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More than 20 Synechococcus and Cyanobium isolates were obtained from central European subalpine lakes
and sequenced for their 16S rRNA gene and part of the phycocyanin operon (cpc), specifically the intergenic
spacer (IGS) between cpcB and cpcA, and corresponding flanking regions (cpcBA-1GS). Maximum-likelihood
analyses revealed the existence of at least six to seven clusters of nonmarine picocyanobacteria within the
picophytoplankton clade and support the conjecture of global dispersal for some closely related picocyanobac-

terial genotypes.

Due to their significance for global biogeochemical cycling,
recent research has focused on deciphering the genotypic and
phenotypic diversity of marine picocyanobacteria (17, 30, 38).
Comparatively sparse information is available on the dispersal
and diversity of freshwater picocyanobacteria, although their
genotypic differences and ecological significance have been
studied in great detail for some lakes (4, 35). Recently, Ernst et
al. (10) suggested that strain clusters belonging to the nonma-
rine branch of the picophytoplankton clade sensu Urbach et al.
(38) have undergone ecosystem-dependent adaptive radiations
within several brackish, freshwater and saline (Antarctic) lake
environments. This conclusion is an apparent contradiction of
the common conjecture that many free-living microbial species
have a global distribution because their small size and great
abundance result in dispersal which is rarely (if ever) restricted
by geographical boundaries (13, 14). This argument has been
known for a long time and is commonly referred to as the
“everything is everywhere” hypothesis (2).

It is at present difficult to test this hypothesis for picocya-
nobacteria, because the genetics and ecophysiology of most
picocyanobacteria remain poorly understood, and, further-
more, there is often no simple correlation between genotypic
and phenotypic diversity (10). The phylogenetic analysis of
Ernst and colleagues (10) and their inferences on dispersal and
evolution of freshwater picocyanobacteria were derived from a
limited number of strains.

Based upon a refined analysis originating from a larger da-
tabase (with >20 new rRNA gene sequences), we show that
some closely related forms are widely dispersed and that taxon
undersampling may have resulted in premature phylogenetic
inferences in the analysis of Ernst et al. (10). The implications
of our findings are discussed in relation to the description of
(microbial) ecotypes adapted to environments where the po-
tential for widespread dispersal is high.
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Source, isolation, and maintenance of cultures. To avoid
culture bias resulting from the use of standard plating tech-
niques—these may favor the isolation of, e.g., phycocyanin-rich
strains (9), which comprise a small fraction of picocyanobac-
teria inhabiting subalpine lakes (42)—we used single-cell sort-
ing (MW isolates [7]) and the dilution culture technique (MH
isolates) to obtain isolates from the surface 20-m water column
of the oligo-mesotrophic lakes Mondsee and Hallstittersee,
both deep subalpine lakes located in Upper Austria. The non-
axenic isolates were maintained in BG11 (34) at 15°C and
under low light (white light, 10 wmol quanta m~2 s~ contin-
uously supplied by Osram “cool-white” fluorescent tubes)
(henceforth referred to as standard culture conditions).

Assignment to pigment groups. A Zeiss Axioplan micro-
scope was used to differentiate phycoerythrin (PE)- and phy-
cocyanin (PC)-rich isolates based upon their epifluorescent
characteristics under blue (Zeiss filter set 05) and green exci-
tation (Zeiss filter set 14) (21, 43) in comparison to the refer-
ence strains BO 8801, BO 8807, and BO 8809 (11), grown
under standard culture conditions. PE-rich isolates were char-
acterized by their orange-red fluorescence under green excita-
tion and their yellow-orange fluorescence under blue excita-
tion. PC-rich isolates appeared purple-red or red at both green
and blue excitation.

DNA isolation, PCR amplification, and sequencing. Near-
full-length 16S rRNA gene sequences were determined for 21
Synechococcus and Cyanobium isolates sensu Castenholtz (5).
The less conserved intergenic spacer (IGS) between cpcB and
cpcA, and corresponding flanking regions (henceforth referred
to as ¢pcBA-1GS), were sequenced for 25 Synechococcus and
Cyanobium isolates. These gene sequences have been targeted
in previous phylogenetic studies of picocyanobacteria (29).

DNA was extracted from 10 ml of culture material using the
FastDNA kit and FastPrep instrument (Bio 101). 16S rRNA
gene and cpcBA-IGS sequences were amplified using cya-
nobacterium-specific primer pairs, 16S5'F (AGAGTTTGATC
CTGGCTCAG) and B23S5'R (CTTCGCCTCTGTGTGCCT
AGGT) (19, 32) and cpcBF(UFP) (TAGTGTAAAACGACG
GCCAGTTGYYTKCGCGACATGGA) and cpcAR(URP)
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(TAGCAGGAAACAGCTATGACGTGGTGTARGGGAA
YTT) (29), respectively. PCRs were done in 25-pl volumes,
with final concentrations of reactants as follows: for the 16S
rRNA gene PCR, 0.2 mM (each) deoxynucleoside triphos-
phate, 0.4 pM (each) primer, ca. 100 ng of template DNA, 1
mg of bovine serum albumin ml~*, 1.5 mM MgSO,, and 0.4 to
0.8 U of high-fidelity SuperTaq (Ambion) polymerase; for the
cpcBA-1GS PCR, 0.3 mM (each) deoxynucleoside triphos-
phate, 0.5 uM (each) primer, 10 to 100 ng of template DNA,
2.5 mM MgCl,, and 0.5 U of Tag (Qiagen) polymerase. Cycling
parameters are given in the work of Scheldeman et al. (32) (for
16S rRNA gene PCR) and Robertson et al. (29) (for cpcBA-
IGS PCR). PCRs were performed in multiples, and products
were pooled, purified using the QIAquick PCR purificaton kit
(Qiagen), and then sequenced (VBC Genomics) bidirection-
ally.

Sequence alignment and phylogenetic analyses. CLUST-
ALX (37) and the ARB (http://www.arb-home.de) automatic
alignment tool (Fast Aligner, version 1.03) were used to pro-
duce working alignments of the cpcBA-IGS and 16S rRNA
gene sequences, respectively. The final alignments were ob-
tained by manual refinement, taking into account structural
constraints (16S rRNA gene sequences: secondary structure
models available from the Comparative RNA Web Site (http:
/www.rna.icmb.utexas.edu); cpcBA-IGS sequences: amino
acid alignment given as Table 23 in the supplement to Bickel et
al. (3). After the removal of hypervariable (50% conservation
filter implemented in ARB using the filter by base frequency
function; see Ludwig and Klenk [20] for a discussion on the use
of filters in phylogenetic analysis) and other potentially mis-
leading sites, the alignments used in phylogenetic analyses
consisted of 1,383 (16S rRNA gene sequences) and 362
(cpcBA-1GS sequences) nucleotide positions. Pairwise nucleo-
tide sequence identities were calculated from the full-length
alignments using uncorrected distances and excluding se-
quences from putative coisolates (i.e., isolates originating from
the same water sample and identical in both 16S rRNA gene
and cpcBA-1GS sequence sets), poorly aligned columns (i.e.,
most of the IGS between c¢pcB and cpcA), and sites with
ambiguous (i.e., codes M, R, W, Y, etc.) bases. Maximum-
likelihood (12) trees were inferred with TREEFINDER (http:
/www treefinder.de), assuming the GTR + I' model of nucle-
otide substitution. For both the 16S rRNA gene and cpcBA-
IGS data sets, GTR + I'" was the best-fit model of nucleotide
substitution according to analyses performed with ModelTest
(27).

Synechococcus PCC 6301 (formerly Anacystis nidulans) was
chosen as the outgroup since it forms, together with PCC 7943
and PCC 7942, a paraphyletic group closely related to but well
separated from the picophytoplankton clade sensu Urbach et
al. (38) (10; N. D. Crosbie, unpublished analyses).

The cpcBA-1GS sequence set was examined for recombina-
tion events using a substitution method sensu Posada (26) as
implemented in Geneconv 1.81 (S. A. Sawyer [http://www
.math.wustl.edu/~sawyer]). The global permutation P values
based on BLAST-like global scores (10,000 replicates) smaller
than 0.05 were considered as evidence of recombination. A
multiple-comparison correction (Bonferroni) is already built
into the P values. The default value of the parameter gscale
(gscale = 0) was used.

UBIQUITOUS PICOCYANOBACTERIA 5717

Results of phylogenetic analyses. Phylogenetic analyses of
the 16S rRNA gene sequences revealed a high pairwise simi-
larity for all freshwater picocyanobacteria (Fig. 1). Overall, the
near-full-length 16S rRNA gene sequences obtained from 67
inland water picocyanobacterial isolates differed by a maxi-
mum of 5% in pairwise comparisons (average pairwise se-
quence identity, 98%; calculations excluded isolate PS-845 and
isolates from Antarctic saline lakes). Our cluster designations
(and their nomenclature) are based on the groups proposed
originally by Robertson et al. (29), with modifications accord-
ing to Ernst et al. (10).

Many of our new PE-rich isolates from Lakes Mondsee and
Hallstéttersee clustered with isolates obtained from other sub-
alpine lakes, falling into two groups, B (= subalpine cluster I)
and H. The new group, H, consists of seven closely related
(average pairwise sequence similarity for the 16S rRNA gene,
99.9%) isolates from L. Mondsee and one isolate from Japa-
nese Lake Biwa. Additionally we propose the new group I,
which contains three PC-rich isolates from L. Mondsee and
one PC-rich isolate from an Arctic tundra pond. Isolates form-
ing group H and those obtained from L. Hallstéttersee exhib-
ited a greater tendency to form cell aggregations under stan-
dard culture conditions. All isolates obtained in this study were
coccoid with the exception of MH 305, MH 307, and MW
76B2, which formed rods. The latter isolate appears to be
identical to BO 8807, which also exhibits a rod morphology
(10).

A maximum-likelihood tree derived from the cpcBA-IGS
gene sequences of 59 isolates, including 25 new Synechococcus
and Cyanobium isolates from subalpine lakes, was constructed
based upon an unambiguous alignment of 362 nucleotides (nt)
(Fig. 2). The overall pattern was consistent with the 16S rRNA
gene-based phylogeny (Fig. 1)—for example, the new groups H
and I were evident in both trees—but demonstrates, however,
that subalpine cluster I (10) is not exclusive for subalpine
central European lakes (Fig. 2).

Isolates obtained from widely separated locations shared up
to 99.87% identity in 16S rRNA gene sequences (e.g., the
PC-rich isolates P211 and MW 100C3 differed in two nt posi-
tions; Fig. 1, bottom) and up to 99.72% in cpcBA-IGS se-
quences (e.g., the PE-rich isolates PS-714 and BO 8807 dif-
fered in one nucleotide position; Fig. 2, top).

As originally observed by Robertson et al. (29), the length of
the IGS separating cpcB and cpcA exhibited a strong relation-
ship with phylogenetic groups (Fig. 2). Additionally, two iso-
lates (PS-727 and PS-729) having an IGS length inconsistent
with their initial (i.e., in the work of Robertson et al. [29])
classification in group B, were clearly separated in our phylo-
genetic analyses of the larger cpcBA-IGS data set (cf. Robert-
son et al. [29]).

With respect to terminal branching patterns, the results sug-
gest a high degree of congruence between 16S rRNA gene-
and cpcBA-1GS-based phylogenies of the nonmarine members
of the picophytoplankton clade, though with less well delin-
eated subgroups in the more conserved 16S rRNA gene phy-
logeny (29; this study). Contrary to the observations of Ernst et
al. (10) and in agreement with Robertson et al. (29), we found
a moderate and strong correlation between phylogenetic clus-
ters and pigment group assignment in the 16S rRNA gene- and
cpcBA-1GS-based phylogenetic analyses, respectively. We con-
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FIG. 1. Maximum-likelihood tree of the picophytoplankton clade sensu Urbach et al. (38), inferred from 16S rRNA gene sequences (1,383 nt
positions). Terminal branches display isolate and GenBank accession numbers (given in bold font for sequences determined in this study), isolation
details (location, habitat), helix 49 tetraloop motif, and pigment group (@, PE rich; O, PC rich). Numbers at nodes indicate the percent bootstrap
frequency (1,000 replicates) obtained from neighbor-joining (31) trees calculated by TREECON for Windows (39) assuming a Jukes-Cantor model
of nucleotide substitution. Bootstrap values of <50% are not shown. Minimum and mean (parentheses) pairwise percent similarities are shown
on the right-hand side of each group label. Sources: results herein, references 10, 28, 29, and 40; Warwick Vincent, personal communication
(isolation details for P211 and P212); and Watanabe, personal communication (isolation details for NAN, UBR, HOS, T7ccl, TAG, TAGS, IR48
PS-838, PS-840, and PS-845). The Ernst et al. (10) cluster designations subalpine cluster I, Lake Biwa strains, Bornholm Sea strains, Cyanobium
gracile cluster, and subalpine cluster II are also provided. The outgroup was Synechococcus PCC 6301 (formerly Anacystis nidulans).
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FIG. 2. Maximum-likelihood tree of the picophytoplankton clade sensu Urbach et al. (38), inferred from cpcBA-IGS gene sequences (362 nt
positions). Terminal branches display isolate and GenBank accession numbers (given in bold font for sequences determined in this study), isolation
details (location, habitat), IGS length (number of nucleotides), and pigment group (@, PE rich; O, PC rich). Numbers at nodes indicate the percent
bootstrap frequency (1,000 replicates) obtained from neighbor-joining (31) trees calculated by TREECON for Windows (39) assuming a
Jukes-Cantor model of nucleotide substitution. Bootstrap values of <50% are not shown. Minimum and mean (parentheses) pairwise percent
similarities are shown on the right-hand side of each group label. Sources: results herein and reference 29. The Ernst et al. (10) cluster designations
subalpine cluster I and Cyanobium gracile cluster are also provided. The outgroup was Synechococcus PCC 6301 (formerly Anacystis nidulans).

firm, however, that both pigment types (i.e., PE- or PC-rich) isolates BO 8807 and MW 76B2 [group B] with the helix 49
can be found in some closely related isolates (e.g., isolates motif pattern of group H isolates—see Fig. 1), involving the

forming group A).

terminal loop of helix 49 and its closing base pair (reference 10

In the 16S rRNA gene sequence set, a pattern suggesting and results herein), could have resulted from horizontal trans-
motif exchange (e.g., compare the helix 49 motif pattern of  fer (the “simplified complexity hypothesis”; see reference 41)
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and/or from endogenous processes (15). From X-ray struc-
tures, helix 49 appears not to be in contact with any other
molecules within the ribosome and belongs to the group of
rRNA hairpins exhibiting variable length and variable loop
sequences (16).

Deep-branching patterns were sensitive to hypervariable
sites (i.e., those removed by a 50% conservation filter) and the
inclusion or exclusion of the helix 49 tetraloop motif (6 nt
positions in the alignment) in the 16S rRNA gene sequence
matrix subjected to phylogenetic analyses. Notably, PE-rich
Antarctic isolates obtained from marine-derived saline lakes
(28) and PS-845 (isolation details suggest a marine origin;
M. M. Watanabe, personal communication) clustered with PC-
rich freshwater isolates obtained from the Arctic (Bylot Island
ponds) and central Europe (Lakes Mondsee and Constance)
when the motif was included (results not shown). When ex-
cluded (either separately or together with hypervariable sites),
the Antarctic isolates clustered together with PS-845 at the
base of the picophytoplankton clade (Fig. 1). Although we
could find no evidence of recombination in the set of picocya-
nobacterial cpcBA-1GS sequences (P > 0.05), the potential for
spurious phylogenies (18, 22) was minimized by restricting
analyses to an alignment made almost entirely from the flank-
ing regions. A similar approach was taken by Robertson et al.
(29).

Global dispersal versus ecosystem-dependent radiation.
While certain groups of freshwater picocyanobacteria may
have arisen in a specific ecosystem type (e.g., deep subalpine
lakes), the frequency and widespread nature of microbial dis-
persal (13) would all but ensure that newly adapted strains and
their progenitors are dispersed to widely separated locations.
Given conditions suitable for growth, the population of “old”
and “new” arrivals would increase, but bias originating from
selective sampling of picocyanobacterial strains (for example,
by fluorescence in situ hybridization, quantitative PCR, cul-
ture, or clone libraries) must be taken into account before safe
conclusions regarding the geographical restriction of ecotypes
sensu Cohan (6) can be made. Although our analyses confirm
that most gene clusters do contain isolates originating with
nearby locations (10), there is also evidence for widespread
dispersal of some closely related taxa. This is illustrated by
cluster B, the so-called subalpine cluster I (10), which contains
isolates obtained from Irish Lough Neagh (isolate PS-714) and
several Japanese lakes of very different type from the oligo-
mesotrophic, deep subalpine lakes (e.g., Fig. 2). Lake Kasumi-
gaura (from which PS-725 was isolated), for instance, is the
second-largest hypertrophic lake in Japan, with a surface area
of 220 km? and a mean water depth of 4 m (36).

Prokaryote speciation is thought to have produced ecotypes
recognizable as tightly clustered groups in sequence-based
phylogenies (6, 23). Because phylogenetic analyses are sensi-
tive, however, to the character and number of sequences in-
cluded in the analysis and on the particular algorithm used to
perform the clustering (25), robust ecotypes might be defined
from a relatively small number of 16S rRNA gene sequences
originating from a relatively small number of locations and
environments. At the other extreme, the collection of a large
number of more variable sequences [e.g., cpcBA-IGS (29; this
study) or ITS sequences (10)] from a great many locations and
environments will be needed. The present analysis suggests
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that there are at least seven clusters within the nonmarine
picocyanobacteria forming the picophytoplankton clade sensu
Urbach et al. (38). Whether these gene clusters should be given
species rank remains debatable until more ecophysiological
evidence on representative strains has been accumulated.

Although sequence-based clustering methods guide the for-
mulation of testable hypotheses, the practical challenge for
microbial ecologists will be to define ecotypes using methods
which accurately predict ecological equivalence, which in turn
requires careful consideration of the number and nature (ge-
notypic and phenotypic) of arbiters (e.g., growth rate, grazing
susceptibility, subtractive hybridization [1, 33], or gene expres-
sion) chosen to test ecotype boundaries—i.e., which strains
should be included or excluded. This is especially important
given that apparently minor differences in picocyanobacterial
genotypes can obscure ecologically significant differences (8,
10). A quantitative appraisal of the “everything (microbial) is
everywhere” hypothesis will require that putative ecotypes are
empirically defined. Limited phylogenetic information in the
16S rRNA gene (24), taxon undersampling, and the potential
“erosion” of phylogenies due to horizontal transfer of genetic
information mean that a mature understanding of picocya-
nobacterial ecotypes, their effective and potential biogeogra-
phy (or lack thereof), will require that more importance is
given to quantifying the limitations of (i) sequence acquisition,
depending on the extent and nature of sampling, (ii) the num-
ber and choice of gene or gene-fragment(s), and (iii) methods
of phylogenetic analysis.
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