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INTRODUCTION

The gilthead seabream Sparus aurata Linnaeus,
1758, is the most important mariculture species in the
Mediterranean Sea, thus constituting one of the most
valuable commercial fish for southern Portuguese fish
farms. Eight myxosporean species, Kudoa iwatai, En-

teromyxum leei (formerly Myxidium leei), Cerato-
myxa sparusaurati, Sphaerospora sparidarum (for-
merly Leptotheca sparidarum), Sphaerospora sparis
(formerly Polysporoplasma sparis), Henneguya sp.,
Ceratomyxa sp.1 ex S. aurata, and Ceratomyxa sp. 2
ex S. aurata, have been reported infecting the gilt -
head seabream in Mediterranean fish farms; some of
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ABSTRACT: A new myxosporean, Zschokkella auratis sp. nov., infecting the gall bladder of the
gilthead seabream Sparus aurata in a southern Portuguese fish farm, is described using micro-
scopic and molecular procedures. Plasmodia and mature spores were observed floating free in the
bile. Plasmodia, containing immature and mature spores, were characterized by the formation of
branched glycostyles, apparently due to the release of segregated material contained within
numerous cytoplasmic vesicles. Mature spores were ellipsoidal in sutural view and slightly semicir-
cular in valvular view, with rounded ends, measuring 9.5 ± 0.3 SD (8.7−10.3) µm in length and 7.1 ±
0.4 (6.5−8.0) µm in width/thickness. The spore wall was composed of 2 symmetrical valves united
along a slightly curved suture line, each displaying 10 to 11 elevated surface ridges. Two equal sub-
spherical polar capsules, 3.7 ± 0.3 (3.0−4.1) µm long and 3.0 ± 0.2 (2.6−3.2) µm wide, were located
separately at the spore’s extremities. Each polar capsule contained a polar filament forming 4 to 5
coils. The sporoplasm was binucleate and contained numerous sporoplasmosomes. Morphological
data, tissue tropism, and molecular analysis of the small subunit rDNA gene identified this parasite
as a new species of Zschokkella. Maximum parsimony, neighbor-joining, and maximum likelihood
inferences clustered the parasite in a subclade containing other Zschokkella species parasitizing
the gall bladder of brackish and marine fish hosts, located within the coelozoic clade of the major
freshwater clade; this supports the existence of a marine subclade within the ‘freshwater’ clade, as
well as the existence of a correlation between tissue tropism and myxosporean phylogeny.
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these species were associated with increased morbid-
ity and mortality rates (Diamant et al. 1994, 2005, Al-
varez-Pellitero et al. 1995, Sitjà-Bobadilla et al. 1995,
Bahri et al. 1996, Sakiti et al. 1996, Palenzuela et al.
1999, Sitjà-Bobadilla & Alvarez-Pellitero 2001, Cuesta
et al. 2006, Alama-Bermejo et al. 2011). Most of these
species are known to occur in southern European
sparid-growing farms, but no further knowledge has
been acquired concerning other potentially harmful
myxosporeans. 

During the first parasitological survey for myxo -
sporean parasites infecting sparid fishes in a south-
ern Portuguese fish farm, a new species of Zschok -
kella Auerbach, 1910 was detected in the gall bladder
of Sparus aurata, and is described here based on
ultrastructural and molecular data. The genus Zschok -
 kella of the family Myxidiidae Thélohan, 1892 com-
prises about 68 species, most of which are coelozoic
and, less frequently, histozoic, in freshwater and
marine fishes worldwide, with a few representatives
described from amphibians and reptiles (Lom &
Dyková 1992, 2006). Zschokkella spores are ellip-
soidal in sutural view and slightly semicircular in
valvular view, with rounded or bluntly pointed ends,
containing 2 subspherical polar capsules that open
subterminally, both to one side (Lom & Dyková 1992,
2006). 

The similarity of these morphological characteristics
to those displayed by species belonging to the genus
Myxidium Bütschli, 1882 makes the distinction diffi-
cult between these 2 genera. The application of mole-
cular methodologies to the description of Zschok kella
species is therefore crucial, despite the fact that it
does not resolve every phylogenetic issue (Fiala 2006,
Gunter & Adlard 2008). GenBank provides only 16
Zschokkella sequences of the small subunit ribosomal
DNA (SSU rDNA) gene: 5 from freshwater fish hosts
(Holzer et al. 2004, Fiala 2006, Bartošová & Fiala 2011)
and 11 from marine fish hosts (Palenzuela et al. 2002,
Diamant & Palenzuela 2005, Fiala 2006, Freeman et
al. 2008, Holzer et al. 2010, Yemmen et al. 2013). Of
these, only the sequence of Z. nova has been linked to
its correspondent actinosporean stage (Uspenskaya
1995). A 17th SSU rDNA sequence ter med Z. mugilis
Sitjà-Bobadilla & Al va rez-Pellitero, 1993 remains in
GenBank; however, this species was recently revised
to Ellipsomyxa mugilis (Køie & Karlsbakk 2009), hav-
ing also been linked to its correspondent actino -
sporean stage developing in an estuarine polychaete
(Rangel et al. 2009, 2012). Overall, the molecular in-
formation regarding Myxo sporea has revealed the
existence of 2 main clades dividing freshwater and
marine species (Kent et al. 2000, 2001, Fiala 2006,

Bartošová et al. 2009, Holzer et al. 2010), for which
myxosporean parasites infecting anadromous hosts,
as well as some species of Henneguya, Chloromyxum,
Ceratomyxa, Myxo bolus, Myxidium, Parvicapsula,
and Sphaero myxa, constitute exceptions (Diamant et
al. 2004, Fiala 2006, Rocha et al. 2013). Phylogenetic
analyses have also shown that most myxosporeans
cluster according to their host tissue tropism rather
than by spore morphology or host species (Eszterbauer
2004, Holzer et al. 2004, Fiala 2006, Bartošová et al.
2009, Fiala & Bartošová 2010), and the genus Zschok -
kella is no ex ception (Holzer et al. 2010). Considering
this over view, we sought to accurately describe the ul-
trastructural and phylogenetic features of the parasitic
stages found in the gall bladder of Sparus aurata.

MATERIALS AND METHODS

Eighty-nine specimens of the gilthead seabream,
Sparus aurata Linnaeus, 1758 (Teleostei, Sparidae)
were collected between June 2012 and March 2013
from a fish farm facility on the Alvor estuary, near
the Atlantic coast (37° 08’ N, 08° 37’ W), Portimão, Al -
garve, Portugal. Upon necropsy, microscopic analysis
of several organs and tissues was performed for
the detection of myxosporean parasites. Preliminary
 ob servations re vealed myxosporean plasmodia and
 spores parasitizing the gall bladder of several speci-
mens. The bile of the parasitized fish, as well as small
fragments of the infected gall bladders, were collected
and prepared for observation by light micro scopy
(LM), including differential interference contrast (DIC)
optics (Leitz DM RBE, Leica), transmission electron
microscopy (TEM), and scanning electron microscopy
(SEM), as well as for molecular procedures.

TEM and SEM

For TEM, free spores and plasmodia isolated from
the bile were fixed in 5% glutaraldehyde buffered in
0.2 M sodium cacodylate (pH 7.4) at 4°C for 24 h,
washed overnight in the buffer at the same tempera-
ture, and post-fixed in 2% osmium tetroxide with the
same buffer for 3 h at 4°C. Dehydration in an ascend-
ing ethanol series and propylene oxide was followed
by inclusion in epoxy embedding medium (EPON).
Semi-thin sections were stained with methylene
blue-Azure II for LM. Ultrathin sections were con-
trasted with uranyl acetate and lead citrate, observed
and photographed using a JEOL 100CXII TEM oper-
ated at 60 kV.
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For SEM, free spores isolated from the bile were
fixed in 5% glutaraldehyde buffered in 0.2 M sodium
cacodylate (pH 7.4) at 4°C for 24 h, washed in the
same buffer at the same temperature, dehydrated in
an ascending ethanol series, critical point dried,
coated with a gold-palladium alloy (60%), and ob -
served and photographed in a JSM-6301F SEM oper-
ated at 15 kV.

DNA isolation and PCR amplification

Free spores and plasmodia obtained from the bile
of several specimens were fixed and preserved in
absolute ethanol at 4°C. Genomic DNA extraction
was performed using a GenEluteTM Mammalian
Geno mic DNA Miniprep Kit, following the manufac-
turer’s instructions. The DNA was stored in 50 µl of
TE buffer at −20°C until further use. The SSU rDNA
gene was amplified using both universal primers and
myxosporean-specific primers: the 5’-end with the
primers 18e (5’-CTG GTT GAT CCT GCC AGT-3’;
Hillis & Dixon 1991) and R1 (5’-CCT TCC GTC AAT
TCC TTT AAG-3’; Azevedo et al. 2009); and the 3’-
end with the primers MyxospecF (5’-TTC TGC CCT
ATC AAC TTG TTG-3’; Fiala 2006) and 18r (5’-CTA
CGG AAA CCT TGT TAC G-3’; Whipps et al. 2003).
The sequence region between MyxospecF and R1
overlaps, allowing complete am plification of the SSU
rDNA gene. PCRs were performed in 50 µl reactions
using 10 pmol of each primer, 10 nmol of each dNTP,
2.5 mM MgCl2, 5 µl of 10× Taq polymerase buffer
(Finnzymes), 1.5 units of Taq DNA polymerase, and
3 µl (approximately 100−150 ng) of genomic DNA.
The reactions were run on a Hybaid PxE Thermocy-
cler, with initial de naturation at 95°C for 3 min, fol-
lowed by 35 cycles of 94°C for 45 s, 53°C for 45 s, and
72°C for 90 s. The final elongation step was per-
formed at 72°C for 7 min. Aliquots (5 µl) of the PCR
products were electrophoresed through a 1% aga -
rose 1× tris-acetate-EDTA buffer (TAE) gel stained
with ethidium bromide. PCR products were purified
using a single-step enzymatic cleanup that elimi-
nates unincorporated primers and dNTPs.

DNA sequencing, and distance and 
phylogenetic analyses

The PCR products from different regions of the
SSU rDNA gene were sequenced directly. The se -
quencing reactions were performed using a BigDye
Terminator v1.1 from the Applied Biosystems Kit,

and were run on an ABI3700 DNA analyzer (Perkin-
Elmer, Applied Biosystems).

In order to determine the phylogenetic position of
the new Zschokkella species amongst its closest rela-
tives sequenced to date, namely other members of
the genus Zschokkella, 58 myxosporean SSU rDNA
sequences from GenBank were obtained and ana-
lyzed, according to highest similarity score. Tetra-
capsuloides bryosalmonae and Buddenbrockia plu-
matellae were selected as outgroup species. The
alignment was performed with ClustalW in MEGA 5
software (Tamura et al. 2011), with an opening gap-
penalty of 10 and a gap extension of 4 for both
paired and multiple alignments, resulting in a total of
2380 positions in the final dataset. Subsequent phylo-
genetic and molecular evolutionary analyses were
conducted using MEGA 5. Phylogenetic analyses
were performed using maximum parsimony (MP),
neighbor-joining (NJ), and maximum likelihood (ML)
methodologies. For MP, the close neighbor inter-
change heuristic option with a search factor of 1 and
random initial tree addition of 500 replicates was
 performed. For NJ, a Kimura 2-parameter substitu-
tion model with gamma distribution (shape para -
meter = 1.4) was performed. For ML, the general
time reversible substitution model with 4 gamma-
distributed rate variation among sites was perfor -
med. All positions with less than 95% site coverage
were eliminated from all trees, resulting in a total of
725 positions in the final dataset, and the analysis
was run using 500 bootstrap replicates in order to test
the robustness of the resulting tree.

After a second alignment only for Zschokkella
sequences (resulting in a total of 2194 positions in the
final dataset) the distance estimation was carried out
in MEGA 5, using the Kimura 2-parameter model
distance matrix for transitions and transversions,
with all ambiguous positions removed for each se -
quence pair.

RESULTS

Collected and analyzed gilthead seabream did not
present external symptoms of infection or disease.
Microscopic analysis of 12 different organs revealed
the presence of both plasmodia and mature spores
floating free in the bile of several specimens. The
morphological and ultrastructural features of the
mature spores identified the parasite as a member of
the genus Zschokkella, according to the classification
provided by Lom & Dyková (2006). A new species,
named Zschokkella auratis sp. nov., is described
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based on ultrastructural and molecular features, with
the following taxonomic position:

Phylum: Myxozoa Grassé, 1970
Class: Myxosporea Bütschli, 1881
Order: Bivalvulida Shulman, 1959
Family: Myxidiidae Thélohan, 1892
Genus: Zschokkella Auerbach, 1910

Zschokkella auratis sp. nov. (Figs. 1 to 14)

Diagnosis. Plasmodia and mature spores were
observed floating free in the bile (Figs. 1 to 3).

Description. Plasmodia were surrounded by a
highly irregular cell membrane, entirely covered by

fine projections, from which ramified strands of mu -
cus extended, forming glycostyles (Figs. 3 & 4). The
surface membrane revealed marked aspects of exo-
cytosis, rather than pinocytic vesicles or canals. The
ectoplasmic margin displayed numerous vesicles con -
taining granular material, as well as some dense
granules and mitochondria (Fig. 4). The endoplasm
further displayed vegetative nuclei, several large
vacuoles (Figs. 4 & 5), and numerous disporoblasts
simultaneously containing developing and mature
spores (Figs. 3, 5 to 7). The earliest sporogenic stages
were not observed. The final stages of sporogenesis,
namely immature spores, were recognized by their
valvogenic, capsulogenic, and sporoplasmogenic cells.
In maturing spores, each capsulogenic cell formed a
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Figs. 1−5. Light and transmission electron mi cro graphs of Zschokkella auratis sp. nov. infecting the gall bladder of Sparus
auratus. Fig. 1. Free fresh mature spores observed in differential interference contrast optics. Notice the surface ridges
(arrows) present in the spore wall. Fig. 2. Free fresh mature spore, slightly semi-circular in valvular view and containing 2 sub-
spherical polar capsules. Fig. 3. Semi-thin section of a plasmodium (Pl) displaying irregular periphery (arrows) and containing
numerous spores (S). Fig. 4. Ultrathin section of a plasmodium (Pl) containing vegetative nuclei (N), numerous segregating
vesicles (V) and some large vacuoles (Va), and displaying a highly irregular cell membrane, apparently due to the release of
segregated material (arrows). Fig. 5. Ultrathin section of a plasmodium (Pl) showing an immature spore (iS) and several mature 

spores (S) contained within disporoblasts (*)
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globular primordium that ex tended into an external
tubule. The valvogenic cells appeared less dense
than the mature valves and displayed remnant nuclei
(Fig. 6). Mature spores were ellipsoidal in sutural
view and slightly semi-circular in valvular view, with
rounded ends, measuring 9.5 ± 0.3 SD (8.7−10.3) µm
in length and 7.1 ± 0.4 (6.5−8.0) µm in width/thick-
ness (n = 40; Figs. 1 & 2). Spore wall was thick, com-
posed of 2 symmetrical valves united along a slightly
curved suture line (Figs. 7 & 8). DIC and TEM
revealed the presence of surface ridges projecting
from the spore wall (Figs. 1, 5, 7 & 8). SEM showed
each valve bearing 10 to 11 elevated surface ridges,

parallel to the suture line, and forming a distinct pat-
tern along the entire spore body (Figs. 12 & 13). Two
equal-sized subspherical polar capsules, 3.7 ± 0.3
(3.0−4.1) µm long and 3.0 ± 0.2 (2.6−3.2) µm wide
(n = 30), were located subterminally and at the same
level within the spores, opening at nearly opposite
positions (Figs. 1, 2 & 7). The polar capsules dis-
played a double-layered wall comprised of an outer
electron-dense layer and an inner electron-lucent
layer, containing a dense and homogeneous matrix,
and along which the polar filament coiled in 4 to 5
turns, terminating in a cap-like structure (Figs. 9
& 10). Upon extrusion, each polar filament exits the
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Figs. 6−11. Transmission electron micrographs of Zschokkella auratis sp. nov. infecting the gall bladder of Sparus auratus.
Fig. 6. Disporoblast (*) simultaneously containing an immature spore (iS) and a mature spore (S). Notice the 2 capsulogenic
cells, each exhibiting a globular capsular primordium (Cp) extending into an external tubule (arrowheads), as well as the
nucleus (N) of 1 of the valvogenic cells (VC). Fig. 7. Disporoblast (*) containing 2 mature spores (S), 1 of which is in transverse
section, allowing visualization of the 2 valves comprising its wall (Wa), as well as the 2 polar capsules (PC) located at the same
level. Fig. 8. Detailed aspect of the 2 valves uniting along a slightly curved suture line (arrowheads) to comprise the spore wall
(Wa). Fig. 9. Transverse section of a polar capsule, displaying its double-layered wall (arrowheads) containing a homogeneous
matrix (*) and the polar filament (PF). Fig. 10. Longitudinal section of a polar capsule, evidencing the cap-like structure
(arrow) located at the apex of this structure, and from which the polar filament (PF) extends. Fig. 11. Oblique section of a spore
showing the extrusion pore (arrow) of a polar capsule (PC) located near the suture line (arrowhead), as well as the sporoplasm 

(Sp) containing numerous sporoplasmosomes (Sps)
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spore body through its respective extrusion pore,
located near the suture line (Fig. 11). A large binucle-
ate sporoplasm surrounded the 2 polar capsules and
contained numerous electron-dense sporoplasmo-
somes (Fig. 11). The ultrastructural features observed
are represented in a schematic drawing (Fig. 14),
providing a better view of the spore’s morphology.

Type host. Gilthead seabream Sparus aurata Lin-
naeus, 1758 (Teleostei, Sparidae).

Type locality. Alvor estuary, near the Atlantic coast
(37° 08’ N, 08° 37’ W), Portimão, Algarve, Portugal.

Site of infection. Gall bladder, floating free in the
bile.

Prevalence. 11 specimens out of 89 (12.4%) were
infected with Zschokkella auratis sp. nov.

Type specimens. One glass slide with semi-thin
sections displaying a plasmodium containing several
mature spores of the hapantotype was deposited
in the Type Slide Collection of the Laboratory of
 Pa thology, at the Interdisciplinary Centre of Marine
and Environmental Research, Porto, Portugal, under
CIIMAR 201.3.

Etymology. The specific epithet ‘auratis’ derives
from the specific epithet of the host species.

Molecular analysis

The resulting consensus DNA sequence of the SSU
rDNA gene, composed of 1996 bp, was deposited in
GenBank (accession number KC849425). In total,
58 SSU rDNA sequences, including those with the
higher BLAST scores, were aligned with the SSU
rDNA sequence obtained for Zschokkella auratis sp.
nov. There were a total of 725 positions in the final
dataset. MP/NJ/ML analyses of the SSU rDNA se-
quences placed the parasite within the coelozoic
clade of the major freshwater clade, clustering to-
gether with the sequences of 5 other Zschokkella spp.
parasitizing the gall bladder and Myxobolus spirosul-
catus parasitizing the bile ducts of brackish and mar-
ine fish hosts, with a bootstrap support value of 85%
for MP, 92% for NJ, and 92% for ML. The sequence of
M. spirosulcatus (AB530261) obtained from the spinal
cord of Seriola quinqueradiata also clusters within the
coelozoic clade of Zschokkella auratis sp. nov., to join
its other sequence (AB530263) obtained from the bile
ducts of Seriola dumerili (Yokoyama et al. 2010). The
remaining 6 sequences belonging to Zschokkella spe-
cies infecting marine hosts cluster within the major
marine clade: 3 together with Sinuoelinea sp. forming
a clade of species isolated from the excretory system
(kidney and urinary bladder); and the other 3 to gether
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Figs. 12 & 13. Scanning electron mi cro graphs of Zschokkella
auratis sp. nov. infecting the gall bladder of Spa rus auratus.
Fig. 12. Spore in slightly oblique valvular view, allowing re -
cognition of the surface pattern formed by the ridges that
extend throughout the spore body. Fig. 13. Spore in sutural
view, showing the surface ridges organized parallel to the 

suture line (arrowheads)

Fig. 14. Zschokkella auratis sp. nov. Schematic drawing of
a spore, depicting the internal and external organization 

described in the ‘Results’
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with Ellipsomyxa mugilis and E. gobii forming a
clade of species infecting the gall bladder, sister
to the marine histozoic clade represented by En -
tero myxum and Kudoa species. The SSU rDNA
se quen ces belonging to freshwater Zscho kkella
species all cluster within the major freshwater
clade: those infecting the gall bladder among
the subclades of the coelozoic clade (biliary and
urinary tract), and Zschok kella sp. AH2003 with
other species from the excretory system (kidney
and urinary bladder). The histozoic freshwater
clade is represented by Myxo bolus species
(Fig. 15).

Pairwise comparisons among the SSU rDNA
se quences showed that the 5 Zschokkella
sequences comprising this subclade are also
those presenting a higher percentage of iden-
tity to Zschokkella auratis sp. nov., i.e. Zschok -
kella sp. PS030203 (93.8%), Z. solaea (92.8%),
Z. icterica (92.7%), Zschokkella sp. 1 IF-2006
(92.6%), and Zschokkella sp. 3 IF-2006 (91.8%;
Table 1).

DISCUSSION

The morphology of the myxosporean species
des cribed here is consistent with the character-
istics defined for the genus Zschokkella by Lom
& Dyková (2006), differentiated from the genus
Myxidium based mainly on the position and or-
ganization of the polar capsules. Considering
that the gilthead sea bream inhabits marine and
brackish habitats, and further acknowledging
that Zschokkella species in fect both freshwater
and marine hosts, all Zschok kella records from
the gall bladder, freshwater and marine, were
considered for morphological com parison. Sev-
eral studies have reported surface ridges as a re-
liable feature for morphological comparison
(Lom & Dyková 1993, 2006, Bartošová & Fiala
2011); therefore, species with smooth valves
were not  considered. Among the ca. 68 known
Zschokkella species, 13 species infecting the
gall bladder and presenting spores characterized
by the presence of surface ridges are relatively
similar to Z. auratis sp. nov. but pre sent signifi-
cantly different morpho metrics (Table 2). Mor-
phological comparison be tween these species
reveals the lack of truly differentiating charac-
teristics between Zschokkella species, once
more acknowledging the importance of molecu-
lar based taxonomic studies for this genus.
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Fig. 15. Maximum parsimony tree of the small subunit ribosomal DNA (SSU rDNA) sequence of Zschokkella auratis sp. nov. and
other selected myxozoan species. The numbers on the branches are bootstrap confidence levels on 500 replicates corresponding
to the maximum parsimony, neighbor-joining, and maximum likelihood (MP/NJ/ML) trees. There were a total of 725 positions in 

the final dataset. GenBank accession numbers in parentheses given after the species name; scale is given under the tree



Rocha et al.: Description of Zschokkella auratis sp. nov. 27

Z
sc

h
ok

k
el

la
sp

p
.

H
os

ts
L

oc
at

io
n

S
L

S
W

P
C

L
P

C
W

n
F

C
n

S
R

S
ou

rc
e

Z
sc

h
ok

k
el

la
 a

u
ra

ti
s

S
p

ar
u

s 
au

ra
ta

P
or

tu
g

al
9.

5 
±

 0
.3

 
7.

1 
±

 0
.4

 
3.

7 
±

 0
.3

 
3.

0 
±

 0
.2

 
4−

5
10

−
11

P
re

se
n

t 
st

u
d

y
sp

. n
ov

.
(8

.7
−

10
.3

)
(6

.5
−

8.
0)

(3
.0

−
4.

1)
(2

.6
−

3.
2)

Z
. n

ov
a

K
lo

k
ac

ew
a,

 1
91

4
C

ar
as

si
u

s 
vu

lg
ar

is
G

er
m

an
y

9.
5−

11
.5

6.
5−

7.
0

3.
0−

3.
5

3.
0−

3.
5

n
.g

.
8−

11
K

lo
k

ac
ew

a 
(1

91
4)

Z
. a

ch
ei

lo
g

n
at

h
i

K
u

d
o,

 
A

ch
ei

lo
g

n
at

h
u

s 
Ja

p
an

10
.0

−
14

.0
6.

0−
7.

0
2.

0−
3.

0
2.

0−
3.

0
n

.g
.

n
.g

.
K

u
d

o 
(1

91
6)

19
16

la
n

ce
ol

at
u

m
Z

. p
ar

as
il

u
ri

F
u

ji
ta

, 1
92

7
P

ar
as

il
u

ru
s 

as
ot

u
s

Ja
p

an
11

.9
4−

14
.0

4.
0−

6.
0

3.
7−

5.
0

3.
5−

4.
5

6−
7

5−
6

F
u

ji
ta

 (
19

27
)

Z
. i

li
sh

ae
C

h
ak

ra
va

rt
y,

 1
94

3
H

il
sa

 i
ll

is
h

a
B

ay
 o

f 
B

en
g

al
12

.4
6.

2
4.

3
4.

3
n

.g
.

n
.g

.
C

h
ak

ra
va

rt
y 

(1
94

3)
Z

. r
u

ss
el

li
T

ri
p

at
h

i,
 1

94
8

G
ai

d
ro

p
sa

ru
s 

O
ff

 E
n

g
la

n
d

13
.2

−
16

.6
8.

6−
9.

9
2.

5−
3.

5
2.

5−
3.

5
n

.g
.

9−
2

T
ri

p
at

h
i 

(1
94

8)
m

ed
it

er
ra

n
eu

s,
 

C
il

ia
ta

 m
u

st
el

a
Z

. s
tr

ia
ta

S
ch

u
lm

an
, 1

96
2

P
se

u
d

og
ob

io
 

n
.g

.
12

.9
−

14
.0

6.
3−

7.
0

4.
2−

5.
6

3.
8−

4.
2

n
.g

.
n

.g
.

G
on

g
 e

t 
al

. (
20

03
)

ri
vu

la
ri

s
Z

. h
er

on
en

si
s

M
os

er
, 

C
h

ae
to

d
on

 p
le

b
ei

u
s,

 
O

ff
 A

u
st

ra
li

a
10

.6
 

7.
0

2.
9 

2.
0

4−
6

6−
8

M
os

er
 e

t 
al

. (
19

89
)

K
en

t 
&

 D
en

n
is

, 1
98

9
C

h
oe

ro
d

on
 v

en
u

st
u

s
(1

0.
0−

11
.0

)
(2

.5
−

3.
0)

Z
. g

an
ap

at
ii

D
or

ot
h

y 
&

 
L

iz
a 

m
ac

ro
le

p
is

B
ay

 o
f 

B
en

g
al

12
.8

 
9.

8 
3.

4 
3.

4 
n

.g
.

9−
12

D
or

ot
h

y 
&

 K
al

av
at

i 
K

al
av

at
i,

 1
99

2
(1

1.
2−

15
.5

)
(7

.7
−

10
.3

)
(2

.6
−

4.
3)

(2
.6

−
4.

3)
(1

99
2)

Z
. l

ep
ta

th
er

in
ae

S
u

 &
 

L
ep

ta
th

er
in

a 
p

re
s-

O
ff

 A
u

st
ra

li
a

15
.3

 
11

.8
 

3.
9 

3.
4 

4−
5

10
−

12
S

u
 &

 W
h

it
e 

(1
99

5)
W

h
it

e,
 1

99
5

b
yt

er
oi

d
es

; A
th

er
i-

(1
3.

0−
17

.0
)

(9
.5

−
14

.0
)

(3
.5

−
5.

0)
(3

.0
−

4.
0)

n
os

om
a 

m
ic

ro
st

om
a;

 
K

es
tr

at
h

er
in

a 
b

re
vi

-
ro

st
ri

s;
 K

. e
so

x;
 

K
. h

ep
se

to
id

es
Z

. s
au

ro
g

ob
io

n
is

G
on

g
, 

S
au

ro
g

ob
io

 d
u

m
er

il
i

C
h

in
a

18
.3

 ±
 1

.0
 

9.
8 

±
 0

.8
 

6.
7 

±
 0

.5
 

6.
7 

±
 0

.5
 

5
10

−
12

G
on

g
 e

t 
al

. (
20

03
)

L
u

 &
 W

an
g

, 2
00

3
(1

7.
2−

19
.2

)
(9

.0
−

10
.8

)
(6

.2
−

7.
2)

(6
.2

−
7.

2)
Z

. e
g

yp
ti

ca
A

li
, A

b
d

el
-B

ak
i 

P
lo

to
su

s 
li

n
ea

tu
s,

 
R

ed
 S

ea
13

.0
±

0.
6 

10
.5

±
0.

6 
4.

8
±

0.
6 

4.
8

±
0.

6 
4

9 
−

 1
1

A
li

 e
t 

al
. (

20
07

)
&

 A
b

d
el

-G
h

af
fa

r,
 2

00
7

U
p

en
eu

s 
tr

ag
u

la
(1

2.
2−

15
.4

)
(9

.5
−

11
.0

)
(4

.2
−

5.
2)

(4
.2

−
5.

2)
Z

. h
el

m
ii

A
b

d
el

-G
h

af
fa

r 
S

ig
an

u
s 

ri
vu

la
tu

s
O

ff
 E

g
yp

t
10

.8
 

7.
5 

2.
2 

2.
2 

5
9 

−
 1

1
A

b
d

el
-G

h
af

fa
r 

et
 a

l.
 

et
 a

l.
, 2

00
8

(1
0.

0−
11

.0
)

(7
.0

−
8.

0)
(2

.0
−

3.
0)

(2
.0

−
3.

0)
(2

00
8)

Z
. s

co
m

b
er

os
is

S
ar

k
ar

, 2
01

2
S

co
m

b
er

oi
d

es
 

O
ff

 I
n

d
ia

17
.8

 ±
 1

.4
 

10
.4

 ±
 1

.4
 

4.
9 

±
 0

.9
 

4.
2 

±
 0

.6
 

n
.g

.
n

.g
.

S
ar

k
ar

 (
20

12
)

co
m

m
er

so
n

ia
n

u
s

(1
6.

5−
19

.5
)

(9
.0

−
12

.0
)

(3
.7

−
5.

2)
(3

.0
−

4.
5)

T
ab

le
 2

. 
Z

sc
h

ok
k

el
la

sp
p

. 
ch

ar
ac

te
ri

ze
d

 b
y 

th
e 

p
re

se
n

ce
 o

f 
su

rf
ac

e 
ri

d
g

es
 a

n
d

 i
n

fe
ct

in
g

 t
h

e 
g

al
l 

b
la

d
d

er
 o

f 
fr

es
h

w
at

er
 a

n
d

 m
ar

in
e 

fi
sh

. 
S

L
: 

sp
or

e 
le

n
g

th
; 

S
W

: 
sp

or
e

w
id

th
; 

P
C

L
: 

p
ol

ar
 c

ap
su

le
 l

en
g

th
; 

P
C

W
: 

p
ol

ar
 c

ap
su

le
 w

id
th

; 
n

F
C

: 
n

u
m

b
er

 o
f 

p
ol

ar
 f

il
am

en
t 

co
il

s;
 n

S
R

: 
n

u
m

b
er

 o
f 

su
rf

ac
e 

ri
d

g
es

. 
M

ea
su

re
m

en
ts

 a
re

 g
iv

en
 i

n
 µ

m
. 

n
.g

.: 
n

ot
 g

iv
en



Dis Aquat Org 107: 19–30, 2013

Considering implications of the molecular analysis
of Zschokkella auratis sp. nov. provided in this paper,
it should first be noted that most myxosporean gen-
era are poly-/paraphyletic, and this includes the spe-
cies of Zschokkella (Kent et al. 2001, Freeman et al.
2008), which cluster within different subclades of the
main freshwater and marine clades. Our molecular
analysis of the SSU rDNA gene showed Z. auratis sp.
nov. establishing phylogenetic relationships for MP,
NJ, and ML in concordance with previously pub-
lished cladograms (Fiala 2006, Freeman et al. 2008,
Holzer et al. 2010). The formation of well-defined
coelozoic and histozoic clades for both the freshwater
and marine clades, and the fact that Z. auratis sp.
nov. clusters together with other Zschok kella se -
quen ces from the gall bladder of marine and brack-
ish fish hosts, as well as Myxobolus spirosulcatus
from the bile ducts, strengthens the contention that
tissue tropism constitutes an important criterion for
the recognition of myxosporean phylogeny (Holzer et
al. 2004, 2010, Fiala 2006, Bartošová et al. 2009, Fiala
& Bartošová 2010).

Concerning the molecular based division of my xo -
sporeans into the major freshwater and marine
clades (Kent et al. 2000, 2001, Fiala 2006, Bartošová
et al. 2009, Holzer et al. 2010), we note that the clade
comprising Zschokkella auratis sp. nov. constitutes
yet another exception to this main division. Several
studies show that myxosporean parasites infecting
anadromous hosts, as well as some species of Hen-
neguya, Chloromyxum, Ceratomyxa, My xo bolus, My -
xi  dium, Parvicapsula, and Sphaero myxa, constitute
exceptions to the major division into the freshwater
and marine clades (Diamant et al. 2004, Fiala 2006,
Azevedo et al. 2009, Rocha et al. 2013). However, 4 of
the 6 species comprising the clade con taining Z.
auratis sp. nov. contradict this hypothesis: Zschok -
kella sp. PS030203, Zschok kella sp. 3 IF-2006, and
Myxobolus spirosulcatus were sequenced from
strictly marine fish hosts; and, although Zschok kella
sp. 1 IF-2006 was se quenced from Eugerres plumier,
a fish known to inhabit  marine, freshwater, and
brackish waters, the host specimens were captured
from the Carib bean Sea, a clearly marine environ-
ment (Fiala 2006). Another possible explanation for
the existence of a marine subclade within the major
freshwater clade lies in the variability of the SSU
rDNA gene regions that are expected to be con-
served in myxosporean species. Freeman et al. (2008)
considered this to be the reason preventing the
design of truly ‘universal’ myxozoan primers. Fur-
thermore, many sequences in GenBank, as well as in
other molecular databases, constitute incomplete

records or lack more vigorous pruning of the ambi -
guous regions in primary alignments, thus hindering
the true acknowledgment of myxosporean phylo -
geny. Nevertheless, to assess these possibilities,
additional information from the SSU rDNA gene of
other myxo sporeans, as well as of other genes, would
be necessary.

Overall, no significant relationship between spore
morphology and phylogenetic grouping was evident.
The spore-based taxonomy is rather artificial be -
tween Zschokkella and Myxi dium, as well as other
genera, with the molecular approach enhancing the
already vague boundaries between these genera
(Fiala 2006, Lom & Dyková 2006, Freeman et al.
2008). Further research must strive to revaluate the
taxonomy and phylogeny of these taxa.

Turning to consider the ultrastructure of the sporo-
genic development of Zschokkella auratis sp. nov., it
is assumed that the lack of early sporogenic stages
and prevalence of mature spores in the plasmodia
indicate a somewhat synchronous development. The
ultrastructural aspects of plasmodial development
described here are not similar to those usually recog-
nized in coelozoic myxosporeans, viz. variations in
size and the differentiation of peripheral projections
for nutritional intake (Sitjà-Bobadilla & Alvarez-
 Pellitero 1993, 2001, Rocha et al. 2011). In the case of
Z. auratis sp. nov., the irregularity of the plasmodia
surface appears to re sult from the exo cytosis of seg-
regated material contained within the numerous
cytoplasmic vesicles, rather than from the formation
and differentiation of peripheral projections. The
contents of the vesicles appear to incorporate the
mucus branches, forming the glycostyles that cover
the entire surface of the plasmodia. The latter consti-
tute a rather rare feature for myxosporean plasmodia,
with a few species exhibiting similar structures (Cur-
rent 1979, Current et al. 1979, Lom 2004). Curiously,
spores of Henne guya pilosa display a similar gly-
costyle-like coating (Azevedo & Matos 2003). The
factors interfering with the differentiation of cell
coats in plasmodia, however, remain unknown, but
may be involved with the physical and chemical
strengthening of the cellular membrane towards the
host immune response, as well as the physical and
biological conditions of the organ of infection.
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