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To resolve the fine-scale architecture of anoxic protistan communities, we conducted a cultivation-indepen-
dent 18S rRNA survey in the superanoxic Framvaren Fjord in Norway. We generated three clone libraries
along the steep O2/H2S gradient, using the multiple-primer approach. Of 1,100 clones analyzed, 753 proved to
be high-quality protistan target sequences. These sequences were grouped into 92 phylotypes, which displayed
high protistan diversity in the fjord (17 major eukaryotic phyla). Only a few were closely related to known taxa.
Several sequences were dissimilar to all previously described sequences and occupied a basal position in the
inferred phylogenies, suggesting that the sequences recovered were derived from novel, deeply divergent
eukaryotes. We detected sequence clades with evolutionary importance (for example, clades in the euglenozoa)
and clades that seem to be specifically adapted to anoxic environments, challenging the hypothesis that the
global dispersal of protists is uniform. Moreover, with the detection of clones affiliated with jakobid flagellates,
we present evidence that primitive descendants of early eukaryotes are present in this anoxic environment. To
estimate sample coverage and phylotype richness, we used parametric and nonparametric statistical methods.
The results show that although our data set is one of the largest published inventories, our sample missed a
substantial proportion of the protistan diversity. Nevertheless, statistical and phylogenetic analyses of the
three libraries revealed the fine-scale architecture of anoxic protistan communities, which may exhibit adap-
tation to different environmental conditions along the O2/H2S gradient.

Anoxic environments have occurred throughout the Earth’s
history; at the beginning of eukaryote evolution, the oxygen
level was about 1% of the present atmospheric level (64). Such
environments may harbor eukaryote taxa that (i) have re-
mained isolated from changes in global environmental condi-
tions; (ii) have retained some ancestral characteristics that
have been lost in all other extant eukaryotes; and (iii) may be
specifically adapted to oxygen-depleted conditions and there-
fore unlikely to occur in other environments. The relative
patchiness and isolation of anoxic systems may provide barriers
to gene flow and to dispersal in local genetic radiations. These
hypotheses make anaerobic biota a subject of major interest
for evolution, ecology, physiology, and diversity research (20).
However, gaining insight into the structure of anaerobic com-
munities, which consist almost exclusively of pro- and eukary-
otic microbes (20), was and still is hampered by methodolog-
ical difficulties, since trace amounts of oxygen inhibit or kill
many of these microbes. In the past few years, a molecular
approach has been successfully used to access microbial com-
munities even in the most extreme environments (3, 5, 40).
This approach is based on phylogenetic analysis of eukaryotic

18S rRNA gene sequences (18S rRNA) that have been ampli-
fied and cloned from environmental samples (10).

To date, eight environmental 18S rRNA surveys have fo-
cused on protistan diversity in aquatic anoxic habitats (16, 17,
41, 43, 71, 72, 73, 75). Most of these surveys detected unex-
pectedly high species richness, with several highly divergent
18S rRNA gene sequences (16, 17, 41, 72) possibly represent-
ing valid novel phylotypes at high taxonomic ranks (6, 61). A
meta-analysis of environmental 18S rRNA surveys identified
site-specific anoxic sequence groups (61). This seems to con-
trast with the hypothesis of global dispersal of microbes (22).
However, other 18S rRNA surveys of anoxic aquatic environ-
ments revealed relatively low phylogenetic richness of pro-
tistan communities (43, 75) and no indication of novel high-
level eukaryotic lineages (43). This supports the recent
hypothesis that there may be few, if any, previously unknown
protist phyla or “new kingdoms” (11).

Some reasons for these contrasting statements are evident.
First, most of the anoxic clone libraries published to date are
heavily undersampled (73), and none of the corresponding
studies used statistical analysis to estimate the phylotype rich-
ness. Second, most of the previous studies were based on PCR
amplicons generated with a single PCR primer set, which cap-
tured only a specific fraction of the community (1, 10). Third,
in the past, chimeric sequences have been incorporated into
phylogenetic analyses, which led to a putatively high level of
eukaryote diversity at the mega-evolution level in a few cases
(6). Fourth, insufficient taxon sampling in a phylogenetic anal-
ysis may produce spurious novel eukaryotic phyla and unwar-
ranted statements about “early branching” eukaryote phyla
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(11). Finally, in most previous diversity studies of anoxic envi-
ronments systematic sampling was not performed along an
O2/H2S gradient, despite evidence from previous microscopic
(19) and molecular (72) analyses that the protistan community
structure seems to change significantly along such a gradient.

In the present study we attempted to reduce these biases.
We analyzed 1,100 18S rRNA PCR amplicons retrieved from
a supersulfidic anoxic fjord in Norway (Framvaren), which
makes our study one of the largest environmental molecular
diversity surveys available. We used the multiple-primer ap-
proach to reduce PCR-related biases (73) and used several
state-of-the-art methods to identify potentially chimeric se-
quences. Furthermore, instead of taking a snapshot of anoxic
protistan diversity by sampling a single “spot” within the anoxic
system, we analyzed three different samples obtained along the
O2/H2S gradient. For the first time, all of these factors were
used in concert to obtain better resolution and insight into an
anoxic protistan community. To assess phylotype richness in all
three communities, we used both parametric abundance mod-
els (which recently proved to be useful in a prokaryotic diver-
sity study [31]) and nonparametric estimators (13). Our study
significantly increased the number of available environmental
18S rRNA gene sequences, particularly from anoxic sampling
sites, and thus led to better phylogenetic resolution for eukary-
otic lineages that suffer from low sampling (16).

MATERIALS AND METHODS

Sampling site and procedure. The Framvaren Fjord is located in southwestern
Norway. With sulfide levels in the bottom water 25 times greater than those in
the Black Sea (68), this fjord represents the extreme of anoxicity and contains the
highest levels of H2S (6,000 �M) ever reported for an open anoxic basin (52).
Our sampling site was located in the central basin of the Framvaren Fjord at
58°09�N, 06°55�E, with a water depth of 180 m. Physicochemical characteristics
at the time of sampling (May 2004) are given in Fig. 1. Samples for protistan
diversity studies were collected at three different depths. At 18 m, the oxic-anoxic
boundary layer was chemically characterized by an oxidation peak of ammonia
(Fig. 1). At 23 m, the pycnocline (Fig. 1) and upper H2S boundary (0.18 mmol
liter�1) (Fig. 1) had a peak in bacterial abundance. The water collected from this
depth was characterized by a purple-pink color that indicated that phototrophic
purple sulfur bacteria were dominant. At 36 m, the H2S concentration (0.6 mM)
was twice as high as the concentration in the deep water (�1,000 m) of the Black
Sea (78) and 30 times higher than the concentration in the Cariaco bottom water
(1,200 m), which is the world’s largest truly marine permanently anoxic deep-sea
basin (72). This sampling depth was the upper layer of the anoxic intermediate
deep water, which was characterized by steep chemical gradients (Fig. 1). The
bacterial counts were significantly lower than those in the upper water (Fig. 1).

Samples were taken aboard a small vessel using a tetrafluoroethylene-lined
5-liter Niskin bottle (Hydrobios, Kiel, Germany). To prevent exposure of the
anoxic water to atmospheric oxygen, sampling was performed as described pre-
viously (72).

Analyses of sampling site characteristics. Physicochemical parameters were
measured onboard using an EOT 196 oxygen probe connected to an Oxi 196
microprocessor (WTW, Germany), an IJ444/Meto temperature probe (GAT,
Germany) together with a Portamess 651-2 microprocessor (Knick, Germany),
and a Ref211 precision salinity/automatic temperature compensation refractom-
eter (Kuebler, Germany). Hydrogen sulfide, phosphate, ammonium, and silicon

FIG. 1. Characteristics of the sampling site in May 2004.
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levels were determined spectrophotometrically immediately after sampling,
based on the methylene blue method (14), the trivalent antimony method (56),
the indophenol blue method (36), and the �-silicomolybdic acid method (29),
respectively, using a LASA 10/Plus spectrophotometer (Lange, Germany).

For bacterial counts, water samples were preserved with 1% (final concentra-
tion) glutaraldehyde. Standard 4�,6�-diamidino-2-phenylindole (DAPI)-stained
slides with different volumes of sample water were prepared on black 0.2-�m
Poretics polycarbonate membranes for enumeration of prokaryotes by epifluo-
rescence microscopy (58). Protistan abundance was estimated by using fluores-
cein isothiocyanate/DAPI-stained preparations (0.8-�m-pore-size polycarbonate
filter) (65).

DNA extraction and 18S rRNA gene amplification. Protists were collected on
47-mm Durapore membranes (pore size, 0.65 �m) as described previously (72).
Immediately after filtration (5 to 11 liters per filter), membranes were individ-
ually frozen (ca. �200°C) in DNA extraction buffer with proteinase K (final
concentration, 100 �g ml�1) (71). High-molecular-weight DNA was extracted as
described by Stoeck et al. (72). In brief, the samples were heated to 65°C for 2 h
in the extraction buffer. Then the lysates were purified by extraction with an
equal volume of chloroform-isoamyl alcohol (24:1) and precipitated with 0.7
volume of isopropanol. Potential inhibitors of downstream applications were
removed by DNA purification with the resin-based Wizard DNA clean-up system
(Promega, Madison, WI). The integrity of the total DNA was checked by agarose
gel electrophoresis (0.8%).

Proceeding according to the multiple-primer approach (73), we amplified
fragments of the 18S rRNA gene whose sizes ranged from nearly full length to
�1,100 bp, using four different primer sets (Table 1). PCRs were performed as
described previously (72).

Clone library construction. The PCR products were used to construct clone
libraries from the oxic-anoxic boundary layer (18 m), from just below the
redox transition zone (23 m), and from the intermediate anoxic deep water
(36 m) with a pGEM-T vector system cloning kit (Promega, Madison, WI).
Plasmids were isolated from overnight cultures using a 96-well Directprep kit
(QIAGEN, Valencia, CA). Between 350 and 400 clones per depth, nearly
evenly distributed among the different primer sets (Table 1), were partially
sequenced (M13F sequencing primer) at MWG-Biotech (Ebersheim, Ger-
many), using an Applied Biosystems 3730 DNA Stretch sequence with the XL
upgrade and an Applied Biosystems Prism BigDye Terminator version 3.1
cycle sequencing Ready Reaction kit. Initially, partial sequences of each
primer set were grouped separately into operational taxonomic units (OTUs)
using the program DOTUR (63) based on a 98.0% sequence similarity cutoff
value. Selected clones of each OTU were then sequenced bidirectionally.
Sequence quality assessments, PHRED and PHRAP analyses, and assembly
were performed with the program CodonCode Aligner v. 1.2.4 (CodonCode
Corporation, Dedham, MA). Subsequently, complete sequences were finally

grouped based on a 98% similarity level using DOTUR (63). Low-quality
sequence reads and nontarget metazoan sequences were excluded from the
phylogenetic analyses.

Phylogenetic analyses. Environmental 18S rRNA gene sequences initially
were compared to sequences in the GenBank database using gapped BLAST
analysis (2) to determine their approximate phylogenetic affiliations. Environ-
mental sequence data together with the closest GenBank matches were compiled
in ARB (42) and were aligned using the ARB FastAligner utility. Alignments
were manually refined using phylogenetically conserved secondary structures.
The conserved and unambiguously aligned positions (the numbers are indicated
in Fig. 5 to 8) were used in subsequent phylogenetic analyses. Potentially chi-
meric sequences were identified using secondary structure predictions, the
Chimera_Check command (version 2.7) provided by Ribosomal Database
Project II (47), and partial treeing analyses (62). Classification of unique phylo-
types was performed by two phylogenetic inference methods: minimum evolu-
tionary distance and maximum likelihood. Trees were constructed using the
PAUP* 4.0b10 software package (74). All heuristic searches were performed
using random, stepwise addition of taxa with the TBR branch-swapping algo-
rithm. We used the program Modeltest (59) to choose the models of DNA
substitution that best fit our data sets from among 56 possible models. Modeltest
was run for each individual data set. The DNA substitution models, as well as the
parameter settings for each tree constructed, are described in the figure legends.
We assessed the relative stability of tree topologies using 1,000 distance boot-
strap replicates (500 maximum likelihood bootstrap replicates in the case of the
stramenopile tree). For heuristic searches for bootstrap analyses we employed
stepwise addition starting trees with simple addition of sequences and TBR
branch swapping.

Protistan richness estimates. To estimate the protistan phylotype richness in
each sample, we used two families of statistical procedures (for a summary of the
theory see reference 12 and http://www.stat.cornell.edu/�bunge/). In brief, the
first family of procedures consisted of fitting several parametric statistical models
to the observed frequency counts by the maximum likelihood method. We con-
sidered seven such models: the ordinary Poisson (which assumes equal phylotype
abundances), the gamma-mixed Poisson (negative binomial), the inverse Gaus-
sian-, lognormal-, and Pareto-mixed Poisson, and two finite mixture models
defined by mixtures (convex combinations) of two or three geometric distribu-
tions (exponential-mixed Poissons). At present, there is no convincing theoretical
justification for the use of any particular abundance distribution in this applica-
tion, despite some work in this area (31). Consequently, our approach was
empirical; we sought a model that fit the data well, yielded reasonable standard
errors, and was mathematically parsimonious (i.e., had a small number of pa-
rameters; all the candidates above met this criterion except the mixture of three
geometrics, which was not competitive). In some cases no known parametric
model fit an entire data set well, so we considered data subsets consisting of the
observed frequency counts from 1 up to some maximum value, which we called
the right truncation point. We fit all models at all right truncation points and
selected the “best of the best” based on goodness of fit (as defined by two
chi-square statistics, one a simple measure of discrepancy and the other an
asymptotically correct test statistic for model fit), the minimal standard error
(among available fitted models), and the maximal data usage (highest right
truncation point). Our computer programs are based on a locally adaptive nested
EM algorithm and are written in Maple; they are available on our website
(http://www.stat.cornell.edu/�bunge/).

We then applied the second family of procedures, the coverage-based
nonparametric estimators ACE and ACE1, to the data sets corresponding to
the right truncation point(s) selected as “best” as described above. These
estimators are from the studies of Chao (13) and Chao and Bunge (12); ACE1
is a modification of ACE intended for a highly heterogeneous community. To
calculate these estimators, their standard errors, and related statistics, we
used the software SPADE (http://chao.stat.nthu.edu.tw/). We selected the
“best” of these estimators using criteria from the research literature as
reported in the SPADE documentation; these procedures did not use para-
metric models so goodness of fit did not apply. (There is also a recently
developed nonparametric maximum likelihood procedure for this problem
[8], but we have not applied it yet.) For a discussion of some advantages of
parametric models over coverage-based nonparametric estimators in this
setting, see reference 31.

Nucleotide sequence accession numbers. The gene sequences used in this
study have been deposited in the GenBank database under accession numbers
DQ310187 to DQ310369.

TABLE 1. Primer sequences used in this study for specific
amplification of 18S rRNA gene sequences

from environmental DNAa

Primer
set Primer Sequence (5�–3�) Reference

1 EukA AAC CTG GTT GAT CCT GCC AGT 51
EukB TGA TCC TTC TGC AGG TTC ACC

TAC
51

2 Euk82F GAA DCT GYG AAY GGC TC 40
U1391R GGG CGG TGT GTA CAA RGR 37

3 Euk360F CGG AGA RGG MGC MTG AGA 51
U1517R ACG GCT ACC TTG TTA CGA CTT 66

4 18S-6-Cil-F AAY CTG GTT GAT CCT GCC AG 28
18S-1101-Cil-R AGG YTR AGG TCT CGT TCG TT 28

a Mixed base sites are designated according to the IUB code. F, forward; R,
reverse; Cil, ciliate specific; Euk, eukaryote specific; U, universal. The numbers
refer to Escherichia coli 16S rRNA gene positions. Primer EukA is a forward
primer referring to Saccharomyces cerevisiae 18S rRNA gene positions 2 to 22.
Primer EukB is a reverse primer referring to S. cerevisiae 18S rRNA gene
positions 1795 to 1772. In the OTU analysis of the pooled data sets only over-
lapping regions were considered in each case. A figure showing the fragment
overlaps between the different primer sets is provided in the supplemental
material.
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RESULTS AND DISCUSSION

General protistan community composition along an O2/H2S
gradient. We compared three eukaryotic clone libraries along
an O2/H2S gradient in the anoxic Framvaren Fjord. These
libraries were designated FV18, FV23, and FV36, correspond-
ing to the photic micro-oxic interface (18 m), the lower redox
transition zone and upper H2S boundary (23 m), and a highly
sulfidic layer with low microbial abundance (36 m) (Fig. 1). Of
1,100 clones analyzed, 239 resulted in failed sequence reads
due to insufficient template quality and vectors without an
insert. Thus, we obtained a total of 861 partial sequences (ca.
500 to 700 bp), 324 of which were from library FV18, 284 of
which were from library FV23, and 253 of which were from
library FV36. The libraries contained 18 (18 m), 16 (23 m), and
5 (36 m) nontarget sequences (metazoa, higher plants, bacte-
ria, archaea), which, together with 5 chimeric and 64 low-

quality sequences, were excluded from further analyses. The
final phylogenetic analyses included a total of 753 protistan
sequences. These sequences were grouped into 39 unique phy-
lotypes for the 18-m data set, 60 unique phylotypes for the
23-m data set, 18 unique phylotypes for the 36-m data set, and
92 unique phylotypes for the combined data set.

The Framvaren clone libraries significantly enlarge the in-
ventory of protistan diversity in anoxic marine environments.
Only a few sequences are closely related to sequences found in
previous studies of anoxic systems. Although our data set is
among the largest 18S rRNA inventories published to date, the
number of sequences that we analyzed is insufficient to reveal
the protistan richness in our samples (Fig. 2). We therefore
used statistical methods to estimate the protistan phylotype
richness. In general, all of the methods (parametric and non-
parametric) yielded comparable estimates (taking standard er-
rors into account) for each data set studied here (Table 2). It
is interesting that in every case the preferred parametric model
was the inverse Gaussian-mixed Poisson model, although this
(unfortunately) does not imply that this model is universally
applicable to microbial (or other richness) data. The Pareto
model tended to underfit the number of singletons (phylotypes
observed once), and the lognormal and two-mixed geometric/
exponential models tended to have slightly larger standard
errors. (The Poisson, negative binomial, and three-mixed geo-
metric/exponential models were noncompetitive in this anal-
ysis, and the results are not reported here.) Finally, we noted
that the preferred coverage-based nonparametric estimator
was ACE1 in every case.

The estimates are quite different for the three libraries that
were constructed. The highest phylotype richness was calcu-
lated for the FV23 library from the upper H2S boundary (147
phylotypes [standard error, 46 phylotypes]), corroborating ob-
servations obtained by light and fluorescence microscopy that
revealed remarkably diverse morphologies (not shown). This
was not unexpected, as it was hypothesized that chemoauto-
trophy, the dominant microbial process in such environments,
supports a secondary microbial food web and stimulates the

FIG. 2. Sampling saturation profile (phylotype accumulation curve).
The number of phylotypes is plotted as a function of the number of clones
sampled. Clone samples were randomly resampled to completion without
replacement to quantify coverage of phylotype diversity. Phylotypes were
defined to encompass clones that exhibited at least 98.0% sequence sim-
ilarity based on a pairwise comparison of the 18S rRNA gene sequences.

TABLE 2. Protistan diversity estimates along a vertical O2/H2S gradient in the anoxic Framvaren Fjorda

Library Parameter

Parametric model Nonparametric
estimator

Inverse
Gaussian Lognormal Pareto Two-mixed

exponential ACE ACE1

FV18 Phylotype estimate 63.8 65.4 63.0 68.4 65.5 85.4
SE 14.6 20.8 11.8 14.9 13.1 28.6
Naı̈ve goodness of fit 0.2595 0.1877 0.1889 0.3615 NPb NP
Asymptotically correct goodness of fit 0.3613 0.3798 0.3739 NAc NP NP

FV23 Phylotype estimate 146.5 138.9 129.7 143.2 118.5 167.6
SE 46.2 56.6 29.8 47.1 22.7 53.6
Naı̈ve goodness of fit 0.4884 0.3744 0.3006 0.5071 NP NP
Asymptotically correct goodness of fit 0.4616 0.4103 0.3607 0.4094 NP NP

FV36 Phylotype estimate 27.4 27.7 27.6 31.9 26.3 30.7
SE 8.1 10.7 6.4 11.7 6.5 11.5
Naı̈ve goodness of fit 0.1362 0.1017 0.0866 0.1458 NP NP
Asymptotically correct goodness of fit NA NA NA NA NP NP

a Phylotype groups are based on 98.0% sequence similarity. Four of seven parametric models tested gave statistically well-supported results for all data sets.
b NP, estimation not possible.
c NA, not available.
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growth of bacterivorous protists (77). In contrast, 64 phylo-
types (standard error, 15 phylotypes) were estimated for the
H2S-free oxic-anoxic boundary layer (FV18), and only 27 phy-
lotypes (standard error, 8 phylotypes) were estimated for the
highly sulfidic waters (FV36). The hypothesis that there was
equal richness in all three communities was rejected by a con-
servative, asymptotically valid, Bonferroni-corrected test at a
level of � � 0.05. As the numbers were restricted to the time
of sampling and the volumes of sample water used for DNA
extraction, it is likely that they underestimated the true rich-
ness in this environment. Still, these snapshots strongly indi-
cate that the protistan communities in this vertical physico-
chemical gradient in the water column differ from each other.

This communal division is supported by two further results:
(i) the overlap of phylotypes between the three libraries is only
marginal (1 to 8 OTUs) (Fig. 3) and (ii) the distributions of the
17 major eukaryotic phyla detected in the three libraries are
very unequal (Fig. 4). Two of the libraries (FV18 and FV23)
were dominated by alveolates (mainly ciliates), followed by
stramenopiles (mainly diatoms and chrysophytes). In the FV36
library, alveolates were second only to stramenopiles. Crypto-
phytes were abundant only in the deep suboxic library (FV18).
Other noteworthy taxonomic groups are fungi and jakobid
flagellates, each represented by five phylotypes exclusively in
the FV23 library. Also, the number of choanoflagellates
peaked in this community. As our libraries were not sampled to
saturation (Fig. 2), we did not wish to base comparisons of
libraries on rare phylotypes that appeared only once or twice in
libraries (e.g., MAST-6 and Euglenozoa) (Fig. 4).

The sequences belonging to each phylum detected were
generally highly diverse. Only a few of the clones were closely
related to named taxa in established clades (e.g., FV18_1C7
was 99.64% similar to Gyrodinium fusiforme).

Phylogeny. Most of the sequences represented novel phylo-
genetic lineages at different taxonomic levels. Below we discuss
the detailed phylogeny of the sequences from Framvaren wa-
ters. For this reason we divided the eukaryotic tree of life into
four different partial trees.

(i) Alveolates. It is no surprise that the most abundant and
diverse taxonomic group identified in the alveolates (33 unique
phylotypes) was the ciliates (22 unique phylotypes) (Fig. 4 and
5). These organisms are major consumers of bacteria, and
many of them have independently adapted to an anoxic life-
style (20). Known groups of anaerobic and micro-oxic ciliates

include the families Plagiopylidae, Strombiidae, Nyctotheridae,
Cycliidae, and Prorodontidae, all of which have been retrieved
from anoxic Framvaren waters.

We detected ciliate phylotypes belonging to 4 of 10 major
classes defined by Lynn and Small (45). Some of these se-
quences were closely related to known species or genera (e.g.,
FV23_2C5E6F3 exhibited 98.7% sequence similarity to Pleu-
ronema coronatum), while others were very distant from se-
quenced species and formed novel clades in previously de-
scribed classes (e.g., the novel oligohymenophorean clade
FV23_1C6, FV36_2E10, FV23CilE7, and FV36_CilF12). In
the case of the FV18_2A12 sequence, it was not even possible
to place it in a particular class. Together with two other envi-
ronmental sequences (38), this sequence formed a well-sup-
ported, deeply branching clade, which appears to be a sister
group of the established ciliate class Plagiopylea and may de-
serve designation at the same taxonomic level. This is remark-
able because the ciliates are among the best-described pro-
tistan groups, and after two centuries of research on their
systematics (18, 23, 24, 25, 26, 34) some investigators contend
that most, if not all, ciliate species have already been described
(21, 22). Whatever the correct taxonomic status of the clade
that was discovered, its very existence suggests that it is too
early to establish limits for protistan diversity even for the
best-studied taxa.

In contrast to previous studies of anoxic systems (71, 72, 73),
we could not detect apicomplexan or perkinsozoan sequences.
However, we recovered 10 unique dinoflagellate phylotypes, all
of which were relatively closely (92.8 to 99.6%) related to
named species with a global distribution in a wide range of
different habitats.

In all three libraries we detected sequences (FV18_2G9,
FV23_1C7G8, and FV36_2G06) branching in uncultured ma-
rine alveolate group I (40). This sequence clade is an enigma,
as we have no idea about its cellular identity and ecological
role. However, it is a frequent constituent of 18S rRNA clone
libraries of anoxic marine systems (71, 72, 73).

(ii) Stramenopiles. Our phylogenetic analysis supported the
monophyly of phototrophic stramenopiles (Fig. 6). Enlarging
the stramenopile sequence database should help resolve the

FIG. 3. Phylotypes (OTUs) shared by the three 18S rRNA clone
libraries along the vertical O2/H2S gradient in Framvaren Fjord. The
area of an oval is proportional to the size of the corresponding clone
library. The numbers in the overlapping areas are the numbers of
OTUs shared by the relevant libraries, and the overlap area is propor-
tional to the amount.

FIG. 4. Taxonomic distribution of 18S rRNA phylotypes retrieved
from three protistan communities along the vertical O2/H2S gradient
in Framvaren Fjord. Phylotypes were defined to encompass clones that
exhibited at least 98.0% sequence similarity based on a pairwise com-
parison of the 18S rRNA gene sequences.
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controversy regarding the evolution of this group (summarized
in references 7 and 50). We recovered numerous phylotypes
(n � 23) related to the phototroph stramenopiles from all
three sampling depths (Fig. 6). At first, this finding may seem
unusual, as algal photosynthesis at depths below 18 m is re-
strained by light availability. However, some of these organ-
isms, especially the chrysophytes and diatoms, in fact have
heterotrophic capability and are able to prosper in oxygen-
depleted environments without light (15, 30). For example, this
is the case for the diatom Cyclotella meneghiniana (44), to

which some of our clones (FV18_1H2, FV23_1C11B9, and
FV36_2H11) are closely related (97.7 to 98.4%).

These results illustrate an evident bias of environmental
18S rRNA clone libraries: as a rule, DNA extracted from
environmental material does not allow identification of ac-
tive members of the extant microbial community being stud-
ied. A solution to this problem might be to target RNA
molecules directly instead of their genes. As opposed to
rRNA genes, significant quantities of rRNA are produced
only in active microbes (46).

FIG. 5. Minimum evolution phylogenetic tree of eukaryotic 18S rRNA gene sequences showing the positions of alveolate sequences. The tree
was constructed with maximum likelihood criteria by using a GTR�I�G DNA substitution model with the variable-site gamma distribution shape
parameter (G) at 0.5647, the proportion of invariable sites (I) at 0.0734, and the base frequencies and rate matrix for the substitution model
suggested by Modeltest (59), based on 1,005 unambiguously aligned positions. Distance bootstrap values greater than 50% from an analysis of 1,000
bootstrap replicates are indicated at the nodes. Sequences recovered from the Framvaren Fjord are in bold. The numbers in triangles indicate the
numbers of FV library sequences identified in taxonomic units. The numbers in parentheses indicate the primer sets (Table 1), and the colors
indicate the three different libraries, as follows: green, FV18 (18 m); red, FV23 (23 m); and blue, FV36 (36 m).
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The heterotrophic stramenopiles detected in our study were
restricted to the chemocline (18 m) and lower redox transition
zone (23 m) (Fig. 6). Two sequences found exclusively below
the chemocline (FV23_CilD7 and FV23_CilF1) are related to
the globally distributed osmotroph labyrinthulids, which typi-
cally inhabit deep-sea environments (60). Some of them are
known to be anaerobes (57). Clone FV23_1D5 belongs to the
uncultured stramenopile cluster MAST-6, which is character-
ized by novel stramenopiles that are found sporadically and are
probably minor components of marine picoeukaryote assem-
blages (50). Five other phylotypes detected exclusively at the
suboxic chemocline branched within the MAST-1 uncultured
stramenopile cluster. Originally, MAST-1 was assumed to be a

sister of the oomycetes (49, 54). This assumption was not
supported by the results of our study (bootstrap value, 	50%)
or a previous analysis (50). This cluster was recently charac-
terized as a group of truly planktonic marine aerobic organ-
isms (50), which may explain the restriction of MAST-1
clones to the suboxic chemocline. The placement of the
MAST clusters among diverse groups of organisms, includ-
ing osmotrophs, phagotrophs, free-living species, and para-
sites, makes it nearly impossible to speculate about the types
of organisms that they represent. Their phylogenetic affili-
ation is unresolved, and they may represent novel clades at
a high evolutionary level. This makes the MAST clusters a
primary target for culturing efforts.

FIG. 6. Maximum likelihood tree of eukaryotic 18S rRNA gene sequences showing the positions of stramenopile sequences. The tree was
constructed by using a GTR�I�G DNA substitution model with the variable-site gamma distribution shape parameter (G) at 0.5436, the
proportion of invariable sites (I) at 0.2751, and the base frequencies and rate matrix for the substitution model suggested by Modeltest (59), based
on 1,361 unambiguously aligned positions. Maximum likelihood bootstrap values greater than 50% from an analysis of 500 bootstrap replicates are
indicated at the nodes. For additional details see the legend to Fig. 5.
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(iii) Opisthokonts and diverse bikonts. We discovered five
fungal phylotypes (one ascomycete, two chytridiomycetes, and
two basidiomycetes) in our FV libraries (Fig. 4 and 7). The
relatively low fungal diversity is in agreement with the results
of environmental 18S rRNA surveys for other anoxic marine
sampling sites (41, 72, 75). However, this is in sharp contrast to
clone libraries retrieved from oxygen-depleted freshwater hab-
itats, one of which is even dominated by fungal clones (43, 69).
Furthermore, we identified seven choanoflagellate phylotypes,
one of which was quite divergent (FV36_ CilF8) (Fig. 4 and 7).
Choanoflagellates are phylogenetically among the closest rel-
atives of animals (35). Even though these organisms are cos-
mopolitan in aquatic habitats, it was not until recently that they

have been detected in anoxic environments (69), which sug-
gests that their diversity in such habitats is grossly under-
sampled.

Two other groups of bikont organisms represented in our
FV libraries are cryptophytes and jakobids (Fig. 4 and 7). We
found five phylotypes belonging to the latter group, all of which
were restricted to the anoxic water layer right below the che-
mocline. Four of these clones were highly divergent. Jakobids
are free-living heterotroph flagellates. They are evolutionarily
very interesting because of their bacterium-like mitochondrial
genome, suggesting that they might represent primitive de-
scendants of early eukaryotes. Morphologically, they are exca-
vate organisms and thus are expected to branch at the base of

FIG. 7. Minimum evolution phylogenetic tree of eukaryotic 18S rRNA gene sequences showing the positions of opisthokont clones and several
bikont clones of the crown radiation. The tree was constructed with maximum likelihood criteria by using a GTR�I�G DNA substitution model
with the variable-site gamma distribution shape parameter (G) at 0.5877, the proportion of invariable sites (I) at 0.1415, and the base frequencies
and rate matrix for the substitution model suggested by Modeltest (59), based on 1,316 unambiguously aligned positions. For additional details see
the legend to Fig. 5.
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the eukaryotic tree of life (4). However, our phylogenetic anal-
yses identified the jakobids as a sister group of the crypto-
phytes (nucleomorph). Most likely, this was due to the phylo-
genetic inference method. At this point, the phylogenetic
position of jakobids in the eukaryotic tree of life remains un-
certain (70).

We also recovered seven cryptophyte phylotypes from the
18-m oxic-anoxic interface and one cryptophyte phylotype
from the anoxic 23-m layer (Fig. 4 and 7). This distribution may
have been due to the sensitivity of cryptophytes to oxygen
depletion (69).

(iv) Early branching lineages. Four phylotypes were phylo-
genetically affiliated with early branching eukaryote groups
(Fig. 8). One of them, occurring in the FV18 and FV23 librar-
ies (FV18_2A2 and FV23_3A2), was closely related to Myr-
ionecta rubra. M. rubra and Mesodinium pulex, the only two
named species in this sequence clade, were classified as ciliates
previously (27, 32). However, they have several distinct mor-
phological characteristics (39, 76). In phylogenetic analyses,
due to their divergent sequences (33), long-branch attrac-
tion often places this sequence clade at the base of the
eukaryotic tree.

Three other interesting sequences branched within the Eu-

glenozoa (Fig. 8). One of them, FV18_1E2, was related to
AT4-56 from anoxic hydrothermal sediment (41). This se-
quence is especially important for kinetoplastid phylogeny.
Until recently, based on 18S rRNA gene analyses, trypanoso-
matids were assumed to have emerged from the bodonids (9,
67). At the same time, these analyses showed that there is a
huge evolutionary distance between kinetoplastids, diplone-
mids, and euglenids, making correct inference of the phyloge-
netic relationships between these groups very difficult. How-
ever, AT4-56, together with FV18_1E2, emerged robustly at
the base of the kinetoplastids, breaking the long branch which
leads to diplonemids and euglenids. Using this sequence as a
close outgroup in phylogenetic analyses resulted in a much
more stable and resolved kinetoplastid phylogeny (55). Thus
far, AT4-56 is the only representative of this basal kinetoplas-
tid “group.” Now the Framvaren FV18_1E2 sequence confirms
that this lineage is a real biological entity.

Two other sequences (FV23_1E10 and FV36_2E04) branched
in an uncultured euglenozoan sequence cluster (Fig. 8). Thus far,
this cluster consists exclusively of sequences from anoxic marine
environments (72, 73; A. Zündorf, A. Behnke, J. Bunge, K.
Barger, and T. Stoeck, unpublished data; this study). This suggests
that we are dealing with a group of strictly anaerobic organisms.

FIG. 8. Minimum evolution phylogenetic tree of eukaryotic 18S rRNA gene sequences showing the positions of early branching sequences. The
tree was constructed with maximum likelihood criteria by using a GTR�I�G DNA substitution model with the variable-site gamma distribution
shape parameter (G) at 0.7597, the proportion of invariable sites (I) at 0.0990, and the base frequencies and rate matrix for the substitution model
suggested by Modeltest (59), based on 924 unambiguously aligned positions. For additional details see the legend to Fig. 5.
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This environmental sequence cluster exhibits well-supported af-
filiation with diplonemids, whose phylogenetic position in the
euglenozoa remains unsettled (48, 53, 79). Taxonomic sampling
was shown to be a major factor affecting the topology of the 18S
rRNA euglenozoan tree (53). Concerted efforts are necessary to
enlarge euglenozoan sampling, and retrieving novel sequences is
a high priority. The novel sequence clade discovered in anoxic
marine systems not only may be a group of hitherto unknown
organisms but also may be very valuable for resolving eugleno-
zoan phylogeny better.

What did we learn about the nature of protistan communi-
ties in anoxic aquatic environments from this study? An im-
proved methodology for chimeric sequence identification in-
deed seems to decrease the number of putatively novel
kingdom-level sequences, suggesting in the past there was
overestimation of the level of eukaryote diversity at the mega-
evolution level. Nevertheless, anoxic environments like the
Framvaren Fjord in Norway are a source of highly divergent,
potentially novel, and distinct clades of organisms (e.g., the
novel class-level ciliate clade). Thus, it is presumptuous to
argue that there are no unknown protist phyla left, as diversity
research has barely touched the anoxic reservoirs on our
planet. Furthermore, anoxic systems contain sequences that
are very important for reconstruction of eukaryote phylogeny
(e.g., the kinetoplastid sequences AT4-56 and FV18_1E2).
They also harbor phylogenetic clades of specifically adapted
organisms, which are unlikely to occur in other environments
(e.g., the novel anoxic euglenozoan clade). Moreover, there is
evidence that primitive descendants of early eukaryotes are
prospering in anoxic environments (e.g., the Framvaren jako-
bid clones).

Our study revealed the fine-scale architecture of protistan
communities along an O2/H2S gradient. This should be taken
into account when 18S rRNA clone libraries from different
sampling sites are compared, as the vast majority of such li-
braries target only an unspecified spot in the anoxic system
being studied. Undersampling by virtually all eukaryotic 18S
rRNA clone libraries, together with only marginal global cov-
erage of anoxic sampling sites, restricts conclusions to a de-
fined sampling site at a defined sampling time. Thus, we en-
courage workers performing future diversity surveys in such
environments to address basic questions about the diversity,
biogeography, and nature of anoxic protistan communities.
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and D. J. Lipman. 1997. Gapped BLAST and PSI-BLAST: a new generation
of protein database search programs. Nucleic Acids Res. 25:3389–3402.
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