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Summary. Recent molecular studies have revealed quite different genotypes within morphospecies of heterotrophic nanoflagellates (HNF)
asidentified by light microscopy, e.g. for Caecitellus parvulus, known as one of the 20 most common heterotrophic flagellates worldwide.
We combined molecular and morphological analyses to clarify if the morphospecies Caecitellus parvulus includes genetically as well as
ultrastructurally and behaviourally distinguishable species with or without a different geographical distribution. Therefore we compared the
ultrastructure, the small subunit of the ribosomal DNA (SSU rDNA), the growth rates as well as the locomotion patterns of two strains
of C. cf. parvulus isolated from deep sea sediments and from the surface water of the oligotrophic Angola Basin, South Atlantic. The
reconstruction of the kinetid architecture of two strains of C. cf. parvulus revealed differences in the number of microtubules in flagellar
root 3, which surrounds the oral region and forms the cytoskel eton of the feeding basket. The number of microtubulesin thisregion isaso
different from the description given earlier in the literature for Caecitellus parvulus. Additionally, there are significant differences between
thetwo studied strainsin the length of their posterior flagellum, their locomotion velocity and their moving pattern aswell asin their growth
rates. These observations, together with the results of the molecular comparison of the SSU rDNA of 11 different strains of Caecitellus,
suggest the existence of at least three distinguishable species. Our results indicate cryptic speciation within the morphospecies Caecitellus
parvulus. We describe two new Caecitellus species, i.e. Caecitellus paraparvulus and Caecitellus pseudoparvulus, which have been newly
established within a Caecitellus-complex.

Keywords: Caecitellus paraparvulus n. sp., C. pseudoparvulus n. sp., cryptic species, heterotrophic flagellates, species complex.

INTRODUCTION important role as nutrient remineralizers and are mainly
responsible for the carbon transfer to higher trophic
levels in both pelagic and benthic environments of the
oceans(e.g. Fenchel 1982a, Azam et al. 1983, Gasol and
Vagué 1993). In natural planktonic assemblages, the
abundances of heterotrophic flagellates range from 10?
to 10° cells per ml (Berninger et al. 1991). Despite their

high abundance and their importance in aquatic ecosys-

Heterotrophic flagellates are major consumers of
bacteria, cyanobacteria and microalgae in alarge vari-
ety of aguatic ecosystems. Consequently, they play an
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tems, littleisknown about the biogeography and species-
level diversity of many heterotrophic nanoflagellates
(Preisig et al. 1991, Lee and Patterson 1998, Arndt et al.
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2000). Thequestion of the biodiversity and distribution of
global free-living protistsin genera is still being inten-
sively discussed (e.g. Foissner 1999, Finlay 2002). Some
studies have been carried out to clarify the question of
ubiquitous dispersal or endemism of protozoan species
by investigating extreme habitats such asthe deep seaor
even hydrothermal vents (Atkins et al. 2000, Hausmann
et al. 2002, Arndt et al. 2003, Scheckenbach et al.
2005). The deep sea is an extreme habitat (high pres-
sure, absence of light, poor nutrients concentration, low
temperature) which covers more than 60 % of the
earth’s surface. Despite the vastness of this biotope,
knowledge on deep seaorganisms, especially on protists,
isdtill very limited (Finlay 2002, Turley 2002).

Numerous protists found in the deep sea sediments
are also known from surface waters, but others which
have been found in the deep sea have not been reported
from shallow waters (Hausmann et al. 2002, Arndt et al.
2003). There are several known mechanisms which
could account for genetic exchange between protist
populations from different habitats; the high probability
of dispersal of small organisms through e.g. global
oceanic circulation, theformation of resting stagesor the
formation and sinking of marine snow (Finlay 2002,
Turley 2002) are examples of such mechanisms. Small
sinking aggregates are micro-environments for many
heterotrophic flagellates within the water column (Caron
1991, Turley 2002, Kigrboe et al. 2004), e.g. for
Caecitellus parvulus.

The different views of the biodiversity of protists are
tightly connected with the differences in understanding
of what a species is (Schlegel and Meisterfeld 2003).
According to Mayden (1997), there are over twenty
different species concepts.

The apha taxonomy of heterotrophic flagellates is
based mostly on a morphospecies concept (Patterson
and Lee 2000). Because of the small size of flagellates,
electron microscopy has to be used for morphological
taxonomic characterisation and to proverestricted distri-
bution (Foissner 1999), but it is till not used for most
field studies and species descriptions.

The application of molecular criteria suggests that
behind traditional morphospeciesamuch greater number
of physiological or molecular speciesishidden (Patterson
and Lee 2000).

The heterotrophic nanoflagellate Caecitel lus parvulus
(Griessmann 1913) Patterson et al. (1993) is one of the
20 most common heterotrophic flagellates worldwide
(Patterson and L ee 2000) and has always been regarded
asasingle species (Larsen and Patterson 1990, Ekebom

et al. 1995/1996, Patterson and Simpson 1996, Atkins et
al. 2000, Al-Qassab et al. 2002, Lee et al. 2003). The
small, biflagellated gliding cells inhabit sediments and
particle surfaces. Their anterior flagellum beats stiffly
from side to side as cells glide with the posterior
flagellum trailing behind. The specieswasfirst assigned
to the genus Bodo as B. parvulus (Griessmann 1913),
but Patterson et al. (1993) reveaed ultrastructural fea-
tures which are not compatible with abodonid flagellate
and placed it in the new genus Caecitellus, which they
regarded as “a genus of uncertain affinities’. O’ Kelly
and Nerad (1998) reconstructed the kinetid architecture
of this species and found a high similarity to the
Bicosoecida. The new term Hamatores (Al-Qassab et
al. 2002) groups Caecitellus together with the
pseudodendromonads. Both taxa lack three partite
mastigonemes but share ultrastructural characteristics
with the bicosoecids. Therefore they are related to the
stramenopiles (Al-Qassab et al. 2002).

However, molecular studies from Scheckenbach et
al. (2005) revealed quite different genotypes within
morphospecies of heterotrophic nanoflagellates, so far
identified by light microscopy asasingle species. There-
fore the studied strains of Caecitellus parvulus which
were collected during an expedition with the German
RV METEOR (cruise 48/1, DIVA |, year 2000) from
deep sea sediments and surface water of the oli-
gotrophic South Atlantic, Angola Basin, are designated
as C. cf. parvulus.

The goal of the present study was to clarify whether
the morphospecies Caecitellus parvulus includes ge-
netically as well as morphologically and behaviourally
distinguishable species and whether or not these species
have different geographical distributions. Therefore
we compared their morphology and ultrastructural
architecture, their locomotion behaviour and growth
characteristics as well as the genotype of two strains of
C. cf. parvulus, i.e. an isolate from the deep sea with
a strain from the surface water. This approach opens a
new way to study biodiversity in protists.

MATERIAL AND METHODS

Sampling and cultivation of organisms

The Caecitellus cf. parvulus strains examined in this study were
collected in July 2000 during the METEOR cruise 48/1 (DIVA 1) in
the oligotrophic South Atlantic and the Angola Abyssal Plain (the
coordinates of the sampling locations are given in Table 1). Clonal



cultures were established and kept in culture as described in detail in
Scheckenbach et al. (2005).

For the ultrastructural studies, the strains Caecitelluscf. parvulus
DQ220712 (deep sea) and DQ220713 (surface water) were cultured
at 19°Cin artificial seawater (23 %o salinity). Sterilised wheat grains
were added as a polysaccharide supply.

Pseudobodo tremulans strain DQ220718 was isolated by
A.P.Mylnikov from brackish water of the Baltic Sea. The Caecitellus
strain with the GenBANK accession number DQ230538 has been
retrieved fromthe*“ American Type Culture Collection” (ATCC50091)
and was the subject of a previous analysis by O'Kelly and Nerad
(1998). All strains sequenced in thisstudy and all sequencesretrieved
from GenBANK arereferred to by their GenBANK accession num-
bers.

Light microscopy

Observations were made using an inverted microscope (ZEISS
Axiovert 200, equipped with differential interference contrast op-
tics). Micrographs were taken with an OLY MPUS OM-2N camera.
For applied morphological nomenclature see Fig. 7.
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Scanning electron microscopy

Cells were fixed for 15 min at room temperature on
0.1% Poly-L-Lysine coated cover dips with the Parducz fixative
(Parducz 1967). Fixed cells were washed 5 x 5 min in artificial sea
water (23 %o salinity) and dehydrated in a graded series of ethanal.
Cells were dried in a BAL-TEC CPD 030 apparatus. After coating
withgoldinaBALZERSUNION SCD 040 sputter device, cellswere
examined with a FEI Quanta 200 ESEM.

Transmission electron microscopy

Cellswere concentrated by centrifugation (200 rpm) and fixed for
30 min at room temperature in a fixative basically described by
O'Kelly and Neard (1998).

After fixationthe cellsweretransferred into agar blocksfor better
handling, dehydrated in a graded ethanol series, and embedded in
araldit epoxy resin. Sectionsweremadewith adiamond knife, mounted
on formvar-coated grids or slots and stained with uranyl acetate and
lead citrate. They were examined with a PHILIPS EM 208 or a
PHILIPS 120 BIO TWIN.

Table 1. Strain identifiers, sources of isolation and lengths of 18S rDNA of Caecitellus cf. parvulus strains sequenced in this study. Strain

identifiers correspond to GenBANK accession humbers.

Accession number Source Sequencelength
DQ220712 19°17.4' S 3°52.2'E, - 5424 m Angola Abyssal Plain, South Atlantic Ocean 1631
DQ220713 17°04.9'S 4°40.8'E, - 1 m South Atlantic Ocean 1646
DQ220714 19°17.4' S 3°52.2'E, - 5424 m Angola Abyssal Plain, South Atlantic Ocean 1669
DQ220715 19°19.8'S 3°55.6'E, - 5425 m Angola Abyssal Plain, South Atlantic Ocean 1681
DQ220716 16°23.1'S 5°27.0'E - 5388 m Angola Abyssal Plain, South Atlantic Ocean 1684
DQ220717 18°25.3'S4°44.0'E, - 5392 m Angola Abyssal Plain, South Atlantic Ocean 1676
DQ230538 Sargasso Sea, - 100 m North Atlantic Ocean 1696

Table2. P-distances of Caecitellusparvulusin percent (pairwise-del etion option set). Strainidentifiersrefer to GenBANK accession numbers.

Strains sequenced in this study are in bold.

D 2 ©) @) ) (6) (M ® ©) (100 (W
AF174368 (1)
AF174367 (2) 0.00
DQ220715 (3) 455 444
DQ220716 (4) 460 449  0.00
DQ220713 (5) 439 439 000 000
AY 827847 (6) 454 455 000 000 000
AY 827848 (7) 465 466 012 012 013 012
DQ220717 (8) 448 449 006 012 000 006 0.2
DQ220714 (9) 438 439 000 000 000 000 012 000
DQ220712 (10) 596 596 528 528 530 528 550 528 528
DQ230538 (11) 585 58 555 560 524 554 546 520 517 000
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Locomotion analysis

Gliding cellsof the Caecitellusstrains DQ220712 and DQ220713,
both grown at 19°C, were documented using an S-VHS video unit
(JvC TK-1085E video camera, JVC TM-1500PS monitor, VC BR-
S600E video recorder). Thevel ocity of gliding cellswasmeasured by
means of frame-by-frame analysis over thetime cellsneeded to glide
10 pm straight forward. The movement of the anterior flagellum was
studiedin detail by measuring anglesand timesof theflagellar stroke.
Theanglewasmeasured from theassumed median line of thecell (0°)
to the outermost right (A) and left (B) point of the stroke (Fig. 1).

Growth experiments

The food provided for the Caecitellus strains DQ220712,
DQ220713 and DQ230538 in these experimentswasthe heterotrophic
bacterium Halomonas halodurans, grown in artificial seawater
(23 %0 salinity) with 0.1 % yeast extract added. Bacterial cultures
were grown on a shaker at room temperature. After three days they
were heat-killed to prevent overgrowth, harvested by centrifugation
and resuspended threetimesin fresh artificial seawater.

All strainsof Caecitellusweregrownin sterile 50 ml tissueculture
flasks (Sarsted, Newton, USA) with the addition of 10° heat-killed
bacteriaml. This abundance is far above a threshold concentration
for food limitation (Boenigk and Arndt 2002) and provides optimal
growth conditions. In order to estimate the number of bacteriain the
cultures, 50 Yl subsamples were taken. The samples were fixed with
1% glutardialdehyde, stained with 0.1 mg mI* DAPI (Porter and Feig
1980), retained on a black 0.2 um polycarbonate filter and counted
using aZEISS Axioskop equipped with epifluorescence facilities.

The cultureswere grown continuously at 19°C. Two independent
replicates were considered for each of the three stains. The growth
rates (r, d*) were calculated with the help of the abundances deter-
mined during the exponential growth phase: r = In(N,)-In(N ). N, is
the abundance at the start of the experiment and N, the abundance
after one day. Thedoublingtime (DT, h) wasthen calculated with the
help of the growth rate: DT = (In(2)/r)* 24.

DNA extraction, SSU rDNA amplification and se-
guencing

DNA was extracted using a modified CTAB procedure (Clark
1992). The small subunit rDNA was amplified and sequenced as
described in detail in Scheckenbach et al. (2005).

DNA seguence analysis

Determined sequence fragments were assembled manually and
unambiguously aligned together with other sequencesretrieved from
GenBANK using the Clustal X multiple alignment program version
1.83 (Thompson et al. 1994). Uncorrected genetic distances
(p-distances) were cal culated using MEGA version 3.0 (Kumar et al.
2004) with pairwise-deletion option set. Phylogenetic analyses were
performed by using themaximum likelihood (ML) (Felsenstein 1981),
maximum parsimony (MP) (Swofford and Olsen 1990) and minimum
evolution (ME) (Rzhetsky and Nei 1992) methods. The precision of
theinternal nodeswas assessed by bootstrapping (Felsenstein 1985).
For ML analysis the transition/transversion ratio was set to 1.24.
The model of nucleotide substitution used for ME analysis was
LogDet (Lockhart et al. 1994, Steel 1994). For ML and MP analysis,

PHYLIP version 3.63 was used (Felsenstein 2004); MEGA version
3.0 was used for ME analysis.

RESULTS

Overall structure

Caecitellus cf. parvulus from the deep sea
(DQ220712) and from the surface water (DQ220713) is
a hiflagellate cell with a dlightly rounded triangular
profile. The body shape appears angular because of a
largefeeding basket protruding onthe ventral -apical side
(Figs 2, 3). The basket is internally supported by a
horseshoe-shaped cytoskeletal structure of numerous
microtubules; these microtubulesare also mainly respon-
siblefor the characteristic form of themouth region. The
largeingestion apparatusiseasily observable even under
alight microscope (Figs 2, 3). SEM micrographsclearly
show that a lip surrounds the rim of the oral apparatus
(Figs 4-6). The cell length varies from 2.0 to 4.5 pum.
Two flagellaof unequal length originate from the apical-
ventral side of the cell (Figs 2-6). The anterior flagellum
projects forward and beats laterally in a stiff manner. It
isabout 1.5 x the length of the cell body in both strains
of Caecitellus (Figs4-6). Thecell usualy glidessmoothly

Fig. 1. Scheme depicting the rotating movement of the anterior
flagellum. The time needed for acomplete flagellar stroke was mea-
sured aswell asthe maximum anglesof deflexiontotheoutermost | eft
(A) and right point (B) from an assumed median line of the cell (0°).
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Figs2-6. Light and scanning el ectron micrographsof Caecitellus. 2, 3- differential interference contrast light micrographs, ventral view of living
cells (2 - deep sea strain DQ220712; 3 - surface water strain DQ220713), arrow - ingestion apparatus; 4-6 - scanning electron micrographs
showing alip surrounding the rim of the oral apparatus (arrow); 4 - cell of strain DQ220712 with adjacent bacterium (B); 5, 6 - |ateral views
of strain DQ220713 cells; 7 - clay model of Caecitellusillustrating thein this study applied nomenclature: a- anterior flagellum, p - posterior
flagellum, d - dorsal, v - ventral, | - left, r - right, arrow - direction of locomotion. Scale bars: 5 um (2, 3); 2 um (4-6).

forward along its fully extended posterior flagellum,
which trails underneath the cell body and shows signifi-
cant differences in length between the two strains
DQ220712 and DQ220713 (Fig. 8).

TEM micrographs (Figs 9-12) show that cells from
both Caecitellus strains generally follow asimilar basic
structural plan. For example, three microtubular roots
originate from the two basal bodies: one compactly
structured root (R3) and two less complex roots (R1 and
R4) (Figs9, 10) (nomenclature accordingto O'Kelly and
Nerad 1998).

The cells are uninucleate and contain mitochondria
with tubular cristae. One mitochondrion is aways lo-
cated close to the nucleus at its ventral side and is
associated with the compact root (R3) at the right side
of the cell, next to so-caled electron lucent bodies
(Fig. 11). Thereis only one dictyosome per cell, which
islocated close to the nucleus and dorsal to the flagellar
basal bodies (Fig. 12).

The glycocalyx of the DQ220712 strain appears as a
relatively thick electron dense layer (Figs 9, 11) com-
pared to the glycocalyx of the DQ220713 strainwhichis
hardly recognisable at all (Figs 10, 12). The thick
glycocalyx layer coversthe complete cell surfaceinclud-

ing flagellar pocket, cytostome as well as the two
flagella

The flagellar apparatus

The kinetid contains two basal bodies (1 and 2), one
broad and complex microtubular root (R3) and two
simple ones (R1 and R4) (Figs 9, 10), a striated band
(Figs 16-18) and a connecting fibre (Fig. 19).

The two basal bodies are linked together by a con-
necting fibre and to R3 by a striated band. The latter
leads from the right hand side of basal body 2 as far
away as the point of separation of R3 (Figs 18, 19). It
runsdlightly anterior to R3 (Fig. 14) and hasaconnection
to basal body 1. The connecting fibre extends between
the bases of the two basal bodies from the left hand side
of basal body 2 towards the base of basal body 1
(Fig. 19).

The basal bodies of the posterior (1) and anterior
flagellum (2) are each approximately 0.5 pum long and
oriented to each other in an L-shaped manner. Their
longitudinal axes do not run coplanar, but are shifted
approx. 0.15 um to each other and are dightly laterally
tilted. Electron-dense material islocated in the proximal
lumen of the basal bodies (Fig. 12, arrow). Cross
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Fig. 8. Diagram showing significant (p < 0.001; z -3.311; U-test)
differencesin the length of the posterior flagellum of Caecitellus. cf.
parvulus strain DQ220712 (deep sea) and strain DQ220713 (surface
water).

sections of this region clearly show the kinetosomal
9x3+0 structure (Fig. 13). There is a basal axonemal
plate at the level of the plasmalemma (Fig. 12, arrow-
head).

R1, composed of two microtubules, originates in an
electron-dense material on the right side of basal body
2 (Figs 9, 19) at its midregion and extends to the dorsal
surface to the left side of the cell (Fig. 12). R3 consists
of three subunits; the abc subunit, the 8-35 subunit
[(in strain DQ220713; named 8-29 subunit in strain
DQ220712) and the x subunit (Figs 9, 10)].

At the origin of R3, which lies at the ventral side of
the proxima end of basal body 2, the root consists
initially of eight microtubules (Fig. 13). After a short
distance three more microtubules are added, which
appear in cross section as an L-shaped structure with a
typical 8+3 pattern (Fig. 14). The three added microtu-
bules are the abc subunit of R3. The subunit separates
from the root (Figs 15, 16) and turns dlightly to the left,
forming atight loop around the posterior flagellar inser-
tion (Figs 19, 22).

Thebroadest subunit of R3, initially consisting of eight
microtubules, increasesin number up to 35 (Fig. 28) and
passes to the right side of the ventral region, forming a
loop that supports the peristome (Fig. 20). It then passes
left and back to make contact with the abc subunit
(Figs 9, 19). At the point of separation, R3 is associated
with electron-dense material subtending the eight-micro-
tubule subunit (Fig. 22). In the ascending root (Figs 11,
32), which is the broader subunit of R3, the number of

microtubules increases. In the deep sea strain
(DQ220712) 35 microtubules(Fig. 28) andinthe surface
strain (DQ220713) asmany as 29 microtubules (Fig. 29)
have been detected. The highest number of microtubules
is reached just before the turning point of the loop
(Fig. 32). Figures 23-27 are seria sections through an
oral apparatus. The section plane of these micrographs
isindicated in Fig. 11 by adotted line. The microtubules
of the ascending side of the loop increase in number
compared to the descending side of the loop (Figs 23-
27).

These extramicrotubul es have no obvious connection
tothebasal bodies, whereasthe junction of thelargeloop
and the abc loop are visible in Figs 18, 19. Most
microtubul es of the descending root terminate beforethe
two parts of the loop join. In Fig. 23 there are only five
microtubules left in the descending root.

Anindividua microtubulecalled x runsparallel tothe
largeloop (Figs 12, 20, 23-31). Thismicrotubule hasits
origin close to the separation of R3 and extends to the
outside of the loop in the lip at approximately the same
level as the second microtubule from the 8-35 loop. In
the area of the turning point of the x-microtubule, one
additional microtubuleisdetectabledirectly underneathit
(Figs 30, 31).

The end of R3 is made of the microtubules ¢ and x
(Fig. 32), which combinethe small and thelargeloopsat
the left side of the cell and run around the insertion
region of the posterior flagellum towards the dorsal
apical cell side (Figs 18, 20).

R4 consists of only two microtubules which arise
from the basal body of the anterior flagellum (Figs 9, 18,
22). It leads from the dorsally oriented part of the
correspondent basal body to the left ventral side of the
cell and terminates near the end part of R3.

Summarizing the structural and ultrastructural fea-
tures, the strains DQ220712 and DQ220713 show sig-
nificant differences in the length of the posterior flagel-
lum, the appearance of the glycocayx and the maximal
number of microtubulesin R3.

L ocomation pattern

Both studied Caecitellus strains have a moving ante-
rior and atrailing posterior flagellum; their locomation
patterns look therefore very similar. Nevertheless, Fig.
33 shows that significant differences in the velocity of
the gliding cells were measurable (Fig. 33a), aswell as
in the angle the anterior flagellum describes when it
moves (Fig. 33b) and in the time it needs for one circle
(Fig. 33c). Cellsof the surface water strain (DQ220713)
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Figs9-12. Transmission el ectron micrographs showing the general cellular organisation of the two examined Caecitellus strains[DQ220712,
deep sea (9, 11) and DQ220713, surface water (10, 12)]; 9, 10 - horizontal sections, viewed from anterior/dorsal showing microtubular root 1
(R1) and root 3 (R3) originating from basal body of anterior flagellum (2); R3 splitting into a short loop (abc), alarge loop (8-35, resp. 8-29)
and asingle microtubule (x); electron-dense material (E) at separation point of abc loop and 8-35 loop, x-microtubule leading at the right side
of the cell around the cytostome (CY'); microtubular root 4 (R4) originating at basal body of posterior flagellum (1); 9 - microtubulesc and x at
the anterior/left side of the cell; GK - glycocalyx. 10 - electron-lucent body (asterisk) in close vicinity to ascending part of 8-29-loop;
11 - mitochondrion (M) with tubular cristae closeto the nucleus (N) ventrally next to ascending part (as) of largeloop of R3 and to the el ectron
lucent bodies (asterisk); after turning point (arrowhead) large loop turning left, its descending part (des) passing along ventral side of the cell;
bacterium (B) insideoral apparatus; dotted lineindicates approximate section plane of Figs23-27; 12 - longitudinal section of basal body 2 with
electron-dense material inits proximal end (arrow) and with basal plate at level of the plasmalemma (arrowhead); dictyosom (D) closeto the
left of basal body 2 and the nucleus (N); prominent cytophaynx (CP) surrounded by basket of 8-29 microtubules; in the lip microtubule x’
underneath microtubule x; root 1 (R1) directly underneath the anterior surface at the left side of the cell. Scale bars: 0.5 um.
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Figs 13-22. Kinetid architecture of Caecitellus (13-21: strain DQ220712, deep sea; 22: strain DQ220713, surface water). 13 - cross section of
the proximal end of basal body 1 (1) and R3 (arrow); 14 - cross section of L-shaped part of R3, basal body 1 and striated band (SB) at a point
dlightly distal to that of Fig. 10; R3 depicted as L-shaped structure with typical 8, 3 pattern, showing the start of separation of abc and 8
subunit of R3 (arrow); 15 - cross section of 8 subunit (arrow) and abc microtubulesat alevel distal to R3-separation; 16 - cross section of basal
body 2 and oblique section of basal body 1, showing position of striated band (SB) and separation of R3 in abc subunit and 8-35 loop (arrow)
17 - oblique section of basal body 2 illustrating its association with striated band (arrow); 18, 19 - consecutive sections of the connecting
structures of basal bodies 1 and 2: i) striated band (SB) and connecting fibre (CF), ii) proximal end of R3 with its point of separation (arrow)
as well as junction of the descending 8-35 loop, iii) abc loop (arrowhead), iiii) continuation of microtubules ¢ and x at |eft side of the cell;
20 - longitudinal section of microtubule x and 8-35 loop |eading around the cytostome (CY); 21 - distal end of R3 consisting of microtubules
¢ and x leading around the insertion of the posterior flagellum (1). 22 - kinetid of Caecitellus cell strain DQ220713 (surface water), section
through the dorsal anterior side of the cell showing i) basal bodies 1 and 2, ii) the origin of microtubular roots R1, R3 and R4, iii) parts of the
subunits of R3 (8-29, abc, x). Scalebars: 0.2 um.
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Figs 23-32. Microtubular structure of the feeding basket of Caecitellus. 23-27 - serial sections of afeeding basket of acell of strain DQ220712
(section plane- dotted linein Fig. 11) showing i) increasing number of microtubulesin ascending (as) and descending (des) part of 8-35 subunit
of R3, ii) location of electron lucent bodies (asterisks), iii) position of microtubule x; 28 - ascending root with max. 35 microtubules (strain
DQ220712) and in 29 with max. 29 microtubules in strain DQ220713; 30 - cell of strain DQ220712; 31 - cell of strain DQ220713 showing
microtubulex’ inthelipimmediately underneath microtubulex intheareaof theturning point of theloop; 32 - cell of strain DQ220713indorsal
view illustrating basket structure of 8-29 loop (ascending subunit), origin of root 3 (R3) at basal body 2 anteriorly to the nucleus (N) and
location of R1 at the left anterior side of the cell. Scale bars: 0.2 um (23-27, 30, 31); 0.5 um (28, 29, 32).

move faster forward and have an anterior flagellum
which describes a smaller angle in less time than most
cells of the studied deep sea strain (DQ220712).

Growth rates

The growth rates of the surface water strain
(DQ220713) and deep sea strain (DQ220712) differed

distinctly with mean (+ range) maximal growth rates of
3.13 + 0.48 d* for the surface water isolate and 4.47 +
0.25 d* for the deep seaisolate (Fig. 34). These growth
rates mean doubling times of 5.4 and 3.7 h, respectively.
With a mean (x range) maxima growth rate for the
ATCC50091 strain of 5.34 + 0.04 d* (mean doubling
time: 3.1 h), this strain was more similar to the deep sea
strain than to the surface water strain.
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Fig. 33. The locomotion velocity of the two studied Caecitellus
strainsdifferssignificantly (a) aswell asthe angle which the anterior
flagellum describes during its activity (b). Also the time which is
needed to compl ete one cycle of the anterior flagellum differs signifi-
cantly (c).

Molecular data

All sequences of Caecitellus parvulus aobtained in
this study have nearly the same length as those reported
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Fig. 34. Mean (+ range) maximal growth rates of the Caecitellus
strains DQ220713 (from the surface water of the South Atlantic),
DQ220712 (from the deep sea of the South Atlantic) and DQ230538
(ATCC).

from previous studies (Table 1). After aninitial phyloge-
netic analysis comprising a broad range of heterokont
taxa, the labyrinthulid Ulkenia profunda has been
chosentoroot thetree. Thisinitial analysis supported the
placement of Pseudobodo tremulans as basal bicosoecid
taxon (Karpov et al. 2001), although its placement at the
root of the bicosoecids varies depending on the taxaand
the numbers of sequences included in phylogenetic
analysis. An unstable branching pattern has been ob-
served regarding the bicosoecid Symbiomonas
scintillans. This taxon has therefore been excluded
from phylogenetic analysis. With the exception of
Cafeteria, all phylogenetic methods recovered the same
optimal tree topol ogy, with each node supported by high
bootstrap values (Fig. 35). In ML and MP analysis,
Cafeteria branches at the root of the Caecitellus clade
with moderate bootstrap support (ML: 65; MP: 52), in
ME analysis at the root of the Adriamonas/Sluania
clade (bootstrap value: 64).

The clade composed of both Pseudobodo strains
(DQ220718: isolated by A.P. Mylnikov from brackish
water of the Baltic Sea near Hiddensee, Germany;
AF315604: isolated by A. P. Mylnikov from brackish
water of the White Sea) branches first, followed by the
clade composed of Sluania, Adriamonas and Cafete-
ria and finally the clade comprising the different strains
of Caecitellus. The tree shows a paraphyletic family
Siluaniidae (Siluania, Adriamonas and Caecitellus;
Karpov et al. 2001) and Cafeteriidae (Cafeteria and
Pseudobodo; Moestrup 1995), but discrepancies be-
tween morphol ogical and molecular dataconcerning this
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Caecitellus parvulus DQ220714
Caecitellus parvulus DQ220713
Caecitellus parvulus DQ220717
Caecitellus parvulus DQ220715
100/100/100] Caecitellus parvulus AY827847

Caecitellus parvulus DQ220716

Clade1
Caecitellus paraparvulus

99/98/95 | Caecitellus parvulus AY827848
Caecitellus parvulus AF174368 | Clade2
To077007100| 10071 007100' Caecitellus parvulus AF174367 | Caecitellus parvulus
Caecitellus parvulus DQ220712 Clade3
95/77/100 ___—_—| . ,
100/100/100 Caecitellus parvulus DQ230538 Caecitellus pseudoparvulus
Cafeteria roenbergensis AY827849
H64/-/- Siluania monomastiga AF072883

|
0.02
substitutions per site

100/100/100 Adriamonas peritrocrescens AF243501

Pseudobodo tremulans AF315604
100/100/1001Pseudobodo tremulans DQ220718
Ulkenia profunda L34054

Fig. 35. Rooted minimum evolution bootstrap consensus tree of the order Bicosoecida (Grassé), Karpov 1998, using 1533 positions
(nucleotide substitution model: LogDet; compl ete-del etion option set). The tree was rooted using Ulkenia profunda as outgroup. Numbers at
the nodes are bootstrap support percentages from 250 replicates using the minimum evolution method (left) and from 100 replicates for both
the maximum likelihood (middle) and maximum parsimony (right) methods. Strain identifiers refer to the GenBANK accession numbers.

Strains sequenced in this study are in bold.

families are well known and have aready been ad-
dressed in detail by Karpov et al. (2001).

In all trees obtained, Caecitellus forms a monophyl-
etic group with three distinct clades and with very high
bootstrap support values. The first clade (Clade 1) is
composed of strainswhich wereall isolatedin 2000 from
sediments of the Angola Abyssal Plain, with the
exception of one strain (DQ220713), the ultrastructure
of which is also subject of this study, taken from the
surface water of the South Atlantic Ocean. The second
clade (Clade 2) is composed of both strains sequenced
by Atkinset al. (2000) isolated in 1995 from mussel beds
of deep sea hydrothermal vents of the Eastern Pacific
Rise (AF174367), respectively in 1996 from New
Bedford Harbor, Massachusetts (AF174368). The third
clade (Clade 3) is composed of the strain DQ230538
isolated in 1981 by P. G. Davis, the ultrastructure of
which has been studied by O'Kelly and Nerad (1998)
and of the strain DQ220712 isolated in 2000 from deep
sea sediments of the Angola Abyssal Plain, the ultra-
structure of which is subject to this study.

Uncorrected distances (p-distances) have been cal-
culated for all strains of Caecitellus (Table 2) and show

very high ribosomal sequence divergences within this
group, aswell asfor both Pseudobodo strains (0.20 %).
Mean p-distances and their standard deviations have
been calculated between the three mgor clades of
Caecitellus as well as within these clades. Mean dis-
tances within al three clades are equally low with
minimal variances (Cladel: 0.05 £ 0.03 %; Clade2:
0.00 %; Clade3: 0.00 %). On the other hand, very high
mean distances with at the same time low variances can
be observed in al three cases between these clades
(Cladel/Clade2: 4.50 = 0.50 %; Cladel/Clade3: 5.35 +
0.52 %; Clade2/Clade3: 5.91 + 0.54 %).

DISCUSSION

Morphological Data

At thelevel of light-microscopy there are no obvious
structural differences visible between the two investi-
gated Caecitellus cf. parvulus strains DQ220712 (from
the deep sea) and DQ220713 (from the surface water).
Their cell shape and way of movement seemsto be in
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Figs 36, 37. Schematic reconstruction of the position of the basal bodies 1 and 2, the paths of the flagellar roots R1, R3 and R4 in relation to
the contour of the cell, the nucleus (N) and the cytopharynx (CY) in Caecitellus cf. parvulus, strain DQ220712 (36a) and strain DQ220713
(37a), dorsal view; feeding basket built of 8-35 (36a) or 8-29 (37b) microtubuleswith ascending (as) and descending (des) parts: separation of
R3into subunits abc, 8 and x; turning point with additional microtubulex’ directly underneath x; microtubules c and x representing end of R3
at left/ventral side of the cell;; differencesin the appearance of the glycocalyx of both strains are indicated by an arrow; 36b and 37b contour
of acompletecell of C. cf. parvulus, strain DQ220712 (36b) and strain DQ220713 (37b) seen ventrally; arrowhead pointing to the differences
in length of the posterior flagellum. Insetsin 37 (the depicted features areidentical in the two investigated strains): above: path of connecting
fiber (cf) and striated band (sb); below: microtubules of feeding basket without intimate contact with nuclear envelop (NE).

conformity with almost al previous light-microscopical
descriptions (e.g. Patterson et al. 1993, Tong 19974,
O'Kelly and Nerad 1998, Lee and Patterson 2000, Al-
Qassab et al. 2002, Lee et al. 2003). An additional
thread trailing from the outer margin of the mouth, noted
only by Tong (1997b) and Tong et al. (1998), was not
seen in the present study.

However, biometric analysis showed significant dif-
ferences in the length of the posterior flagellum of the
two studied strains of C. cf. parvulus. But the average
length of the posterior flagellumin both strainsiswithin
the size range reported in the literature for C. parvulus
(e.g. O'Kelly and Nerad 1998, Atkins et al. 2000, Al-
Qassab et al. 2002, Lee et al. 2003).

The ultrastructural comparison of Caecitellus cf.
parvulus strains DQ220712 and DQ220713 shows that
in general both strains follow a similar basic structural
plan, but there are differences in the appearance of the
glycocayx andinthe maximal number of microtubulesin
the flagellar root 3 (R3).

Only in strain DQ220712 isthe glycocalyx visible as
a relatively thick, electron-dense layer. It is hardly

recognisable at al in strain DQ220713 and in al pub-
lished TEM micrographs of Caecitellus parvulus
(Patterson et al. 1993, O'Kelly and Nerad 1998). Dif-
ferences in the morphological appearance of the
glycocalyx are useful tools to differentiate e.g. between
the amoeba genera Vanella and Platyamoeba at the
ultrastructural level (Page and Blakey 1979). On the
other hand, molecular studies have revealed that
glycocalyx appearance is not necessarily also areliable
phylogenetic marker to distinguish between thegenerain
this case (Sims et al. 2002).

The kinetids of both ultrastructurally investigated
C. cf. parvulus strains a so differ from the kinetid of the
described Caecitellus parvulus in the maximal number
of microtubulesfoundin R3, which formsthe cytoskel etal
fundament of the feeding basket. O’Kelly and Nerad
(1998) counted a maximum of approximately 24 micro-
tubules for C. parvulus (strain DQ230538 from the
Pacific Ocean). With eleven microtubules more, strain
C. cf. parvulus DQ220712 (from the South Atlantic
deep sed) has a much larger feeding basket. Neverthe-
less, the feeding basket of C. cf. parvulus strain
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Table 3. Summary of differences between the species of the Caecitellus complex.

Criteria Caecitellus complex
C. parvulus C. pseudoparvulus C. paraparvulus
Patterson O'Kely and Atkins this study this study
et al. 1993 Nerad 1998 et al. 2000
cell length 4-7 pym 3-7 pym 3-10 ym 2-4 ym 2.5-45 pm
ratio: anterior flagellum/cell length ? 15-25 1 1-2 1-2
ratio: posterior flagellum/cell length ? 25-35 34 2545 2-45
glycocalyx thin thin ? thick thin
R1 ? 2 mt ? 2mt 2mt
R3 (proximal) ? 8+3 ? 8+3 8+3
R3 (maximal) ? 24 mt ? 35 mt 29 mt
X -mt (R3) ? + ? + +
X' -mt (R3) ? - ? + +
R4 ? 2 mt ? 2mt 2mt
genetical distance to C. parvulus ? ? 5.91% 4.5%
genetical distance to C. pseudoparvulus ? ? 5.91% 5.35%
? ? 4.5% 5.35%

genetical distance to C. paraparvulus

? - not reported; R1, R3, R4 - root 1, 3, 4; mt - microtubule

DQ220713 (from the South Atlantic surface water) with
its29 microtubulesissmaller thanthat of strain DQ220712,
but includes still more microtubules than described for
C. parvulus (O'Kelly and Nerad 1998).

The differences of the glycocalyx and the feeding
basket could beindicativefor adifferent ecological niche
and/or geographic distribution, but the molecular data
show that the three resulting morphological and geneti-
caly distinctive clades include strains from different
habitats and locations. Whether or not the differencesin
the feeding basket size are coupled with differencesin
the size of their food (bacteria) is thus far unknown, but
not unlikely.

L ocomation pattern

The difference between the gliding velocities of
thetwo studied strainsissignificant, asarethe dynamics
of their anterior flagellum. This might attest differences
in the size of the preferred food particles (mainly bacte-
ria). Further investigations are in progressto clarify this
point by using inert, artificial food particles of different
sizes to determine both the optimal dimensions of the
food and the time needed for the ingestion process, as
has been studied extensively in species of other het-
erotrophicflagellategroupse.g. by Boenigk et al. (2001a
c, 2002).

Growth rates

The maximal growth rates measured for the three
Caecitellus strains, i.e. the deep sea strain DQ220712,
the surface water strain DQ220713 and the strain
DQ230538, were within the range reported for other
heterotrophic flagellates (Fenchel 1982b, Sherr et al.
1984, Eccleston-Parry and L eadbeater 1994). Theranges
of the measured growth rates showed no overlap be-
tween the strains, indicating distinct differences. The
deep sea strain showed a higher growth rate compared
to the surface water strain, even though the growth
experiments were conducted under surface water con-
ditions (19 °C, atmospheric pressure). This was not
surprising, as it has been repeatedly demonstrated that
deep sea heterotrophic flagellates show high growth
rates under surface water conditions (Patterson et al.
1993, Atkins et al. 1998, Arndt et al. 2003). The growth
rates of the deep sea strain (DQ220712) are closer
(though not identical) to those of the DQ230538 strain
than to those of the surface water strain from the same
region. This finding matches the molecular data which
shows that the deep sea and the DQ230538 strain are
closely related (both cluster within Clade 1), whereasthe
surface water strain (DQ220713) clusters within Clade
3. Furthermore, the lower growth rates of the C. cf.
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Table 4. SSU rDNA signature sequences of Caecitellus parvulus, C. pseudoparvulus and C. paraparvulus.

Species Sequencesignature (5-3") Position? Environmental sequences considered
A
Caecitellus parvulus? tacttgatagtctttctactc 118
caattctagagctaagacgogctat 152
gtgctegtagteggte 601 AY 046666
ggctggegegtgtoct 625
cogectttggeggee 645
cttg 735 AY 046666
gaectgctgegasagcy 840 AY 046666
tagaccctggtttcagggtgcta 1261 AY 046666
cgcgagtcatcatctegea 1500 AY 046666
agcgcagctecggctegetcgagaagtigott 1596 AY 046666
B
Caecitellus pseudoparvulus* attattagatacaaccacacca 187
tggactctacg 446
atcgecactceegeea® 601
tggcgatgtggagttc® 625
cgattgtt® 964
cgggctetgttttcagggtgecg® 1261
cgaagacceegegtegacgegagaacttggetal 1596
C
Caecitellus paraparvulus® cacttgatagtctctctactt 118 AY 789784
gtttccggegctecegcettc 601 AY 789784, AM041117
Cggggacanggggecc 625 AJ965041, AJ965066,
AJ965067, AY 789784
tacg 735 AJ965041, AJ965066,
AJ965067, AM041117, AY 789784
gata 761 AJ965041, AJ965066,
AJ965067, AM041117
cctggeeectgegoe 1596

!Position in Caecitellus pseudoparvulus DQ230538 used as reference.

2Signature sequences always matching Caecitellus AF174367 and AF174368.
3Signature sequences always matching Caecitellus AY 827847, AY 827848, and DQ220713-DQ220716.
4Signature sequences always matching Caecitellus AY 520455, DQ220712, and DQ230538.

SSignature sequnces also matching Caecitellus AY 520456.

parvulus strain DQ220713 (from the South Atlantic
surface water) coincided with a smaller feeding basket
compared to strain DQ220712. This might reflect a
strategy of high exploration of resources in the latter,
which results in high growth rate under optimal food
conditions. However, such conclusions on the link be-
tween molecular data, ultrastructure and growth rate
need to be taken with caution unless further strains are
investigated.

Molecular Data

The high level of genetic divergence within the
morphospecies Caecitellus parvulus and the high boot-

strap support for the three clades suggest that this
species complex represents an assemblage of micro-
scopically similar morphotypes united by morphological
traitsvisibleonthelevel of light-microscopy: onetrailing
flagellum, one stiffly and slowly moving anterior flagel -
lum, flattened and oftentriangular in profile (Patterson et
al. 1993, O'Kelly and Nerad 1998, Leeet al. 2000). The
present molecular data alone proposes that the
morphospecies C. parvulusis no longer maintainable as
such andthat it will needto bedividedinto threedifferent
species. They do not cluster together based on their
geographical origins or habitats; strains from the South
Atlantic Ocean and the North Atlantic Ocean aswell as



strains from the Eastern Pacific Ocean and the North
Atlantic Ocean are identical. Besides the molecular
data, the only way to reliably distinguish at least two
(Clade 1 and Clade 3) of the three lineages is the
ultrastructural data including the behavioural observa-
tions presented in this study.

Conclusions

The ultrastructural distinction and the large
genetic differences between the three clades of
the morphospecies Caecitellus parvulus as well as the
high degree of the genetic similarity within each geno-
type demonstrate the existence of at least three species
within a Caecitellus complex.

Recent molecular studiesindicate that several cryptic
species might exist among protists (e.g. Nanney et al.
1998, Darling et al. 2004, Scheckenbach et al. 2005). At
|east in some cases, detailed comparisons of morphologi-
cal and non-morphological features showed that also
pseudo-cryptic species exist and that slight morphol ogi-
cal differences may separate species (Huber et al. 1997,
Darling et al. 1999, de Vargas et al. 1999, Saez et
al. 2003, Saez and Lozano 2005). Therefore the results
of the present study led to descriptions of two
new Caecitellus species. One called Caecitellus
paraparvulus includes the strains of Clade 1 of this
study; the other new species, named Caecitellus
pseudoparvulus, includes both strains of Clade 3
(Fig. 35). O'Kelly and Nerad (1998) presented only light
microscopical photographs of the now newly designated
strain Caecitellus pseudoparvulus DQ230538, isolated
from the Sargasso Sea. For the ultrastructural descrip-
tion of Caecitellus parvulus they used the strain
ATCC50712, which was isolated from the North Pacific
Ocean. Unfortunately this strain is no longer available
from the American Type Culture Collection, wereit was
deposited (O’'Kelly and Nerad 1998). Therefore it does
not seem to be possible to investigate the genotype of
this strain at present. Clade 2 includes two strains of
C. parvulus which were sequenced and described by
Atkins et al. (2000) using light microscopy.

As pointed out by de Vargas et al. (1999) for
planktonic foraminifers, our results (including theresults
of Scheckenbach et al. 2005) indicate that the world-
wide species diversity of Caecitellus parvulus - as a
case study of heterotrophic nanoflagellates - might be
greatly underestimated if a morphospecies concept is
exclusively applied. Different strainsof thethree species
of the genus Caecitellus were found in different loca-
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tions or habitats. Consequently it seems there is no
evidence for endemism of the Caecitellus species, but
specia micro-environment and behavioural conditions
might exist.

Finally, our results show the potential of combined
DNA, ultrastructural and behavioural analyses for de-
tection of species complexes within morphospecies of
heterotrophic flagellates.

Taxonomic Diagnosis (Table 3)

Genus Caecitellus (Patterson et al. 1993)

Distinguishableat thelevel of light microscopy among
gliding flagellates by a conspicuous ventral mouth, the
orientation of thetwo flagellaand the beat pattern of the
anterior flagellum (Al-Qassab et al. 2002). Cell sizes
from 2-10 um have been reported. The small het-
erotrophic nanoflagellates have somewhat rounded or
triangular profiles and feed on bacteria. The anterior
flagellum inserts apically, is about 1-2.5 times the cell
length and beats anteriorly and stiffly. The measure-
ments for the length of the posterior trailing flagellum
rangefrom 2to 4.5timesthecell length (e.g. Griessmann
1913, Larsen and Patterson 1990, Patterson et al. 1993,
O'Kelly and Nerad 1998, Tong et al. 1998, Lee and
Patterson 2000, Al-Qassab et al. 2002, Lee et al. 2003,
present study).

Caecitellus parvulus (Basionym: Bodo parvulus,
Griessmann 1913) Patterson et al. (1993). For detailed
ultrastructural description see O’ Kelly and Nerad (1998).
Sequence signature see Table 4 A.

Caecitellus pseudoparvulus n. sp.

The kinetid of Caecitellus pseudoparvulus is basi-
cally similar to the kinetid of C. parvulus as described
by O'Kelly and Nerad (1998). Different is the maximal
number of microtubules of the large loop of R3. 35
microtubules were counted in the cytostome for
C. pseudoparvulus. An additional microtubule x' is
located in the area of the turning point of the large loop
directly underneath microtubule x, first described in this
study for C. pseudoparvulus and C. paraparvulus.
Within the Caecitellus-complex only C. pseudoparvulus
shows a relatively thick electron-dense glycocalyx.
C. pseudoparvulus has on the average a longer poste-
rior flagellum than Caecitellus paraparvulus. Sequence
signature see Table 4 B.

Caecitellus paraparvulus n. sp.

The first-described Caecitellus species,
C. paraparvulus, has basically the same ultrastructure
as described by O’Kelly and Nerad (1998) for
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C. parvulus. Different is the maximal number of micro-
tubules of the large loop of R3. With approximately
29 microtubules, C. paraparvulus has five microtubules
more than C. parvulus and six microtubules fewer than
C. pseudoparvulus in its feeding basket. As described
for C. pseudoparvulus, there is an x'-microtubule
underneath the x-microtubule. The glycocalyx of
C. paraparvulusisthin or hardly visible without special
staining procedures. Compared to C. pseudoparvulus,
this species usualy has a shorter posterior flagellum.
Sequence signature see Table 4 C.
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