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Although molecular data have revealed the vast scope of
microbial diversity', two fundamental questions remain unan-
swered even for well-defined natural microbial communities:
how many bacterial types co-exist, and are such types naturally
organized into phylogenetically discrete units of potential eco-
logical significance? It has been argued that without such infor-
mation, the environmental function, population biology and
biogeography of microorganisms cannot be rigorously explored®.
Here we address these questions by comprehensive sampling of
two large 16S ribosomal RNA clone libraries from a coastal
bacterioplankton community. We show that compensation for
artefacts generated by common library construction techniques
reveals fine-scale patterns of community composition. At least
516 ribotypes (unique rRNA sequences) were detected in the
sample and, by statistical extrapolation, at least 1,633 co-existing
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ribotypes in the sampled population. More than 50% of the
ribotypes fall into discrete clusters containing less than 1%
sequence divergence. This pattern cannot be accounted for by
interoperon variation, indicating a large predominance of closely
related taxa in this community. We propose that such micro-
diverse clusters arise by selective sweeps and persist because
competitive mechanisms are too weak to purge diversity from
within them.

Traditional species concepts have largely been concessions to the
need to identify bacteria reproducibly, but none adequately describe
natural units of microbial diversity’. It has recently been proposed
that natural taxa are distinct groups of strains that arise by periodic
selection—a process of continuing, selectionally neutral, diversifica-
tion punctuated by adaptive mutations leading to selective sweeps®*.
The latter events purge all sequence variants except those associated
with the genome carrying the adaptive mutation*. One of the
attractive features of this concept is that it should be applicable to
molecular surveys of microbial diversity because taxa would be
identifiable in phylogenetic trees as distinct clusters of closely
related sequences'. Moreover, such clusters should be detectable
independently of the gene used to construct these trees as long as the
accumulation of variation is commensurate with the occurrence of
sweeps’. However, this theory has not been applied to broad-scale
studies of bacterial diversity in the environment. Over the past 20
years, diversity studies have primarily been based on analyses of 16S
rRNA clone libraries but it has remained uncertain to what extent
fine-scale patterns of variation are due to sequence artefacts, to
heterogeneity among paralogous operons or to the co-existence of
similar but differentiated taxa'. Furthermore, it has not been
explored whether naturally defined units of differentiation emerge
from recently released shotgun sequence data from the Sargasso
Sea®.

We deduced that the discovery of ecologically significant patterns
of relationships between co-existing ribotypes requires, first, an
examination of clone libraries large enough to elucidate relation-
ships at all levels of differentiation, and second, methods that
minimize and account for the contribution of sequence artefacts
and paralogous variation to diversity estimates. We sequenced
about 1,000 clones from each of two polymerase chain reaction
(PCR)-derived 16S rRNA libraries constructed from the same
coastal bacterioplankton sample. The first library employed com-
mon (standard) amplification protocols. For the second, a modified
protocol was designed to minimize artefacts and to identify Taq
errors and chimaeric molecules through extensive sequence analyses
(see Methods). This approach allowed the most comprehensive
analysis of any single gene from co-occurring populations so far,
even in view of the recently released Sargasso Sea study, which in
aggregate sampled a similar number of rRNA genes but from several
locations, dates and diverse biogeochemical conditions®. Our over-
all rationale was to achieve high coverage of rRNA genes from a
single community while estimating and compensating for the
influence of artefacts on ribotype diversity, potentially revealing
emergent patterns.

Comparison of the two libraries showed that changes to the
amplification protocol alone decreased the incidence of unique
sequences from 76% (692 of 909) in the standard to 61% (686 of
1,131) in the modified library. Correction for chimaeras and Taq
error lowered the percentage to 48% (516 of 1,067) unique
sequences (Fig. 1a), demonstrating a potentially significant contri-
bution of PCR-induced artefacts to (micro)diversity estimates.
Consequently, these corrections yield a significantly lower estimate
of total ribotype diversity for the sampled community when
compared with the unmodified standard library (1,633 versus
3,881) with the use of the Chao-1 estimator’. A novel estimator
(NT/Nay) (ref. 2) yielded a similar value of 2,236 sequences for the
corrected data set. This good agreement, combined with the low
incidence of chimaeras and the observation that corrections account
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for most expected Taq errors (see Methods), provides confidence in
the corrected estimate of ribotype diversity.

A vast and previously unrecognized predominance of micro-
diverse ribotypes was revealed by further analysis of relationships.
More than half of the observed sequences in the modified library fell
into clusters sharing at least 99% sequence consensus (Fig. 1a). This
result is still more marked when the Chao-1 diversity estimator is
applied to the data, indicating that more than two-thirds of
ribotypes might be members of 99% sequence clusters in the
sampled bacterioplankton. Defining such 99% clusters, rather
than unique ribotypes, as operational taxonomic units (OTUs)
decreases diversity estimates from 1,633 to 520 OTUs, a decline of
about 70%. However, further clustering into 98% and 97% con-
sensus groups decreases the number of OTUs by only 3% (507
OTUs) and 11% (450 OTUs), respectively (Fig. la). In fact, a
remarkably consistent exponential decline was observed in the
number of OTUs as cluster cut-off values were decreased from
99% to 75% (Fig. 1b). In stark contrast, the number of OTUs greatly
exceeds this exponential trend for values above 99% (Fig. 1b). An
essentially identical relationship emerged from a phylogenetic
(maximum-likelihood) analysis, in which the accumulation of
lineages per arbitrary time unit was inferred under a molecular
clock model® (data not shown). This exponential accumulation of
clusters or lineages is expected if the creation and removal of taxa are
on average constant over time®. The sharp discontinuity observed
above 99% similarity therefore suggests increased diversification or
decreased removal of diversity within microdiverse clusters.

The overall predominance of extremely closely related ribotypes
also emerges from phylogenetic analyses as large clusters of closely
related taxa (Fig. 2, and Supplementary Information). These are
typically well separated from other clusters, as indicated by a
comparison of average within-cluster and between-cluster sequence
divergence (data not shown)’. The most sequence-rich micro-
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Figure 1 Compositional pattern of the coastal bacterioplankton sample. a, Rarefaction
curves of the number of OTUs in a 16S rRNA library constructed with standard (crosses,
100% sequence similarity cluster) and modified (diamonds, 100% sequence similarity
clusters; squares, 99%; triangles, 98%; circles, 97%) amplification protocols. Standard
deviations fall within the symbols and are not shown. b, Number of OTUs plotted against
changing degrees of cutoffs in 0.5% increments for grouping of sequences into similarity
clusters.
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diverse clusters are formed within the Pelagibacter (SAR11) group
of the alpha-Proteobacteria (Fig. 2) but all highly represented
lineages contain such clusters, including the gamma-Proteobacteria
and the Bacteriodetes group (Supplementary Information). Never-
theless, microdiverse clusters are not uniformly distributed between
lineages in the modified clone library. For example, the Cytophaga
group contains more deeply divergent lineages and fewer micro-
diverse clusters than the Pelagibacter group (Supplementary Infor-
mation). However, such differences might be due to incomplete
sampling because rarefaction (Fig. la) suggests that deeper branch-
ing lineages in this library are well sampled and that additional
sequencing should therefore primarily reveal microdiverse
ribotypes.

To what extent can the observed ribotype microdiversity be
explained by variation among paralogous operons within single
genomes'? We have recently explored this question by an analysis of
97 available complete bacterial genomes’. These contain, because of
multiple non-identical operons, a total of 242 different 16S rRNA
sequences’; that is, the number of ribotypes exceeds the number of
genomes about 2.5-fold. Remarkably, interoperon sequence differ-
ence remains within about 1% among these genomes. Only five
genomes deviate from this rule, four of which were thermophilic
bacteria all with a single operon with higher sequence divergence’.
Therefore, if one accepts that the distribution of operons among
free-living bacteria is similar to that of the 97 sequenced genomes, a
conservative correction factor of about 2.5 (ref. 9) can be applied to

Beta/gamma
Protecbacteria

Actinobacteria
Other
groups
Delta/Epsilon
Protecbacteria

Tﬁﬁ?‘%ﬁﬁ

Alpha
Proteobacteria

i,_',ﬁ__h_l,ﬁ
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Bacteroides

Figure 2 Phylogenetic distance relationships between the coastal bacterioplankton based
on partial 16S rRNA sequencing. a, Summary of groups represented in the sample, in
which each number denotes a phylogenetic cluster of sequences (for identification key
see Supplementary Information). b, Relationships between Pelagibacter (SAR11) clusters
represented by one sequence of each 99% similarity cluster. Numbers associated with
nodes represent bootstrap values. ¢, Examples of microdiverse relationships between
SAR11 ribotypes. Scale bars, 0.1 (@), 0.05 (b) and 0.01 (¢) substitutions per site. Arrows
connecting trees point to expanded nodes.
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the estimated number of sequences (1,113) in the 99% similarity
group to yield a revised estimate of at least 446 closely related
genomes co-existing in the sample. However, this is probably an
overcorrection because opportunistic bacteria with multiple oper-
ons are thought to predominate in culture collections and among
sequenced genomes™'®. Moreover, Pelagibacter ubique HTCC1062,
which is identical in sequence to clones within the largest SAR11
99% similarity clusters, seems to contain a single rRNA operon
(S. J. Giovannoni, personal communication). Given that operon
numbers vary little between closely related bacteria’ it is unlikely
that the observed SAR11 microdiversity can be explained by operon
differences. Finally, shotgun sequencing of Sargasso Sea prokaryotes
revealed a total of about 1,400 rRNA and about 600 RecA
sequences®. The latter is a single-copy gene in all currently published
genomes. Their frequency in the sample therefore provides an
independent and almost identical estimate of 2.3 rRNA operons
per genome. Thus, we conclude that, even after conservative
correction, genomes denoted by microdiverse ribotypes represent
by far the dominant fraction of bacterial diversity in this coastal
bacterioplankton sample.

The observed pattern raises the question: what level of similarity
should be expected between genomes carrying microvariant ribo-
types? Comparative genomics has shown that genomes can be
divided into stable and variable sets of genes, termed the core and
flexible/auxiliary genome, respectively'"'?. The latter arises primar-
ily by means of phage and transposon-mediated lateral gene transfer
and comprises between 1% and 18% of genes'" but possibly as much
as 60% (ref. 13). The core genome, in contrast, is a stable com-
plement of genes that includes rRNA and housekeeping genes. This
core reflects the overall evolutionary history of the lineage because
little lateral gene transfer is detectable®'>'. Microdiverse ribotype
clusters should therefore also be apparent in comparisons of other
housekeeping genes, possibly more so because of the higher substi-
tution rates typical of protein coding genes’.

Do microdiverse sequences denote co-existing, ecologically dif-
ferentiated genomes? Among free-living bacteria of very similar
ribotypes, correlation of genomic variation with ecological par-
ameters has been demonstrated convincingly in only a single case
involving two strains of Prochlorococcus'®, but these would not fall
within a single microdiverse cluster as defined here. In contrast, no
evidence of functional differentiation was detected in several
environmental BAC clones with microdiverse 16S rRNA, despite
considerable polymorphisms in protein-coding genes'®'”. This is
consistent with recently advanced theories for the interpretation of
microdiverse sequence clusters. It has been shown’ that clustering of
housekeeping genes, resulting from periodic selection, predicts
ecologically differentiated strains within cultivated bacterial taxa.
If microdiverse ribotype clusters in the environment arise by the
same mechanism' their very existence implies that intracluster
competition is too weak to sweep members from within their
ranks. However, this does not require that these genomes are
functionally identical. Subdifferentiation within the flexible genome
might provide increased fitness under episodic or spatially confined
environmental conditions, but not sufficient growth advantage to
sweep competing microdiverse genomes'”. Furthermore, ecological
factors might decrease effective competition. Particularly, predation
has been suggested to promote the coexistence of diverse lineages by
‘killing the winner’ of competitive events'®. Finally, recombination
might be important in delineating and preserving genetic diversity
among members of clusters by allowing sweeps of adaptive alleles
without removing selectionally neutral variation'.

The above considerations lead us to suggest that microdiverse
ribotype clusters are important units of differentiation in natural
bacterial communities. Indeed, such clusters might be widespread.
We have recently detected numerous microdiverse ribotypes in salt-
marsh sulphate-reducing bacteria®, and ribotype clusters have
previously been tentatively suggested for some open-ocean
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microbial groups'. To determine whether microdiverse ribotype
clusters described here represent ecotypes—that is, ecologically
cohesive populations—will require a detailed comparison of their
encompassed genomic variation. Indeed, high-throughput sequen-
cing® and cultivation®' provide the means for rigorous testing of the
hypothesized ecological importance of ribotype clusters. Most
importantly, such inquiries challenge us to re-examine concepts
of microbial diversity and invigorate the search for ecologically and
evolutionarily defined species concepts. O

Methods
Study site and sampling

A 2.2-litre water sample was collected on 6 October 2001 from the marine end of the Plum
Island Sound estuary (northeastern Massachusetts), and bacterioplankton was
concentrated on a 0.22-p.m filter (Supor; Gelman), which was stored at —80 °C until DNA
extraction. Measured water parameters were as follows: temperature 16 °C, pH 8.0,
prokaryotic cell numbers 0.99 X 10°171, dissolved organic carbon 0.4 mg cl,
chlorophyll a 5.94 pg1™".

DNA extraction and clone library construction

Cells on filters were lysed and nucleic acids were extracted with a modified version of a
bead-beating method*® followed by treatment with RNase I and purification on Qiagen
DNA purification spin columns. Two 16S rRNA clone libraries were constructed from the
same sample to estimate the total coexisting sequence diversity and the effect of PCR-
induced artefacts. For both, the bacteria-specific primers 27F and 1492R as modified in ref.
22 were used. Each PCR reaction contained genomic DNA equivalent to 4.9 X 10° cells.
Ten replicate reactions were combined and gel-purified, and the same amount of
amplicons were cloned with the PCR 2.1-TOPO kit (Invitrogen). The PCR amplification
for the first (standard) library used 35 cycles mimicking commonly used protocols
(typically between 30 and 40 cycles). The second (modified) library was constructed to
minimize the accumulation of the three known PCR artefacts (Taq errors, chimaeras and
heteroduplex molecules)’. In brief, the sample was amplified for 15 cycles followed by a 3-
cycle ‘reconditioning step’, which eliminated heteroduplex molecules” and decreased the
incidence of Taq errors and chimaeras. Purified plasmids served as templates for partial
16S rRNA sequence determination with the bacterial primer 27F (ref. 20).

Sequence analysis

Sequences (position 68 to 805, E. coli numbering) from the corrected library were further
analysed for evidence of PCR artefacts. About 3% of the sequences were removed as
putative chimaeras on the basis of identification by a combination of the three
bioinformatics tools Chimera_Check®, Bellerophon® and ChimeraBuster®. Taq errors
were identified by manual reconstruction of 16S rRNA secondary structures as pioneered
in ref. 26 and detailed in ref. 20. In brief, the method scores as Taq errors sequence changes
that violate either the sequence-conservation rule (nucleotides that are different in
positions more than 98% conserved in all bacterial sequences) or the secondary-structure-
conservation rule (apparent changes resulting in mismatches in stem structures that are
not detected in related sequences). The Taq error rate determined from these rules was
3.3 X 10~ per nucleotide per duplication, which agrees remarkably well with the
experimentally determined value of 2 X 10~ per nucleotide per duplication for the Taq
polymerase used®. Further confidence that the large majority of Taq errors are captured is
lent by several simple considerations. First, inspection of alignments showed the
remaining variation clustered in regions known to be highly variable, which is inconsistent
with the expected random distribution of Taq errors. Second, separate quantification of
Tagq error rate for positions falling under the conservation and the secondary structure rule
previously gave highly similar rates of 1.7 X 10~ and 2.5 X 10>, respectively®. Third,
after 18 cycles, the inferred Taq error rate would lead to a misincorporation of bases at a
rate of 3.6 X 10~ per nucleotide. Because about 800 base pairs of sequence reads were
obtained, this would translate into an average of 0.3 errors per sequence. This is close to the
fraction of sequences (0.26; 181 of 686) removed from the modified library owing to
identification of Taq errors. Last, potentially undetectable Taq errors by the secondary
structure rule are those that change one allowed base pairing into another (for example, A-
U to G-U). Although this can happen in two-thirds of all positions in rRNA, only 30% of
the time will random replacement of one nucleotide by another due to Taq error result in
another allowed base pairing. Therefore, at worst 20% (0.67 X 0.3) of Taq errors are
missed but since only about 64% of the nucleotide positions fell under the secondary-
structure rule this number translates into about 13%. Considering the probable incidence
of errors per sequence based on a Taq error rate of 2 X 10~ the calculation again results in
an estimated 4% of sequences (0.13 X 0.3) that carry errors missed by the applied
corrections.

The corrected set of sequences was used to estimate total diversity in the
bacterioplankton community and patterns of relationships. An algorithm was
developed™ to group sequences into percentage similarity clusters (100%, 99%, 98%, and
so on). This formed the basis for statistical extrapolation of total sequence diversity with
the Chao-1 (ref. 7) and Nt/Nyax (ref. 2) estimators. Accumulation of lineages through
time was calculated with GENIE* from a non-optimized tree inferred by maximum
likelihood with the molecular clock assumption enforced®. Identification of phylogenetic
affiliation of the sequences was performed with the neighbour-joining method
implemented in ARB* and followed by an analysis of more restricted groups of sequences
by using distance and parsimony methods in PAUP* (ref. 29).
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Euthycarcinoids are one of the most enigmatic arthropod groups,
having been assigned to nearly all major clades of Arthropoda.
Recent work has endorsed closest relationships with crustaceans'
or a myriapod-hexapod assemblage’, a basal position in the
Euarthropoda®, or a placement in the Hexapoda* or hexapod
stem group’. Euthycarcinoids are known from 13 species ranging
in age from Late Ordovician or Early Silurian to Middle Triassic,
all in freshwater or brackish water environments®. Here we
describe a euthycarcinoid from marine strata in Argentina dating
from the latest Cambrian period, extending the group’s record
back as much as 50 million years. Despite its antiquity and
marine occurrence, the Cambrian species demonstrates that
morphological details were conserved in the transition to fresh
water. Trackways in the same unit as the euthycarcinoid
strengthen arguments that similar traces of subaerial origin
from Cambro-Ordovician rocks were made by euthycarcinoids”™®.
Large mandibles in euthycarcinoids®® are confirmed by the
Cambrian species. A morphology-based phylogeny resolves
euthycarcinoids as stem-group Mandibulata, sister to the Myr-
iapoda and Crustacea plus Hexapoda.
Mandibulata Snodgrass, 1938
Euthycarcinoidea Gall and Grauvogel, 1964
Euthycarciniformes Starobogatov, 1988
Apankura gen. nov.

Etymology. Apankura (Quechua), meaning crab.
Type species. Apankura machu gen. et sp. nov.
Diagnosis. Euthycarciniform with large mandibles that occupy
most of the space beneath the posterior cephalic tergite; anterior
two pairs of pre-abdominal limbs smaller than the posterior nine
pairs; limbs markedly taper distally, composed of about ten podo-
meres, distal podomeres are shorter, large setae are absent; at least
six post-abdominal segments; post-abdominal tergites are each
about 2.5-times wider than they are long.

Apankura machu sp. nov.
Etymology. Genus as above; machu (Quechua), meaning
grandfather.
Holotype. Museo de Geologia, Mineralogia y Paleontologia, Uni-
versidad Nacional de Jujuy (JUY-P 24; Fig. 1).
Locality and horizon. Bed of Rio Huasamayo, Garganta del Diablo,
near Tilcara, Jujuy Province, Argentina. The holotype (the only
known specimen) is in greenish-grey mudstone from the
Casa Colorada Member, Santa Rosita Formation. The trilobites
Neoparabolina frequens argentina and Plicatolina scalpta on the
same slab indicate a latest Cambrian age (lower part of Neopar-
abolina frequens argentina zone)'’. Green shales of the Casa Color-
ada Member represent lower offshore deposition in an open marine
facies''.
Diagnosis. As for genus.

The holotype is 38 mm long, including the head, pre-abdomen
and six segments of the post-abdomen. The maximum width of the
pre-abdominal tergites is 16 mm. As in other euthycarcinoids>"?, the
head is composed of a short anterior tergite and a longer, wider
posterior tergite. The latter is trapezoidal, with gently curved lateral
margins. The antenna is uniramous, with at least nine short articles.
Large, well-defined spheroidal processes'” are at the lateral margin
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