected trophozoites of
Acanthamoeba were not able to form cysts whercas
the infected nacgleriac still lormed cysts which did not
conlain cndocytobionts. These [eatures resemble previ-
ous obscrvations of Neochlamydia- or Waddlia-
infccted host cells (Horn ef af. 2000, Michel et al.
2004). Subscquent subcultures showed that the associa-
tion of Simkania and ils respeetive experimental host
was slable during the time ol observation. Since the
degree of infection was highest with Acanrhamoeba
strain HLA, this host-parasile combination was main-
tained indelinitely [or months and was chosen as an
adaptation model of these bacleria 1o a protozoan host.

Subsequently, Simkania was isolated and [liller-puri-
ficd from axenically grown acanthamocbac which were
jammed with intraccllular bactcria after three scrial
transfers. Various other strains of FLA were cocultivated

Table. 1. Cocultivation results of Simkania negevensis with various promising candidates of [ree-living amocbae. Alter three transfers on
Acanthamoeba-strain HLA the prowzoa-adapted Simkania strain “Z-P” was cocultivated with amocba speeies shown in ‘Table 2. Cysts -

cysts were Tormed but did not hatbour endocytobionts.

Amocba specics Suwain

Sowree Inuwacellular growth

Naegleria gruberi CCAP 1518/1e

Naeglerialovaniensis AgO1/45D
Naegleria sp. N- Beck
Naegleria clarki N-DMLG_
Acanthamoeba castellanii C, ATCC 50739
Acanthamoeba castellanii HLA
Hartmannella venniformis A Hsp,

Unknown -
Aquarivm/Belgium -
Aquarium/Germany -

Garden pond/Germany +4+ Cysis: -
Potable water reservoir -
Keralitis case/ Vienna +++ = 7Z-P

Host of Neochlamydia -

Table 2. Cocultivation assays of the protozoa-adapted strain “Z-P” ol Simkania wogether with various further strains of free-living amocbac

and two isolates of the slime mould Dictyostelivan discoiden.

Amoeba species Suwain Source [nwracellular growth
Naegleria lovaniensis Aqg/91/451) Aquarium/Belgium -
Willaertia magna NI.CL, Pond/India -

Acanthamoeba castellanii C, AICC 50739
Acanthanoeha lenticulata 45

Hasnnannella venniformis Os 101
Hasunannella venmiformis *3/8
Balanurhia iandrillaris CDC: V039
Dictyostelivm discoideum Berg

&5

Dictyostelivm discoideum Si-P,

PPotable water reservoir -
Human nasal mucosa -

Physiotherap. bath +++
Surface water -
Papio sphinx. Brain +++

Human nasal mucosa -
Surlace water _
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Fig. 1. Overview of an infected Acanthamoeba, strain HLLA, jammed with numerous organisms of Simkania negevensis (arrows) as a result of
multiplication of the endoparasite in a period of six days. Scale bar 1.0 um.

with the bacteria-rich suspension (Table 2). As a result
of the testing of 8 strains belonging to 6 different genera
only Hartmannella vermiformis, strain Os101 and
Balamuthia mandrillaris grown in SCGYE-medium
proved positive within a period of 3-4 days. In addition
to the confirmation of a cytoplasmatic infection with
Simkaniae as seen by phase contrast microscopy, both
strains of these unrelated amoebae lost their ability to
form cysts, which proves that they were actually in-
fected. These associations of amoebal hosts and
endocytobionts turned out to be stable infections over
many passages. Since the trophozoites of Balamuthia
began shedding elementary bodies 3 to 5 days post
infection, they survived because they could not be
overgrown by the endoparasites. The number of ex-
pelled EBs in the medium increased to such an extent

that this host-parasite combination was suited perfectly
for mass production of EBs as the infectious stages of
Simkania. In contrast, strains of Willaertia magna, a
second Hartmannella strain designated C3/8, and two
strains of the cellular slime mould Dictyostelium were
resistant to infection. The same was true for Naegleria
lovaniensis and Acanthamoeba strain C3, infection of
which had been attempted by cocultivation with the
protozoa-adapted Simkania cells.

Electron microscopy. Acanthamoebac of strain HLA
were fixed on the 6th day after infection with a suspen-
sion of Simkania stages from BGM-cell culture. Elec-
tron microscopy revealed heavily infected trophozoites
which were jammed with organisms belonging to differ-
ent stages of the Chlamydia-like developmental cycle
(Fig. 1). This reflects the high replication rate of these

http://rcin.org.pl
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Fig. 2. Detail of an Acanthamoeba trophozoite (Ac) harbouring different developmental stages of Simkania replicating within a membrane-
bound vacuole (vim). The elementary bodies (eb) contain electron-dense nuclear material (N) and ribosomes. They are surrounded by the outer
membrane (om) at some places separated from the inner cytoplasmic membrane (cm). They are considered as Gram-negative. The significantly
larger reticulate stages (rb) have less dense fibrillar nuclear material and more ribosomes. They are also surrounded by an obviously more flexible
trilaminar envelope. Transitory stages (ts) show intermediate traits between EBs and RBs. Remarkable are distinct ribosomes within the host’s
cytoplasm which appear arranged like a string of pearls beneath the vacuolar membrane (arrowheads). Scale bar 0.25 um.

intracellularly growing bacteria. Even at this low magni-
fication, at least two kinds of developmental stages of
the endocytobiont could be distinguished as exemplified
in Fig. 2, which shows even three stages. They are
located within an elongated, membrane-bound vacuole
of the host amoeba. Replication is performed by the
reticulate bodies, which finally transform via a transitory
stage (ts) to the elementary bodies representing the
infectious stage. The RBs containing numerous ribo-
somes appear pleomorphic with a flexible outer mem-

brane. The characteristic shape of the mature EBs is
quadrangular or dumbbell-shaped. As far as we know,
this unique outline is different from the EBs of all other
Chlamydia-like bacteria. Eb’s contain electron-dense
nuclear material (N) and ribosomes. They are enveloped
by the outer membrane, which may be separated from
the inner cytoplasmic membrane at some places. These
stages appear Gram-negative. The transitory stages
being still pleomorphic like the RBs already contain an
increasing amount of electron-dense nuclear matter. In

http://rcin.org.pl



118 R. Michel ef al.

Fig. 3. Naegleria, strain DMLG, harbouring mainly reticulate bodies (rb) of Simkania replicating by binary fission (arrows). A single
elementary body (eb) can also be distinguished. The endoparasites are closely surrounded by a membrane of the host amoeba. They have
connections with wrinkled laminar structures found in the vicinity of the enclosed endocytobionts (arrowheads). Scale bar 0.5 um.

the host amoeba a regular row of ribosomes was
observed beneath the vacuolar membrane, appearing
like a string of pearls. This unusual phenomenon could be
seen in nearly all micrographs inspected so far (not
shown).

Since in addition to this Acanthamoeba strain amoe-
bae of the genera Hartmannella, Naegleria, and
Balamuthia mandrillaris could be infected successtully
with Simkania, at least one micrograph of a section of
an infected Naegleria we have presented here. The
only susceptible strain N-DMLG harboured numerous
Simkania stages, mainly RBs and few EBs (Fig. 3).
Since the host membrane surrounded the endoparasites
closely, the bacteria appeared to be located within the
cytoplasm as known from other endoparasites, such as
Legionella-like amoebal pathogens (Llap’s), for instance.
RBs with signs of binary fission could be observed as
indicated by a distinct division furrow. In the vicinity of
the enclosed parasites an irregular system of laminar
structures with unknown function could be observed as
well. In contrast to infected acanthamoebae, the pearl-

string-like assembly of ribosomes seen beneath the
vacuolar membrane was not found within infected
naegleriae.

DISCUSSION

Since most members of the family Parachlamydiaceae
had been commonly observed in free-living amoebac
before their taxonomic identification (Michel ez al. 1994,
Amann et al. 1997, Horn et al. 2000, Fritsche et al.
2000) they were placed into the newly established family
Parachlamydiaceac which was reserved for this sister
group of the Chlamydiaceae (Everett ef al. 1999). The
ability to grow intracellularly within protozoa could have
preadapted these bacteria as pathogens of higher cu-
karyotes (Corsaro et al. 2002, Gortz and Michel 2003)
in the same manner as assumed previously for Legionella
pneumophila (Harb er al. 2000). This startling idea was
the rationale for attempts to associate other members of
the Chlamydiales primarily with acanthamoebae (Essig

http://rcin.org.pl



el al. 1997, Kahanc er al. 2001), but in the casc of
Waddlia chondrophila also with other species of FLA
(Michel er al. 2001 a, b, 2004). Accordingly we started
cocultivation assays of S. negevensis and various FLA
of diverse taxonomic positions. As a result, not only
could the findings ol Kahane ez al. (2001) be partially
conlirmed with acanthamocbac as experimental hosts,
but also some dillerent amocbal specics (Tables 1, 2)
could be successlully infected with long-lerm persis-
lence and cxponential growth of the endoparasitic
simkaniac. On the other hand, Kahane’s observation of
Acanthamoeba cysts harbouring stages ol Simkania
could not be observed in the case of the susceplible
strain HLA since it had lost its ¢ysl-forming capacily as
a result of infection. Similar observations have been
made in the case of acanthamoebae naturally inlecled
with Parachlanrvdia (Michel et al.1994). The lacl that
only onc of tour Naegleria strains was permissive to
infection may be explained by the history of this host
strain N-DMLGo - rccently identificd as Naegleria
clarki (Walochnik ¢1. al., in preparation) which had
originally harboured simultancously two unidentified
Gram-ncgative endocytobionts (Michel e al. 1999).
Perhaps this isolate is a Naegleria strain susceptible to
various endocytobionts. This original host strain was
cured [rom its twolold inlcction step by siep by a
combined application of clevated temperatures and an-
tibiotics and by utilisation of the [lagellate translormation
test as well (Michel et al., in preparation). As a result of
these measures they resumed the ability 1o [orm cysts
proving that they got rid ol their cyloplasmatic [raction
ol endoparasites (Pcb), since inlected trophic [orms
were unable o [orm cysts. The loss of the intranuclear
population of parasites (Pn) could be observed by phase
contrast microscopy withoul problems and was con-
[irmed by electron microscopy. Interestingly, the para-
site-frcc amocbac again lost their capability to form
cysts if they were infected with simkaniac. The obser-
vation that only onc of four Naegleria specics and one
of two Acanthamoeba strains were susceptible to infec-
tion underlines the need to expose more than onc strain
of a genus to these infectious agents. In the case of
Hartmannella vermiformis it was even shown that only
one strain of the same species was susceptible (OS101)
whereas a sccond onc was tolally resistant o infection.
Similar dilferences were obtlained during recent investi-
gations on the susceptibility ol various FLA to Waddlia
chondrophilu (Michel et al. 2004). Only onc ol six
Acanthamoeba sirains tesled proved positive and one of
two Dictyostelinm dicoideum strains could be inlected
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permancntly, conscquently within the same specics of
slime mould. Simkania and Waddlia were both able to
invadc scveral unrelated species of FLA and to replicate
inthem, thus cstablishing a persistent host-parasitc asso-
ciation. This is in contrast to Chlamydophila pneunoniac
[or instance, which survives no longer than a fortnight
within its experimental host (Essig 1997). Conscequently,
it is justilicd to assume that the cxperimental hosts of
Simkania and Waddlia identificd in the present investi-
gation or carlicr (Michel ef af. 2004), respectively, may
play this role also in naturc. This hypothesis would
provide an explanation for the possible function ol the
susceplible host as a transportation vehicle and reservoir
ol these recently detecled relatives of the Chlamydi-
aceae. Another important aspect is the assumption that
the adaptation (o intracellular survival and replication
may have occurred in the course ol evolution long before
these bacteria were able to infect warm-blooded animals
and humans (Harb er al. 2000, Corsaro ef al. 2002).
Comparing the host ranges of both bacteria, some
significant differences can be cmphasized. Four strains
of FLA were susceptible to infection with Simkania -
whercas Waddlia was tound to be able to infect cight
dilferent strains. Both were inlectious for at least once
strain ol Acanthamoeba, Naegleria and Hartmannella.
The most remarkable dillerences were (a) the high
susceplibility ol Balamuthia for Simkania bul not [or
Waddlia and (b) the abilily ol Waddlia 1o inlect onc of
two strains ol Dictyostelium whereas both tested strains
ol this cellular slime mould proved to be resistant to
inflection with Simkania. With Balamuthia mandrillaris
a suilable host has been identified [or laboratory mass
production ol Simkania elementary bodies as an aller-
native model [or maintaining these endocylobionts in
long-term cultures, providing high yields of bacteria (or
various scientilic purposes. Thus Balamuthic was shown
to serve as an experimental host of an obligate intracel-
lular bacterium. Similar expericnce had been made
carlicr, when this pathogenic amocba could be success-
fully infected with strain “Knic”, a Gram-ncgative coc-
coid bacterium isolated from Naegleria sp. and resem-
bling Ehrlichia species (Michel er al. 2000). Only
recently, Balamuthia was also shown (o be permissive
lo infection with Legionella preumophila alier in vitro
cocultivation with this pathogenic agent of Legionellosis
(Shadrach et al. 2004) well known 1o survive and
replicate within acanthamocbac, amongst others
(Rowbotham 1980). Although Balanuthia proved o be
very susceplible o inlection with Simkania in vitro, il
does presumably not play an important epidemiological
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role for the dispersal of Simkania and other intracellular
bacteria since it has been isolated only once from the
cnvironment (Schuster et al. 2003) in contrast to fre-
quently tound FLA, such as acanthamocbac,
hartmannellac or nacgleriac. Each positive in vitro result
obtained [rom cocultivation assays of FLA with certain
pathogens is ol great theoretical and practical value as
a laboratory model. But their putative occurrence under
natural conditions remains speculative unless infected
host protozoa will be actually isolated [rom the environ-
ment. This was, for cxample, true lor Legionella
preumophila, which [irst had been found (o be able (o
replicate within Acanthamoeba polyphaga as a result
ol experimental cocultivation (Rowbotham1980).
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Redescription of Cochliopodium vestitum (Archer, 1871), a Freshwater

Spine-bearing Cochliopodium

Alexander KUDRYAVTSEV

Department of Invertebrate Zoology, Faculty of Biology and Soil Sciences, Saint-Petersburg State University, Saint-Petersburg,

Russia

Summary. A freshwater lobose rhizopod Cochliopodium vestitum (Archer, 1871) (Himatismenida) was re-isolated and studied. New
diagnosis for this species, based on the light- and electron-microscopic data is provided. The most peculiar feature of this species is fine
spines visible with light microscopy, which originate from the top of some of the scales comprising the tectum, as revealed with electron-
microscopy. Comparison of C. vestirum with the other spine-bearing cochliopodiums (C. echinarum and C. longispinum) suggests synonymy
of these species, and C. vestitrum remains the only valid spine-bearing Cochliopodium.

Key words: amoebae, Cochliopodium, Himatismenida, scales, systematics, ultrastructure.

INTRODUCTION

At the border of 19-20th centuries, four species of
Cochliopodium, carrying long thin radial spines on the
cell surface were described. These were C. vestitum
(Archer, 1871) Archer, 1877, initially Amphizonella
vestita; C. pilosum Hertwig et Lesser, 1874;
C. echinatum Korotneff, 1879; and C. longispinum
West, 1901. Later Archer (1877) proved the species
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Invertebrate Zoology, Faculty of Biology and Soil Science, Saint-
Petersburg State University, Universitetskaja nab., 7/9, 199034
Saint-Petersburg, Russia; Fax: +7-812-3289703; E-mail:
aak@ak14261.spb.edu

name C. pilosum to be a junior synonym of C. vestitum.
Other species were relatively well recognized and men-
tioned as distinct species (Leidy 1879, Penard 1902,
Awerintzew 1906). However, Cash and Hopkinson
(1909), for example, considered C. echinatum and
C. longispinum o be synonyms. Descriptions of these
four species do not contain a complete set of light-
microscopic features and none of them has been re-
isolated and studied using electron microscopy. Thus, the
taxonomic status of these species remains ambiguous.
The nature of spines visible with light microscopy (LM)
on the surface of these amoebae remains unclear. This
paper reports on the study of two spine-bearing strains
of Cochliopodium, identitied as C. vestitum. Rede-
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scription of this species and its comparison with the other
spine-bearing Cochliopodium spp. arc provided.

MATERIALS AND METHODS

Two strains of Cochliopodium vestition were isolated from the
upper layer ol the bottom sediments in Leshehevoe Lake (Valamo
Archipclago, Ladoga Lake, North-Western Russia ) in September 1998
and [rom the upper layer of bottom sediments and washings ol
Sphagruon sp. at the bank of an unnamed lake at Srednii [sland
(Chupa Inlet. Kandalaksha Bay. The White Sea) in September 1999-
2001. Samples were inoculated in the 9 mm Pewi dishes with
Prescottand James medium (Prescott and lames 1955) and one wheat
erain perdish. Amocbae [ound in the samples survived several trans-
fers into the fresh Preseout and James medium. while attempts off
cloning were not suceessful in all cases. For transmission clectron
microscopy (T1:M) amoebae were fixed at room temperature while
adhering (o the surface ol the previously polymerized ipon 812 resin
with 0.5% phosphate-buliered OsO, for 10 min, followed by 2.5%
glutaraldehyde for 20-30 min and 1% OsQ, for 1 h. After dehydra-
tion, the specimens were embedded in Jipon 812 resin. Sections were
stained with uranyl acetate and Reynolds™ lead citrate. Whole mounts
of the scales were made by treatment of the cells with 0.5% Triton
X-100. followed by several washes with distilled water and place-
menton lonmvar-coated grids.

RESULTS

Cochliopodium vestituimn (Archer, 1871) emend.

Diagnosis: Length in locomotion 39-70 pm (mean
59 pm), breadth 48-74 pm (mean 65 um), length : breadth
ratio 0.6-1.08 (mean 0.9); in locomotion rounded 1o oval,
with numerous subpscudopodia at the anterior margin of
hyaloplasm. Very high dome-shaped granuloplasmic mass.
One nucleus of vesicular type, 13-15 pm in diameter
(mcan 14 pm), nuclcolus 6-8 pm in diameter (mcan
7 um). Scales consist of a quadrangular basc platc, 4
vertical stalks cross-connected at two levels and a wide
[unncl-shaped top part formed by 4 concentric rings and
24 radial spokes originating [rom the vertical stalks.
Some of the scales with a sharp spine (10-14 pm in
length) originating from the center of a top part. Side of
the basc plate 0.6 pm, diamcter of the top part (.8-
0.9 pm, height of the scale (.71 pm.

Observed habitats: Freshwater pools in Counties
Westmeath and Tipperary, Greal Britain (Archer 1871);
freshwater Absecom pond (New Jersey) and China
Lake (Wyoming), North America (Leidy 1879); lakes in
Novgorod and Tver’ regions, central Russia (Awerinlzew
1906); bottom sediments ol a [reshwater Leshchevoe

Lake at the Valamo Archipclago, Ladoga Lake, bottom
scdiments and patches of Sphagnun sp. at the bank of
a frcshwater lake at Srednii Island (Chupa Inlet,
Kandalaksha Bay, thc Whitc Sca), North-Western Rus-
sia.

Type material: Sincc ncither Archer nor later re-
scarchers made slides of this specics, [ establish the
ncolype. Type slides are deposited with the collection of
preparations of the Biological Rescarch Institute of the
Saint-Petersburg State Universily, accession numbers
953 (ncotype) and 954 (parancolypce).

Differential diagnosis: None ol the Cochliopodium
spp. known 1o date possesses scales wilth the spines
eusily visible with LM.

Description: Both Ladoga and the White Sea strains
were identical in LM [eatures. Amoebae were covered
by the tectum, with scales distinctly seen as the large
granules on the dorsal surtace ot hyaloplasm (Figs 1-4,
9-11). Anterior and lateral margins of the hyaloplasm
often extended beyond the border of scales. Numerous
thin hair-like spines were seen radiating from the surface
(Figs 7, 12). In adhcring amocbac these spincs were
scen only when the granuloplasm was in focus (Fig. 12).

The locomotive form was rounded, oval or rarcly
drop-shaped (Figs 1-4, 9). Central granuloplasmic mass
surrounded with the [laticned hyaloplasmic veil was
normally shilted back to the posicrior end of the body,
“hiding” narrow poslerior margin ol the hyaloplasm
when amocbac were obscrved [rom the top. Hyalo-
plasm had a uniform width in anterior and latcral parts,
narrowing posteriorly. Anterior and lateral margins ol
hyaloplasm were very dynamic and [ormed (latiened or
conical subpseudopodia 8-10 pm in length (Fig. 1). While
the amoeba was advancing, subpseudopodia moved 1o,
and finally retracted at the posterior end of the cell.
Oflten subpseudopodia split or fused (ogether [rom the
tips to the bases. Posterior part of the hyaloplasm was
very narrow, with the straight or slightly curved cdge,
sometimes with few trailing filaments. When the cell
changed the direction of locomotion, part of the posterior
cdge tormed broad adhesive expansion. In slower move-
ment amochac were rounded, with almost smooth mar-
gin ol hyaloplasm (Figs 5, 10).

Non-dircctly moving amochac were more rounded
than locomotive, sometimes irrcgularly triangular (Figs 6,
11). The granuloplasm occupied a central position, and
the hyaloplasm was wider than in the locomotive cells.
Stationary amochac were hemispherical or bell-shaped,
rounded in above view, with the hyaloplasmic veil com-
pletely retracted (Fig. 7). In culture dishes amoebae
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Figs 1-12. Cochliopodium vestirum, LM micrographs (1-8, White Sea strain; 9-12, Valamo strain). 1-4, 9 - locomotive forms; §, 10 - amoebae
during slower movement; 6, 11 - non-directly moving amoebae; 7 - stationary amoeba; 8 - nucleus (N) in a living cell; 12 - granuloplasm of the
adhering amoeba showing spines on the surface of tectum. Spines in Figs 7 and 12 arrowheaded. Scale bars 10 pm.

floated spontaneously. Floating form was spherical, with
several long slender hyaline pseudopodia, formed in a
compact bundle from the small scale-free area on the
cell surface (Fig. 21). Pseudopodia slowly bent, but were
never seen to branch or anastomose.

Nucleus (Fig. 8) was spherical, with the layer of
refractile perinuclear granules and a large central nucleo-
lus, which in living and stained amoebae often looked
pale and non-homogeneous. The granuloplasmic crystals
had a shape of the hexagonal plates about 5 um in size
(Figs 2, 3, 7). Numerous transparent vacuoles of various
sizes were seen close to the ventral surface of the cell.
Amoebae fed on bacteria and small eukaryotes (flagel-

lates, unicellular algae, and amoebae). Encystment was
never observed in cultures.

The base plates of the scales (Fig. 22) were grid-
shaped (Fig. 14) with the mesh size about 30-40 nm. The
stalks of the central column were almost straight, slightly
curving outwards at the point of attachment of the top
part (Figs 14, 17). Every stalk attached to the base plate
with a bird-foot structure having two digits. Near the
base and in the middle neighboring stalks were joined
together with wide connectives. At the top, stalks con-
tinued into the top part of a scale (Figs 13, 15, 17), which
started from the first concentric ring. The stalks were
attached to this ring, and above it cach stalk gave 2

http://rcin.org.pl
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Figs 13-20. Cochliopodium vestitum, White Sea strain, TEM micrographs. 13-15 - whole mounts of the scales (B - base plate of a scale in Fig.
14): 16 - tip of the spine in a whole mount preparation; 17 - tectum in the section through the hyaloplasmic veil of an adhering amoeba;
18 - overview of the nucleus and cytoplasm; 19 - dictyosome; 20) - scale under formation in a Golgi-derived vesicle. Spine-bearing scales in

Fig. 13 are marked with arrowheads. Scale bars 1 um.

branches, altogether forming a basket of § radial spokes.
These spokes were attached to the second concentric
ring, above which every spoke branched into 3, alto-
gether forming a wide funnel of 24 radial spokes cross-
connected with two more concentric rings, the outer-
most one and the one in the middle. In the whole mounts
some of the scales were seen to have such a typical
structure, but possessed a long sharp-ended clectron
dense spine, originating from the center of a top funnel
(Figs 13, 16). Diameter of the base of a spine was

0.3 um.

Scales on the surface of the plasma membrane
densely overlapped between each other with their bases
and top parts. The space between the plasma membrane
and the scale layer (ca 100 nm) was filled with the fuzzy
material, which was never seen on the ventral surface of
the cell (Fig. 17). Nucleus in the sections had a central
nucleolus, consisting of numerous irregularly rounded
electron-dense granules of various sizes (Fig. 18).
A well-developed Golgi complex was seen near the
nuclear envelope, lying dorsally to the nucleus (Fig. 18).
It consisted of several dictyosomes, each composed of
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Figs 21-24. Drawings of Cochliopodivan vestinan. 21 - [oating [orm,
Valamo and White Sea strains; 22 - scale. White Sea strains;
23 - Noating [ormalter Archer (1871): 24- adhering [orm alter Archer
(1871). Scale bars 10 um (21, 23, 24); (.25 pin (22).

Figs 25, 26. Drawings ol: 25 - Cochliopodivim echination alter
Korotett (1879); 26 - C. longispimun atter West (1901). Scale bars
10 pm (25): 20 pan (26).

several tens ol (lattened cisternae (Fig. 19). Diclyo-
somes were surrounded with the numerous vesicles
containing various materials, and somctimes scalc under
formation (Fig. 20). In contrast to somc other species of
Cochliopodium (c. g. Yamaoka er al. 1984, Kudryavtsev
2004, Kudryavtsev ef al. 2004), the “Golgi attachment”,
an clectron-densc dictyosome-associated structurc re-
scmbling a MTOC was never scen in the scctions.
Mitochondria had clectron-dense matrix and tubular
cristac.

DISCUSSION

Identification

This Cochliopodium is comparable only with those
species, which were reported to carry LM-visible spines
on the surface of tectum, since it is impossible, that
anyonc obscrving this species could have overlooked this
featurc. Among such specics the present strains mostly
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resemble C. vestitum (Archer, 1871) Archer, 1877
These strains arc similar to this specics in the size and
the shape of adhering and floating amochac (Figs 23,
24). Archer (1871) stated that in his species “hair-like
processes” (spines) were up to 20 um in length and had
“very variable degree of development” (op. cit., p. 115).
Therelore Bark (1973) suggested that Archer studied
morce than one specics. However, in the studied strains
the spines were also poorly scen in locomotion, and their
observed length depended on the angle of view. The
naturce of the surlace spines in Archer’s amocbac scems
10 be identical Lo that ol my strains, since Archer (1871)
observed the spines detached (rom the surlace ol amoe-
bae “with slightly capitate lower extremity”
(op. cit., p. 123), the same was observed in my strains.
“Irregularly scattered, generally elliptic, or rounded ...
grayish, or somewhat purple colored, sharply and darkly
bounded, and clear and shiny bodies™ (Archer 1871,
p. 112) of C. vestinim may correspond to the crystals of
my strains. Chlorophyll granules in the cytoplasm of
C. vestitum considered as a very characteristic feature
of this specics, and never observed in my strains, might
have originated from the ingested food. Archer (1877)
rejected this idea, describing at the same time [eeding of
his amocbac on unicellular green algac and reporting the
obscrvation a strain which did not contain chlorophyll
(Archer 1871). Later descriptions of C. vestifum mostly
agree with that made by Archer (Leidy 1879, West 1901,
Penard 1902, Cash and Hopkinson 1909), cxcept the
length of the spines, which is normally indicated as being
3.7-5 um (West 1901, Cash and Hopkinson 1909) and
diameter ol the cell in Penard’s (1902) strain indicated as
35 um. However, comparison ol the length ol spines in
the figures with the cell diameter in descriptions suggests
that they were longer than indicated in the text, at least
as long as 10 pm. My strains [it these later descriptions
as well; therefore, it is possible to identify them as
C. vestitum.

Synonymy of the spine-bearing Cochliopodium spp.

As mentioned carlicr, C. pilosum Hertwig ct Lesser,
1874 is certainly the synonym of C. vestitm. Hertwig
and Lesser (1874) only cite Archer’s (1871) description
and provide a ncw name [or a species, which they
transfer to a new genus. This mistake has alrcady been
corrected (Archer 1877, Leidy 1879), and C. pilosum is
not a valid specics since 1877.

Cochliopodium echinatum has initially been de-
scribed without any data on the cell dimensions and
locomotive morphology (Korotnell 1879). Alter that it
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was obscrved by Penard (1902), who provided the
diamecter of the floating cell. Mcasurements of the
figures made by Korotnett (Fig. 25) and Penard show
that the spines of C. echinatim were approximately 10-
15 pm in length, which is identical to C. vestitum. My
strains of C. vestitum arc highly similar to C. echinatum,
at least in those [catures which were described by the
rescarchers mentioned (op. ¢it.). West (1901) described
another spine-bearing species, C. longispinum (Fig. 26),
for which Cash and Hopkinson (1909) suggested a
synonymy to C. echiinatum. Both West, and Cash and
Hopkinson state that C. longispinum dillers [rom
C. vestirum in the more delicate “shell”, wider “shell
mouth”, broader pseudopodia, lack of chlorophyll gran-
ules in the cytoplasm and longer spines (23-29 um).
However, the thickness ol tectum observed with bright
field LM may depend on the conditions ol observation.
“Width of the shell mouth™ is outstandingly variable in
Cochliopodinwm amocbac, given the nature of their
“shell” (tectum). Breadth of the pscudopodia is also
variable, depending on the statc of an amocba, and the
presence of chlorophyll granules in the cytoplasm de-
pends on the dict of the cell. Thus, the only stable
dilfcrence between C. vestitum and C. longispinum is
the length of the spincs, but this secems 1o be not enough
for reliable identilication of the specics. Therelore,
I propose a synonymy of C. vestitum, C. echinatum and
C. longispinum, and Cochliopodium vestitum (Archer,
1871) remains the only valid specics by priority.
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Taxonomic Studies on Three Marine Pleurostomatid Ciliates: Kentrophyllum
verrucosum (Stokes, 1893) Petz, Song et Wilbert, 1995, Epiphyllum soliforme
(Fauré-Frémiet, 1908) gen. n., comb. n. and Amphileptus sikorai sp.n., with
the Establishment of a New Genus Epiphyllum (Ciliophora: Pleurostomatida)

Xiaofeng LIN', Weibo SONG' and Alan WARREN?

Laboratory of Protozoology, KLM, Ocean University of China, Qingdao, P. R. China; *Department of Zoology, The Natural
History Museum, London, UK

Summary. The morphology of living cells and infraciliature of three marine pleurostomatid ciliates, Kentrophyllum verrucosum (Stokes,
1893) Petz, Song er Wilbert, 1995, Epiphyllum soliforme (Fauré-Frémiet, 1908) gen. n., comb. n. and Amphileprus sikorai sp. n., collected
from mariculture ponds near Qingdao (Tsingtao), China, have been investigated. Based on the present work and on previous data, an improved
diagnosis for the genus Kentrophyllum Petz, Song er Wilbert, 1995 is suggested: leaf-shaped Amphileptidae without conspicuous neck-like
region and having numerous somatic kineties on both cell sides; spines along ventral and dorsal margins; somatic ciliature on the right side
forming sutures; one peripheral kinety consisting of dikinetids and forming a complete circle surrounding cell margin on right side. The new
genus Epiphyllum is diagnosed by the following combination of characters, which separates it from other pleurostomatids: (1) sutures present
on both right and left sides; (2) peripheral kinety present; (3) numerous somatic kineties on both sides of cell; (4) cell without typical neck-
like portion, hence generally oval or leaf-like in body outline, although it also exhibits high levels of metaboly; (5) presence of peribuccal
papillae along left side of oral slit; (6) spines absent. Redefined diagnoses for K. verrucosum and E. soliforme are also supplied. As a new
species, Amphileptus sikorai can be distinguished by: medium-sized marine Amphileprus about 90-200 x 20-60 um ir vivo, leaf-shaped body
with a conspicuous hyaline fringe, no neck-like region; 14-17 left and 13-18 right somatic kineties; three perioral kineties bending to dorsal
side at anterior end; two macronuclear nodules; two or three contractile vacuoles positioned dorsally in mid-body; bar-shaped extrusomes
densely arranged in hyaline fringe along cell margin. Based on the data available, a new key to some closely related genera of pleurostomatids
is suggested.

Key words: Amphileptus sikorai sp. n., Epiphyllum gen. n., Kentrophyllum, marine ciliates, morphology and infraciliature.

INTRODUCTION

Laterally compressed pleurostomatous ciliates with
a slit-like cytostome are free-living and commonly
found in a variety of habitats all over the world (Kahl
1931, Dragesco 1960, Borror 1963, Agamaliev 1967,
Hartwig 1973, Fryd-Versavel e al. 1975, Wilbert and

Address for correspondence: Weibo Song, Laboratory of Proto-
zoology, KILM, Ocean University of China, Qingdao 266003, P. R.
China; E-mail: wsong @ouc.edu.cn

Kahan 1981, Foissner 1987, Li 1990, Song 1994, Martin-
Cereceda er al. 1995).

Although numerous species in this group have been
described, early studies were based almost exclusively
on live observations (Kahl 1931; Dragesco 1954, 1965;
Vuxanovici 1959, 1961; Canella 1960), which has led to
grcat difficulties in species identification and taxa sepa-
ration as noted by several researchers (Wilbert and
Kahan 1981, Foissner 1984). Only in the last three
decades have silverstain methods been employed to
reveal the infraciliature of pleurostomatids (Fryd-Versavel
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et al. 1975; Foissner 1977/78, 1984; Song and Wilbert
1989: Song 1993; Song and Gao 1994; Foissner and
Leipe 1995; Foissner er al. 1995; Petz et al. 1995; Song
et al. 2004). Nevertheless, many forms remain unknown
in terms of their infraciliature and hence need reinvesti-
gation using modern methods.

Compared with the [reshwater pleurostomatids, in-
vestigations on marine forms using modern methods are
particularly lacking (Song 1991, Petz et al. 1995, Song ¢t
al. 2004, Wilbert and Song 2004,). Recently, during
investigations carricd out on mariculture ciliate launa in
north China, one new and two poorly known
pleurostomatids were isolated [rom marine culturing
ponds near Qingdao. Detailed morphological observa-
tions ol the three taxa were carried and the results ol
these investigations are presented here.

MATERIALS AND METHODS

Samples were collected (on 4th Tanuary, 2002: 5th August, 2002;
and 10th April, 2003) from three mariculture ponds near Qingdao
(Isingtao. 36 °08’N: 120/°43°1%). China.

Living cells were isolated and observed using bright field and
differential interference contrast microscopy. The infraciliature was
revealed by the protargol impregnation method according to Wilbert
(1975). Living individuals were examined at 100X o 1000x magmilica-
tion: measurements were carried out with an ocular micrometer:
drawings ot stained specimens were performed at 1250x with the aid
ol a camera lucida. Terminology is mainly according w Corliss (1979)
and Foissner and Leipe (1995). The following terms need 0 be
explained in order to avoid any confusion:

Metaboly: Movements of the cell that involve rapid contortions
and/or contractions.

Peribuccal papillac: Wart-like protuberances on the cell surface,
densely spaced along the left edge ot oral slit in some leaf-shaped
pleurostomatids.

Peripheral kinety: Homologous with perioral kinety. as a single
and continues row around the cell margin on the right side. Tt is
usually composed of closely arranged dikinetids.

Spine(s): ‘This erm deseribe here the eytoplasm structure [ound
in some pleurostomatids. which is unmovable and spine-like, usually
sparsely distributed along the ventral and dorsal margin except the
cytostome regions. ‘This structure should be detected in vive.

Suture: ‘The centrally positioned slit-like, glabrous arca formed
by the shorted somatic ciliary rows. typically on the right side
(referred to by some authors as the “spica™).

RESULTS AND DISCUSSION

Order: Pleurostomatida Schewiakolf, 1896
Family: Amphileptidac Biitschli, 1889

Genus: Kemrophyllum Petz, Song et Wilbert, 1995

Bascd on thc Antarctic organism Kentrophyllum
antarcticum, Petz. et al. (1995) cstablished the genus
Kentrophyllum and gave a brict definition as tollows:
“medium-sized to large Amphileptidac, very tlat. Having
spincs along ventral and dorsal margins. Right perioral
kinety surrounding almost entire body”. According to the
present studics, we supply here an improved diagnosis.

Improved diagnosis: Lcal-shapcd Amphileptidac
without conspicuous neck-like region and with numerous
somatic kinctics on both cell sides; spines along ventral
and dorsal margins; somatic ciliature on the right side
forming sutures; one peripheral kinely consisting of
dikinetids and forming a complete circle surrounding cell
margin on right side.

Remarks: We have here introduced (wo additional
diagnostic [eatures lor this genus, viz: the possession ol
sutures on the right side and the leat-shaped body shape
(i.c. without typical neck-like region) into the definition.
We believe these features to be the most reliable criteria
for recognizing this genus, notwithstanding the tact that
body shapc is seldom used in gencric diagnoses. It also
scems rcasonable to include in the diagnosis the numer-
ous somatic kincties on both cell sides, a [cature that is
present in all Kentrophylium spp. so [ar described. The
term peripheral kinety (instcad of perioral kinety) is
suggested because this truly specialized structure is
unique and clearly dilferent (rom the typical perioral
kinety present in some other pleurostomatids.

Hence, this genus is circumscribed by: (1) the very
(lat, leal-shaped body; (2) the peripheral Kinety;
(3) sutures on the right side; (4) spines along cell margin;
(5) both sides densely ciliated. In addition, this group is
possibly exclusively marine although (urther studies are
required in order to conlirm this.

Kentrophyllum verrucosum (Stokes, 1893) Petz, Song
et Wilbert, 1995 (Figs 1-3, Table 1)

Basionym: Loxophyilum (Litosolermus) verrucosum
(Stokes, 1893) Kahl, 1931

Syn. Loxophyltum multinucleatum Ozaki et Yagiu,
1943

This specices has never been described using silverstain
mcthods, henee the ciliature is hitherto unknown. Based
on the Qingdao population as well as the previous
reportls, we here give a new deflinition and description:

New diagnosis: Leal-shaped marine Kentrophyllum,
in vivo about 90-250 x 60-160 pm. Cell exhibits high
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Figs 1A-K. Morphology and infraciliature of Kentrophyllwn verrucoswn, from life (A-1i

. H) and after protargol impregnation
(1< G. 1-K). A - lelt view of a typical individual: B - lateral views: C - two types of extrusomnes: 13 - showing typical body shape of stationary
individual, note the contractile vacuoles; E - extended body shape when moving; F - macronuclear nodules; G - showing the short, spindle-
shaped extrusomes (arrowhead) distributed along ciliary rows (arrow): H - 1o show the Tong, bar-shaped extrusomes (arrowhead) and the spines
(arrows): I - left side view. showing the nematodesmata (arrows), and the extrusomes surrounding the body margin except the oral area; note
the nuelear apparatus and the variation in size of the contractile vacuoles: J, K - inlraciliature of lelt and right sides respeetively of the same
individual, arrows indicate the sutures; note the peripheral kinety (i.e. PK,), which forms a loop that surrounds the body on right side.

CV - contractile vacuole, DB - dorsal brush kinety. Ma - macronucleus. PK, - perioral kinety 1. PK, - perioral kinety 2 (i.c. peripheral kinety).
Scale bars 5 pm (C); 40 um (D, 15 1, K); 530 um (A).



132 X. Lin ef al.

Figs 2A-F. Photomicrographs of Kenrrophyllum verrucosum from life. A, B - views of left side, showing typical body shapes when stationary
(A) and moving (B), arrowheads indicate spines which surround the entire body except oral area; note the extrusomes concentrated in the
hyaline fringe swrrounding the cell; C - left side view, arrows marks contractile vacuoles; D - the anterior part of the right side, note the
conspicuous suture (arrows); E - view of left side (interference contrast), arrows indicate macronuclear nodules; I - the anterior end of left side,
arrowheads mark the spines. Scale bars 70 pm (A); 90 um (B); 100 um (C, E).

levels of metaboly. 30-48 right, and 35-53 left somatic
kineties with sutures on the right and the posterior left
sides. About 6-10 contractile vacuoles along ventral and
dorsal margins. With 2-9 (usually 4) macronuclear nod-
ules. Two types of extrusomes. Dorsal brush kinety
extending entire length of body.

Deposition of slides: Since no silver impregnated
specimen are known to exist, one voucher slide of
protargol impregnated specimens is deposited in the
Natural History Museum, London, UK with registration
No. 2004:3:22:1. A second slide (No. Lin-02-08-5-1) is
deposited in the Laboratory of Protozoology, Ocean
University of China.

Ecological features: Found in a shrimp-farming
pound (5 August 2002), water temperature at sampling
was about 27°C, salinity ca 22%e, pH ca 8.1.

Redescription: Cell highly metabolic with body shape
strongly variable: from slender to completely oval, gen-
erally no typical form (Figs 1A, D, E; 2A-C; 3D-K).
When gliding on the bottom of the Petri dish, often
broadly leaf-shaped (Fig. 1A) to more or less sigmoid
(Fig. 1E), with anterior end slightly narrowed. Size highly
variable, about 90-250 x 60-160 pm in vivo, usually
around 150-180 x 70-90 um; the body size of a cell
130 x 100 pm can extend to 240 x 60 um (Figs 1A, D,
E; 3D-J). Laterally compressed about 3-1.5:1, right side

http://rcin.org.pl



Taxonomy of three marine pleurostomatid ciliates 133

LE
e, L
LR
L J
ol ¢
v
-
.

-

2 "
k]
. ma .
.

— .
L
'-
"

R h e S he b oty i
2R :
&% "8 3
TR YL
"l - Ll

.

K

LI S
i
s
L. -
w
RS !
(N

3

L3 as
{ * e,
pam ®

.

-
LI
]

*e UL SISy B )

-
L O

L

TR RN AN Yy
PR RTLITTE ]
- ’
Y
" .

X -
taw 't—""
'n

an A

w
Y oEFER e EE
s

*"ii
&
\3;.. n..qu"

P
= A

"

L
me4 8 gq Hual = .‘.-n LR

Figs 3A-K. Photomicrographs of Kentrophyllum verrucosum after protargol impregnation. A - anterior part of left side, note the densely
spaced peripheral kinety (i.e. PK)), arrows indicate the long extrusomes, arrowheads mark short extrusomes scattered in the cytoplasm;
B - anterior end of left side, arrowheads mark the dorsal brush; C - middle part of right side, to show the distribution of ciliary rows (arrow
shows example) and short spindle-shaped extrusomes row (arrowhead shows example); D-J - different body shapes, note the distribution of

long extrusomes and the macronuclear nodules, arrows mark the cytostome, and arrowheads (D) indicate nematodesmata; K - view of left side,
arrowheads demonstrate the conspicuous vault. Scale bars 30 um (B) 50 um (D) 80 um (F).
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‘Table 1. Morphological characterization of Kentrophyllim verrucosim (1st line). Fpiphyllum solifornne (2nd line) and Amphileptus sikorai
(3rd line). Data based on protargol impregnated specimens. All measurements inum. Abbreviations: CV - coellicientofl variation, M- median,
Max - maximum, Mcan - arithmetic mean. Min - minimum. n - number, SI) - standard deviation.

Characters Min

Body length 88
Body width 50
Length of oral slit 32
Length ol nematodesmata 88
Length of the long extrusomes 10
Number of right somatic Kineties 30
Number of left somatic kineties 35
Number ol macronuelei 2
lLength ot macronucleus 10

Width of macronucleus 7

(i.e. side in contact with substratum) (lat, left slightly to
distinctly vaulled, mostly due (o the presence ol [ood
malerial (Figs 1B, 3K), and with many inconspicuous
longitudinal shallow grooves. Fringe (lat, thin and hyaline,
about 20 pm in width, with long, uniformly distributed
cxtrusomes (Figs 1A, D, E; 2A-C). Two kinds of
extrusomes: type 1, ca 2 um long, spindle-shaped, most
distributed regularly along ciliary rows, some scattered in
cytoplasm (Fig. 1C; arrowhcads in Figs 1G; 3A, C).
Type 2, in vivo 18-20 pm long, bar-shaped, denscly
arranged, mostly concentrated in the hyaline fringe and
surrounding entirc cell excluding buccal arca, some
scallered in cytoplasm (Fig. 1C, arrowhcad in Fig. 1H,
arrows in Fig. 3A). Thosc extrusomes that lic at the
bascs ol the spines olten appear slightly stronger than
others when observed in vivo, although no clear diller-
ence could be detected afler staining (Figs 1A, H; 2A,
C; 3A, H).

Max Mean M SD Cv n
240 169.8 168 42,19 248 25
184 1114 120 40.33 362 25
184 128.4 128 2346 18.3 25
160 89.8 96 30.18 33.6 25
92 58.6 56 12.50 21.3 25
56 41.8 40 7.10 17.0 25
100 62.4 64 16.49 264 25
66 41.9 40 14.96 357 25
28 252 26 2.38 95 25
160 1259 120 2192 174 14
82 58.7 56 11.46 19.5 11
88 70.6 80 17.32 246 9
13 109 10 1.13 10.4 25
8 7.12 6 093 13.0 25
12 10.1 10 0.54 5.4 25
48 39.1 40 4.88 12.5 21
46 3.7 38 3.12 8.1 25
18 14.6 14 1.38 95 23
53 43.1 44 6.01 14.0 16
56 45.5 45 6.59 14.5 jeies
17 154 15 0.76 5.0 19
9 48 4 163 33.6 25
6 42 4 0.44 10.3 25
2 2 2 0 0 25
32 15.7 16 4.85 31.0 25
24 14.6 12 444 30.5 25
22 16.3 16 246 15.1 25
14 10.1 10 213 21.0 25
19 124 10 348 28.1 25
17 129 12 228 17.7 25

Pellicle thin. Cytoplasm gray 1o dark in central region
ol cell, depending on [ood supply, oflen containing many
large (3-7 pm across), shining globules (Fig. 1A).

When observed in vivo numerous (30-50) immobile
spines visible; spines necedle-shaped, 8-12 pm in length,
cvenly spaced on ventral and dorsal margins, but absent
in arca of cytostome; difficult to detect after protargol
impregnation (arrows in Fig. 1H; arrowhceads in Figs 2A,
B, F). Cytostome extending about 33%: of ccll length as
indicated by nematodesmata, which originate from kine-
losomes ol perioral rows and are recognizable as deli-
cate [ibrils alter protargol impregnation terminating in
posterior 1/5 ol body (Figs 11, 3D). Peribuccal papillac
nol obscrved.

Aboul 6-8 contractile vacuoles (CV), most (S or 6)
along the dorsal margin, 1-3 along the ventral margin
(n = 10). Position of CVs seemingly not lixed: in oval
forms CVs olten packed together (Figs 1D, 2A) or well



away from the margin region (Fig. 2C), while in slender
specimens CVs clearly in rows (Figs 1A, E); diameter of
CVs up tol8 um when fully expanded (Figs 2A-C).

Two to ninc (mostly 4) macronuclear nodules (Ma)
near central region of cell; nodules spherical to cllipsoid,
10-30 x 7-14 pm in size alter [ixation and interconnected
by (uniculus (Figs 1A, F; 2B, E; 3D-J). Nucleoli round,
distributed throughout nodules (Fig. 11). Micronucleus
not obscrved.

Movement by slowly gliding on substrate, rarcly
swimming in walcr.

Somatic ciliature as shown in Figs 1], K; 3A-C. 30-
48 (mean 40) right kineties densely ciliated, cilia about
10-12 ym long; intermediate kineties noticeably short-
ened anteriorly, forming a distinct anterior suture hat
extends >50% body length, while the posterior suture is
inconspicuous (Figs 1K, 2D). Lelt side also densely
ciliated, about 35-53 (mcan 44) somatic kinctics with
cilia about 6-8 um long; ncarly half the kinetics anteriorly
shortened and terminating at perioral kinety 1 (PK ). In
central region, some kineties shortencd posteriorly, giv-
ing the impression of a suturc in subcaudal arca (arrows
in Fig. 1]J). Dorsal brush kincty (DB) extending over
centire length of body, composed of regularly spaced
dikinetids (Fig. 1J, arrowhcads in Fig. 3B). Two perioral
kinctics (PK ,): PK, at e[t of oral slit, formed of
denscly spaced dikinetids in anterior hall and looscly
spaccd monokinetids in posterior hall (Fig. 1J); right
perioral kincty, or peripheral kincty (PK,), [orming a
closed loop, composed of denscly spaced kinctosome
pairs and surrounds enlire body (Fig. 1K).

Comparison: Kenrrophyllum verrucosum (Stokes,
1893) was known for a long time as Loxophylium
verrucosum (Stokes, 1893) Kahl, 1931 until Pelv. er al.
(1995) transferred it (0 the current genus. Although it has
been reported or mentioned on at least two other occa-
sions (Dragesco 1965, Czapik and Jordan 1976), the
infraciliaturc has never previously been described. To
summarize the previous data, this species has the follow-
ing combination of features: (1) medium-sized body with
3-9 macronuclear nodules and several contractile vacu-
oles along dorsal margin; (2) with spincs and bar-shaped
cxtrusomes surrounding nearly entire body; (3) the right
side is densely ciliated, with about 35-4() ciliary rows;
(4) marinc habitat (Tablc 2).

Our population corresponds 1o previous descriptions
of Kentrophyllum verrucosum in most respects, i.c. the
body shape and size, presence of spines, several macro-
nuclear nodules, several (0 many contraclile vacuoles
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near dorsal margin, the number of somatic kincties, and
its marinc habitat (Stokes 1893, Dragesco 1965, Czapik
and Jordan 1976). A conspicuous difference in our
population is the presence of (usually) 1-3 contractile
vacuoles located ncar ventral margin, which arc not
mentioned in the previous reports. However, it should
be noted that in many marine ciliates including
pleurostomatids, the number and position of the contrac-
tile vacuoles is dilficult to discern. In some taxa no
contraclile vacuoles arc visible in vivo although excre-
tory pores arc revealed by silver impregnation. Alierna-
tively, contractile vacuoles may be readily delectable in
(reshly isolated specimens bul not alter culture whereas
in other cases the reverse is (rue (present authors,
unpublished; Wilbert and Song 2004). Finally, it is not
uncommon [or contractile vacuoles o be present but
inactive, or o pulse with very long time intervals
(> 10 minutes) and thus to be overlooked. In conclusion,
we belicve that carly descriptions of the number and
positions of contractile vacuoles in marine pleurostomatids
should be treated with caution.

In addition, the peribuccal papillac, which arc present
in the population described by Dragesco (1965), were
not present in our form nor were they mentioned in the
original description (Stokes 1893). Furthermore Kahl
(1931) only observed some cyelash-brush-like cilia regu-
larly arranged along the oral slit in the German popula-
tion. We therelore belicve that the presence or absence
ol peribuccal papillac is probably a population-dependent
characler.

Among (he known nominal Kentrophyllum spp,
K. verrucosum is most similar o K. setigerum
(Quennerstedt, 1867) Pelv, Song e¢r Wilbert 1995, which
has been repeatedly investigaled bul never using modemn
methods (Sauerbrey 1928, Kahl 1931, Wang and Nie
1932, Dragesco 1960, Petran 1963) (Table 2). Aparl
from the variable number of macronuclear nodules (2-9
vs. 4in K. serigerum), K. verrucosum also difters from
K. serigerum in having morce somatic kinctics on the
right side (30-48 vs. ca 22).

Kentrophyllum pseudosetigerum (Dragesco, 1954)
Petz, 1995 is also similar to K. verrucosum. The former
can be distinguished, however, by having morc macro-
nuclear nodules (ca 12 vs. 2-9 in K. verrucosum) and
fewer somatic kinetics (16-17 vs. 30-48 in K. verrucosuni)
(Dragesco 1954, 1960) (Table 3).

Considering the other 3 congeners, Kentrophyllum
verrucosum dillers [rom K. raikovi (Dragesco, 1965)
Petz, 1995 in having a much smaller body size (90-250
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vs. 360-500 pm) and the regular distribution of contrac-
tile vacuoles (vs. many CVs dispersed throughout the
body in the latter), while both K. fibrillaium (Dragesco,
1954) Pctz, 1995 and K. antarcticum Petz, 1995 invari-
ably have only 2 macronuclear nodules (vs. usually 4 in
K. verrucosum) (Table 3).

In 1943, Ozaki and Yagiu rcported a new specics
[rom the Japan Sca under the name Loxophylium
multinucleatum. This name, however, was preoccupicd
by a marinc specics found in Germany, Loxophyiium
multinucleatum Kahl, 1928, which lacks spines and is
possibly a valid species ol Loxophyllum although its
infraciliature remains undescribed (Kahl 1928). Consid-
ering the general appearance ol L. multinuclearum
Ovzaki et Yagiu, 1943 in vivo, i.e. the body shape and
size, the number of macronuclei (5-14), the number and
position ol contractile vacuoles, the presence of spines
surrounding the cell margin, and the habitat, we believe
that this organism is conspecitic with K. verrucosum.

Genus: Epiphyllum gen. n.

Diagnosis: Amphilcptidac with flat body, generally
lcat-shapcd but highly variable and without neck-like
portion; numerous somatic kinctics on both cell sides;
having peripheral kinety on right side; sutures present on
both Iclt and right sides; spines abscnl.

Type species: Epiphiviium soliforme (Fauré-Fremicel,
1908) comb. n.

Etymology: Composite [rom the Greck words Epi
(upon, on the surlace ol) and phyilum (Ical). Neuler
gender.

Remarks: Generally, the new genus Epiphylium
most closely resembles Kentrophyllum Pelz, Song et
Wilbert, 1995. It differs from the latler, however, in the
absence ol spines, which are charactleristically around
the body margin in Kentrophylium (Pets. et al. 1995).

The most conspicuous characteristics of Epiphyllim,
which scparate it from other related pleurostomatid
gencra (c.g. Amphilepius, Opithodon, Loxophyllum,
Litonows, Acineria), arc the presence of suturcs on
both left and right sides and the posscssion of a
Kentrophyllum-like ciliature pattern and morphology,
i.c. numcrous ciliary rows on the Ielt side, presence ol
periphcral kinety, [lat body lacking a neck-like region,
abscnce ol dorsal warts cte. (Foissner 1984, Augustin
et al. 1987, Foissner and Foissner 1988, Song and
Wilbert 1989).

Epiphyllum soliforme (Fauré-Frémiet, 1908) comb. n.
(Figs 4-6, Table 1)

Basionym: Loxophyllum soliforme Fauré-Fremict,
1908

New diagnosis: Generally leal-shaped marine
Epiphyllum 50-200 x 40-100 pm in vivo with 2-5
contractile vacuoles along dorsal margin in mid-region.
32-46 right and 34-56 lefl somalic kinctics. 4-6 macro-
nuclear nodules. Two kinds of extrusomes (short, spindle-
shaped and long-bar shaped). Dorsal brush kinety (ermi-
nating al anterior 1/3 ol cell length. Peribuccal papillae
present.

Ecological features: Isolated [rom a waler-[ilter-
system [or [ish-farming ponds (4 January 2002), water
temperature about 25°C, salinity ca 31%«, pH ca 7.8.

Slide deposition: Onc voucher slide with protargol
impregnated specimens is deposited in the Natural His-
tory Muscum, London, UK with registration numbecr
2004:3:22:2. A sccond slide is deposited in the Labora-
tory of Protozoology, Occan University of China (slide
number: Lin-02-01-04).

Redescription: Ccll cxhibits metaboly, with highly
variablc shape: when gliding on substrate, body broad to
slim lcal-shaped, anterior portion often slightly nar-
rowed, but clearly no neck-like region (Figs 4A, C; SA,
B); when stationary, body oval-shaped or nearly round
(Figs 4B, 6H-L). Sizc variable, 50-200 x 40-100 um
in vivo, usually about 120-150 x 50-60 pm. Usually
highly compressed laterally about 4-6:1; right side [lat,
leltslightly vaulted with many inconspicuous longitudinal
shallow grooves (Figs 4D; 5B, E). Fringe thin and
hyaline, about 20 um in width, and surrounding entire cell
(Figs 4A-C, 5A-B). With two types ol extrusomes
(Fig. 4E): type 1 short spindle-shaped, about 2 pm long,
mostly distributed regularly along ciliary lincs, some
scattered in cytoplasm (arrowhcads in Figs 4G, 6F); type
2 bar-shaped, 15-17 um long in vivo, mostly packed in
hyaline fringe and uniformly distributed, some scattered
in cytoplasm (Figs 4A. I; arrows in Fig. 6F).

Pellicle thin. Cytoplasm slightly yellow-coloured when
observed at low magnilication, but no coloured granules
observed under high magnilication; often containing
many shining globules (3-5 pm in diameter) in central
opaquc region (Fig. 4A). No spincs around ccll margin.

Cytostome extending 0 33% of cell length as indi-
caled by nematodesmala, which are about 50-75% of
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Figs 4A-K. Morphology and infraciliature of Epiphvlium soliforme gen. n.. comb. n. from lile (A-D) and alter protargol impregnation (E-K).
A - leltview of a motile individual. note the peribuecal papillac along the left side of oral slit: B, C - the body shape ol stationary (B} andmotile
(O) individuals: D - left-lateral view; E - two kinds ol extrusomes: I - showing the perioral kineties. nematodesmata, and dorsal brush kinety:
G - showing the short, spindle-shaped extrusomes (arrowheads) disuibuted along, the ciliary rows (arrows): H - macronuclear nodules: I- left
side view showing the nematodesmata (arrowheads). the contractile vacuoles (arrows). and the nuclear apparatus, note the long extrusomes
surrounding the margin exeept eylostome arca: J, K - the inlraciliature ol left and right sides respectively, arrows mark the three typical sutures:
note the peripheral Kinety on right side (i.c. PK)) surrounding the whole body thus [orming a loop. DB - dorsal brush kinety.
Ma - macronucleus, PK, - perioral kinety 1, PK, - perioral kinety 2 (i.c. peripheral Kinety). Scale bars 5 pm (19): 40 pm (A, 1-K).
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Figs 5A-E. Photomicrographs of Epiphyllum soliforme gen. 1., comb. n.from life. A, B - views of left side, showing the typical body shapes
when moving, arrow marks the posterior end of the oral slit; C - anterior region of left side, arrows demonstrate the peribuccal papillae along
the left side of oral slit; D - posterior part of left side, arrows mark the bulge: E - central part of left side, arrows show the contractile vacuoles.

Scale bars 80 um (A, B).

body length (Figs 41, F). About 20-40 densely spaced
peribuccal papillae along left side of oral slit, 2-3 pm in
length, and difficult to detect after protargol impregna-
tion (Fig. 4A, arrows in Fig. 5C).

About 2-5 contractile vacuoles (CV) located together
near central region of cell and slightly displaced towards
dorsal margin of cell (Figs 4A, 5B). Size of CVs highly
variable, 8-15 pum in diameter (n = 10); normally 2-4
vacuoles, often only two of which keep pulsing in
stationary cells (Figs 4A-C, 5E).

Nuclear apparatus near ventral margin and comprises
4-6 (usually 4) macronuclear nodules (Ma), slightly
ellipsoid, about 10-24 x 8-19 pm in size after fixation
(Figs 4A, 1, H; 6G-L). Nucleoli round (Fig. 41). Micro-
nucleus not observed.

Movement by slowly gliding on substrate, rarely
swimming in water and often stationary.

Somatic kineties as shown in Figs 4F J, K; 6A-E.
About 32-46 (mean 38) right kineties densely arranged,
cilia about 4-6 um long; intermediate kineties shortened

http://rcin.org.pl
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Figs 6A-L. Photomicrographs of Epiphyllum soliforme gen. n., comb. n. after protargol impregnation. A, B - infraciliature of right side,
arrowheads indicate the nematodesmata, arrow demonstrates the posterior suture; C - anterior section of left side, arrows mark perioral kinety
1: D - anterior end of left side, arrows point to perioral kinety 1: K - anterior part of right side, arrows indicate the peripheral kinety (i.e. PK.);
F - the distribution of two kinds of extrusomes: short spindle-shaped (arrowheads) and long bar-shaped (arrows); G-L - different body shapes,
note the distribution of long extrusomes and the macronuclear nodules. Scale bars 30 um (L); 40 um (G).

at both ends, forming a distinct anterior suture, that
is >33% of body length, and a conspicuous subcaudal
posterior suture (arrows in Figs 4K, 6B). Left side also
densely ciliated, about 34-56 (mean 45) left kineties,
which terminate anteriorly at perioral kinety 1 and also
form a typical posterior suture in subcaudal area (arrows
in Fig. 4]). Dorsal brush kinety (DB) extending to 33%

of body length, comprising densely spaced dikinetids
(Fig. 4)). Two perioral kineties (PK, ,): PK, along left
side of oral slit, with regularly spaced dikinetids in
anterior 1/3 of body (viz. oral area) and continues
posteriorly as monokinetids; PK,, or peripheral kinety,
composed of closely spaced dikinetids and surrounds
entire right side of body (Figs 41-K, 6C-E).

http://rcin.org.pl
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Table 2. Morphometrical comparison of diflerent populations ol Kentrophyliun verrucosim and K. setigerwon. 1 - species, 2 - body length
(in pm). 3 - number of macronuclear nodules. 4 - number of contractile vacuoles, 3 - distribution ol extrusomes, 6 - distribution ol spines.

7 - peribuceal papillac. 8 - number of right somatie kineties. 9 - number of lelt somatie kineties, 10 - source.

1 2 3 4 5 7 8 9 10
K. verrucosum ca 200 4 many*  clustered®*  sparse absent - - Stokes (1893)
K. verrucosum 200-250 3-6  several  clustered sparse absent - - Kahl (1931)
K. verrucosum 130-300 4-9  many uniform sparse present 36-40 ca 30 Dragesco (1965)
K. verrucosum - 68 lor2 uniform dense present 35-40 - Crzapik and Jordan (1976)
K. verrucosum 90-250 229 6-10 uniform dense absent 30-48 35-533  Original
K. setigerum - 4 34 - sparse - - - Quennerstedt (1867)
K. setigerum 150-600 1 cad clustered sparse present - - Sauverbrey (1928)
K. setigeriom 100-350 4 7 uniform dense present - - Kahl (1931)
K. setigerum 105 4 several  uniform dense absent - - Wang ez Nie (1932)
K. setigerum 80-330 4 several  wniform dense present ca 22 - Dragesco (1960)
K. setigerum 90-220 4 many uniform dense present - - Petran (1963)
K. setigerum 85-240) 4 ca uniform (absent)  absent - - Jones (1974)

* Many: >10: ** Clustered: gathered in groups.

Comparison with similar species: This species
was originally found in France in a brackish marsh near
the Bay of Biscay by Fauré-Fremict (1908) who gave a
detailed description based on living obscrvations and
named it Loxophyllum soliforme. 1t has subscquently
been reported only once (Kahl 1931) but without a
detailed description. According to these two reports, this
species has the following features: (1) leat-shaped body,
about 90 x 30 pym in size; (2) with wide hyalinc [ringe
conlaining cxtrusomes; (3) no spines around body;
(4) with small refringent nodules (“peribuccal papillac™)
along the cdge ol oral slit; (5) four macronuclear nodules
and onc large contractile vacuole in mid-body ncar
dorsal margin; (6) marinc habitat. Thus the inlraciliature
was hitherto unknown.

The Qingdao population corresponds very well with
these [eatures. Some individuals in our samples were
slightly larger (50-200 x 40-100 vs. 90 X 30 pm) but this
is almost certainly a population-dependent variation. The
only signilicant dilference between the two populations
is the number of contractile vacuoles: our torm has 2-
5 CVs in a single dorsally located group ncar the mid-
body (vs. onc CV mentioned in previous reports). As
discussed above (sce description for Kenwrophylium
verrucosint), there might be various reasons for this
apparcnt ditference. Theretore, the Qingdao population
should be identilicd as Loxophyilum soliforme which is
assigned 1o the new genus Epiphyilum as E. soliforme
(Faur¢-Fremict, 1908) gen. n., comb n.

Considering its general morphological characleristics,
Loxophyllum hohuensis Wang et Nie, 1933 found in
China, is similar to Epiphyllum soliforme. However, it
can he separated from the latter by its larger body size
(200-280 vs. 50-200 pm in E. soliforme) and the fresh
water habitat (vs. marinc) (Table 4).

Other morphologically similar forms to which
E. soliforme should be compared include: Loxophyllum
variabilis Dragesco, 1954, L. kahli Dragesco, 1960,
L. elongatum Tucolesco, 1962, L. compressum
Dragesco, 1965, L. asetosum Burkovsky, 1970, and
L. schewiakoffi Burkovsky, 1970. Although the
infracilialurc remains unknown for all these taxon,
Epiphyllum soliforme can be casily distinguished [rom
them by the combination of body size, the number of
macronuclear nodules, the ciliary patlern and the number
and arrangement ol the contractile vacuoles (Table 4).

Genus: Amphileptus Ehrenberg, 1830

Amphileptus sikorai sp. n. (Figs 7, 8; Table 1)

Diagnosis: Mcdium-sized marine Amphifepus about
90-200 x 20-60 ym in vivo, leat-shaped body with a
conspicuous hyaline fringe, no neck-like region; 14-17
left and 13-18 right somatic kinctics; threc perioral
kinctics bending to dorsal side at antcrior end; two
macronuclcar nodules; two 10 three contraclile vacuoles
positioned dorsally in mid-body; extrusomes bar-shaped,
densely arranged in hyaline (ringe along ccll margin.
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Figs 7A-J. Morpholopy and infraciliature of Amphileptus sikorai sp.n. [rom lile (A-C. 1 H) and alter protargol impregnation (D, 15 G, L J).
A - left view of a motile individual; B - lateral view; C - cortical granules; D - extrusome; E - different body shapes; F - to demonstrate the
bar-shaped extrusomes (arrow) and the slightly notched pellicle (arrowheads): G - left side view, showing the nematodesmata (arrow) and the
extrusomes (arrowhead) surrounding entire body except oral area: H - left side view. note the hyaline fringe and the location of the contractile
vacuoles and macronuelear nodules: 1, J - infraciliature of left and right sides respectively. arrows indicate the anterior end of the perioral

Kineties. CV - contractile vacuole. DI - dorsal brush Kinety. Ma - macronucleus, K, - perioral Kinety 1. PK, - perioral kinety 2, PK - perioral
kinety 3. Scale bars 5 um (12): 30 pn (19): 40 um (A. G. H-). B ‘
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Figs 8A-1. Photomicrographs of Amphileptus sikorai sp. n. from life (A-D) and after protargol impregnation (E-I). A, B - right (A) and left (B)
side views of different shaped individuals, arrows indicate large macronuclear nodules; C - left side view, arrow marks single, large contractile
vacuole, note the notched margin; D - to show the cytoplasmic globules (arrowheads) and cortical granules (arrows); E - anterior portion of right
side, arrows indicate perioral kinety 2, arrowheads demonstrate perioral kinety 3; F - anterior end of left side, to show the extrusomes
(arrowheads) and perioral kinety 1 (arrow); G, H - right side views, arrow points to cytostome and arrowhead to nematodesmata.
I - infraciliature of anterior end of right side, showing perioral kinety 2 (arrows) and 3 (arrowheads). Scale bars 10 um (I); 40 pm (A, B, G).

http://rcin.org.pl
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‘Table 3. Morphometrical comparison ol Kentrophyllum verrucosim and other similar marine species. 1 - species. 2 - body length (in pin),
3 - number of macronuclear nodules, 4 - number ol contractile vacuoles, 5 - distribution ol extrusomes. 6 - distribution ol spines, 7 - peribuecal

papillac. 8 - number of right somatic kineties. 9 - number of left somatie kineties. 10 - source.

1 2 3 4 5 6 7 8 9 10
K. fibrillarum 90 2 1 unilorm dense - - - Dragesco (1954)
K. fibrillarum up to 90 2 1 unilorm dense  present  ca 24 2022 Dragesco (1960)
K. pseudoserigerum 170 cal2 1 unilorm dense  present  16-17 - Dragesco (1954)
K. pseudosetigeriom 180 ca 12 1 unilorn dense  present - - Dragesco (1960)
K. raikovi 360-500 11-14 many®  clustered™*  dense present ca 40 - Dragesco (1963)
K. antarcticum 200-310 2 3-5 unifonn sparse  absent 29-40 24.27 Petz er al. (1995)
K. multinucleatm 100-140 5-14 5-6 uniform dense  absent - - Ozaki and Yagiu(1943)
K. verrucoswn 90-250 2.9 6-10 uniform dense  absent 3048  35-53 Original

*many: no specilic number was piven but > 20 were illustrated: ** clustered: pathered in proups.

Table 4. Morphometrical comparison ofi Epiphyllun soliforsme and some similar Loxophyvilin spp. | - species, 2 - body length (in pim),
3 - number of macronuclear nodules. 4 - number of contractile vacuoles. S - distribution of extrusomes., 6 - peribuccal papillae, 7 - number
ol right somaltic kinetics. 8 - number of left somatic kineties, 9 - habitat. 10 - source.

1 2 3 4 5 6 7 8 9 10
E. soliforme 50-200 4-6 25 uniform present 32-46  34-56  marine QOriginal
L. hohuensis 2(0-280 4 4-5 uniform absent - - fresh water  Wang and Nie (1933)
L. variabilis 100-260 5-7 1 uniform present 16-17 - marine Dragesco (1954, 196())
L. kahli 120 11-12 2 unilorm present - 22-24  marine Dragesco (1960)
L. elongarum 170-180 1? 10-12 uniform absent - - marine Tucolesco (1962)
L. compressim 280 6-7 4-5 uniflorm  abscent 14-16  ca 10  marine Dragesco (1965)
L. asetosum 80-160 2-6 6-12 - - - - marine Burkovsky (1970a)
L. schewiakoffi 80-100 1 - uniform - 25-30 - marine Burkovsky (1970bh)

Ecological features: Collccied [rom an abalone-
farming pond (10 April 2003), walcr tlemperature about
15°C, salinity ca 30%c, pH ca 8.0.

Type slides: One permanent slide of protargol im-
pregnaled specimens is deposiled as a holotype in the
Natural History Museum, London, UK with registration
No. 2004:3:22:3. One paratype slide (No. Lin-03-04-10)
is deposited in the Laboratory ol Protozoology, OUC,
China.

Dedication: We dedicate this new species to our
distinguished collcague, Dr Jerzy Sikora, Nencki Insti-
tutc of Experimental Biology, Warszawa, in recognition
of his academic and cditorial contributions to protozool-
ogy.

Morphology and infraciliature: Cells oficn slender
1o broad Ieal-shaped with both cnds bluntly pointed, but
without the neck-like region that is commonly scen in

most Amphileptus spp. (Figs 7A, E; 8A-C). Sizc highly
variable, about 90-200 x 20-60 pm in vivo, mostly
around 120-150 um in length. Cells also highly flattened
(about 3-5:1), right side [lat, lelt vaulted and with con-
spicuous longitudinal shallow grooves (Figs 7A, B).
Transparent margin relatively narrow (about 10 um
wide), opaque central region dominant (Figs 7A, H;
8A-C).

Pellicle thin and slightly notched (Figs 7F 8C).
Extrusomes about 12-15 pm long, bar-shaped, more or
less in groups, concentrated in hyaline fringe and sur-
rounding cntire cell except oral region (Figs 7A, D, F, G;
arrowhcads in Fig. 8F). Cortical granules tiny and
colourless (< 0.8 um across), packed in extremely dense
regular pattern on lelt surface (Figs 7C, 8D).

Cytostome about 15-25% ol cell length, as indicated
by nematodesmata which are long and highly developed,
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and often extend to 30-80% of body length (Figs 7E,
8E-I). No peribuccal papillac obscrved.

Cytoplasm often packed with numerous ditterently
sized greasily shining globules (1-6 ym across) (arrow-
hecads in Fig. 8D), which render the main part of body
complelely opaque, cven at high magnilication (Figs
8A-C).

Contractile vacuoles 2-3 in number, always in a single
group along the dorsal margin ncar mid-body (Figs 7A,
H; 8C). Constantly with two macronuclear nodules that
arc oval-shaped, about 15-25 pm (ca 10-22 pm aller
[ixation) in length and inter-connected by luniculus; in
vivo, ollen appear as two large hyaline areas in mid-
body region, slightly displaced towards ventral margin
(Figs 7A, J; 8B). Nucleoli small, numerous and evenly
distributed (Figs 7J, 8G). Micronuclei not observed.

Movement by gliding on substrale and oflen swim-
ming by slowly rotating around longitudinal axis. Gener-
ally insensitive to mechanical stimuli.

All somatic kinctics rclatively densely spaced and
cilia looscly arranged (Figs 71, J). Usually 13-18 right
kinctics (mcan 14), intermediate kinctics conspicuously
shortened anteriorly, forming a distinct anterior suture,
ca 33% ol body length; posterior suture inconspicuous
(Fig. 7J). About 14-17 somatic kinetics onleft side, all of
which terminate anteriorly at perioral kinety 1 (PK))
(Fig. 71). Dorsal brush kinety (DB) composcd of a few
closc-sel basal body pairs and continue posteriorly as a
row ol monokinetids (Fig. 71).

Three denscly ciliated perioral kincties (PK|, PK,,
PK,) as shown in Figs 71, J. PK . curving around
anterior end and bending slightly 1o dorsal side (arrows
in Figs 71, J). PK comprises dikinetids in oral region and
continues posteriorly as monokinetids (71, arrow in
Fig. 8F). PK,composed ol dikinetids, extending to about
172 of cell length and continues posteriorly as a row of
monokinctids (arrows in Figs 8E, [). Basal bodics
(monokinctids) in PK_ often strongly and argentophilic
(arrowhcads in Figs 8E, I).

Comparison and discussion: With respect to its
body shape and sizc, the number of macronuclei, and the
position and number of contractile vacuoles, Amphilepius
sikorai most closely resembles Loxophylium
tringcleatum Mansleld, 1923, Amphileptus salmica
(Burkovsky, 1970) Foissncr, 1984 and Opisthodon
niemeccense Siein, 1859. The [ormer two can casily be
scparated [rom A. sikorai by their smaller body length
(60-90 vs. 90-200 pm in A. sikorai), number ol macro-
nuclei (3 vs. 2 in A. sikorai) and number of contractile
vacuoles (8-10 vs. 2-3 in A. sikorai) (Mansleld 1923,

Kahl 1931, Burkovsky 1970a, b). Opisthodon
niemeccense is similar to A. sikorai, cspecially in terms
of its morphology in vivo, c.g. the body shape and size,
both with two macronuclei. However, A. sikorai can be
distinguished by having morc contractile vacuolcs
(2-3 vs. 1 in O. niemeccense), no pil-like depression at
the anterior end (vs. present in O. niemeccense), and
three perioral kinctlies (vs. two in Q. niemeccense)
(Penard 1922, Kahl 1931, Foissncr 1984).

Key to the identification of selected pleuro-
stomatids: Based on the data available, a key 10 some
closely related pleurostomatid genera is suggested:

1. Somalic ciliature with sUlUre($).....ccoveerreerrereerienans 2
Somatic ciliature Without SULUTE(S)....veerveeiveecreecirenenns 6
2. Only right somatic ciliature with suture(s)...............3
Both right and lett somatic ciliaturc with sutures.........5
3. Anterior end not rolled up or immersed into a pit-like
dOPreSSION. ..eeieceecceiiie e Amphileptus
Anterior end rolled up or immersed into a pit-like depres-
STIOTLeu sttt et e rte e eeceer e er e e raeer et e eee st s eeeer e e ene e e 4

4. Anterior end rolled up and curved to the left..............
............................................................ Amphileptiscus
Anlcrior end immersed into a pit-like depression...........

.................................................................... Opithodon
5. With spines surrounding whole body......cc.cocircnnene
............................................................ Kentrophyllum
WilthOul Spines.......covvvomivciiccnnicnniccnieens Epiphyllum
6. Dorsal warls with grouped extrusomes present .........
.............................................................. Loxophyllum
Dorsal warls absenle.....ooccccrnneirecnrinnrneccanrereeccennne 7
7. Anterior end not rolled up.....c.vervvvennnaan, Litonotus

Anteriorend rolled up and curved (o the lelt ......Acineria
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Two New Marine Pleurostomatid Ciliates from China, Loxophyllum jini
and L. giuianum (Ciliophora: Pleurostomatida)
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"Laboratory of Protozoology, KLLM, Ocean University of China, Qingdao, China; *Institut fiir Zoologie, Universitit Bonn, Bonn,
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Summary. The morphology of two marine pleurostomatid ciliates, Loxophyllum jini sp. n. and L. giuianum sp. 1., collected from coastal
waters near Qingdao (Tsingtao), China, were investigated using observations in vivo and following protargol impregnation. Loxophyllum
Jjini is identified by its large body size (about 300-600 um long in vivo), multi-macronuclear nodules (8-17), several (3-7) contractile vacuoles
along the dorsal margin of cell, and the somatic kineties on left (9-14) and right (13-20) side. As a new species, L. giuianum distinguished
from its congeners by a combination of characters including the marine habitat and the distribution of extrusomes, the terminal position
of contractile vacuole and the numbers of somatic kineties on both the right and left sides (19-30 and 8-13).

Keywords: Loxophyllum jini sp. n., L. givianwm sp. n., marine ciliates, morphology and infraciliature.

INTRODUCTION

Bilaterally compressed pleurostomatid ciliates are
commonly reported from a variety of geographical
habitats all over the world (Kahl 1931, Dragesco 1960,
Borror 1963, Agamaliev 1967, Hartwig 1973, Fryd-
Versavel et al. 1975, Foissner 1987, Wilbert and Kahan
1981, Li 1990, Song 1994, Martin-Cereceda er al. 1995,
Lin and Song 2004, Lin et al. 2005).

Although many taxa in this group have been de-
scribed, studies carried out before the last quarter of the
20th century were based almost exclusively on live

Address for correspondence: Weibo Song, Laboratory of Proto-
zoology, Ocean University of China, Qingdao 266003, P.R. China;
Fax [+86] 532 203 2283; E-mail: wsong@ouc.edu.cn

observations (Kahl 1931; Vuxanovici 1959, 1961;
Dragesco 1954, 1965; Canella 1960), which has led to
great difficulties in species identification and separation
within the Lifonotus-Amphileptus-Loxophyllum com-
plex (Wilbert and Kahan 1981, Foissner 1984). Following
the application of modern methods such as silver staining
in the study of pleurostomatids, several new genera
have been established in recent decades including:
Pseudoamphileptus Foissner, 1983, Kentrophyllum Petz,
Song et Wilbert, 1995, Siroloxophyllum Foissner et
Leipe, 1995, Amphileptiscus Song et Bradbury, 1997,
Apoamphileptus Lin et Song, 2004 and Epiphyllum Lin,
Song et Warren, 2005.

The most conspicuous features of the species-rich
genus Loxophyllum include: (i) the ciliary pattern on the
right side, i.e. right somatic kineties, anteriorly shortened
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along the perioral kinctics (vs. shortencd in the median
arca, thus forming suturc in Amphileptus, Kemrophyllum,
Amphileptiscus, ctc.); (i) extrusomes distributed along
both ventral and dorsal margins, and thosc on the dorsal
margin usually clustered to form warts (vs. cxtrusomes
abscnt on the dorsal margin in Litonoms and Acineria
and never clustered to form warts) (Kahl 1931, Song
1993, Foissner and Leipe 1995, Foissner ef al. 1995, Petz
et al. 1995, Lynn and Small 2002).

During a recent survey ol the marine ciliate fauna in
northern China, (wo new members of Loxophyllum
were isolated [rom coastal waters of the Yellow Sea
near Qingdao, China. The resulls ol these investigations
are presenled here.

MATERIALS AND METHODS

Samples were collected (14th October, 2002, and 4th June. 2004)
from two different locations in coastal waters of the Yellow Sea near
Qingdao ('Isinglao). China. Specimens were isolated [vomn plass slides
that had been immersed in the water [or up to 10 days. alter which
time they were wanslerred (o Peui dishes with sea water from the
sampling site and transported to the laboratory. The slides were
maintained at room temperature [or two days as raw cultures wgether
with small ciliates and [lagellates in the original water which acted as
a food source.

Living cells were isolated and observed using bright field and
dillerential interference contrast microsceopy. 'The infraciliature was
revealed by the protargol impregnation method according to Wilbert
(1975). Living individuals were examined at 100x to 1000x magnifica-
tion: measurements were carried oul with an ocular micrometer:
drawings of stained specimens were performed at 1250x with the aid
of a camera lucida. Terminology is mainly according to Corliss (1979)
and l‘oissner (1984). The following terin is here defined because of its
importanee in separating the new taxa [rom their marine congeners.
Warts (Wa): present in most Loxophvllum species as papillary pro-
trusions along the dorsal margin of cell. each filled with a cluster of
extrusomes.

RESULTS

Order: Pleurostomatida Schewiakolf, 1896
Family: Amphilcptidac Biitschli, 1889
Genus: Loxophyllum Dujardin, 1841

Loxophyllum jini sp. n. (Figs 1-3, Table 1)

Diagnosis: Large marine Loxophyllizm about 300-
600 pm long in vivo with conspicuously slender body;
approximately 11 macronuclear nodules and 3 micronu-
clei; about 9-14 lefl and 13-20 right somatic Kineties;
several (ca 3-7) contractile vacuoles along the dorsal

margin of cell; extrusomes bar-shaped, unitormly distrib-
uted along the hyaline edges of both ventral and dorsal
margins; without warts.

Type locality and ecological features: Collected
(4 June 2004) tfrom coastal waters of the Yellow Sca
ncar Qingdao (Tsingtao), China, 36°08°N; 120°43’E.
Waler (ecmperature ca 17°C, salinity 29%., pH ca 7.9.

Type slides: Onc permancent slide of protargol im-
pregnated specimens is deposited as a holotype in the
Natural History Muscum, London, UK with registration
No. 2005:2:2:1. Onc paratype slide (No. Lin-04-6-4) is
deposited in the Laboratory ol Protozoology, QUC,
China.

Dedication: We dedicale this new species 10 our
distinguished colleague, Prol. Lipei Jin, Sun Yal-Sen
University, Guangzhou, China, in recognition of his aca-
demic contributions (o ciliatology.

Morphology and infraciliature: Sizc highly vari-
able, 300-600 x 50-150 um i vivo, usually 400-500 pm
in length (for morphometrics sec Table 1). Cell very
flexible, variable in shape from cxtremely slender rod-
shaped when cxtended to broadly lcat-shaped when
contracted (Figs 1A, D; 2A-D, F-1). Leat-shaped body
often with well-delined thinand hyaline [ringe (Figs 2A-
C, H, I). Laterally compressed about 3-1.5:1; right side
Mat; left slightly to distinctly vaulted, mostly due to the
presence of ingested food material (Figs 2A-C). Pellicle
with many inconspicuous longitudinal shallow grooves
(Fig. 2E). Right sidc denscly ciliated, cilia ¢ca 6 um long;
cilia sparscly distributed on Ieft side, dilficult (o detectin
lile.

Cytoplasm slightly grayish, oflen with numerous tiny
(usually 3-4 pm across) greasily shining globules, which
render the main part of the body opaque (Figs 2A-J).
Ex(rusomes bar-shaped, slender, straight (o slightly curved,
8-10 pm long in vive (Fig. 1B), evenly distributed along
entirc ventral and dorsal margins with the exception of
the anteriormost rcgion of the dorsal margin, some
scattered in cytoplasm (Figs 1B, E; 2J). Food vacuoles
few in number, 10-15 pm across. Several (3-7) contrac-
tile vacuoles (CV) about 5-10 um in diameter, pulsating
infrequently, positioned along the posterior 3/4 of the
dorsal margin; the largest CV usually (crminally posi-
tioned (Figs 1A, D, F; 2K).

Many (8-17) macronuclear nodules, clongate to ellip-
s0id, 10-40 % 8-20 um in size, interconnected by [unicu-
lus, located in central region of ccll, usually detectable in
vivo under dillerential interfcrence contrast microscopy,
and with 2-6 oval micronuclei (ca 5 um long) between
them (Figs 1C, E; 3A, B, G, H).
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Iigs 1 A-H. Morphology and inlraciliaturc o[ Loxophyilum jini sp. 0., {rom life (A, B. D) and afier protargol impregnation (C, E-H). A - left view
of a typical individual: B - extrusomes; € - nuclear apparatus; ID - shape variations of the same individual. note the contractile vacuoles and the
hyaline edge: E - nuclear apparatus and distribution of extrusomes; I, G - inlraciliature of right (F) and left (G) sides of the same specimen.
arrows mark the somatic Kkineties terminating along the perioral Kineties; H - right view showing the detailed structure around the cytostome,
note the developed nematodesmata. Abbreviations: CV - contractile vacuole. DB - dorsal brush kinety, Ex - extrusome, Ma - macronucleus.
Mi - micronucleus, I’K, - perioral Kinety 1. PK, - perioral kinety 2, K, - perioral kinety 3. Scale bars 5 ym (B); 40 pm (C): 50 um (H):
100 um (A, F). . ’
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Figs 2 A-L. Photomicrographs of Loxophyllum jini sp. n. from life. A, B - views of normal body shape when extended and contracted; C,
D - two typical body shapes when the cell is fully extended; E - left view of the posterior region of the cell showing the shallow grooves; F,
G - showing typical cell contortions; H, I - noting the grayish central body and the hyaline edge (arrows); J - right view of the anterior region

of the cell, showing the fine and densely spaced extrusomes (arrows) ; K, L - differential interference contrast microscopy, showing the nuclear
apparatus (arrowheads), arrows mark the contractile vacuoles. Scale bars 100 ym.

http://rcin.org.pl
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Loxophyllum jini sp. n. and L. giuianum sp. n.

Figs 3 A-H. Photomicrographs showing the infraciliature of Loxophyllum jini sp.n. after protargol impregnation. A, B- specimens showing the
typical nuclear apparatus; C - anterior left side, arrows mark the dorsal brush, arrowheads indicate the perioral kinety 1. note the distribution
of the extrusomes along the dorsal margin; ) - view of right side, showing perioral kineties 2 (arrow) and 3 (arrowhead); E, F - somatic kineties
on the left (E) and right (F) sides; G, H - nuclear apparatus, arrowhead depicts one of the micronuclei. Scale bars 100 yum.

Generally insensitive to disturbance. Movement by
slowly gliding on substrate, rarely swimming.

Somatic kineties as shown in Figs 1F-H, 3A-H.
Perioral kineties 2 and 3 (PK, ) to right of oral slit, both
consisting of closely spaced kinetosome pairs, i.c.
dikinetids (Figs 1F, 3D), and both terminating near
posterior end of cell (Fig. 1H). Perioral kinety 1 (PK)
to left of oral slit, with widely spaced basal body pairs in
anterior half and continues posteriorly as a row of
monokinetids (Figs 1G, 3C). Right side with 13-20 kineties
(mean 18, including PK, ), somatic kinetics densely
arranged and terminate anteriorly along PK. (Fig. IF,

arrows). Left side more sparsely ciliated, with 9-14
kineties (including PK ), somatic kineties terminating
anteriorly along PK (Fig. 1G, arrows). Dorsal brush
kinety (DB) composed of basal body pairs and extends
to posterior end of cell (Figs 1G, 3C). Nematodesmata
well developed, all originating from the kinetosomes of
the right perioral kincties and extending along the
cytopharynx into the cytoplasm (Fig. 1H).
Comparison: It is generally agreed that the shape
and distribution of the extrusomes, the number and
position of the contractile vacuoles, the pattern of the
ciliature and the nuclear apparatus have great diagnostic

http://rcin.org.pl



152 X. Lin ¢ al.

Table 1. Morphological characterization ol Loxophylhon jfini sp. n. (1st line) and 1. giviamon sp. n. (2nd line). Data based on protargol
impregnated specimens. All measurements in pm. Abbreviations: M - median, Max - maximumn, Mean - arithmetic mean, Min - minimumn,

n - munber ol specimens, SI) - standard deviation.

Characters Min
Body length 344
168

Body width 64
80

Number ol right somatic kineties® 13
19

Number of left somatic Kineties™* 9
8

Number of macronuclear nodules 8
1

Length of macronuclear nodules 11
28

Width of macronuclear nodules 8
18

Number of micronuelei 2
1

Length of micronucleus 4
5

Length of extrusomes 7
5

Max Mean M S n
480 408.5 400 46.32 16
320 252.0 248 39.72 25
160 828 80 2349 16
144 1129 120 17.91 25
20 17.5 18 1.55 16
30 232 23 2.93 25
14 119 1 1.71 13
13 10.2 10 1.52 25
17 1.2 1 3.17 16
3 21 2 040 25
43 26.3 22 9.39 16
72 44.6 44 9.33 25
18 14 16 2.94 16
32 252 24 4.10 25
6 36 3 1.03 16
1 1 1 25
10 5 4 1.71 16
13 7.5 6 2.33 25
10 8.1 8 1 12
7 5.6 6 0.58 25

* Perioral kineties 2, 3 included; ** Perioral Kinety 1 included.

value in scparating specics of the genus Loxophyllum
{Dragesco 1960), 1965, 1966; Foissner 1984; Song and
Wilbert 1989). Up to now, over 40 Loxophyllum-like
morphotypes have heen reported, most of which (>30)
were found in marine biotopes (Kahl 1931; Dragesco
1960, 1965; Carcy 1991).

Bascd on the gencral body shape and the number of
macronuclear nodules, at least 8 nominal marine
Loxophyllum spp. should be compared with L. jini.
Because nonc of these have been investigaled using
modern methods, our comparison is mainly bascd on
their morphological characlers in lile (Sauerbrey 1928;
Kahl 1931; Shigematsu 1953; Dragesco 1960, 1965)
(Table 2).

Like Loxophyllum jini, L. acutum Dragesco, 1965
possesses many contraclile vacuoles. However, L. jini
can be distinguished [rom the latter by: (i) its larger body
size (300-600 vs. ca 260 pm long); (ii) the broadly
rounded posterior end of the body (vs. pointed tail-like
posterior end in L. acuiun); (iii) the absence of warts
(vs. warts present along the dorsal margin in L. acuneni).

The smaller sized Loxophyllum compressiim
Dragesco, 1965 difters from L. jini mainly in the distri-

bution ol contractile vacuoles (along both margins vs.
along dorsal margin only in L. jirni).

Al least [ive congencrs posses multiple macronuclear
nodules like Loxophyllum jini, namely: L. vermiforme
Sauerbrey, 1928, L. meleagris Dujardin, 1841,
L. multinuclearum Kahl, 1928, L. ozakii Shigemalsu,
1953 and L. leviganum Sauerbrey, 1928, All ol these can
euasily be distinguished [rom L. jini by the number and
positions ol the contractile vacuoles (Table 2).

It is noteworthy that Loxophyllum levigatum was
originally described as having a single contractile vacu-
ole and the extrusomes arc arranged along the ventral
margin only (Saucrbrey 1928). Dragesco (1960), how-
ever, described another population (incorrectly spelt as
L. laevigaum) with two CVs and cxtrusomes distrib-
uted along both the ventral and dorsal margins (Table 2).
A re-investigation of both morphotypes is required in
order to determine whether they are conspecilic.

Loxophyllum qivianum sp. n. (Figs 4, 5; Table 1)

Diagnosis: Mcdium-sized marinc Loxophyiium,
about 150-350 pm long in vive with leal-shaped body;
mostly with 2 macronuclear nodules and 1 micronucleus;
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about 8-13 left and 19-30 right kinctics; 1 terminally
located contractile vacuole; extrusomes bar-shaped,
cvenly spaced along ventral margin but clustered along
dorsal margin to form about 6-12 inconspicuous warts.

Type locality and ecological features: Found in a
shrimp-larming pond (14 October 2002) in coaslal wa-
ters of the Yellow Sca near Qingdao (Tsinglao), China,
36°08’N; 120°43’E. Water lemperature ¢a 23°C, salin-
ity ca 22%e, pH ca 8.1.

Type slides: Onc permancnt slide of protargol im-
pregnated specimens is deposited as a holotype in the
Natural History Museum, London, UK with registration
No. 2005;2:2:2. One paratype slide (No. Lin-02-10-14) is
deposited in the Laboratory of Protozoology, OUC,
China.

Dedication: We dedicale this new species 10 our
distinguished colleague, Prof. Zijian Qiu, Harbin Normal
University, Harbin, China, in recognition ot his academic
contributions to protozoology.

Morphology and infraciliature: Size highly vari-
able among individuals, 150-350 X 70-120 pym in vivo
(for morphometrics sce Table 1). Cell very tlexible, trom
slender lcat-shaped when fully extended to broadly
rounded when contracted (Figs 4C, SA-C); with short
(about 20-25% ol cell length) neck region at anterior end
of cell and a short tail-like region at posterior end
(arrows in Figs 4C; SA-C, F). Latcrally compressed
about 3:1, right side flat, left slightly to distinctly vaulted,
mostly duc to the presence of ingesied [ood malerial
(Figs SA-C). Right side denscly ciliated, cilia about 5 ym
long; lelt side sparsely ciliated, cilia difficult 1o detect in
lile; the ciliary rows on both sides are marked by the
presence ol conspicuous, longitudinal, shallow grooves
that appear as white lines on the cell surface (Figs 4B,
5D).

Cyloplasm grayish, often with numerous tiny (3-8 pym
across) greasily shining globules and short (ca 1 pm
long) rod-like greenish crystals (Fig. 4E), that render the
main part of the body opaque (Figs 5A-C). Extrusomes
bar-shaped, slender, straight to slightly curved, 5-7 pm
long (Fig. 4D); cvenly arranged along the ventral margin
with the exception of the buccal arca, and clustered
together o form 6-12 inconspicuous warts (Wa) along
the dorsal margin although absent [rom the anterior
neck-like region; some cxtrusomes scatlered in cylo-
plasm (Figs 4F, SH). Food vacuoles [cw in number, cach
10-15 pum across. One small contractile vacuole (CV), 5-
10 um in diameter, terminally located, pulsating infre-
quently (Fig. 4A, arrow).

Usually with two macronuclear nodules, 28-72 x 18-
32 pm in sizc after tixation, ovoid to cllipsoid, located in
mid-body region, and appear as two large transparcnt
arcas in vivo (Figs SA-C). Single micronucleus, 5-13 ym
in length, located between macronuclear nodules (Fig.
4G, arrowhcad).

Generally insensitive to disturbance. Usually gliding
cxtremely slowly on substrate, rarcly swimming through
the walcer.

Inlraciliaturc as shown in Figs 4F, G; 5G-J. Perioral
kinctics 2 and 3 (PK, ,) right ol cytostome and cxtend
80% of cell length, lefminuling in posterior 1/5 of body;
PK, consists ol closely spaced kinetosome pairs (i.e.
dikinelids), PK, comprises a row ol close-sel
monokinetids (Fig. 4G). Perioral kinety 1 (PK,) left of
oral slit, with loosely spaced basal body pairs in anterior
1/3 and continues posteriorly as a row ol monokinetids
(Fig. 4F). Right side with 19-30 (mcan 23, including
PK, ,) closcly spaced kineties (Fig. 5J), somatic kincties
terminating antcriorly along PK. (arrows in Fig. 4G).
Left side looscly ciliated with 8-13 kincties (including
PK, and the dorsal brush kinety) (Fig. 5I); somatic
kinctics terminating anteriorly along PK | (Fig. 4F, ar-
rows). Dorsal brush kincty (DB) composed of denscly
spaced basal body pairs in anterior 1/3 and continues
postcriorly as a row ol densely spaced monokinetids
(Figs 4F; SE, G, I). Nematodesmata well developed
(Fig. 4F).

Comparison: Among thc known marine Loxo-
phvllum species, our new form is most similar 1o
L. rostratum Cohn, 1866, which was investigated by
Song (1993) using modern methods (Table 3). Compared
with L. rostratum, L. ginianum is identilied by: (i) the
absence ol extrusomes along the oral slit (vs. extrusomes
present along the entire ventral margin in L. rostratuni);
(i) the terminal position of the contractile vacuole (vs.
subterminally located); (iii) the absence of furrows on
the lett side (vs. with § distinct turrows); (iv) the shape
ot the posterior end (constantly with a short tail-like
region vs. shape highly variable in L. rostratum); (v) the
possecssion of grcater numbers of somatic kinctics on
both the right and lett sides (19-30 and §-13 vs. 16-18
and 6-7 in L. rostratum).

Among other related morphotypes, Loxophyilum
givignum is most similar o L. chaetonotum Borror,
1965 (Table 3). Apart [rom its smaller body size (70-
120 vs. 150-350 um long lor L. giniarnum) and its large
sublcrminal contractile vacuole (vs. small, tcrminal
CV in L. ginianum), L. chaetonotum also dillers [rom
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Figs 4 A-G. Morphology and infraciliature of Loxophvllien giviaman sp. n., from life (A-19) and after protargol impregnation (15 G). A - left view
ol a typical individual, arrow depicts the contractile vacuole: B - right side view, showing the ciliary rows marked by the position ol shallow
grooves that typically appear as longitudinal white lines: € - shape variations of the same individual, noting the short tail-like posterior end
(arrows): 1Y - extrusomes: K - greenish erystals in the eytoplasin: F, G - infraciliature ol right (19) and lelt (G) sides of the same specimen, arrows
mark the somatic kineties terinating along the perioral Kineties, arrowhead marks the micronucleus in ((G), note the warts (Wa) along the dorsal
margin in (1. CV - contractile vacuole. DB - dorsal brush kinety, [LKn - the right-most kinety on the lelt side,
Ma - macronucleus, PK, - perioral kinety 1. PK, - perioral Kinety 2, PK, - perioral kinety 3. Wa - wart. Scale bars 5 pm (D) 50 um (A, B).
80 1 (192 100 pin (C). i )
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Figs 5 A-J. Photomicrographs of Loxophyllum givianum sp. n. from life (A-F) and after protargol impregnation (G-T). A-C - different body
shapes when the cell contracts and extends, noting the constant tail-like posterior end (arrows); I) - right side view, showing the shallow grooves
that appear as longitudinal white line marking the positions of the ciliary rows; E - anterior part of left side, arrow marks the dorsal brush;
F - posterior region, showing the short tail-like end (arrow); G - left side view, arrow indicates the dorsal brush kinety; H - infraciliature of right
side, arrowheads mark the warts; I, J - somatic kineties on left (I, arrows) and right (T) sides, arrowhead in (I) marks the dorsal brush kinety.

Scale bars 100 pm.

L. givianum in having fewer kineties on the right side
(7 vs. 19-30) and the presence of extrusomes along the
oral slit (vs. extrusomes absent along oral slit in
L. qiuianum).

Loxophyllum perihoplophorum Buddenbrock, 1920
and L. multiverrucosum (Kahl, 1933) Carey, 1991 are
two similar forms that can be separated from L. ginianum

by the presence of warts in the anterior dorsal region
(vs. warts absent from this region in L. giuianum) and
the possession of several contractile vacuoles distributed
along the dorsal margin (vs. a single, terminal CV in
L. givianum) (Table 3) (Buddenbrock 1920, Kahl 1933).

Other Loxophyllum spp. that possess two macro-
nuclear nodules and a single CV include: L. elegans

http://rcin.org.pl



Wenzel, 1961, L. fasciolatus Dragesco, 1966 and
L. virraeum Dragesco, 1965. Loxophyllum ginianim
can be scparated from these by its posscssion of warts
(vs. warts absent in cach of these threc) (Table 3).
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Descriptions of Two New Species of the Genus Trichodina Ehrenberg, 1838
(Protozoa: Ciliophora: Peritrichida) from Indian Fresh Water Fishes

Amlan Kumar MITRA and Durga P. HALDAR

Protozoology Laboratory, Department of Zoology, University of Kalyani, Kalyani, West Bengal, India

Summary. Two new species of the genus Trichodina Ehrenberg, 1838 were obtained during surveys of trichodinid ciliophorans in the Churni
River system and adjacent water bodies in West Bengal, India. These are 7. giurusi sp. n. from Glossogobius giuris (Hamilton-Buchanan)
and 7’ molae sp. n. from Amblypharyngodon mola (Hamilton-Buchanan). This papers deals with taxonomic descriptions of the two new
species based on wet silver nitrate impregnated specimens along with prevalence and morphometric comparisons with closely related species.

Key words: Ciliophora, fish ectoparasites, India, Trichodina giurusi sp. n., T. molae sp. n., Trichodinidae.

INTRODUCTION

Since the work of Annandale (1912) who first re-
ported the occurrence of Trichodina pediculus
Ehrenberg, 1838 from the lymnocnidid medusa,
Lymnocnida indica in Bombay Presidency of British
India no serious work on this complex group had been
carried out in India for a long time. Information on the
taxonomy of trichodinids and other groups of ciliophorans
is available from early 80’s. As a result, more than
twenty species of trichodinids and one species of

Address for correspondence: Durga P. Haldar, 1/5, RBC
Road (Holding No. 7) Flat No. C, First Floor, Kolkata 700 028,
India; E-mail: dp_haldar@yahoo.co.in; Amlan K. Mitra, Depart-
ment of Biology, Kalna M.S.D.M. High School, P.O. Kalna, Dist.
Burdwan, Pin Code- 713409, West Bengal, India; E-mail:
amlan_mitra@ hotmail.com

chilodonellid ciliophorans representing the genera
Trichodina Ehrenberg, 1838; Paratrichodina Lom,
1963; Tripartiella Lom, 1959; Trichodinella Sramek-
Husek, 1953 and Chilodonella Strand, 1926 were iden-
tified from different estuarine and freshwater fishes
(Hagargi and Amoji 1979; Mukherjee and Haldar 1982;
Das and Haldar 1987; Das er.al. 1987; Mishra and Das
1993; Saha et. al. 1995 a, b; Saha and Haldar 1996,
1997; Asmat and Haldar 1998; Basu and Haldar 1998;
Asmat 2000a, b; 2001a, b, c, d; 2002a, b, c; Basu et al.
2003; Mitra and Haldar 2003, 2004 a, b). An expedition
in search of trichodinid ciliophorans in freshwater fishes
of the river Churni revealed the occurrence of two new
species of trichodinid ectoparasites belonging to the
genus Trichodina Ehrenberg, 1838. These are 7. giurusi
sp. n. and 7. molae sp. n. The present communication
reports on the taxonomy, systematics and prevalence of
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these two new species bascd on silver nitrate impreg-
naled preparations.

MATERIALS AND METHODS

RiverChurni is one of the many tributaries of the river Ganges and
[Tows through the distriet of Nadia in West Bengal (23°15, 88.5°Wo).
It is a small and docile river and provides a complete fresh water
environment. Samplings were carried out (o colleet host fishes from
the River Churni and adjacent water bodies. Host fishes were brought
(o the laboratory in living conditions and gill and skin smcars were
madeon grease free slides. Slides containing trichodinid ciliophorans
were impregnated using Klein's dry silver impregnation technique
(Klein 1958). lixaminations ol preparations were made under an
Olympus phase contrast microscope at X100 magnilications with an
oil immersion lens and photographs were taken with an Olympus
camera. All measurements are in micrometers and follow the uniform
speeilic characteristies as proposed by Lom (1938). Wellborn (1967)
and Arthur and Lom (1984). In cach case minimum and maximum
values are given. followed in parentheses by arithinetic mean and
standard deviation. In the case of denticles and radial pins. the node
is given instead ol the arithimetic mean. ‘The span of the denticle is
measured from the tip of the blade o the tip of the ray. Body diameter
is measured as the adhesive disc plus border membrane. 'The descrip-
tion ol denticle clements lollows the guidelines of Van As and Basson
(1989). Scequence and method of the description of denticle clements
[ollows the recommendations of Van As and Basson (1992).

RESULTS AND DISCUSSION

Two new species ol trichodinid ciliophorans belonging
(o the genus Trichodina Ehrenberg, 1838 were oblained
from the collected lishes. These are T. ginrusi sp. n. and
T. molae sp. n. Descriptions ol these are provided
below.

Trichodina ginrusi sp. n. (Figs 1, 2, 5; Table 1)

Small-sized trichodinid. Denticle consisting of broad
blade, occupics most arca between y-axes. Distal sur-
face of blade slightly rounded, parallel to border mem-
branc. Tangent point flat, like small line rather than point
and situated lower than distal surface. Dillerentiation
between distal surface and anterior surface not signifi-
canl. Anterior surface sloping down backward 1o (orm
distinct apex, reaches or even extends beyond y+1-axis.
Bladc apophysis cxtremely prominent, consisting ol 1-2
notches. Anterior and posterior surlaces ol blade almost
parallel. Posterior margin ol blade takes slightly angular
curve (0 form shallow semilunar curve, deepest point of
which remains at same level as apex. Blade connection
robust. Differentiation between blade and central part

not distinct. Central part delicate in comparison to blade,
and spinc-shaped in most specimens, fits tightly into
preceding denticle and cxtends almost haltway between
y-axcs. Scctions of central part above and below Xx-axis
similar. Indentation in lower half of central part opposite
1o ray apophysis ol preceding denticle not present. Ray
conncction broad. Ray apophysis prominent and anteri-
orly dirccted. Ray apophysis situated at middle of y-
axes. Well-developed ray gradually tapers to sharply
pointed end. Rays dirccted towards y-1 axis. Ratio
between the length of the blade and ray is greater than
1. Macronucleus horseshoe shaped but micronucleus
could not be delected.

Taxonomic summary

Type host: Glossogobius giuris (Hamillon-Buchanan)

Host family: Gobiidae

Type locality: Ranaghat, W. Bengal, India

Location: Gills

Prevalence: 3/56 (5.3 %)

Etymology: The spccics is named after the specific
epithet of the type host Glossogobius giuris (Hamilton-
Buchanan).

Reference material: Holotype, slide GG-3/2001,
and paratype slide GG-2/2002 in the collection of the
Protozoology Laboratory, Department of Zoology, Uni-
versity of Kalyani, Kalyani 741235, West Bengal, India
and slide GG-1/2002 bearing some paratype materials in
the collection of the Harold W. Manter Laboratory ol
Parasitology, Lincoln, Nebraska, USA (Accession No.
HWML 45700).

Remarks: The denticle shape ol Trichodina ginrusi
sp. n. obtained from the [reshwater lish Glossogobius
ginris resembles o some extent only (wo marine spe-
cies, i.e., Trichodina jarmilae Lom er Laird, 1969 and
Trichoaina parvula Lom, 1970.

Trichodina giurusi is comparatively smaller in size
than T jarmilae reported by Lom and Laird (1969) from
gills of sca raven Hemitripterus americanus in Canada.
The blade apophysis is extremely prominent in the new
specics, which is not significant in 7. jarmilae. In the
new species under discussion the distal surface of the
blade and anterior blade surface can casily be difleren-
tiated. But in 7. jarmilae this dillcrentiation is not well
visible. Extremely prominent apex ol the blade of the
new specics touches or even extends beyond y+1 axis,
but in T. jarmilae it never touches y+1 axis. The tangent
point of the blade is situated almost at the same level as
distal point of distal surface in the specimens oblained
from Glossogobius giuris. In T. jarmilae tangent point
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Figs 1-4. Photomicrographs of silver nitrate impregnated adhesive discs of trichodinid ciliophorans. 1, 2 - Trichodina giurusi sp. n. obtained
from the gills of Glossogobius giuris (Hamilton-Buchanan); 3, 4 - Trichodina molae sp. n. obtained from the gills of Amblypharyngodon mola

(Hamilton- Buchanan). Scale bars 20 um.

of the denticle is situated enough below the distal point
of distal surface of the blade. The posterior surface of
the blade of T. jarmilae is comparatively deeper than
that of T. giurusi. In T. jarmilae the deepest point of the
semilunar curve formed by the posterior blade surface
remains slightly upper in position than the apex, but in the

new species, deepest point of the semilunar curve
remains at the same level as apex. The central part of
the denticle of T. giurusi is delicate, but that of
T. jarmilae is elongated and conical. The ray of the new
species contains prominent and anteriorly directed ray
apophysis. The ray apophysis is completely absent in
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Table 1. Morphometiie comparison ol Trichodina givrusi sp. n. with T jannilae 1.om er Laird. 1969 and T parvula 1om. 1970.
Measurements in pm.

Species T giurusi sp. n. T jannilae T. parvula
Host fish Glossogobius giuris Hemitripterus americanus Dasvcottus setiger
Locality India Canada USA
Location gills gills gills
Relerence present study Lom and Laird (1969) Lom (197()
Diameter of

body 24.4-34.8 (29.7 £ 2.7, 20)) 42 (37-43) 35 (30-39)

adhesive dise 20.4-28.6 (24.6 £ 2.2, 2()) 26 (23-30) 27 (23-3()
Dimension of body

denticulate ring 11.7-17.3 (149 = 1.7. 20 13 (12-16) 14 (13-15)

central area 4.1-7.1 (5.2 209, 20) - -
Width of border membranc 2036 (25 +05.20 5 3
Number of

denticles 20-23 (21, 20) 21 (19-23) 21 (20-23)

radial pins/denticle 5-8 (6. 20) 7 (6) 67
Dimension ol denticle

span 7.2-10.8 (8.9 = (0.9, 20) - -

length 3.1-6.6 (4209, 20 5
Dimension of denticle components

length of ray 2.6-4.6 (3.5 £ 0.6, 20 2-3 4

length of blade 3.65.1 (3.8 £0.5.20) 3-4 2.5

width of central part 1.2-20(5+x02.20) 1-1.5 1.5
Adoral ciliary spiral 390-400- - -

Table 2. Morphometrie comparison ol Trichoding molae sp. n. with 1. tenuidens Vauré-1vémict. 1943 and 1. puytoraci Lom. 1962.
Measurements in pm.

Species T molae sp. 1. T tenuidens 1 puytoraci
Host fish Amblypharyngodon nola Gasterosteus aculeatis Alburnus alburnus
Locality India Poland Bulgaria
Location gills gills gills
Relerence present study Lom and Stein (1966) Grupcheva (1993)
Diameter of
body 35.7-42.8 (38.2 = 3.0. 200 45-69 45 (37-62)
adhesive disc 28.6-34.7 (31.1 £ 2.2, 20) 50 (40-62) 32 (27-38)
Dimension of body
denticulate ring 12.2-245 (19.0 = 4.6. 20 31 (25-4(» 20 (17-25)
central arca 2642 (3.3 +06.20) - -
Width of border membrance 2.9-4.6 (3.6 + 0.6. 20) - 352941
Number of
denticles 18-20 (20, 20) 28 (25-33) 24 (20-27)
radial pins/denticle 6-7 (6.3 = ().5. 20) 8 () 7 (6-8)
Dimension ol denticle
span 8.7-10.1 (9.8 £ 0.8. 200 - 8.8 (7.6-104)
length 3.3-5.1 42 £06, 20) 7-9 4.5 (2.9-5.3)

Dimension of denticle components

length of ray 4.1-5.1 4.4 £ 0.3. 20 57 3.4 (2.9-4.6)

length of blade 3.2-4.6 (3.7 £ 0.5.20) 4.5-7 3.9 (3.4-4.8)

width of central part 1.1-3.5 (1.7 £ 0.7. 20) 225 14 (1-2)
Adoral ciliary spiral 400-410" - -
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Figs 5, 6. Diagrammatic drawings of the denticles ol wichodinid
ciliophorans. 3 - Trichodina giurusi sp. 0. oblained {rom the gills of
Glossogobius giuris (Hamilton-Buchanan): 6 - Trichodina molae
sp. 0. obtained [rom the gills of Amblvpharyngodon mola (Hamillon-
Buchanan).

T. jarmilae. In T. ginrusi the ray gradually tapers (0 a
sharp end, but in 7. jarmilae the width of the ray is
almost equal along the entire length and ends with a
bluntly rounded tip.

Trichodina ginrusi is also smaller than 7. parvula in
its body dimensions reported by Lom (1970) (rom the
gills of marine fish Dasycoutus seiiger and Radilins
asprellus in the Pacitic Coast of USA. The main
diffcrences hetween these two species lic in the struc-
turcs of the blade and the ratio of blade: central part.
The blade of 7. parvula is angular in orientation to the
y-axcs, while that of the new specics is straight. Both
promincnt apex and blade apophysis arc present in
T. giurusi. However, these arc not present in 7. parvida.
The anterior and posterior margins of the blade of
T. giurusi arc parallel but these are not so in T. parvila.
The anterior margin (ouches, or cven extends beyond the
y+1 axis, but in casc of 7. parvula the anlerior margin
never crosses the y+1 axis. The ratio between the blade
and ray is greater than 1 in the species under discussion,
but in both the populations ol 7. parvida reported [rom
Dasycottus setiger and Radulinus asprellus this is
much lesser than 1.

There are also habitat dillerences between T. ginrisi
and these trichodinids since 7. ginrusi is a freshwater
specics whereas 7. jarmilae and T. parvila arc marine.
The superticial resemblance in the blade, central part
and ray structurcs notwithstanding, we proposc to des-
ignate the trichodinid ciliophoran as a new specics.
Morphometric comparison hetween Trichodina giurisi
sp. n. and the other two closely related specics is
presented in Table 1.
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Trichodina molae sp. n. (Figs 3, 4, 6; Table 2)

Mecdium-sized trichodinid. Concave adhesive disc
bears dark central arca. The denticulate ring consists of
uniqucly shaped denticles. Blade broad, almost scmilu-
nar, occupics most arca belween y-axes. Distal margin
of blade flat; slightly rounded and remains in closc
proximity to border membranc. Tangent point rounded,
situated lower than distal point of distal surlace. Anterior
margin slopes down gradually (o form inconspicuous
apex that almost touches and rarely extends beyond y+1
axis. Blade apophysis not visible. Posterior margin of
blade forms shallow curve, deepest point of which
remains al same level or slightly lower than apex. Blade
connection thick. Posterior blade projection not ob-
served. Central part slender, conical, extends haltway
past y-1 axis in most cascs, and fits tightly into preceding
denticle. Scctions above and below x-axis similar in
shape. Ray apophysis absent. Ray connection narrow.
After origin, ray gradually flattens laterally and then
terminates with bluntly rounded cnd to take a spatula
shape. Rays dirccted slightly anteriorly towards y+1
direction. Macronucleus horseshoe shaped. Micronucleus
could not be detected.

Taxonomic summary

Type host: Amblypharyngodon mola (Hamilton-
Buchanan).

Host family: Cyprinidac.

Type locality: Ranaghat, W. Bengal, India

Location: Gills.

Prevalence: 17/285 (5.9 %).

Etymology: The specics is named alter the specilic
epithet of the type host Amblypharyngodon mola
(Hamilton-Buchanan).

Reference material: Holotype, slide AM-14/2001,
and paratype slide AM-12/2001 in the collection ol the
Protozoology Laboratory, Department ol Zoology, Uni-
versily ol Kalyani, Kalyani 741235, West Bengal, India
and slide AM-2/2001 bearing some paratype matcrials in
the collection of the Harold W. Manter Laboratory of
Parasitology, Lincoln, Ncbraska, USA (Accession No.
HWML 16742).

Remarks: The present trichodinid species is charac-
terized by a broad bladc, clongated conical central part,
a narrow junction between the central part and ray and
especially the depressed spatulate ray with bluntly rounded
lip and, as such, differs significantly [rom other known
trichodinid specics. It shows some resemblance with
Trichodina tenuidens Fauré-Frémict, 1943 (Lom and
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Stein 1966) and Trichodina 'puytoraci Lom, 1962
(Grupcheva 1993) only if the blade and ray structures
arc considered.

Trichodina tenuidens and T. puytoraci rescmble
our specimen in the blade and ray structures, but differ
mainly in having a central subdivided clear arca in the
form ol non-impregnable granulation, which is totally
absent in the specimen under discussion. Instead, the
central arca of the adhesive disc is totally dark in
T. molae. Both T. molae and T. tenuidens have spatu-
late rays, but their blade structure is completely difler-
ent. The blade of T. tenuidens is elongated, while this is
broad and slightly rectangular in the specimen under
discussion. The number ol denticles as reported by Lom
and Stein (1966) in T. remuidens is also higher (25-33 in
Polish and 23-32 in Russian populations (vs. 18-20 in
T. molae). T. puytoraci resembles the trichodinid speci-
men obtained trom Amblypharyngodon mola when
blade, central part and ray structures arc comparcd. The
blade is comparatively broader in T. miolae. The tip of
the ray is swollen in T. puytoraci (Grupcheva 1993), but
rather spatulate in the new specics. Considering all
these differcnces we proposc the trichodinid cilio-
phoran obtained [rom gills of the [reshwater [ish
Amblyphryngodon mola a distinct one and designate in
this paper as Trichodina molae sp. n. Morphometric
comparison ol Trichodina molae sp. n. obtained in the
present study with closely related species is presented in
Tablc 2.
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Eimeria fragilis and E. wambaensis, Two New Species of Eimeria Schneider
(Apicomplexa: Eimeriidae) from African Anurans

Miloslav JIRKU' and David MODRY"?

'Department of Parasitology, University of Veterinary & Pharmaceutical Sciences, Brno; *Institute of Parasitology of Academy of
Sciences of the Czech Republic, Ceské Budéjovice, Czech Republic

Summary. Two new species of coccidia (Apicomplexa: Eimeriidae) are described from Kenyan frogs. Eimeria fragilis sp. n., described from
Chiromantis petersii, has ellipsoidal oocysts, 18.5 (17-19.5) x 15.2 (14.5-16) pm; lacking micropyle, oocyst residuum and polar granule.
Sporocysts are dizoic, navicular, 10.6 (9.5-12) X 6.8 (6-7) pm. Qocysts of Eimeria wambaensis sp. n. found in Hyperolius viridiflavus are
ellipsoidal to ovoidal, 17.0 (15.0-18.5) x 13.0 (11.0-14.0) um; without micropyle, oocyst residuum and polar granule. Sporocysts are dizoic,
navicular, 8.7 (8.0-10.5) x 6.0 (5.5-7.0) um. Described species are the first Eimeria reported from African anurans.

Key words: Africa, anura, Apicomplexa, Chiromantis petersii, coccidia, Eimeria fragilis sp. n., E. wambaensis sp. 0., Hyperolius viridiflavus,

intranuclear development, Kenya.

INTRODUCTION

To date, there are 30 valid species of anuran coc-
cidia, described within four genera: Eimeria Schneider,
1875 (16 species), Goussia Labbé, 1896 (2 species),
Hyaloklossia Labbé, 1896 (1 species) and Isospora
Schneider, 1881 (11 species) (Upton and McAllister
1988, Chen and Desser 1989, McAllister et al. 1995,
Molnér 1995, Paperna and Lainson 19935, Paperma e al.
1997, Modry et al. 2001, Bolek er al. 2003). Most

Address for correspondence: Miloslav Jirkli, Department of
Parasitology, University of Veterinary & Pharmaceutical Sciences,
Palackého 1-3, CZ-612 42 Brno, Czech Republic; E-mail:
miloslavjirku@seznam.cz

named species originate from the holarctic region (Upton
and McAllister 1988), with only a single species being
described from anurans from the African continent.
Goussia hyperolisi Paperna, Ogara er Schein, 1997 has
been reported from central Kenya, parasitizes the diges-
tive tract of tadpoles of the Common reed frog Hyperolius
viridiflavus (Duméril et Bibron, 1841) (Papema et al.
1997).

The coccidians described in this report represent first
members of the genus Eimeria described from African
anurans. Peters’ foam-nest treefrog, Chiromantis petersii
kelleri Boettger, 1893, and Common reed frog,
Hyperolius viridiflavus, are African anurans of the
families Rhacophoridae and Hyperoliidae, respectively.
Chiromantis p. kelleri is restricted in its distribution to
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xeric arcas covered by dry savannah from northern
Kcnya through Ethiopia to northern Somalia. In contrary,
H. viridiflavus is widely distributed throughout the
tropical savannah from Sencgal to the Indian Occan
coast (Schigtz 1999).

MATERIALS AND METHODS

Animals were collected during two field trips to Kenya in 2003
and 2004. Lorty adult Hyperolins viridiflevus were colleeted in
September 2003 by hand at night [rom a pond, approximately (0.5 km
from Udo's camp site in Kakamega forest reserve in western Kenya
{Western province. 00"20°55.7" N, 34°51'56.2" 1{). ‘T'wo more adults
ol H.viridiflavus were captured in Lebruary 2004, by hand at night in
a creek in the vicinity of Wamba (Rift Valley provinee, 00°56°58.4™
N. 37°20r56.9™ 1¥). A single adult Chiromantis petersii kelleri was
collected in lebruary 2004, by local people in Kula Mawe (léastern
province. 00-34°11.1" N, 38°11°56.3" E). Frogs were identificd
according o Schigtz (1999). Animals were housed for several hours in
individual plastic boxes until they defecated. afterwards they were
cuthanized by overdosing with barbiturates (Thiopental™ Spola).
disseeted, and processed for [ollowing standard parasitological pro-
tocol.

liquidistantly spaced portions ol the gastrointestinal wact, liver,
kidney and musele samples were lixed in 10%: bullered formalin,
processed routinely [or histology. stained with hacmatoxylin and
eosin, and examined for the presence of endogenous stages of coc-
cidia. Measurements of endogenous stages were made on 10-13
individuals of cach stage.

l‘aecal samples were placed immediately in 2.5% potassiun dichro-
mate, stored at room temperature for 4 weeks, transported o the
laboratory in the Czech Republie, stored [or next 3 months in 6-7°C,
and examined for the presence ol coccidian oocysts. Qoeysts were
concentraled by flotation method. using modified Sheather’s sugar
solution (specific pravity 1.30), and examined using Nomarski inter-
[erence contrast opties (NIC).

Measurements were made on 20 oocysts, using an Qlympus AX
70 microscope equipped with a calibrated ocular micrometer and are
reported inmicrometers (pm). usually as the mean., [ollowed by range
in parentheses.

RESULTS

Adult Chiromantis petersii kelleri from Kula Mawe
and a single adult Hyperolius viridiflavies from Wamba
shed oocysts of 2 ditferent, previously undescribed
coccidia, both belonging to the genus Eimeria. No
coccidian infection was detected in the 40 of
H. viridiflavus [rom the Kakamega forest reserve. All
H. viridiflavus [rom both Wamba and Kakamega were
breeding individuals. Breeding status of C. p. kelleri
was nol recognized.

simeria fragilis sp. n. (Figs 1-6, 10, 12-16)

Description of oocysts: Unsporulated oocysts
(Fig. 1) contain a subspherical sporont, approximately 13
x 11, composed of finc granules, (.5-1 in diameter,
containing vacuolised arca (probably nuclcus) ~2.5 in
diamcter. Outside this granular mass, usually a few
larger granules, 1.5-3.5 in diameler, are present ncar one
end of the oocyst. In sporulating oocysts (Fig. 2),
4 subspherical sporoblasts arc present, mcasuring ap-
proximaltely 8.5 x 7. Fully sporulated oocysts (Figs 3-6,
10) arc broadly cllipsoidal, 18.5 (17-19.5) x 15.2 (14.5-
16); shape index (length: width ratio, SI1) 1.2 (1.1-1.3).
Micropyle, oocyst residuum and polar granule are ab-
sent. Qocyst wall is smooth, colorless, appearing as
single-layered in light microscopy, ~().5 thick. Sporocysts
are dizoic, navicular (Fig. 3), 10.6 (9.5-12) x 6.8 (6-7),
SI 1.57 (1.46-1.71), with smooth, colourless and single-
layered sporocyst wall. One pole of cach sporocyst is
slightly thickencd, with a barcly distinct Sticda body.
Sporocyst residuum present, usually as a mass com-
posed of finc granules ~1 in diameter. Sporocyst re-
siduum (cven in completely sporulated oocysts) almost
completely tills the sporocyst, lcaving only small parts of
the sporozoites visible (Fig. 4). Sporozoites arc clon-
galed, 10 X 2, arranged head (o tail within sporocyst.
Each sporozoile possesses two spherical relractile bod-
ics 1-1.5 in diameter, located on the opposite ends of the
zoile, and a centrally located nucleus, 1.5 in diamcter.
Sporozoile cytoplasm is [inely granulated (Fig. 5).

One of the most distinclive leatures of E. fragilis
sp. 0. is its [ragility. There is a tendency of sporocysts in
sporulated oocysts 1o disintegrate and release [ree sporo-
zoites into the oocyst’s content (Figs 5, 6). Alter [our
months of storage, 80% ol sporulated oocysts contained
[ree zoites. Additionally, oocysts start (0 break down
immediately in hypertonic conditions of Sheather’s solu-
tion, and after ~15-20 min, cocyst walls are completely
broken, leaving only collapsed sporocysts.

Morphology of endogenous stages: All cndog-
cnous stages putatively identificd as E. fragilis arc
surrounded by a parasitophorous vacuoles and develop
within nuclei of cpithelial cclls, in the small intestine.
Occasionally, we observed more than one trophozoite in
some nuclei of host cells. Additionally, when multiple
developmental stages of E. fragilis were present within
an individual host cell nucleus, cach stage cvidently
possessed its own parasitophorous vacuole. Early tro-
phovoites (Fig. 12), 3 x 2, were localed within their
vacuole (5 x 3.5-4) inside a host cell nucleus. Meronts
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Figs 1-6 - Nomarski interference contrast micrographs of oocysts of Eimeria fragilis sp. n. in various stage of sporulation. 1 - oocyst with
concentrated sporont. Note free granules near the pole (arrowhead); 2 - oocyst with four subspherical sporoblasts: 3 - sporulated oocyst. Note
typical shape of the sporocyst; 4 - sporulated oocyst with collapsing oocyst wall. Arrowhead indicates the only visible part of sporozoite,
almost entirely obscured by sporocyst residuum; 5, 6 - collapsed oocysts, containing free sporozoites (arrowheads). Scale bar 10 pm.

Figs 1-5 are in the same scale.

Figs 7-9 - Nomarski interference contrast micrographs of oocysts of E. wambaensis sp. 1. in various stage of sporulation. 7 - oocyst containing
four (only three visible) subspherical sporoblasts; 8 - collapsed oocyst, showing typical shape of sporocysts; 9 - sporulated oocyst. Note
typically pointed pole of sporocyst (arrowhead). Scale bars 10 um. Figs 8, 9 are in the same scale.

(Fig. 13) containing approximately 5 merozoites measur-
ing 5 x 1, are 6-7 x 4-5. Mature microgamonts (Fig. 14)
of irregular shape, measured approximately 10-15 x 7.5-
14. Macrogamonts (Figs 15, 16) in various stages of
maturity measured 14-17 x 11-17 and contained a large
nucleus and numerous eosinophilic granules, 0.5-1 in
diameter.

Type host: Chiromantis petersii kelleri Boettger,
1893, (Anura: Rhacophoridae), Peters’ foam-nest treefrog
or Central foam-nest tree frog (common names accord-
ing to Frost (2004)).

Type material: Photosyntypes of sporulated oocysts
and histological sections with endogenous stages are
deposited under collection number R 60/04 in the collec-
tion of Department of Parasitology, University of Veteri-
nary and Pharmaceutical Sciences Brno, Czech Repub-

lic. Voucher specimen of C. p. kelleri [a symbiotype
sensu Frey et al. (1992)] is deposited in the herpetologi-
cal collection of the National Museums of Kenya, Nairobi
under collection number A/4138.

Type locality: Kula Mawe, Kenya (Eastern prov-
ince, 00°34°11.1” N, 38°11°56.3” E).

Prevalence: Only a single animal was examined.

Sporulation and sporulation time: Unknown, oo-
cysts obtained from faeces preserved in 2.5% potassium
dichromate.

Site of infection: Intranuclear in epithelial cells of
small intestine.

Etymology: Specific epithet refers to very fragile
oocyst and sporocyst walls and tendency of sporocysts
to disintegrate and release free sporozoites in to the
lumen of oocyst.

http://rcin.org.pl
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Figs 10, 11. Composite line drawings of sporulated oocysts, both in the same scale. 10 - Eimeria fragilis sp. n. containing free sporozoites and

three sporocysts; 1 - Ehneria wambaensis sp. n. Scale bar 5 um.

Eimeria wambaeunsis sp. n. (Figs 7-9, 11, 17-20)

Description of oocysts: Oocysts (Figs 7-9, 11) are
ellipsoidal to ovoidal, 17.0 (15.0-18.5) x 13.0(11.0-14.0);
SI1.3(1.15-1.55). Micropyle, oocyst residuum and polar
granule absent. Qocyst wallis smooth, appearing bilayered
in light microscopy, outer layer approximately (.5-0.7
thick, inner layer ~ 0.1-0.2 thin. Sporocysts are dizoic,
navicular, 8.7 (8.0-10.5) x 6.0 (5.5-7.0), S1 1.4 (1.2-1.6),
with smooth, colourless and single-layered sporocyst
wall. One pole of sporocyst is slightly thickened, with a
barcly distinct Sticda body. Sporocyst pole opposite to
Sticda body pointed (Fig. 9). Oocyst wall encloses
sporocysts quite tightly and sporocysts sometimes scem
a little bit deformed. Sporocyst residuum almost com-
pletely fills the sporocyst, composed of granules of
irrcgular shape, 1.5-2 in diameter, leaving only small
parts ol the sporozoites visible. Sporozoites are arranged
head (o tail within the sporocyst. Each sporozoite pos-
sesses 1 spherical body (probably nucleus), 1.5 in diam-
eter, located in the central part ol the zoite. Sporozoile
cytoplasm is [inely granulated.

Morphology of endogenous stages: All endog-
enous slages putatively identilied as E. wambaensis are

surrounded by a parasitophorous vacuoles and develop
within nuclei of epithelial cells, of the small and large
intestine, with most of the infection occurring in the
anterior and central part of small intestine. Early tropho-
roites (Fig. 17) are 3.5 x 2-3, localed within a vacuole
(5 x4) inside the host cell nucleus. Mature microgamonts
(Fig. 20) are spherical (o elongately ellipsoidal, approxi-
mately 10-15 X 8-10. Macrogamonts, in various slages
ol maturity, (Figs 18, 19) were 11-16 X 7-12 and con-
tained large nucleus and numerous eosinophilic granules
resembling wall forming bodices, up to 1 in diamcter. No
meronts were observed.

Type host: Hyperolius viridiflavus (Duméril et
Bibron, 1841), (Anura: Hyperoliidac), Common reed
frog or Kenyan reed trog (common names according to
Frost (2004)).

Type material: Photosyntypes ol sporulated oocysts
and histological scctions with endogenous stages arc
deposited in the collection of the Department of Parasi-
tology, University ol Veterinary and Pharmaccutical
Sciences Brno, Czech Republic, R 65/04. Voucher speci-
men of Hyperolius viridiflavus (a symbiotype) is de-
posited in the herpelological collection ol National Mu-
seums ol Kenya, Nairobi, A/4130).



New Eimeria spp. from African anurans 171

Figs 12-20. Micrographs of endogenous stages. 12 - early trophozoite of Eimeria fragilis sp. n. (arrowhead), surrounded by distinct
parasitophorous vacuole (arrow) located within host cell nucleus; 13 - meront containing merozoites (arrowhead); 14 - nearly mature
microgamont of E. fragilis (arrowhead): 15 - immature macrogamont of E. fragilis (arrowhead) surrounded by residuum of host cell nucleus
(arrow); 16 - mature macrogamont of E. fragilis sp. n. (arrowhead). Note that host cell nucleus surrounds macrogamont tightly, forming thin
layer on its surface (arrow); 17 - early trophozoite of E. wambaensis (arrowhead), surrounded by parasitophorous vacuole (arrow), located
within the host cell nucleus; 18 - immature macrogamont of E. wambaensis (arrowhead). Note deformed and enlarged host cell nucleus (arrow)
containing distinct parasitophorous vacuole; 19 - mature intranuclear macrogamont of E. wambaensis: 20 - mature microgamont of
E. wambaensis containing fully developed microgametes (arrowheads). L. - intestinal lumen. Scale bar 10 pm.

Type locality: Kenya, Wamba, (Ritt Valley province, Sporulation and sporulation time: Unknown, oo-

00°56°58.4" N, 37°20°56.9” E). cysts obtained from faeces preserved in 2.5% potassium
Prevalence: 1/2 (50%) frogs from Wamba was dichromate.
infected; all 40 specimens from Kakamega forest were Site of infection: Intranuclear in epithelial cells of

coccidia free. both small and large intestine.
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Etymology: Spccific name wambaensis is derived
from thc Wamba, a village in northern Kenya, which is
the type locality.

DISCUSSION

Both species of coccidia described in this study diller
clearly [rom each other in oocyst and sporocyst shape
and size. Qocysls ol E. wambaensis are smaller and
often have an ovoidal shape, with one end thickened,
compared 1o ellipsoidal oocysts ol E. fragilis. Sporo-
cysts of the two described species diller both in their
dimensions, and also in shape. Sporocysts ol E. fragilis
arc longer, with SI cxceeding 1.5, containing sporocyst
residuum composced of remarkably tiner granules not
cxceeding 1 pm in diameter even in oocysts of different
age, in contrary to large sporocyst residuum granules
mcasuring 1.5-2 indiameter, as typical for E. wambaensis.
Additionally, the tendency of sporocysts of E. fragilis to
disintegrate and release [ree sporozoiles into the oocyst
content is another distinguishing [caturc. However, oo-
cysts of E. fragilis were [irst cxamined aller four
months ol storage, when 80% of sporulated oocysts
contained [ree sporozoites. Thus, it is possible, that [rec
sporozoites do not occur in [reshly sporulated oocysts.
Among all anuran coccidia, presence ol [ree sporozoiles
in oocysts is reported only in Eimeria prevoti (Laveran
et Mesnil, 1902) from Rana Kkl esculenta Linnaeus,
1758 [rom Europe, bul this species differs in having
distinct Stieda body and large oocyst residuum (Laveran
and Mesnil 1902, Boulard 1975). Both new species ol
Eimeria described in this study differ from all other
known anuran coccidia in oocyst or sporocyst dimen-
sions and other morphological fcatures. Morcover, the
gcographical origin and host phylogenctic distance make
the conspecificity with other described species unlikely.

Recent studics on excystation structurcs ot coccidia
{rom poikilothermic hosts (Jirkt et ¢l. 2002) pointed out
the importance of these structures for the classilication
ol Eimeria-like coccidia. Although particular attention
was given o describe the excystlation structures on
sporocysts ol E. fragilis and E. wambaensis, we were
unable o deteet longitudinal sutures on the sporocysts ol
both E. fragilis and E. wambaensis. However, longitu-
dinal sutures typical [or sporocysts ol numerous coccidia
[rom poikilotherms usually are visible using light micros-
copy (pers. obs.). More importantly, both E. fragilis and
E. wambaensis possessed barely distinet Stieda body on
one pole ol each sporocyst, and we believe these

represent true Sticda bodics, clearly indicating that both
of these coccidians arc representatives of the genus
Eimeria. Barcly visible Sticda body also was reported in
other anuran coccidia, for example in North American
E. flexuosa Upton et McAllister, 1988: E. sireckeri
Upton ¢t McAllister, 1988; E. fitchi McAllister, Uplon,
Trauth ¢f Burscy, 1995 and South American E. bufomarini
Papcrna ¢f Lainson, 1995 (Upton and McAllister 1988,
McAllister ef al. 1995, Paperna and Lainson 1995, Bolek
et al. 2003).

Intranuclear localisation of endogenous stages ob-
served in both Eimeria species described in this study
was previously reported in several eimerian coccidia of
the genera Isospora, Cyclospora, Tyzzeria and Eime-
ria, parasilizing higher vertebrates (Pellérdy 1974,
Shibalova and Morozova 1979, Entzeroth and Scholtyseck
1984, Mohamed and Molyneux 1990, Paperma and
Finkclman 1998, Pakandl er al. 2002). Among specics
parasitizing amphibians, intranuclcar localization was
reported in E. ranarum (Labbé, 1894), from Rana kl.
esculenta and R. temporaria Linnacus, 1758, and
E. salamandrae (Steinhaus, 1889) trom Salamandra
salamandra (Linnacus, 1758) (Steinhaus, 1889; Labbé,
1894; Pellérdy 1974). However, no comparable micro-
graphs and adequate description of endogenous stages
morphology were provided by authors, and intranuclear
development ol these (two taxa must be conlirmed by
[urther studics.

The diversity of Alrican Anura sharply contrasts with
low number of described coccidian parasites. It is evi-
dent, that apicomplexan parasitic organisms represent a
neglected part of Alrican biodiversily and as such re-
quire [urther studies.
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Ultrastructual Study and Description of Paramyxoides nephtys gen. n.,
sp. n. a Parasite of Nephtys caeca (Fabricius, 1780) (Polychaeta: Nephtyidae)

J. I. Ronny LARSSON! and Marianne KQIE?

1Department of Cell and Organism Biology, University of Lund, Lund, Sweden; 2Marine Biological Laboratory, University
of Copenhagen, Helsinggr, Denmark

Summary. The new paramyxean Paramyxoides nephtys gen. n., sp. 1. is described based on cytological characters. The organism reproduces
by endogenous budding, and sporogony is the only sequence of reproduction observed. A primary cell with narrow haplosporosomes gives
rise to two or four secondary cells (sporonts), each yielding four tetracellular spores in which the cells are situated one within the other.
Spores fusiform, about 10 um long, arranged with the long axes in parallel to a fusiform to globular body with terminal, striated projections.
Nuclei are arranged in a line. Two of the spore cells (cells 4-5) have haplosporosomes. Haplosporosomes of cell 4 are spherical, measuring
80-300 nm in diameter, of cell 5 rod-like 70- 100 nm wide. The host is the polychaete Nephtys caeca, and the parasite develops intracellularly
in the gut epithelium in direct contact with the cytoplasm of the host cell. About 3% of studied hosts harboured the parasite. This is the
first report of Paramyxea from Scandinavia.

Key Words: Nephtys caeca, (resund, Paramyxea, Paramyxoides nephtys gen. 1., sp. n., polychaete parasite, sporogony.

Abbreviations: C1-C6 - cells of generations 1-6, CE - centriole, F - fibrils, H - haplosporosomes, HN - host cell nucleus, M - mitochondrion,
N1-N6 - nuclei of generations 1-6, P - primordia of vacuoles and plasma membrane, R - ribosomes.

INTRODUCTION be invaded. Gills, gut epithelium, hepatopancreas, ovocytes

and testes are the preferred sites.

Paramyxea comprises a small number of parasites
restricted to the marine environment. Polychaetes, crus-
taceans and molluscs are the known groups of hosts,
and at least as parasites of bivalves paramyxeans might
be of considerable economic importance. The species
are inter- or intracellular parasites, and most tissues can

Address for correspondence: Ronny Larsson, Department of
Cell and Organism Biology, Helgonavidgen 3, S-223 62 Lund,
Sweden; Fax: +46 46 222 4541; E-mail: Ronny.Larsson@cob.lu.se;
Marianne Kgie, Marine Biological Laboratory, University of
Copenhagen, DK-3000 Helsingér, Denmark; Fax: +4549 26 11 65;
E-mail: MKoie@bi.ku.dk

The systematic position of the phylum Paramyxea
Desportes et Perkins, 1990, has been debated (Desportes
and Perkins 1990), but molecular evidence now supports
the cytological arguments for the ranking as a separate
phylum (Berthé ez al. 2000).

The first species of Paramyxea, Paramyxa paradoxa
Chatton, 1911, was described from an unidentified pe-
lagic polychaete larva, collected at Banyuls-sur-Mer at
the Mediterranean coast of France (Chatton 1911). At
present time, nearly hundred years later, the phylum is
still very poor in species. The total number has grown to
nine, distributed into four genera. Two genera are para-
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sitcs of molluscs: Marteilia, with the species
M. refringens Grizel, Comps, Bonami, Cousscrans,
Duthoit ef Le Pennec, 1974, M. sydneyi Perkins ¢r Woll,
1976, M. lengehi Comps, 1977, M. maurini Comps,
Pichot ¢r Papagianni, 1982, and M. chrisienseni Comps,
1983, and Marteilioides, with the specics
M. chungmuensis Comps, Park et Desportes, 1986, and
M. branchialis Anderson et Lester, 1992, Paramarteilia
orchestiae Ginsburger-Vogel ¢f Desportes, 1979 was
[ound in crustaccans, and Paramyxa paradoxa Chatton,
1911 in polychactes. Paramyxa and Paramarteilia have
been recorded [rom France, Marteilia from France,
Spain and Australia, and Marteilioides Trom Australia,
Korea and Japan. No Paramyxea species have previ-
ously been reported [rom Scandinavia.

A paramyxean parasile ol the polychaele Nephtys
caeca, was recently collecled in the northern part of
(resund, the narrow water separating Denmark and
Sweden. The reproduction is similar to that of Paramyxa
paradoxa, the only previous paramyxcan of polycha-
ctes, but the spore shape and cytology is ditferent. The
species, which is new to science is described herein and
a ncw genus is cstablished.

MATERIALS AND METHODS

Specimens of the polychaete Nephuys caeca (labricius, 1780)
were collected in the northern Gresund, at 14-16 m depth, on 1stJuly.
2002. and 3rd April, 2003. About 200) specimens were studied. The
polychaetes are fragile, making exact count difficult. Six specimens
harboured the parasite.

I‘or transmision clectron microscopy (I'1iM) whole segments
were [ixed in 2.5 % (v/v) glutaraldehyde in (0.2 M sodium cacodylate
buffer (pH 7.2)at4"C, and postfixed in 1 % (w/¥) osmium tetroxide in
the same buller for 1 h at 4°C. Alter washing and dehydrating in a
serics of buller-acctone solutions o absolule acclone, specimens
were embedded in lipon.

I‘or light microscopy small pieces of polychaete segments, fixed
in glutaraldehyde, were squashed on microscope slides and stained
using Gicemsa solution or Heidenhain's iron hacmatoxylin (Romeis
1968). Alcohol-fixed segments were embedded in paraffin, applying
routine proweols. and sectioned. Permanent preparations were
mounted in DPX. (BDH Chemicals Lid., Poole, UK).

RESULTS

Influence on the host

The infection was restricted (o the gut epithelium and
initially no particular pathogenic action was obscrved.
The parasile developed intracellularly and in direct con-

tact with the cytoplasm of the host cell. In the carly
development no intertacial envelopes separated the para-
sitc trom the cytoplasm (Fig. 1), but the mature spores
were enclosed in individual sacs produced by the para-
sitc. When the sporogony was nearly completed host cell
lysis was observed and mature spores were shed into the
gul lumen.

Life cycle

The only reproduction obscrved was sporogony, and,
like the typical [or Paramyxca, the spores were [ormed
by endogenous budding (Fig. 2). A primary cell (C1)
|alternative terminology: plasmodium (Perkins 1976),
cellule souche (Ginsburger-Vogel and Desportes 1979),
primary stem cell (Desportes 1984)| generated 2 or 4
daughter cells, secondary cells (C2) |alternative (ermi-
nology: sporangia (Perkins 1976), pansporoblastes
(Ginsburger-Vogel and Desportes 1979), sporontcs
(Desportes 1981)]. Each sccondary cell produced four
spores, initially as fourtertiary cells (C3). Budding of the
tertiary cclls gencrated three more gencrations of cells
(C4-C6) which tinally made cach spore tetracellular
(C3-C6). The mature spore was tusiform and remained
in an individual envelope produced by the tertiary ccll.
Mature spores were arranged with the longitudinal axes
in parallel and with the poles orientated in the same or
opposite way. The four spore sacs were connected at
the poles Lo [orm a [usilorm body with polar prolonga-
tions (Fig. 3). In smears, with all spores in the same
planc, the spore groups appeared spherical (Fig. 3).

Cytology of the developmental stages

Cell 1: The primary cell. The primary cell (Fig. 4),
like the lollowing generations of cells, was delimited by
¢a 9 nm thick unit membrane. The cyloplasm was more
lucent than the c¢yloplasm of the daughter cells. Free
ribosomes were uniformly dispersed and occurred
together with a unique typc of haplosporosomes, appear-
ing as short membranc-lined tubules, approximately 55-
90 nm wide. Mitochondria were not obscrved in primary
cells.

The cytology of the nuclcus was identical in all
gencrations ol cells. Initially the nuclcus was an almost
spherical body. It was uniformly granular with a large
ceeentric nucleolus. Characleristic clectron-dense bod-
ics, mostly in the ncighbourhood of the nucleus, were
scen in cells ol all generations (cells C1-C6).

During the sporogony the nuclcus ol the primary cell
was [orced (0 (he cellular periphery and the shape
changed (0 appear triangular in sections. The primary
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Fig. 1. The paramyxean Paramyxoides nephtys gen. 1., sp. 1. in various stages of sporogony in the gut epithelium of the polychaete Nephrys
caeca. The parasite develops intracellularly and in close contact with the cytoplasm of the host cell. Dark grains are inclusions of the host cells.

HN - nucleus of the host cell. TEM. Scale bar 10 pm.

cell degenerated successively and when the spores were
mature no traces remained.

Cell 2: The sporont. Secondary cells were initially
spherical (Figs 4, 5). Like the following generations of
cells, they had a uniform, fairly dense cytoplasm with
numerous free ribosomes, and large vesicular mitochon-
dria. The plasma membrane originated together with the
membrane of the surrounding vacuole from vesicles in

the cytoplasm of the mother cell. These vesicles initially
appeared in ring- or chain-like arrangements (Figs 6,
6A). Addition of more vesicle material built a vacuole
envelope with several layers of membranes (Fig. 6).
The nucleus was of the general type for all cells.
Centrioles connecting the nuclear envelope with the
plasma membrane were only seen in stage C2 (Fig. 6),
but were probably present also in other cells. Typical for

http://rcin.org.pl
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Fig. 2. Diaprammatic representation of the life cyele of Paramyxoides
nephivs gen. n.. sp. n. observed in the polychaete Nepihys caeca,
showing the primary cell (Cl1). the sporont (C2) and the spore
(C3-C6) (C1-C6) cell generations 1-6. N - nucleus.

the sccondary cell were strains of clectron-densc mate-
rial in the cytoplasm, closely following the outline of the
nuclear envelope (Figs 6, 7).

The nucleus, like the nucleus of cell 1, was forced to
the cellular periphery when the spores developed, and
the shape was compressed o triangular in scctlions
(Fig. 8). Also the sccondary cell succeessively disinte-
grated during the sporogony.

Cells 3-6: The spore. Cylologically these cells
were identical to ccll 2 when young (Fig. 8). Onc cell
was [ormed in cach generation and all cells remained in
the mother cells where they originated. Newly lormed
cells were spherical, but with increasing generations ol
cells the external cells were extended Lo oval and linally
[usilorm shape, and the nuclei became lined (Figs 3, 8-
10). The mitochondria were voluminous bodies when
newly [ormed, but the size was successively reduced.
Only in the last formed cell they remained large (Fig.
10).

With the appcarance of cell 4, the plasma membranc
of ccll 3 was reinforced with clectron-dense material,
arranged as 35-40 nm wide parallel strands, separated
by a distance of similar dimensions, on the surface

(Figs 8-12). When the budding was finished, and the
spore had four cclls, the nuclcus of the external cell (cell
3) was located to the anterior pole of the sporc. In
scctions the shape was characteristically trapczoid (Fig.
10). Tetrasporous groups of maturc spores measurcd up
1o 13.3 um long (fixed and stained). The individual spore
was up (0 9.8 um long (fixed and stained).

Maturation of the spore

Apart from change of shape [rom oval o [usilorm,
lwo cvents occurred during the maturation process:
an external sac lormed around each spore and
haplosporosomes were produced.

When the [our spores matured, the (wo early cells
(1 and 2) were disintegraled leaving the spores [ree in
the cytoplasm of the gut cell ol the polychaete (Fig. 11).
The electron dense regularly arranged ridges on the
surfacc of cell 3 rclcased material from which an
cxtcrnal sheath was formed (Fig. 12). Successively it
developed into a sac surrounding the spore (Fig. 13).
Initially the sac appeared rounded in transverse scctions
and it was cmpty cxcept for the central spore (Fig. 13).
With increasing maturation the volume shrinked and the
space between the cenvelope and the spore was (ra-
versed by distinet [ibrous material (Figs 14, 15). Al the
lime the sacs joined clectron-dense spots appcarcd
cxlcrnally to the points of connection (Fig. 13). These
points merged to become the poles of the mature spores,
and gencrated striated projections (Figs 13-16). The
striatcd material was probably not restricted to the
terminal projections, bul probably also [ormed longitudi-
nal ridges at least a short distance along the connection
between the spore sucs (Figs 3, 15). The material
cemenled the spore sacs logether. No internal coupling
devices were seen and longiludinal sections revealed
that the spore sacs were only coupled at the poles
(Fig. 15).

Haplosporosomes were formed in cclls 4 and 5 (Figs
17, 18). They originated as vacuole-like bodics, which
successively were filled with clectron-dense material
(Fig. 19). The maturc haplosporosome had a
membrancous coat and an clectron-dense centre. The
haplosporosomes ol cell 4 were almost spherical, mea-
suring 80-300 nm in diameter (Figs 17, 18). The material
had two clectron-densities, with the more dense matcrial
in an intermediate zonc. A membrane-like layer scparat-
ing peripheral and central material was only occasionally
scen. Haplosporosomes of cell § were more narrow,
70-100 nm in diameter, and appeared as shorl, dense
rods (Fig. 18).
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Fig. 3. Light microscopic aspect of Paramyxoides nephrys gen. 1., sp. n. sporogony and mature spores. Groups of mature spores with terminal
projections (A - fresh squash preparation, interference phase contrast; B - Giemsa stain; arrows point at positions where the spore sacs are
connected); C - four stages of sporogony (production of sporonts *C2, production of spores *C3, and groups of mature spores; Giemsa stain).

Scale bars 10 pm.

Diagnosis

Genus: Paramyxoides gen. n.

Sporogony by endogenous budding. The primary
cell yields 2 or 4 secondary cells (sporonts), cach of
which generates four tetracellular and fusiform
spores with smooth spore wall and pointed ends, lacking
terminal plugs. Each spore is enclosed in an individual
sac, produced by the external spore cell (C 3).
The sac surrounding the mature spore is filled with
a dense fibrous material. The four sacs are joint to a
fusiform body with terminal, striated projections.
Haplosporosomes of three types are present in cells 1, 4
and 5.

Paramyxoides nephtys sp. n.

Spore groups: Fusiform to spherical (stained smears)
with polar projections, measuring up to 13.3 um long in

fixed and stained preparations. The four spores are
arranged with the longitudinal axes in parallel, with their
poles directed in the same or opposite way.

Spore: Fusiform, measuring up to 9.8 um long (fixed
and stained). Haplosporosomes in cell 1 (tubular, 55-
90 nm wide), cell 4 (spherical, 80-300 nm wide), and cell
5 (short tububular, 70-100 nm wide).

Type host: Nephtys caeca (Fabricius, 1780)
(Polychaeta: Nephtyidace).

Infection site: Gut epithelium. Prior to the produc-
tion of spore sacs no interfacial envelopes separate the
parasite from the cytoplasm of the host cell. Prevalence
of infection about 3%.

Type locality: Northern @resund, depth 14-16 m.

Type material: Syntypes on slides 030502-A.

Deposition of type material: In the International
Protozoan Type Slide Collection at Smithsonian Institu-
tion, Washington D. C., U. S. A., and in the collection
of R. L.
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Figs 4, 5. Primary and secondary cells of Paramyxoides nephtys gen. n., sp. n. 4 - one primary cell with one secondary cell. Both cells have
nuclei of identical cytology. Primary cell with elongated narrow haplosporosomes (H); inset shows haplosporosomes at greater magnification.
The cytoplasm of the secondary cell is denser from free ribosomes. Secondary cell with vesicular mitochondria (M). Both cells have electron
dense bodies adjacent to the nuclei. The close contact with the host cytoplasm is apparent; § - primary cell with two secondary cells. No
mitochondria are visible in the primary cell. N1, N2 - nuclei of primary and secondary cells. TEM. Scale bars 200 nm (inset on 4); 2 pm (4-5).

Etymology: Names derived from the similarity with
the genus Paramyxa Chatton, 1911 and from the type
host.

DISCUSSION

All four genera of paramyxeans have been studied at
the ultrastructural level. Marteilia was treated by Grizel
et al. (1974), Perkins (1976) and Perkins and Wolf
(1976), Marteilioides by Comps et al. (1986), Anderson
and Lester (1992) and Itoh et al. (2004), Paramarteilia

by Ginsburger-Vogel and Desportes (1979), and
Paramyxa by Desportes (1981). The cytology of the
four genera is more or less identical, and also basically
identical to the species treated herein. In all genera the
primary cell has narrow haplosporosomes, the second-
ary cell lacks haplosporosomes, while one or more spore
cells have haplosporosomes of a wider type. The exter-
nal spore cell (C 3) is the cell with haplosporosomes in
the genera Marteilia, Marteilioides and Paramarteilia.
In Paramyxa haplosporosomes are found in cell 4. In the
species treated by us, cells 4 and 5 have haplosporosomes
of different size.
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Figs 6, 7. Two aspects of Paramyxoides nephtys gen. n., sp. n. secondary cells. 6 - one secondary cell with strands of electron-dense material
close to the nuclear periphery. A centriole (CE) is visible in the cell to the right. Lined vacuoles are the primordia of the plasma membrane and
the surrounding vacuole of cell 3 (P, shown at greater magnification and indicated by arrow in 6 A). Several layers of vacuole membranes are
visible externally; 7 - detail of the nuclear envelope and the external dense material. M - mitochondrion, N2 - nucleus of cell 2, R - ribosomes.

TEM. Scale bars 0.2 um (7); 0,5 ym (6 A); 1 pm (6).

Haplosporosomes are electron-dense spherical or
tubular membrane-lined organelles reported from three
groups or organisms: Haplosporidia (protists, now often
classified in the phylum Alveolata), Myxozoa (a phylum
of pluricellular organisms related with coelenterates or
bilaterians) and Paramyxea. As these three groups are
not likely to be a monophyletric unit, the term
“haplosporosome” obviously denotes different organclles
in the three groups. Typical haplosporosomes of
Paramyxea have a more electron-dense surface layer
(cortex), a less dense centre (medulla), and between
them a membrane-like layer. Sometimes haplosporosomes
appear uniformly electron-dense and the internal mem-
brane-like component in not visible. It cannot be ex-
cluded that the fixation procedure influences whether
the internal membrane-component is preserved or not.
Most publications on Marteilia refringens show the
internal membrane (e. g. Perkins 1976, Robledo and

Figueras 1995). In the description of Marteilioides
chungmuensis haplosporosomes appear uniformly elec-
tron-dense (Comps et al. 1986). In haplosporosomes of
Paramarteilia orchestiae the internal membrane is
distinct (Ginsburger-Vogel and Desportes 1979), while
haplosporosomes of Paramyxa paradoxa appear to
lack the membrane component (Desportes 1981). In the
organism described herein only haplosporosomes of cell
4 sometimes reveal an internal membrane-like layer
(Fig. 19).

Principal distinguishing characters at the genus level
are the number of spores per secondary cell (sporont),
the number of cells per spore, and the shape of the
spores. Three of the genera, Marteilia, Marteilioides
and Paramarteilia, produce rounded spores, while the
spores of Paramyxa are rod-shaped. Each sporont of
Marteilia gives rise to 2-4 spores. Marteilioides spe-
cies generate a single spore, while Paramarteilia pro-
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Figs 8-10. Sporogony of Paramyxoides nephtys gen. n., sp. n. 8 - periphery of a primary cell with one secondary cell (triangular nucleus at the
periphery) containing two spore primordia (cells 3-4); 9 - primary cell containing one secondary cell with two immature spores consisting of
cells 3-5. Nucleus of cell 2 pushed to the side. The surface of the tertiary cell with beginning production of electron-dense material in regular
arrangement; 10 - immature spore with cells 3-6. Nucleus of cell 3 has trapezoid shape and is pushed to the anterior pole. All nuclei are lined.
H - haplosporosomes of cell 1, N2-N6 - nuclei of generations 2-6. TEM. Scale bars 2 um.

http://rcin.org.pl
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Figs 11-13. Transversely sectioned Paramyxoides nephtys gen. 1., sp. nn. sporonts (C2). 11 - C2 (nucleus not visible) with four primordial spore
cells (cells 3-4). Areas of regularly arranged dense material present at the surface of the tertiary cells. Remainders of the disintegrating primary
cell (C1) are visible at the surface; 12 - cell surface of a tertiary cell showing dense surface material from which the individual spore sac is
released (arrow points at primordium); 13 - transverse section through four developing spores. Cells 1-2 are disintegrated and the spores lie
directly in the cytoplasm of the host cell. Sacs surrounding spores appear empty. Electron-dense spots (arrow) are present at the positions
where the spore sacs join. Haplosporosomes (H) are visible in cell 4. M - mitochondrion, N3-N6 - nuclei. TEM. Scale bars 0.5 um (12);

2 pm (11, 13).
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Figs 14-16. Mature Paramyxoides nephtys gen. n., sp. n. spore sacs. 14 - transverse section of four coupled spores. Fibrous material (I) fills
the spore sacs, striated projections have developed at the points where the sacs join. Primary and secondary cells are completely disintegrated
and the spores lie free in a host cell showing signs of beginning lysis; 15 - longitudinal sections of mature spores. Spore sacs are only coupled
at the poles. The striated projections to the right cover the pole of another spore; 16 - detail of a striated projection. No internal couplings are
visible between the two spore sacs. TEM. Scale bars 0.5 um (16); 2 um (14, 15).
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Figs 17, 18. Aspects of maturing Paramyxoides nephtys gen. 1., sp. n. spores. 17 - cell 3 with anterior nucleus (N3) and cytoplasm lacking
haplosporosomes, cell 4 with wide haplosporosomes (H) and posterior nucleus (N4), cell 5 with two nuclei (N5 and N6) and no
haplosporosomes (stage with spore sac devoid of fibrils); 18 - periphery of cell 3 is visible externally; cytoplasm of cell 4 with wide
haplosporosomes, cell 5 with narrow haplosporosomes, and cell 6 lacking haplosporosomes; stage with fibrils (F) in the spore sac.

M - mitochondrion. TEM. Scale bars 1 pm.

Fig. 19. Development of Paramyxoides nephrys gen. 1., sp. n. haplosporosomes (H), from vacuoles to spherical bodies filled with dense
material, in cell 4 (stage with beginning production of fibrils in the spore sac); arrows point at positions where internal membrane-like layer is

visible. TEM. Scale bar 100 nm.

duces two spores. Paramyxa, like the present species,
generates four spores per sporont. Spores of Marteilia
are tricellular. Marteiliodes chungmuensis produces
tricellular spores (Comps er al. 1986), but spores of
Marteilioides branchialis are bicellular (Anderson and
Lester 1992). Paramarteilia spores are bicellular, while
the spores of Paramyxa, like of the organism described
herein, are tetracellular.

The parasite described by us resembles Paramyxa
paradoxa in life cycle characteristics and the location in
the gut epithelium of the host (Desportes 1981), but there
are also obvious differences. The size of the spore

(ca 10 pm) is about half the size of Paramyxa spores
(ca 20 pm). The fusiform shape differs from the rod
shape of Paramyxa. Two spore cells (C4 and CS5)
contain haplosporosomes - one cell (C4) in Paramyxa.
The spore coat has conspicuous striated projections,
while spores of Paramyxa lack projections. Further
there are two characteristics of P. paradoxa spores
lacking in the organism treated by us. Spores of
P. paradoxa have longitudinal ridges making transverse
sections appear star-like, and there are distinct plugs at
each end of the Paramyxa spore. P. paradoxa has
distinct pathogenic influence on the host cell, causing
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hypertrophism in the nucleus and mitochondria. The only
cttect on the host noticed by us is lysis when the cell
contains maturc sporcs. The spore size, and probably
also the less severe cttect on the host, tell that the
specics described hercein ditfers from P paradoxa.

In a group like Paramyxca, with a very limited
number of specics, it is nol casy o judge which
chararacters are distinctive [or the discrimination of the
genus, and which are signilicant at supergeneric levels.
The number of cells per spore has been used [or the
distinction of gencra, cven il the (wo specics of the
genus Marteilioides difler in the number of spore cells:
M. chungmuensis has (hree (Comps et al. 1986),
M. branchialis only (wo spore cells (Anderson and
Lester 1992). Comparing with other protists, or former
protists, the number of cells produced in the sporogony
could equally be a lamily character. In microsporidia, [or
cxample, there arc numerous gencra producing uni-
nucleate octosporoblastic spores (i. ¢. cach sporont
produces cight cells) (Spraguc 1977). Hazard and Oldacre
used this combination of characters for the establish-
ment of thc new family Thelohaniidac (Hazard and
Oldacre 1975). With increased knowledge of the cytol-
ogy and molecular biology ol microsporidia it became
apparent that a combination of these characters not cven
is distinctive at the family level any longer. In Myxozoa
gencra are often distinguished only by minute cytological
dilfcrences, for example the shape ol spore projections
(cf. for cxample the genera Alatospora and
Pseudoalatospora) (Kent et al. 2000).

The species treated herein differs [rom Parcamyxa
paradoxa in some characters which in other protists
clearly would have indicated superspecilic dillferences.
P. paradoxa has rod-shaped spores and distinet plugs at
each end of the spore, clearly described (“le germe...est
cylindrique, arrondi aux deux extrémilés qui sont coillées
par deux calottes résiduclles™) and illustrated in Figs 9,
10 by Chatton (1911) and, at the ultrastructual level, in
Figs 15A and 17 by Decsportes (1981), while the
paramyxcan of Nephtys lacks terminal plugs and the
spores arc fusiform with pointed ends. The longitudinal
ridges of P. paradoxa, proven in clectron micrographs
by Desportes (1981; Figs 12, 13), and described at the
light microscopic level (“Sa surface présente deux stria-
tions obliquement croisées”) and drawn in Fig. 10 by
Chatton (1911), arc absent from the organism studied
by us. However, this specics has striated (erminal pro-
jections not present in £, paradoxa. It is obvious that the
organism studied by us is related (0 the genus Paranryxa,
but it cannot be included in this genus. Consequently a

new genus is established for the new species parasitic in
Nephtys caeca.

The only phasc of reproduction obscrved by us is the
sporogony. However Itoh and colleagues have proven
that the development of M. chungnuiensis involves
reproduction by binary [ission prior (o sporogony (Itoh
et al. 2004). As transmission cxperiments with
Paramyxca species has [ailed, it has been suspected that
a part ol the life cycle takes place in an intermediate
host. It has recently been proven, by molecular methods
and transmission cxperiments, that Marteilia refringens
alternales between bivalves and copepods (Audemard
et al. 2002). It cannot be excluded that also the organism
treated herein needs one more host (0 complele the
development.
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