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Taxonomic Identity in Microbial Eukaryotes: A Practical Approach Using the
Testate Amoeba Centropyxis to Resolve Conflicts Between Old and New
Taxonomic Descriptions
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ABSTRACT. The present work focuses on 12 taxa of the genus Centropyxis Stein, 1857 to explore the conflict between traditional and
contemporary taxonomic practices. We examined the morphology, biometry, and ecology of 2,120 Centropyxis individuals collected from
Tiete River, Sao Paulo, Brazil; with these new data we studied the consistency of previously described species, varieties, and forms. We
encountered transitional forms of test morphology that undermine specific and varietal distinctions for three species and nine varieties.
Biometrical analyses made comparing the organisms at the species level suggest a lack of separation between Centropyxis aculeata and
Centropyxis discoides, and a possible distinction for Centropyxis ecornis based on spine characteristics. However, incongruence between
recent and previous surveys makes taking any taxonomic—nomenclatural actions inadvisable, as they would only add to the confusion. We
suggest an explicit and objective taxonomic practice in order to enhance our taxonomic and species concepts for microbial eukaryotes.
This will allow more precise inferences of taxon identity for studies in other areas.
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IGHER-LEVEL classification has been one of the main foci

of microbial eukaryotic research in the last decade (Adl et al.
2005; Baldauf 2003; Baldauf et al. 2000; Cavalier-Smith 1998;
Cavalier-Smith, Chao, and Oates 2004; Nikolaev et al. 2005; Pat-
terson 1999; Richards and Cavalier-Smith 2005; Smirnov et al.
2005; Sogin, Hinkle, and Leipe 1993); researchers have increas-
ingly advanced towards tree-based and monophyletic classifica-
tion schemes. However, there is little discussion of taxonomy and
nomenclature in the least inclusive groups, the building blocks for
classificatory edifices—genera and species (Patterson 1999).

Taxonomic practices in microbial eukaryotes are fundamen-
tally different from those applied to other sets of organisms due to
(1) the study and preservation of most protists being different
from plants or animals and (2) the lack of a standardized approach
for all organisms (Patterson and Larsen 1992). In the traditional
morphological literature, few microbial eukaryotic taxa have been
described in a standardized format, with statements that distin-
guish direct observation from interpreted data (see Berger 1978,
Berger 1999; Foissner 1993; Foissner and Xu 2006; Gates 1978;
Lynn 1976 for exceptions in ciliate taxonomy).

Taking advantage of new technology that yields new distin-
guishing characters, contemporary taxonomists are redescribing
old species and discovering new species. The identity of organ-
isms studied by earlier workers is often unclear because in most
cases type material has not been designated and preserved, mak-
ing it difficult for modern workers to ensure they are studying the
same organism. There are rarely any attempts toward resolution of
conflicts among past contributors or conflicts raised by new sur-
veys. Furthermore, researchers describing these species rarely ad-
dress the issue of species concept. Because one of the aims of
nomenclatural taxonomy is stability (Corliss 1972; Patterson and
Larsen 1992; Ride et al. 1999), this fundamental flaw contributes
to the confusion.

The testate amoeba Centropyxis serves as a good example of
the state of taxonomy of many protist genera. The type species
Centropyxis aculeata (Ehrenberg 1838) has no assigned name-
bearing type specimens. The genus is characterized by a flattened
bilateral test that may be organic or made of mineral particles and
diatom frustules agglutinated by organic matrix and that has a sub-
terminal aperture. Centropyxis species usually inhabit freshwater,
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mosses, and soil. Species in this genus are distinguished by test
morphology, since all exhibit an ellipsoid nucleus. More than 130
species and many varieties have been described to date, though
many of these descriptions are inadequate (Meisterfeld 2002).

Similar species in the genus were described using characters
that, when analyzed with modern morphological and biometric
techniques, are ambiguous: the diagnostic character for Centro-
pyxis discoides Penard, 1890 is a ‘‘shell more compressed ante-
riorly”’ (Deflandre 1929). The high variability in virtually all test
features (i.e. form and size of test; form and size of aperture; form,
size, and number of spines) in species attributed to the genus
Centropyxis has long been known (Cash and Hopkinson 1905;
Chardez 1956, 1966a; Deflandre 1929; Leidy 1879; Medioli and
Scott 1983, 1985; Netzel 1972, 1975; Ogden 1988; Pénard 1902;
Root 1918; Wallich 1864; Wanner 1999). Still, many varieties and
forms often based on small sample sizes, were distinguished using
these characters. It is possible that these distinguishing characters
fall into the natural variation of a single species. However, the
possibility of continuous variation has never been examined. For
example, Root (1918) concluded that C. aculeata is capable of
producing spineless individuals in culture—spines being the only
discriminatory feature of Centropyxis ecornis—yet no efforts
have been made since to otherwise distinguish these two taxa.

The present work explores a closely related group of 12 taxa in
the testate amoeba genus Centropyxis Stein, 1857, based on a
large number of specimens collected from a natural fresh water
environment. Its aim is to outline an objective approach for deal-
ing with multiple and unclear taxonomic concepts.

MATERIALS AND METHODS

Centropyxis individuals were sampled from two localities in
the Ecological Park of Tiete River, Sao Paulo, Brazil in February
(summer) and August (winter) 2004. The first locality was in the
river itself (23°29.374'S, 46°31.500’W), a flowing water environ-
ment. The second was in a marginal lake (23°29.055'S,
46°30.939’W), 100 m away from the river. In each locality, sam-
ples were taken separately from the sediment and from roots of
floating aquatic plants. Sampling methods, biometry, morpholog-
ical analysis, and scanning electron microscope (SEM) work fol-
low Lahr and Lopes (2006). Specimens, preserved in 70% ethanol,
and SEM stubs used for ultrastructural analyses are deposited at
Laboratorio de Malacologia at Instituto de Biologia, Universidade
de Sao Paulo (IBUSP).
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Fig. 1. Schematic outline of test of Centropyxis aculeata, showing
position of measured axis and polarity. a. Apertural view. b. Lateral view.
tl, test length; tb, test breadth; th, test height; ad, aperture diameter; sl,
spine length.

Terminology used in morphological descriptions follows Foiss-
ner and Korganova (2000), Lahr and Lopes (2006, 2007), and
Liiftenegger et al. (1988). The 2,120 Centropyxis individuals were
examined, identified, and measured using a light microscope; 50
individuals, representing a wide range of variability, were chosen
for examination with the SEM.

Six morphometric characters were measured: test length (tl),
test breadth (tb), test height (th), aperture diameter (ad), spine
length (sl), and spine number (sn) (Fig. 1). Statistical analyses
were performed using the programs STATISTICA 6.0 (StatSoft
Inc. 1995) and SYSTAT 10.2 (Wilkinson 2000).

Specimens were classified to putative taxa using morphometric
characters (Fig. 1) in conjunction with original and subsequent
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taxonomic descriptions (Bovee 1985; Chardez 1966a,b; Daday
1905; Decloitre 1978; Deflandre 1926, 1929; Hedley, Ogden, and
Mordan 1976; Netzel 1972, 1975; Ogden 1988; Ogden and He-
dley 1980; Stépanek 1952, 1963, 1965; Van Oye 1949, 1956,
1958, 1959; Velho, Lansac-Toha, and Serafim-Junior 1996; Vuce-
tich 1972, 1973; Zapata, Alvarez, and Cea 2002). Using these
data, the numbers of specimens unambiguously assigned to each
taxon as well as the number assignable to multiple taxa were tal-
lied (Table 1). Analyses were made regarding the three nominal
morpho-species C. aculeata, C. discoides, and C. ecornis.

The diagnostic utility of the morphometric characters was
evaluated using box plots and multivariate statistics. Distributions
of characters for the three species of Centropyxis were compared
using box plots. Principal component analysis (PCA) was used
to determine how specimens classified to the three species related
in multivariate space (Pimentel 1979). Principal component anal-
ysis was run using a correlation matrix, standardized loadings
on PCs were examined to determine the relative contribution
of each morphometric character to each component, and factor
scores were plotted to examine how species partitioned in mo-
rphospace (Pimentel 1979). Because spine number data were col-
lected for only ~ 42% of specimens, a PCA was run including
all 2,120 specimens but excluding spine number and a second
PCA was run including spine number, but including only the
882 specimens for which we had those data. Both analyses gave
the same qualitative results, so only results from the latter (in-
cluding all variables) are presented or discussed further. A PCA
including spine number but not spine length was also performed
and also gave similar qualitative results, so is not discussed any
further.

Table 1. List of diagnosis and morphometric amplitude for the nominal taxa studied from Tiete River, Sao Paulo.

Nominal taxa Description Diagnosis Morphometric amplitude NT NU
tl tb ad sn sl
Centropyxis aculeata Deflandre, 1929 Bilateral test, aperture 120-150 ? 31-60 2-8 18-50 12 246
subterminal, variable
number of spines
Centropyxis aculeate Deflandre, 1929 Longer spines than type 70-150 ? ST ST 20-60 926 426
var. tropica species, relative to test
length
Centropyxis aculeata Deflandre, 1929 Bigger than type species 150-200 ? ST ST ST 426 107
var. grandis
Centropyxis aculeate Deflandre, 1929 Test oblong, never circular 61-140 60-120 ST ST 7 29 319
var. oblonga
Centropyxis aculeata Van Oye, 1956 Smaller than type species 65-85 70 40 ? ? 0 3
var. minima
Centropyxis aculeata Van Oye, 1956 Between C. aculeta and C. 161 153 62 ST ST 3 107
var. intermedia discoides
Centropyxis aculeata Decloitre, 1978 Larger than C. aculeata var. 300 ? ? ? ? 5 2
var. gigantea grandis
Centropyxis discoides Penard, 1890 Larger than C. aculeata, 70-450 ? ? ? ? 887 14
discoid lateral view
Centropyxis discoides Chardez, 1966b Aperture larger than type 147-155 ? 115-118 4-5 ST 10 4
var. grandistoma species, relative to test
length
Centropyxis ecornis Deflandre, 1929 Absence of latero-posterior 125-275 125-275 ST NA NA 56 66
spines
Centropyxis ecornis Thomas, 1957 Larger than type species 236-303 239-276 65-90 NA NA 4 13
var. deflandrei
Centropyxis ecornis Thomas, 1957 Aperture smaller than type 170-216 ? 66-76 NA NA 0 53

var. leidyi species, relative to test

length

Amplitudes are based on the original description and expanded by subsequent researches, listed in the text. Measures in pm. Characters as designated
in Fig. 1. NT, number of specimens assigned to this taxon alone; NU, number of specimens that could be assigned to this and other taxa; ?, not stated in any
taxonomic work; NA, non applicable; ST, same as parent taxon; tl, test length; tb, test breadth; ad, aperture diameter; sn, number of spines; sl, spine length.
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Fig. 2. Box plots for the three species recognized in the C. aculeata complex (i.e. Centropyxis aculeata, Centropyxis discoides, Centropyxis ecornis),
for all measured characters. Boxes contain the center 50% of values, box edges are at the first and third quartiles. Whiskers contain values within 1.5
midranges. Asterisks represent outside values and empty circles represent extreme outliers.

RESULTS

Most morphometric variables show little differentiation among
the three species: C. aculeata, C. discoides, and C. ecornis.
All 2,120 specimens examined could be assigned to one of these
species, but many can be assigned to multiple species based
on previous descriptions (Table 1). When considered individu-
ally, test length, test breadth, and test height, as well as aperture
diameter showed almost complete overlap in ranges for the three
species and their constituent varieties (Fig. 2). The number of
spines and spine length also do not allow differentiation between
specimens of C. aculeata and C. discoides; however, C. ecornis
lacks spines, and can be differentiated based on this character
(Fig. 2).

Principal component analysis of all morphometric variables al-
lows differentiation of C. ecornis from C. aculeata and C. disco-
ide in morphospace defined by the first two, but not differentiation
of the latter two species (Fig. 3). There is no differentiation among
the three species using the third principal component (not shown).
Examination of PC loadings again indicates that spine characters
(spine length and spine number) define the major axes of
differentiation among species of Centropyxis. Specifically, all
four test characters load highly positively on principal compo-
nents (PC1) and are offset by negative loadings on both spine
characters (Table 2). Both spine number and spine length load
highly positively on PC2 (Table 2), which best differentiates C.
ecornis from the other two species (Fig. 3). In contrast, PC3 does

not differentiate among species well, and both spine and test char-
acters load highly on it, also making this PC difficult to interpret
(Table 2).

Centropyxis ecornis also differs from C. aculeata and C. dis-
coides in its apparent habitat occurence. All three species pre-
dominate in river as opposed to lake habitats in the study area
(Table 3). Within the river, approximately two-thirds of C. ecornis
occur in sediment as opposed to being associated with the roots of
floating aquatic plants. This contrasts with the other two species of
Centropyxis, which occur more commonly in river root habitats as
opposed to sediment (Table 3).

From our morphometric analysis, presented above, it is clear
that, for a large sample of specimens, C. aculeata and C. discoides
are not differentiable. Centropyxis ecornis is only differentiated
from the other species based on spine characteristics and, to a
lesser degree, on habitat characteristics. It is unclear from our an-
alyses whether these differences are genetic or can be accounted
for by phenotypic plasticity (Root 1918). Hence, we provide be-
low a single description for all three species and their varieties,
but do not synonymize them.

Centropyxis aculeata species complex (Ehrenberg 1838)

Synonyms:

Arcella aculeata—Ehrenberg, 1838: 133, pl IX, Fig. VI
Centropyxis aculeata—Peénard, 1902: 303, Fig. 1
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Fig. 3. Plot of principal component 1 (PC1) versus principal compo-
nent 2 (PC2), showing a sharp distinction for data referring to Centropyxis
aculeata. Symbols are: o , Centropyxis aculeata; x , Centropyxis disco-
ides; +, Centropyxis ecornis.

Table 2. Standardized component loadings and their standard errors
(SE) for principal component analysis of all morphometric variables
(n = 882), showing how each variable contributes to each of the first three
principal components (PCs).

Character PC1 SE PC2 SE PC3 SE
tb 0.5228 0.0086 0.1850 0.0218 0.1286 0.0233
tl 0.5202 0.0087 0.1758 0.0227 0.1592 0.0242
th 0.3563 0.0188 0.2226 0.0490 —0.7599 0.0409
ad 0.4633 0.0124  0.0900 0.0329 0.3963 0.0309
sl —0.2047 0.0268 0.7148 0.0254 —0.2336 0.0642
ns —0.2692 0.0244  0.6051 0.0329 0.4111 0.0607
% var 53.8 21 12

Also shown is the percent variance explained by each principal com-
ponent (% var). Loadings greater than 0.35 are in bold (arbitrarily).
PC, principal component.

Previously described indistinct taxa:

Centropyxis aculeata var. tropica—Deflandre, 1929: 348,
Fig. 94, 95

Centropyxis aculeata var. grandis—Deflandre, 1929: 349,
Fig. 93

Centropyxis aculeata var. oblonga—Deflandre, 1929: 349,
Fig. 96-103
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Table 3. Occurrence according to habitat of the Centropyxis species
studied from Tiete River.

Habitat River Lake
Roots Sediment Roots Sediment
All taxa (n = 2,120) 52.64 26.65 18.92 1.79
Centropyxis aculeata (n =1,093) 56.27 24.52 16.93 2.29
Centropyxis discoides (n =901)  51.72 24.97 22.20 1.11
Centropyxis ecornis (n = 126) 27.78 57.14 12.70 2.38

A river and a lake were sampled, and within each, two different
microhabitats: the sediment and the roots of floating aquatic plants.
Numbers in %. n, number of specimens.

Centropyxis aculeata var. minima—Van Oye, 1956: 97-98,
pl. I, Fig. 8

Centropyxis aculeata var. intermedia—Van Oye, 1949: 338,
Fig. 12

Centropyxis aculeata var. gigantea—Decloitre, 1978: 64

Centropyxis discoides—Deflandre, 1929: 351-353, Fig.

104-107
Centropyxis aculeata var. discoides—Penard, 1890, 1902:
306, Fig. 1-7

Centropyxis discoides var. grandistoma—Chardez, 1966b
Centropyxis ecornis—Leidy, 1879, Fig. 20-34
Centropyxis ecornis var. deflandrei—Thomas, 1957
Centropyxis ecornis var. leidyi—Thomas, 1957

Morphology. Test is irregularly circular in apertural view (Fig.
4-8), flattened in lateral view, and varying from an evenly flat disc
shape (Fig. 9) to falciform (Fig. 10), rounded at the posterior end
and compressed anteriorly, to a variable degree. The test possesses
0-10 conical hollow spines projecting laterally and/or posteriorly
in a single longitudinal line (Fig. 8-10). Spines are variable in
form (Fig. 11-16), sometimes with a small piece of quartz inserted
at the distal end (Fig. 11).

The apertural region is composed solely of proteinaceous ma-
terial in most specimens (Fig. 17-19); the abapertural region is
composed of agglutinated grains of quartz and/or diatom shells
(Fig. 20,21), held together by an underlying layer of organic ce-
ment matrix (Fig. 22,23). Exceptions to this condition are: a test
composed completely of agglutinated particles cemented together,
and in this case, the apertural region is covered with an organic
layer); and a test completely without agglutinated particles. The
organic cementing matrix is made up of several interlaced strings
composing a thick tissue (Fig. 24). This pattern can be seen on the
inner side of the test; at the outside, a pattern of small depressions
is seen when there are no agglutinated particles.

The aperture is usually eccentric, but in some cases may be
central or sub-central (Fig. 4-8). Aperture shape varies from cir-
cular to irregular polygonal with its outline shaped like an outward
protruding ridge (Fig. 17); larger specimens (> 150 pum) have four
cylindrical hollow pillars that project to the abapertural region of
the test, where it can be seen as a depression (Fig. 20). Usually, the

Fig. 4-24.

>

Morphology of the Centropyxis aculeata complex. 4-10. Scanning electron micrographs (SEMs) showing different forms of the C.

aculeata complex. Apertural view: 4. C. aculeata; 5. C. aculeata var. grandis; 6. Centropyxis discoides; 7. Centropyxis ecornis; 8. C. discoides. Side
view: 9. C. aculeata; 10. C. discoides. Scale bars 36 um (3, 8); 90 um (4, 7); 40 um (5); 30 um (6); 80 um (9). 11-15. SEMs of different types of spines
present in individuals of the C. aculeata complex. 11-13. Showing a terminal particle; 14-16. Showing tips without the particle. Scale bars 5 um (10, 13,
14,15); 10 um (11, 12). 17-24. SEM images to illustrate C. aculeata apertural architecture and test composition. 17. Posterior apertural pillar thinner than
the anterior. 18. Detail of posterior pillar. 19. Detail of anterior pair of pillars. 20. An individual showing a small amount of agglutinated particles, the four
depressions on the abapertural side of the test indicate pillar insertions. 21. An individual showing a great amount of agglutinated particles, pillar
insertions are hidden beneath particles. 22. Detail of test composition in a highly agglutinated test. 23. Test broken to show underlying sheet of cement
matrix. 24. Detail of cement matrix, composed like a cloth. Scale bars 20 pm (16, 18); 15 um (17); 55 pm (19); 35 um (20); 30 pm (21, 22); 5 um (23).
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Table4. Biometric characterization of the investigated Centropyxis
species from Tiete River.

Table 5. Mean size ratios between morphometric characters in the stud-
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ied populations of Centropyxis from Tiete River.

Characters  x M  Minimum Maximum SD SE CV n
All taxa
tb 159.4 160.0 60.0 400.0 41.72 091 26.2 2,120
tl 157.3 160.0 80.0 400.0 4192 091 26.7 2,109
th 41.5 40.0 20.0 150.0 11.85 0.26 28.6 2,120
ad 71.2  70.0 30.0 200.0 20.42 0.44 28.7 2,120
sl 30.7 30.0 10.0 100.0  10.36 0.23 33.8 1,957
sn 3.8 4.0 0.0 10.0 1.99 0.07 53.0 882
Centropyxis aculeata
tb 149.4 150.0 80.0 320.0 33.32 1.01 22.3 1,086
tl 146.7 140.0 80.0 400.0 3342 1.02 22.8 1,076
th 41.7 40.0 20.0 120.0 10.33 0.31 24.8 1,086
ad 66.0 60.0 30.0 160.0 17.24 0.52 26.1 1,086
sl 332 35.0 10.0 100.0 10.16 0.31 30.6 1,084
sn 44 4.0 1.0 8.0 1.27 0.07 28.6 320
Centropyxis discoides
tb 166.1 160.0 80.0 400.0 45.87 1.53 27.6 901
tl 164.5 160.0 80.0 400.0 46.17 1.54 28.1 901
th 40.0 40.0 20.0 150.0 12.20 0.41 30.5 901
ad 75.6 75.0 30.0 200.0 21.96 0.73 29.0 901
sl 274 30.0 10.0 90.0 9.66 0.33 352 868
sn 43 4.0 1.0 10.0 1.40 0.07 32.6 431
Centropyxis ecornis
tb 192.4 200.0 100.0 380.0 37.04 3.30 19.3 126
tl 189.5 200.0 100.0 380.0 36.79 3.28 194 126
th 47.8 50.0 20.0 80.0 12.89 1.15 27.0 126
ad 83.4 80.0 40.0 180.0 19.77 1.76 23.7 126

Characters are as designated in Fig. 1. Measurements in pm. x, arith-
metic mean; M, median; SD, standard deviation; SE, standard error of the
mean; CV, coefficient of variation in %; Min, minimum; Max, maximum;
n, number of investigated specimens.

two posterior pillars (Fig. 18) are thinner than the two anterior
ones (Fig. 19).

Biometry. All measures are highly variable (CV ranging from
26.2 to 56.0, Table 4 and Fig. 2). Size frequency distribution
analysis shows that the C. aculeata complex has a main size class
and a large size range for all characters. For test breadth (tb) and
test length (tl), respectively, 56.63% and 54.6% of all measures
are within 140-180 um. For test height (th), 88.51% are within
30-50 um. For aperture diameter (ad), 63% are within 60—80 pm.
For spine length (sl), 91.54% are within 20—40 pm. The number of
spines (sn) varies from O to 10; 57.92% of the tests are provided
with four to five spines. The presence of main size classes is an
important feature because most surveys do not sample extremely
large numbers of individuals; hence, randomly sampled individ-
uals are most likely to be within this main class.

A plot of PC1 and PC2 shows a sharp separation between
the spineless form (C. ecornis) and all other individuals (Fig. 3).
Because spineless forms are reported as a variation of spined in-
dividuals in cultures (Root 1918), this distinction may be attrib-
uted to phenotypic plasticity. Ratios between morphometric
characteristics are given in Table 5.

Ecology. The C. aculeata complex occurs mostly associated
with roots in a flowing water habitat, but can also be found in
other microhabitats. The spineless form (C. ecornis) is an excep-
tion to this in that it dwells preferably in the sediment of the river
(Table 3).

Remarks. The sharp separation in the PCA plot attributed to
spine characters may be indicative of C. ecornis population being
a distinct entity, and the absence of spines would be a strong di-
agnostic character. However, there is also evidence from culturing
these protists (Root 1918) that the whole complex is polymorphic
and the spineless form has preference for certain habitats, so we

Species All taxa Centropyxis  Centropyxis Centropyxis
(n) (2,120) aculeata ecornis discoides
(1,086) (901) (126)
tl/tb (SD)  0.99 (0.05) 0.98 (0.06) 0.99 (0.05) 0.99 (0.04)
th/tb (SD)  0.27 (0.07)  0.29 (0.07) 0.25 (0.06) 0.25 (0.06)
ad/tb (SD) 0.45 (0.07) 0.44 (0.07) 0.46 (0.06) 0.43 (0.06)
ad/th (SD) 1.78 (0.52) 1.63 (0.46) 1.96 (0.52) 1.85 (0.64)
sl/ad (SD) 0.43 (0.24) 0.53 (0.22) 0.37 (0.19) NA
sl/th (SD)  0.72 (0.35) 0.83 (0.32) 0.69 (0.29) NA
sl/tb (SD)  0.19 (0.09)  0.23 (0.08) 0.16 (0.07) NA

Characters are as designated in Fig. 1. SD, standard deviation; n, num-
ber of studied specimens; NA, non applicable.

are being conservative in keeping C. ecornis in this complex of
indistinct taxa. However, future molecular evidence may show
that C. ecornis is indeed a different species.

DISCUSSION

Our data, together with findings from previous authors, suggest
that C. aculeata and C. discoides represent the same taxon, and
there is some evidence that C. ecornis is distinct from the former
taxon. Nevertheless, much work remains to ascertain the status of
these taxa, particularly that of C. ecornis. Cytoplasmic and mo-
lecular work are still to be done, and there is a possibility that
future studies of this nature will split more sibling species, as seen
in other groups of microbial eukaryotes.

There is no universal concept of species and the difficulties in
identifying species for putative asexual protists are particularly
acute, either as category or as a taxon (Mayr 2000; Meisterfeld
1979; Schlegel and Meisterfeld 2003; Sonneborn 1957; Wanner
1999). For example, C. ecornis can be identified by our data as a
distinct entity, but it remains unclear whether this taxon represents
a form of phenotypic plasticity or a valid species. Other workers
have already encountered evidence that species limits might be
overestimated for other groups of unicellular eukaryotes, mainly
due to enhancements of sampling efforts (Lee and Patterson
2000).

The identification of distinct entities is the primary aim of this
study. However, taking all factors into account—Ilack of types,
distant localities, different methods of study and intrinsic imped-
iments of morphological work—synonymizing any of the three
species under study or their varieties is premature and must first be
supported by further data.

Therefore, we provide a single broad description for the species
complex and list previously described taxa that may represent a
single entity within it. We also point out possible diagnostic
features (number of spines for C. ecornis), and assign the oldest
available name to the entire species complex (C. aculeata). This
allows for a comprehensive taxonomic revision pending collec-
tion and analysis of further data. Here, molecular data and their
phylogenetic analysis may provide the most definitive answers.
The morphological variability traditionally ascribed to infra-spe-
cific taxa often reflects important ecological differences (Bobrov
and Mazei 2004), although, such taxa are not recognized by some
(International Code of Zoological Nomenclature—Art. 46.6.3
states that varieties described after 1960 are invalid, Ride et al.
1999). With a complete list of apparently non-distinct entities, this
information on previous workers’ concepts will remain accessible.

Consequently, separating objective from interpreted informa-
tion and clarity in regarding non-interpreted data are required.
Research under this framework will result in more fruitful dis-
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cussions of taxonomic and species concepts for asexual protists.
Additionally, preserving previous authors’ concepts will aid in
identifying important forms, as shown here for C. ecornis.

ACKNOWLEDGMENTS

Many thanks are due to Enio Mattos, and Eduardo Mattos who
helped out with the SEM preparations, Department of Zoology
and Dept. of Genetics and Evolutionary Biology at University of
Sao Paulo for providing the facilities for this work, and the ad-
ministration of the Ecological Park of the Tiete River, for granting
us permission to sample. Also thanks are due to Micah Dunthorn,
Laura W. Parfrey, and Yonas 1. Tekle for helpful comments.
Funding for this work was provided by CAPES-Brazil.

LITERATURE CITED

Adl, S. M., Simpson, A. G. B., Farmer, M. A., Andersen, R. A., Anderson,
O. R,, Barta, J. R., Bowser, S. S., Brugerolle, G., Fensome, R. A., Fred-
ericq, S., James, T. Y., Karpov, S., Kugrens, P., Krug, J., Lane, C. E.,
Lewis, L. A., Lodge, J., Lynn, D. H., Mann, D. G., McCourt, R. M.,
Mendoza, L., Moestrup, @., Mozley-Standridge, S. E., Nerad, T. A.,
Shearer, C. A., Smirnov, A. V., Spiegel, F. W. & Taylor, F. J. R. 2005.
The new higher level classification of eukaryotes based with emphasis
on the taxonomy of protists. J. Eukaryot. Microbiol., 52:399-451.

Baldauf, S. L. 2003. The deep roots of eukaryotes. Science, 300:1703—
1706.

Baldauf, S. L., Roger, A. J., Wenk-Siefert, I. & Doolittle, W. F. 2000. A
kingdom-level phylogeny of eukaryotes based on combined protein
data. Science, 290:972-977.

Berger, H. 1999. Monograph of the Oxytrichidae (Ciliophora, Hypotri-
chia). Monogr. Biol., 78:1-1080.

Berger, J. 1978. Quantification of ciliophoran species descriptions: an ap-
peal to reason. Trans. Am. Microsc. Soc., 97:121-126.

Bobrov, A. A. & Mazei, Y. 2004. Morphological variability of testate
amoebae (Rhizopoda: Testacealobosea: Testaceafilosea) in natural pop-
ulations. Acta Protozool., 43:133-146.

Bovee, E. C. 1985. Class Lobosea Carpenter, 1861. In: Lee, J. J., Hutner,
S. H. & Bovee, E. C. (ed.), Illustrated Guide to the Protozoa. 1st ed.
Society of Protoozoologists, Lawrence, KS, USA. p. 158-209.

Cash, J. & Hopkinson, J. 1905. The British Freshwater Rhizopoda and
Heliozoa. Vol. I: Rhizopoda. Ray Society, London.

Cavalier-Smith, T. 1998. A revised six-kingdom system of life. Biol. Rev.,
73:203-266.

Cavalier-Smith, T., Chao, E. E. Y. & Oates, B. 2004. Molecular phylogeny
of Amoebozoa and the evolutionary signicance of the unikont Phalan-
sterium. Eur. J. Protistol., 40:21-48.

Chardez, D. 1956. Variations morphologiques et tératologie chez quelques
Rhizopodes testacés. Biol. Jaarboek, 23:265-276.

Chardez, D. 1966a. Influence du milieu sur Centropyxis aculeata (Ehren-
berg) Stein (Rhizopoda Testacea). Bull. Rech. Agron. Gembloux, 1:
13-19.

Chardez, D. 1966b. Note sur quelques Thecamoebiens. Bull. Rech. Agron.
Gembloux, 1:20-24.

Corliss, J. O. 1972. Common sense and courtesy in nomenclatural taxon-
omy. Syst. Zool., 21:117-122.

Daday, E. 1905. Untersuchungen iiber die Siisswasser-Mikrofauna Para-
guays. Protozoa. Bibl. Zool., 18:1-342.

Decloitre, L. 1978. The genus Centropyxis supplement to the monograph
from 1929. Arch. Protistenkd., 120:63-85.

Deflandre, G. 1926. Notes sur quelques Rhizopodes et Heliozoaires du
Venezuela. Bull. Soc. Zool. France, 51:515-553.

Deflandre, G. 1929. Le genre Centropyxis Stein. Arch. Protistenkd.,
67:322-375.

Ehrenberg, C. G. 1838. Die Infusionstierchen als vollkommene Organ-
ismen. L. Voss, Leipzig.

Foissner, W. 1993. Colpodea (Ciliophora). Protozoenfauna., 4:1-798.

Foissner, W. & Korganova, G. 2000. The Centropyxis aerophila complex
(Protozoa: Testacea). Acta Protozool., 39:257-273.

415

Foissner, W. & Xu, K. 2006. Monograph of the Spathidiida (Ciliophora,
Haptoria) Vol.1: Protospathidiidae, Arcuospathidiidae, Apertospathul-
idae. Monographiae Biol., 81:1-485.

Gates, M. A. 1978. Essay on principles of ciliate systematics. Trans. Am.
Microsc. Soc., 97:221-235.

Hedley, R. H., Ogden, C. G. & Mordan, N. J. 1976. Manganese in the shell
of Centropyxis. Cell Tissue Res., 171:543-549.

Lahr, D. J. G. & Lopes, S. G. B. C. 2006. Morphology, biometry, ecology
and biogeography of five species of Difflugia Leclerc, 1815 (Protista:
Arcellinida: Difflugiidae), from Tiete River, Brazil. Acta Protozool.,
45:77-90.

Lahr, D. J. G. & Lopes, S. G. B. C. 2007. Ultrastructure and biometry of
three lobose testate amoebae of the family Lesquereusiidae (Tubulinea:
Arcellinida) based on specimens from Sao Paulo, Brazil. Acta Proto-
zool., 46:339-348.

Lee, W. J. & Patterson, D. J. 2000. Heterotrophic flagellates (Protista)
from marine sediments of Botany Bay, Australia. J. Nat. Hist., 34:483—
562.

Leidy, J. 1879. Freshwater Rhizopods of North America. Rep. U.S. Geol.
Survey Territories, 12:1-324.

Liiftenegger, G., Petz, W., Berger, H., Foissner, W. & Adam, H. 1988.
Morphologic and biometric characterization of twenty-four soil testate
amoebae (Protozoa, Rhizopoda). Arch. Protistenkd., 136:153—189.

Lynn, D. H. 1976. Comparative ultrastructure and systematics of Colpod-
ida: structural conservative hypothesis and a description of Colpoda
steinii Maupas, 1883. J. Protozool., 23:302-314.

Mayr, E. 2000. The biological species concept. In: Wheeler, Q. D. &
Meier, R. (ed.), Species Concepts and Phylogenetic Theory: A Debate.
Columbia University Press, New York. p. 17-29.

Medioli, F. S. & Scott, D. B. 1983. Holocene Arcellacea (Thecamoebians)
from Eastern Canada. Cushman Found. Spec. Publ., 21:5-63.

Medioli, F. S. & Scott, D. B. 1985. Designation of types, for one genus and
nine species of Arcellaceans (Thecamoebians), with additional original
reference material for four other species. J. Foram. Res., 15:24-37.

Meisterfeld, R. 1979. Zur Systematik der Testaceen (Rhizopoda, Testacea)
in Sphagnum. Eine REM-Untersuchung. Arch. Protistenkd., 121:
246-269.

Meisterfeld, R. 2002. Order Arcellinida Kent, 1880. In: Lee, J. J., Leedale,
G. F. & Bradbury, P. (ed.), The Illustrated Guide to the Protozoa. 2nd
ed. Allen Press, Lawrence, KS, USA. p. 827-860.

Netzel, H. 1972. Die bildung der Gehdusewand bei der Thekamobe Cen-
tropyxis discoides (Rhizopoda, Testacea). Z. Zellforsch., 135:45-54.
Netzel, H. 1975. Morphologie und Ultrastruktur von Centropyxis discoides

(Rhizopoda, Testacea) . Arch. Protistenkd., 117:369-392.

Nikolaev, S. 1., Mitchell, E. A. D., Petrov, N. B., Fahrni, J. & Pawlowski, J.
2005. The testate lobose amoebae (Order Arcellinida Kent, 1880) fi-
nally find their home within Amoebozoa. Protist, 156:156—191.

Ogden, C. G. 1988. The role of the organic matrix in the construction of
the agglutinate shell of Centropyxis discoides. J. Nat. Hist., 22:
137-148.

Ogden, C. G. & Hedley, R. H. 1980. An Atlas of Freshwater Testate
Amoebae. Oxford University Press, Oxford, UK. 222 p.

Patterson, D. J. 1999. The diversity of eukaryotes. Am. Nat., 154:96—-124.

Patterson, D. J. & Larsen, J. 1992. A perspective on protistan nomencla-
ture. J. Protozool., 39:125-131.

Pénard, E. 1890. Etudes sur les rhizopodes d’eau douce. Mem. Soc. Phys.
Hist. Geneve, 31:1-230.

Pénard, E. 1902. Faune Rhizopodique du Bassin du Léman. Kiindig,
Geneve.

Pimentel, R. A. 1979. Morphometrics: The Multivariate Analysis of
Biological Data. Kendall/Hunt Publishing, Iowa, USA.

Richards, A. T. & Cavalier-Smith, T. 2005. Myosin domain evolution and
the primary divergency of eukaryotes. Nature, 436:1113—-1118.

Ride, W. D. L., Cogger, H. G., Dupuis, C., Kraus, O., Minelli, A., Thomp-
son, F. C. & Tubbs, P. K. 1999. International Code of Zoological No-
menclature. 4th ed. International Trust for Zoological Nomenclature,
Cromwell, London, UK.

Root, F. M. 1918. Inheritance in the assexual reproduction of Centropyxis
aculeata. Genetics, 3:173-206.

Schlegel, M. & Meisterfeld, R. 2003. The species problem in Protozoa
revisited. Eur. J. Protistol., 39:349-355.



416

Smirnov, A., Nassonova, E., Berney, C., Fahrni, J., Bolivar, I. & Paw-
lowski, J. 2005. Molecular phylogeny and classification of the lobose
amoebae. Protist, 156:129-142.

Sogin, M. L., Hinkle, G. & Leipe, D. D. 1993. Universal tree of life. Na-
ture, 362:795-795.

Sonneborn, T. M. 1957. Breeding systems, reproductive methods, and
species problems in Protozoa. In: Mayr, E. (ed.), The Species Problem.
American Association for the Advancement of Science, Washington,
DC, USA. p. 155-324.

StatSoft Inc. 1995. STATISTICA for Windows (Computer program man-

. ual). StatSoft Inc., Tulsa, OK.

Stépanek, M. 1952. Testacea of the pond of Hradek at Kunratice (Prague).

. Acta Mus. Nat. Prague (Zool.), 8:1-55.

Stépanek, M. 1963. Die Rhizopoden aus Katanga. Ann. Musee Roy. Afri-

_ que Centr. Tervuren, 8:1-91.

Stépanek, M. 1965. Testacea des Benthos der Talsperre Vranov am
Thayafluss. Hydrobiolgia, 29:1-66.

Thomas, R. 1957. Centropyxis ecornis et ses varietés. Bull. Soc. Zool.
France, 82:259-263.

Van Oye, P. 1949. Rhizopodes de Java. Bijdragen Dierkunde, 28:327-352.

Van Oye, P. 1956. Rhizopoda Venezuelas mit Besonderer Berucksichti-
gung ihrer Biogeographie. Ergebn. Deutsch. Limnol. Venezuela—
Expedition 1952, 1:329-360.

Van Oye, P. 1958. Etude sur les Rhizopodes des marais du Sud-ouest
d’Uvira (Congo-belge). Hydrobiologia, 10:85—-137.

J. EUKARYOT. MICROBIOL., 55, NO. 5, SEPTEMBER-OCTOBER 2008

Van Oye, P. 1959. Faune rhizopodique du plateau de Kundulungu (Congo
Belge) avec considérations concernant la répartition géographique des
Rhizopodes. Hydrobiologia, 13:239-286.

Velho, L. F. M., Lansac-Toha, F. A. & Serafim-Junior, M. 1996. Testate
amoebae (Rhizopodea-Sarcodina) from zooplankton of the high Parana
River floodplain, state of Mato Grosso do Sul, Brazil: I. Families
Arcellidae and Centropyxidae. Stud. Neotrop. Fauna Environ., 31:
35-50.

Vucetich, M. C. 1972. Tecamebianos del eupleuston de cuerpos de
agua de la provincia de Buenos Aires. Acta Zool. Lilloana, 29:
271-284.

Vucetich, M. C. 1973. Estudio de tecamebianos argentinos en especial los
del dominio pampasico. Rev. Mus. la Plata, ser. Zool., 11:287-332.
Wallich, G. C. 1864. On the extent and some of the principal causes of
structural variation among the Difflugian Rhizopods. Ann. Mag. Nat.

Hist., 13:215-245.

Wanner, M. 1999. A review on the variability of testate amoebae: meth-
odological approaches, environmental influences and taxonomical im-
plications. Acta Protozool., 38:15-29.

Wilkinson, L. 2000. SYSTAT: The System for Statistics. Evanson, Illi-
nois, USA.

Zapata, J., Alvarez, P. & Cea, C. 2002. Thecamoebians from the Contaco
River (40°33’12”S; 73°13'00”"W), Osorno, Chile. Bol. Soc. Biol. Con-
cepcion, 73:17-35.

Received: 06/27/07, 02/04/08, 03/27/08; accepted: 03/28/08



