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We studied different regions of the protonephridia of the limnic gastrotrich
Polymerurus nodicaudus by means of light and electron microscopy to determine
how freshwater species might differ from their marine relatives. Microscopic and
ultrastructural characters are in accordance with another limnic species of Paucitubulatina, Chaetonotus maximus, whose protonephridial system has been previously reconstructed. Shared protonephridial characters of both species include
the presence of highly elongate terminal organ cilia, microvilli, and the canal cell
lumen as well as the presence of a conspicuous anterior loop of the protonephridial lumen. These features are not present in representatives of earlier, marine,
paucitubulatan lineages (i.e., Xenotrichulidae) and so are assessed as evolutionary novelties that were likely important for the successful colonization of the
freshwater environment.
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Museum, German Centre for Marine Biodiversity Research (DZMB), Südstrand
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Introduction
Protonephridia function in most aquatic invertebrates for
excretion and osmoregulation, i.e., to remove cytotoxic
byproducts of amino acid metabolism and to keep a certain
ionic milieu in the cytosol and body fluids in a frequently
hypo-osmotic environment (Wilson and Webster 1974;
Schmidth-Rhaesa 2007). Members of different systematic
groups possess protonephridia only as larvae and replace their
protonephridia with metanephridial systems that take over the
function of excretion and add the secondary function of gamete spawning (e.g., many Polychaeta, see Bartolomaeus and
Ax 1992; Bartolomaeus and Quast 2005). Still, there are
several groups of invertebrates, namely representatives of the
marine and freshwater meiofauna, that possess protonephridial systems throughout their life cycle e.g., species of
Plathelminthes (e.g. Ehlers 1994; Rohde and Watson 1994),
Gnathostomulida (Lammert 1985), Rotifera (e.g. Ahlrichs
1993a,b; Riemann and Ahlrichs 2010 and references therein),
and Scalidophora (e.g. Alberti and Storch 1986; Kristensen
and Hay-Schmidt 1989; Neuhaus and Kristensen 2007). This
also applies to the exclusively meiofaunal Gastrotricha,
with species inhabiting both marine and limnic benthic
environments.
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The general presence and structure of the protonephridia
of limnic gastrotrichs, all members of the mostly freshwater
subclade Paucitubulatina, have been known since the late
19th century (Zelinka 1889). However, the protonephridia of
marine species (clade Macrodasyida) were unknown until the
mid-20th century (Wilke 1954; Teuchert 1967) despite the
monographic work of Remane (1926, 1929).
Since the first electron microscopic investigation into the
protonephridia of Chaetonotus sp. (Brandenburg 1962), there
has been a series of studies on the microanatomy and fine
structure of protonephridia in the three major, traditional subgroups of Gastrotricha: the marine Macrodasyida (Teuchert
1967, 1973; Rieger et al. 1974; Neuhaus 1987; Fischer
1994), the marine and freshwater Chaetonotida Paucitubulatina (Ruppert 1991; Kieneke et al. 2008a), and the marine
Chaetonotida Multitubulatina (Neodasys, Ruppert 1991;
Kieneke et al. 2007). In a recent study, the accumulated data
on protonephridia in different species of Gastrotricha have
been used to reconstruct the character pattern of this organ
system in the last common ancestor of the group and to highlight some evolutionary transformations along major internal
branches (Kieneke et al. 2007). Dramatic changes occurred in
the stem lineage of the monophyletic Paucitubulatina, a group
of mostly tenpin-shaped gastrotrichs, many of which are
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exclusively freshwater dwelling. In these species, protonephridia consist of a bicellular terminal organ with a composite
filter, an aciliary canal cell with an elongated lumen, and an
aciliary nephridiopore cell (Kieneke et al. 2008a). Although
the protonephridial characters of the marine chaetonotidan
Xenotrichula carolinensis and the freshwater chaetonotidan
Chaetonotus maximus are generally similar, there are also some
important distinctions. For example, the composite filter and
proximal canal cell lumen of C. maximus are highly elongate
and oriented parallel to the longitudinal body axis but follow a
diagonal course in X. carolinensis. Furthermore, the whole
canal cell and the canal cell lumen are strongly enlarged
in C. maximus and form a conspicuous anterior loop (see
Kieneke et al. 2008a). At present, the protonephridial ground
pattern of the Chaetonotidae, the most speciose and ecologically diverse family of Paucitubulatina, can only be hypothesized from data of C. maximus. To provide more details about
the characters of the stem species of this clade, we examine
some aspects of the protonephridial system of Polymerurus
nodicaudus, a member of a putatively basal genus within the
Chaetonotidae (see Leasi and Todaro 2008). Although the
entire protonephridial system is not reconstructed in this
study, the observations provide valuable data for generating
hypotheses on how species of Chaetonotidae could have
successfully transitioned from the marine to the freshwater
environment.
Material and Methods
Specimens of P. nodicaudus (Voigt, 1901) studied alive were
sampled on June 12, 2008, in an eutrophic drainage ditch surrounding an old farmhouse near the village Frieschenmoor
(N5322¢11¢¢, E824¢32¢¢) and on July 2, 2008, in a pond in
the village Hohenböcken (N5305¢28¢¢, E830¢9¢¢), both sites
situated in northwest Germany. Epipelic and periphytic meiofauna was sampled using a small plankton net mounted on a
stick. Light-microscopic observation and documentation were
carried out with a Leica DMLB compound microscope
equipped with differential interference contrast and an Olympus Color View I digital microscope camera (operated by Cell
D software, Olympus).
Specimens of P. nodicaudus studied by transmission electron microscopy (TEM) were collected from the shore of a
freshwater lake on the campus of the University of Queensland, St. Lucia, Brisbane (ca. S2730¢, E1530¢). For investigation into the protonephridial ultrastructure, gastrotrichs

were fixed in 3% glutaraldehyde buffered in 0.1 M sodiumcacodylate solution (pH 7.2) for 24 h, followed by a buffer
rinse (four times for 15 min) and postfixation in 1% OsO4 in
0.1 M sodium cacodylate buffer for 1 h. Specimens were
rinsed in buffer (four times for 15 min), dehydrated in a
graded ethanol series, transferred to propylene oxide, and
embedded in an Araldite ⁄ Epon mixture (Procure 812 substituted for Epon; Proscitech, Australia). Embedded specimens
were sectioned at 60 nm with a Diatome diamond knife on a
Reichert or Sorvall ultramicrotome. Ultrathin sections on
coated grids were stained with uranyl acetate and lead citrate.
The sections were viewed under a JEOL 1010 TEM at the
Centre for Microscopy and Microanalysis, University of
Queensland. Digital TEM micrographs were obtained with a
Megaview III color CCD camera and processed with analySIS software package (Olympus Soft Imaging Systems,
Münster, Germany).
The terminology in the description of the microscopic anatomy and ultrastructure of protonephridia follows Kieneke
et al. (2008a).
Results
Light-microscopic observations
Using a differential interference contrast microscope, one can
easily study the single pair of protonephridia in Polymerurus
nodicaudus and other paucitubulatin gastrotrichs. When
slightly compressed by the cover slip, the impressive undulating beats of the two cilia of each terminal organ can be
observed. P. nodicaudus has a pair of elongated and laterally
compressed protonephridia lateral to the intestine. Each protonephridium spans a distance from just a few micrometers
caudal of the pharyngeo-intestinal junction down to the
female gonad, i.e., mature or maturing oocytes (Fig. 1A).
The length of a protonephridium can reach 100 lm, which is
nearly one-third of the whole body length of a specimen measuring 350 lm (the caudal furca not considered). The considerable width of the protonephridium in the light-microscopic
images is attributable to the pressure caused by the cover slip
(Fig. 1B–G). Despite reliance on the limited light-microscopic resolution for studying a rather small organ, one can
clearly distinguish different components of the protonephridium that are related to the different cells or parts of it.
In a dorsal to intermediate focal plane, the elongate rodshaped pattern of the circumciliary microvilli of the terminal

Fig. 1—Light-microscopic images (differential interference contrast) of Polymerurus nodicaudus. — A. Habitus at a medium focal plane showing

the pair of lateral protonephridia. — B. Mid-intestinal region at ventral focal plane. Note the anterior loop of the distal canal cell lumen (white
triangle) and the spacious intercellular space (asterisk). — C. Mid-intestinal region at dorsal focal plane. Note the convoluted part of the canal cell
lumen. Rectangle indicates the region that is displayed magnified in 1D. — D. Close-up of the terminal organ with two nuclei (asterisks) and
circumciliary microvilli (white triangle). — E. Mid-intestinal region at medium focal plane. Note the elongate microvilli of the terminal organ
inside the proximal canal cell lumen (white triangle). — F, G. Left and right protonephridium of the same specimen at ventral focal plane with
the convoluted distal canal cell lumen and the putative nephridiopore cell (asterisk). cc, canal cell; ce, cephalion; in, intestine; npc?, putative
nehridiopore cell; oo, mature oocyte; pn, protonephridium.
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organ is visible (Fig. 1D,E). In living animals, both undulating cilia are visible on the inside of the microvilli. The total
length of cilia and surrounding microvilli is approximately 25–
30 lm – they follow a course more or less parallel to the intestine or body wall (Fig. 1E). Distal of the cilia and microvilli,
there is a sac-shaped cytoplasmic bulge (terminal cell) containing a globular nucleus (Fig. 1C,D). This perikaryon measures 10 lm in length and almost reaches the canal cell
caudally; the diameter of the nucleus is 3 lm. In proximity to
that perikaryon is a second bulge with another globular structure (2 lm in diameter, Fig. 1D) that we interpret as the second terminal cell.
At an intermediate focal plane, the main part of the canal
cell becomes visible. Inside, small loops of the meandering
distal canal cell lumen as well as the long microvilli of the terminal organ (inside the proximal canal cell lumen) are evident
(Fig. 1E). There are also some spherical inclusions (4 lm in
diameter) possibly representing small vacuoles (Fig. 1E). The
cytoplasm of both canal cell and putative nephridiopore cell
has a granular texture. There are no cilia inside the canal cell
lumen.
In a ventral focal plane, there is a conspicuous compartment of the canal cell, i.e., the anterior loop of the distal canal
cell lumen. This loop of the protonephridial lumen (nephridial
duct) emerges from the main body of the canal cell and
extends frontally for approximately 20 lm within a thin frontal extension (ca. 3 lm in diameter) of that cell (Fig. 1B). A
very thin cytoplasmatic ribbon stretches the anterior loop of
the canal cell lumen by connecting it somewhere frontally
(Fig. 1B: white arrow). However, we could not determine the
exact location of the connection. Although gastrotrichs are
generally organized as compact animals, one can observe a relatively large extracellular space in this region of the protonephridium of P. nodicaudus (Fig. 1B: asterisk). We have no
clear evidence for a nephridiopore nor of the corresponding
nephridiopore cell. However, when observed at a ventral focal
plane, the caudal-most part of the protonephridium appears
to be slightly separated from the canal cell (Fig. 1G) and
forms a caudally pointing apex (Fig. 1F). Inside this part of
the protonephridium, a globular inclusion (3 lm in diameter)
is visible (Fig. 1G: asterisk). We interpret this part of the protonephridium of P. nodicaudus as the nephridiopore cell.
Ultrastructure of the terminal organ
The terminal organ of P. nodicaudus is situated between
somatic longitudinal muscle cells and epithelial cells of the
intestine (midgut) or visceral longitudinal muscles, respectively (Fig. 2A,B). We have studied sections of the filter
region of the terminal organ. Here, the terminal organ is oval
in cross section and measures 1 · 2.5 lm in diameter. It consists of an outer 50-nm-thick cytoplasmic wall that is broken
by 50- to 100-nm-wide clefts. The cytoplasmic wall of the
filter encloses the terminal organ lumen; the clefts are spanned
by a medium electron-dense diaphragm that is clearly
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distinguishable from the less electron-dense and extracellular
matrix, (ECM) which fills the slightly widened extracellular
space (Fig. 2A,B: asterisk). At lower magnifications, two cellular pockets can be observed dorsal and ventral to the filter.
These pockets are densely filled with mitochondria and connected to the filter via thin cytoplasmic bridges (Fig. 3A).
They most likely correspond to the main bodies of the two terminal cells per protonephridium of P. nodicaudus. Inside the
terminal organ lumen, there are two cilia (250 nm in diameter) surrounded by eight large circumciliary microvilli each.
Both circles of microvilli overlap medially. The cross-sectioned microvilli are circular to rectangular in shape and as
wide as or even slightly wider than the cilia (150–400 nm in
diameter, see Figs 2A–D, 3A). Each microvillus of a circle is
connected to its two neighboring microvilli by a conspicuous
ECM. In cross sections, this inter-microvillar ECM shows a
pattern of alternating electron-dense and more electron-lucent
bands (Fig. 2A,B). The cellular membrane of the microvilli
appears more electron-dense and thicker in the areas where
the ECM is attached to it (Fig. 2B). Both the cilia and the sixteen microvilli of the terminal organ are still visible inside the
proximal canal cell lumen. As we have observed a distal section of the straight proximal canal cell lumen, we are also close
to the distal ends of both cilia and microvilli. Hence, the microvilli already differ in diameter and shape, now having a triangular appearance (Fig. 2C,D).
Ultrastructure of the canal cell
Like the terminal organ, the canal cell of the protonephridium
of P. nodicaudus is positioned laterally in the trunk between
somatic longitudinal muscles and the epithelium of the midgut (Fig. 3B–D). Although the extracellular space in this
region of the organ is rather narrow (width around 250 nm,
see Fig. 3B–D), it is clearly visible between the canal cell and
the gut. Where the canal cell adjoins the lateral trunk musculature, there is only a few nanometers of space available
(Fig. 3D). The extracellular space is filled with medium electron-dense, flocculent ECM. We have studied cross sections
of the region of the straight proximal canal cell lumen
(Fig. 2C,D), the anterior loop of the distal canal cell lumen
(Fig. 3A,D), and the convoluted part of the same
(Fig. 3B,C).
As mentioned earlier, the proximal canal cell lumen houses
both cilia and the sixteen circumciliary microvilli of the terminal organ; its diameter is approximately 1.5 lm (Fig. 2C,D),
and its length, as estimated from the light-microscopic observations, is approximately 20–25 lm. In this region, the canal
cell measures 5 lm in width and up to 12 lm in height, and
sections through the convoluted distal canal cell lumen are
already visible (Fig. 2C).
In cross sections of the trunk where the filter of the terminal
organ is visible laterally, the part of the canal cell containing
the anterior loop of the distal canal cell lumen is also readily
visible (Fig. 3A). It has a diameter of 1.5–3 lm, and the
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Fig. 2—Transmission electron microscopic images (cross sections) of the protonephridium of Polymerurus nodicaudus. —A, B. Terminal organ

with composite filter. Note the flocculent matter in the intercellular space (asterisks) and the fine filtration diaphragm (white arrow in 2B). —C,
D. Canal cell with cilia and microvilli of the terminal organ inside the proximal canal cell lumen. Note the autodesmosomes of the enfolded lumen
(white triangles in 2C) and the extracellular matrix (asterisk in 2D). cc, canal cell; cfi, cellular processes of the composite filter; cil, cilium; cut,
cuticle; epi, epidermis; ime, inter-microvillar extracellular matrix; in, intestine; lm, longitudinal muscle; mv, microvillus; pcl, proximal canal cell
lumen; tc, cytoplasmic pocket of one terminal cell.
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diameter of each shank of the anterior loop measures 0.5–
1 lm (Fig. 3A,D). The canal cell lumen clearly shows the
pattern of an enfolded lumen (sensu Kieneke et al. 2008a): the
membrane forms an indentation and the remaining cleft
is sealed off by cellular junctions (autodesmosome sensu
Kristensen and Hay-Schmidt 1989). The striated material
inside the cleft resembles a septate junction, whereas electrondense material next to the apical side of the cleft indicates the
presence of a belt desmosome (Fig. 3D: black triangles).
In the region of the canal cell housing the main part of the
convoluted distal canal cell lumen (posterior to the straight
proximal lumen), there are up to four cross-sectioned lumina
visible (Fig. 3B,C). Again, one can observe the pattern of an
enfolded lumen (Fig. 3B: white triangles). The canal cell in
this region has a width of only 1–2 lm but a height of several
micrometers. Mitochondria are abundant inside the canal cell
and the cytoplasm appears rather electron-lucent owing to a
granular, ribosome-like content (Figs 2C and 3B–D).
Discussion
In the course of this investigation, we have studied the overall
morphology of the excretory system of the putatively basal
freshwater gastrotrich, P. nodicaudus, by light and electron
microscopy. No previous ultrastructural data are present for
species of Polymerurus, and while some regions ⁄ components of
the protonephridium were not examined in this study, our
observations confirm earlier interpretations of the only other
limnic species investigated (Brandenburg 1962; Kieneke et al.
2008a). Our observations also provide valuable data for reconstructing the protonephridial ground pattern of a sub group of
Paucitubulatina and enable us to hypothesize about the potential evolutionary sequence of some protonephridial characters.
Phylogenetic position of Polymerurus
Because of the potentially basal position of Polymerurus within
Chaetonotidae – the most speciose and ecologically diverse
family of Paucitubulatina – we provide here a brief overview
of the possible systematic position of the genus. Cladistic analyses based on morphological traits have placed Polymerurus in
a variety of phylogenetic positions within the Paucitubulatina;
however, bootstrap support is generally low (Hochberg and
Litvaitis 2000; Kieneke et al. 2008b). So far, the most convincing argument for the phylogenetic position of Polymerurus
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comes from a study focusing on the organization of the muscular system (Leasi and Todaro 2008). Species of exclusively
marine families, such as Xenotrichulidae and Muselliferidae,
which are basal within Paucitubulatina according to various
forms of evidence (Ruppert 1975, 1991; Hochberg and Litvaitis 2000; Todaro et al. 2006; Kieneke et al. 2008b), always
possess dorsoventral muscles in a somatic and splanchnic position (Hochberg and Litvaitis 2001; Hochberg and Litavitis
2003; Leasi and Todaro 2008). Muscles in a similar position
and orientation along the sides of the intestine (splanchnic
position) are also characteristic of P. nodicaudus (Leasi et al.
2006). However, the presumably more derived, freshwater
species of Chaetonotidae (see Hochberg and Litvaitis 2001),
and members of the exclusively freshwater Dasydytidae
(Kieneke et al. 2008c) generally lack dorsoventral muscles.
Therefore, we infer the following phylogenetic position for
Polymerurus based on muscular traits (see Fig. 4; cf. Fig. 6 in
Leasi and Todaro 2008): Polymerurus is likely to be a sister
group to a clade comprising at least Chaetonotidae and Dasydytidae, and possibly the rare and species-poor taxa, Neogosseidae and Proichthydidae. Together, Polymerurus and the four
families comprise the ‘Primary Freshwater Paucitubulatina,’
with marine species of Chaetonotidae probably representing
secondary invasions of the marine environment (see Fig. 4).
Protonephridial characters of P. nodicaudus
The protonephridia of P. nodicaudus are structurally similar to
those of the limnic Chaetonotus maximus and the marine Xenotrichula intermedia. Below, we provide an overview of the significant similarities and differences among the species that
form the basis for our phylogenetic hypotheses about freshwater colonization.
Terminal organ. Just like the well-studied C. maximus, P. nodicaudus has an elongated terminal organ (parallel to the main
body axis) placed in an anterodorsal region of the protonephridium. The lengths of the two cilia and surrounding microvilli
are almost identical in both limnic species (25–30 lm in
P. nodicaudus and 27 lm in C. maximus), whereas they are
much shorter in the marine Xenotrichula carolinensis (8 lm).
The filter in C. maximus and X. carolinensis is built up of two
reciprocally indented, podocyte-like distal lobes of each terminal cell thus forming a composite filter (Kieneke et al. 2008a).
Compared with corresponding sections of C. maximus (cf.

Fig. 3—Transmission electron microscopic images (cross sections) of the protonephridium of Polymerurus nodicaudus. —A. Terminal organ with

cytoplasmic bulges of both terminal cells and anterior portion of the canal cell. Note the spacious intercellular space (asterisks) in this region.
—B, C. Canal cell in the region of the convoluted distal canal cell lumen. Note the seam of the enfolded lumen (white triangles in 3B) and the
extracellular matrix (ECM) encircling the protonephridium (asterisks in 3B and C). —D. Anterior portion of the canal cell with the anterior loop
of the distal canal cell lumen. Note the autodesmosome of the enfolded lumen consisting of an apical belt desmosome and more basal septate
junction (black triangles in 3D). asterisk (*), ECM encircling the protonephridium, alo, anterior loop of the canal cell lumen; cc, canal cell; cut,
cuticle; dcl, distal canal cell lumen; epi, epidermis; in, intestine; lm, longitudinal muscle; tc a ⁄ b, terminal cell a and b; to, terminal organ
(composite filter).
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Fig. 4—Phylogenetic scenario for the Paucitubulatina combined from Hochberg and Litvaitis 2000; Todaro et al. 2006; Kieneke et al. 2008b;

Leasi and Todaro 2008; Balsamo et al. 2010;. The dotted line (a) represents a Muselliferidae-Xenotrichulidae sister group relationship as inferred
by Kieneke et al. 2008b and Balsamo et al. 2010; (b) indicates Xenotrichulidae as sister group of all remaining Paucitubulatina except for
Muselliferidae (remaining analyses). The indicated autapomorphies (1–4) are taken from the mentioned studies and Kieneke et al. (2008a). 1:
compact, tenpin-shaped habitus, one pair of posterior adhesive tubes ⁄ loss of lateral tubes, incomplete dorsoventral muscles of the intestinal
region, visceral muscle helix spans to one-third of the intestine, bicellular terminal organ with composite filter, aciliar canal cell with convoluted
distal lumen; 2a: hermaphrodites with fully developed testes*, accessory fibers in the flagellum of the spermatozoon; 2b: only two pairs of somatic
longitudinal muscles, longitudinal muscles insert beside the mouth opening, oblique striation pattern, branched tips of the dorsoventral muscles;
3: absence of somatic dorsoventral muscles in the intestinal region and longitudinal muscles in the caudal furca, alternating parthenogenetichermaphroditic reproduction; 4: absence of splanchnic dorsoventral muscles in the intestinal region. We here hypothesize further apomorphies
for the ‘primary freshwater Paucitubulatina’ (3): cilia and microvilli of the terminal organ strongly elongated, canal cell lumen elongated, presence
of a conspicuous anterior loop of the canal cell lumen. Note that these transformations of the protonephridial system are congruent with the switch
from the marine (dark gray box) to the limnic (light gray box) environment. (*although being a plesiomorphic trait within Gastrotricha as a whole,
this character was inferred to be an apomorphy for Xenotrichulidae + Muselliferidae in Kieneke et al. 2008b because the parthenogenetic
Proichthydidae were resolved to be the earliest lineage within Paucitubulatina in that analysis).

figure 10c in Kieneke et al. 2008a), the terminal organ of
P. nodicaudus shows a nearly identical pattern of a cytoplasmic
filter with clefts and diaphragm and two cilia with eight
surrounding microvilli per cilium that are interconnected by a
striated ECM. These two circles of microvilli, the two mitochondria-containing pockets next to the filter and the second
cytoplasmic bulge observed by light microscopy, provide
further support for the bicellular nature of the terminal organ.
Therefore, we conclude that P. nodicaudus has a bicellular
terminal organ with a composite filter. Correspondingly, the
cross-sectioned terminal organ of Draculiciteria tesselata (cf.
Fig. 100 in Ruppert 1991) and the longitudinally sectioned
terminal organ of Lepidodermella squamata (cf. Fig. 98 in
Ruppert 1991) provide evidence for a bicellular terminal organ
with a composite filter in those species as well.

122

Canal cell. Polymerurus nodicaudus obviously has an enlarged
aciliary canal cell with an elongate canal cell lumen as is present in C. maximus (Kieneke et al. 2008a). Such a composition
of the canal cell is also likely in Aspidiophorus sp. (cf. Fig. 16 in
Ruppert 1991) and in Draculiciteria tesselata (cf. Fig. 101 in
Ruppert 1991). The canal cell lumen of P. nodicaudus is built
up as an enfolded lumen sealed by an autodesmosome.
Another conspicuous agreement in protonephridial morphology between P. nodicaudus and C. maximus is the long anterior loop of the distal canal cell lumen, a character that was
already described by earlier zoologists using light microscopy
(cf. Zelinka 1889; Remane 1929).
The light-microscopic observations provide some indication for the nuclei of the terminal cells and the putative nephridiopore cell in P. nodicaudus. However, it was impossible to
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observe the nucleus inside the canal cell with its convoluted
and densely packed lumen.
Modified protonephridia as a key character for freshwater colonization?
Given the phylogenetic scenario outlined previously, the following protonephridial characters shared by P. nodicaudus
and C. maximus (and probably many more species) could
have evolved within the stem lineage of a possibly monophyletic ‘Primary Freshwater Paucitubulatina’: an elongate terminal organ containing highly elongate cilia and microvilli (to
30 lm long) and a lengthy canal cell lumen forming a
conspicuous anterior loop (Fig. 4). If these assumptions are
correct, it is obvious that the aforementioned character
transformations are congruent with a switch from an ancestral marine to a more derived freshwater habitat (Fig. 4),
perhaps mediated by a brackish water lifestyle (see Kisielewski
1990).
The physiologic demands of living in a hypo-osmotic, aquatic environment have been reviewed previously (e.g., Beadle
1957) as have the structural and physiologic functioning of
protonephridia (e.g., Kirshner 1967; Wilson and Webster
1974; Ruppert and Smith 1988), but are worth revisiting in
the face of our attempts to understand the marine-to-freshwater transition during gastrotrich evolution. In microscopic animals such as gastrotrichs, the protonephridia function as the
primary organs for the removal of metabolic wastes and excess
water and therefore maintain a proper ionic concentration in
the surrounding tissues (Ruppert and Smith 1988; SchmidtRhaesa 2007). Marine gastrotrichs, living in an environment
with an ionic concentration presumably close to their body
fluids, probably utilize their protonephridia more for removal
of metabolic wastes than maintenance of water balance. This
may explain the anatomic differences between the protonephridial organs of marine versus freshwater gastrotrichs. Marine species such as X. carolinensis have a shorter terminal
organ (filter region) and shorter and less convoluted canal cell
lumen (region of presumed reabsorption) than that of freshwater species such as C. maximus and P. nodicaudus. In gastrotrichs, reabsorption probably occurs by fluid-phase
endocytosis at the membrane of the protonephridial lumen
(Ruppert 1991). We assume that the significantly elongated
canal cell lumen in species of freshwater Paucitubulatina
makes possible a more efficient reabsorption of necessary substances from the primary urine by extending the time that the
urine is in contact with the luminal membrane. Furthermore,
it is possible that such dissolved agents are passively concentrated (without energy depending mechanisms) in the anterior
loop of the canal cell lumen by the counter flow principle,
which is well known from Henle’s loop of the vertebrate
kidney (Withers 1992). Energy-depending trans-membranous
transport, e.g., via ion pumps, could thereafter conduct a
more efficient reabsorption owing to the high concentration
in the loop. The high abundance of mitochondria within
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the canal cell of C. maximus (Kieneke et al. 2008a) and
P. nodicaudus provides evidence for such energy consuming
processes.
Conclusions
Modifications of the protonephridial system (e.g., multiplication of terminal cells and ⁄ or number of cilia per terminal cell)
are hypothesized to be linked to the colonization of limnic
habitats owing to an increased requirement for osmotic regulation (Xylander and Bartolomaeus 1995). In Paucitubulatina, the small body size of gastrotrichs necessitates the
structural modification of the ancestral paired protonephridia,
rather than their multiplication. The morphological modifications of the terminal and canal cells in species of the ‘Primary
Freshwater Paucitubulatina’ therefore could have been obligatory for the successful and durable colonization of inland
water habitats. This was obviously followed by an accelerated
speciation in this primarily freshwater lineage (see Balsamo
et al. 2008, 2009 for present freshwater gastrotrich diversity),
and perhaps, secondary recolonization of the marine habitat
by some species (see Kisielewski 1990). Future studies on the
evolution of protonephridia in the Paucitubulatina should
consider an examination of these secondary marine species,
which might highlight differences from their immediate freshwater relatives and similarities to their more distant marine
ancestors and therefore provide insights into the marine–
freshwater transition that took place during paucitubulatinan
evolution.
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