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A gene lineage (SAR406) related to Chlorobium and Fibrobacter species was found in 16S rRNA gene clone
libraries prepared from samples from two oceans. The clone libraries were constructed from total picoplankton
genomic DNA to assess bacterial diversity in the lower surface layer. The samples were collected by filtration
from a depth of 80 m at a site in the western Sargasso Sea and from a depth of 120 m at a site in the Pacific
Ocean, approximately 70 km from the Oregon coast. The PCR and primers which amplified nearly full-length
16S rRNA genes were used to prepare the clone libraries. Among the diverse gene clones in these libraries were
two related clones (SAR406 and OCS307) which could not be assigned to any of the major bacterial phyla.
Phylogenetic analyses demonstrated that these genes were distant relatives of the genus Fibrobacter and the
green sulfur bacterial phylum, which includes the genus Chlorobium. The inclusion of SAR406 in phylogenetic
trees inferred by several methods resulted in support from bootstrap replicates for the conclusion that
Fibrobacter and Chlorobium species and SAR406 are a monophyletic group. An oligonucleotide probe that
selectively hybridized to clone SAR406 was used to examine the distribution of this gene lineage in vertical
profiles from the Atlantic and Pacific Oceans and in monthly time series at 0 and 200 m in the Atlantic Ocean.
During stratified periods, the genes were most abundant slightly below the deep chlorophyll layer. Seasonal
changes in the surface abundance of SAR406 rDNA were highly correlated with chlorophyll a levels (r = 0.75).

Recent studies have used molecular cloning methods to ex-
plore bacterial diversity without the biases imposed by cultiva-
tion on microbiological media (1). The application of molec-
ular techniques, including the cloning of environmental 16S
rRNA genes, has provided researchers with new tools to ad-
dress questions of microbial ecology as well as biodiversity.
Comparisons of novel environmental 16S rRNA genes with
databases of characterized genes allow unidentified sequences
to be placed in a phylogenetic context. The sequence informa-
tion can also be used to design oligonucleotide probes for use
in studying the spatial and temporal dynamics of uncharacter-
ized organisms in environmental samples (7). Molecular tech-
niques thus augment microbial cultivation as a means to detect
and study new organisms. Evidence of many novel, and as-yet-
uncultivated, organisms has been found in this manner (3, 13,
15, 29).

In marine environments, bacterioplankton constitute a ma-
jor component of the biomass, but the abundance and physi-
ological activities of specific species are largely unknown (2, 8).
The work presented here is part of a study examining the
dynamics of microbial communities at a specific location, the
Bermuda Atlantic Time Series Station (BATS), in an unusually
oligotrophic region in the western Sargasso Sea (4). It has been
suggested that long-term changes in the stratification of plank-
tonic communities in oligotrophic subtropical gyre ecosystems
might influence ocean surface layer geochemical cycles (19).
Our purpose was to determine whether Sargasso Sea bacterio-
plankton populations are structured temporally and spatially
and whether fluctuations in the density and activity of these
populations are correlated with specific physical and chemical
variables.

We report here the preliminary characterization of a 16S
rRNA gene lineage cloned originally from water samples col-
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lected at BATS, from a depth of 80 m, in August of 1991. This
gene clone, SAR406, could not be assigned to any of the major
bacterial phyla but was closely related to a fragmentary se-
quence recovered previously from seawater by Fuhrman and
coworkers (12). Analysis of the full-length gene sequences
indicates that they constitute a deeply diverging lineage but are
most closely related to green sulfur bacteria and Fibrobacter
spp. The SAR406 lineage was found to have a stratified distri-
bution, contributing proportionately more to bacterioplankton
abundance in the lower surface layer than at the surface.

MATERIALS AND METHODS

Sampling. Water samples were collected with Niskin bottles attached to a
CTD (conductivity, temperature, and depth) rosette from BATS (31°50'N,
64°10'W) and at a site in the Pacific Ocean located approximately 70 km from the
Oregon coast (46°45'N, 126°2'W). Monthly time series samples spanning the
period from August 1991 to February 1994 were collected at the BATS by the
same method. Samples were collected from at least two depths (0 and 200 m)
each month. Additional depths were sometimes sampled. Twelve to 24 liters of
seawater from each depth was filtered onto 0.2-pm-pore-size polysulfone filters
(SUPOR-200; Gelman Sciences Inc., Ann Arbor, Mich.) under vacuum at 7
Ib/in?. The filters were then placed in heat-sealing plastic bags with 5 ml of lysis
buffer (20 mM EDTA, 400 mM NaCl, 0.75 M sucrose, and 50 mM Tris HCI [pH
9.0]) and stored at —20°C or in liquid N, for later processing on shore. A
Sea-Bird CTD was used to measure continuous profiles of temperature and
fluorescence.

Nucleic acid extraction. Total cellular nucleic acids were extracted from the
filters by use of a combination of procedures optimized for small sample sizes. To
lyse cells, the samples were thawed on ice, sodium dodecyl sulfate (SDS) was
added to 1%, and proteinase K was added to 100 wg/ml. The bags were then
resealed and incubated in an HB-1 hybridization oven (Techne, Cambridge,
United Kingdom) at 37°C for 30 min and then at 55°C for 10 min. Lysate was
transferred to polypropylene centrifuge tubes, extracted with an equal volume of
fresh phenol-CHCl;-isoamyl alcohol (25:24:1), and again extracted with an equal
volume of CHCl;-isoamyl alcohol (24:1). The purified nucleic acids were then
precipitated with 2 volumes of 100% ethanol and 0.1 volume of 2 M sodium
acetate (pH 5.2), collected by centrifugation, and resuspended in aqueous solu-
tion. Cellular RNA and DNA were fractionated by isopycnic centrifugation in
cesium trifluoroacetate (1.6 g/cm?) under the following conditions: 1.4-ml vol-
ume for 48 h at 40,000 rpm, 15°C, in a TLS-55 rotor (Beckman Inc., Palo Alto,
Calif.). DNA and RNA were precipitated from the appropriate fractions by the



1172 GORDON AND GIOVANNONI

addition of 1 volume of isopropanol and washed in 70% ethanol. The resulting
pellets were then resuspended in Tris-EDTA buffer.

Cloning. Prokaryotic 16S rRNAs were amplified for cloning from the mixed
population genomic DNAs by PCR with Tag polymerase (Promega, Madison,
Wis.) and bacterial 16S primers for DNA coding for rRNA (rDNA primers 27F
[AGA GTT TGA TCM TGG CTC AG] and 1518R [AAG GAG GTG ATC
CAN CCR CA]) (14). The reaction volumes were 100 pl, containing 10 ng of
template, 5% acetamide, 200 nM each primer, 1.5 mM MgCl,, 200 pM total
deoxynucleoside triphosphate (ANTP), standard Tag buffer, and 2.5 U of Taq
polymerase. Thirty-five cycles were performed with a Coy thermocycler under
the following conditions: annealing for 1 min at 50°C, elongation at 72°C for 3
min, and denaturation at 94°C for 1 min. The clone library was constructed by
ligating the amplification products into the plasmid vector pCRII (Invitrogen,
San Diego, Calif.) as described in the manufacturer’s instructions. Double-
stranded plasmid DNA sequencing was performed with an Applied Biosystems
373A automated sequencer. The sequences were determined bidirectionally.

Sequence analysis. Sequence analysis was performed with the programs GDE,
supplied by Steve Smith (Millipore, Bedford, Mass.), and gRNAid, supplied by
Shannon Whitmore (Mentor Graphics, Wilsonville, Oreg.). Regions of ambigu-
ous alignment were excluded from the phylogenetic analysis. The clone se-
quences were evaluated by the program CHECK_CHIMERA, provided by the
Ribosomal Database Project (RDP) (22). This program has been designed to aid
in the identification of chimeric gene artifacts. The programs Phylogeny Infer-
ence Package (Phylip) version 3.5 (11) and fastDNAml (10, 24) were used to
infer phylogenetic relationships.

Accession numbers. Nucleotide sequences were filed in GenBank under the
accession numbers U41450 for SAR406 and U34043 for OCS307.

DNA vertical profiles. Bacterial rDNAs were amplified from seawater for dot
blots with the primers 27F and 1492R (GGT TAC CTT GTT ACG ACT T).
Unreacted oligonucleotides and dNTPs were removed with a Qiaquick-spin PCR
purification kit (Qiagen, Chatsworth, Calif.) prior to quantifying yield by spec-
trophotometry. The reaction products were resuspended in 180 wl of Tris-EDTA
buffer, denatured by the addition of 20 wl of 2.0 N NaOH, incubated for 10 min
at room temperature, and blotted on a Zetaprobe membrane (Bio-Rad Labo-
ratories, Richmond, Calif.) with a dot-blot manifold (Minifold I SRC 096/90;
Schleicher & Schuell, Inc., Keene, N.H.). Each well was washed with 200 pl of
2X SSPE (1x SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH
7.7]) to neutralize the NaOH. The amounts of amplified DNA blotted were 100
ng per well for natural populations and 30 ng per well for controls. The blots
were dried in vacuo at 70 to 80°C for 15 min, exposed to 120 mJ of short
wavelength UV radiation per m? with a UVC-515 Multilinker (Ultra-Lum, Inc.,
Carson, Calif.), and stored desiccated before probing.

RNA vertical profiles. RNA concentrations were determined by measuring
optical A,¢y. One hundred, 50, 20, and 10 ng of each RNA sample were heated
to 37°C for 2 min, dot blotted, and fixed as described above. Data were analyzed
as described previously (15).

Oligonucleotide probes. An oligonucleotide probe specific for the SAR406
lineage (SAR406R; AAG GAT CCG CTG CAT TAT TCG) was designed to
complement the 16S rRNA domain corresponding to positions 176 to 188 of the
Escherichia coli 16S TRNA. T4 polynucleotide kinase was used to label the 5’
terminus of the oligonucleotide probe with 3P (26). The probe was prescreened
for potential cross-reactivity by use of the program CHECK_PROBE provided
by the RDP.

Hybridization. Blots were prehybridized in 10 ml of Z-hyb buffer (1 mM
EDTA, 0.25 M Na,HPO, [pH 7.2], 7% SDS) for 10 to 30 min at room temper-
ature, the prehybridization buffer was decanted, and 6 ml of fresh Z-hyb buffer
containing 5 to 50 ng of oligonucleotide was added. Blots were hybridized at 30°C
for 5 h to overnight, washed three times for 15 min at room temperature in 25
ml of 0.2X SSPE-0.1% SDS, and one time for 15 min at 45°C. The empirical
melting temperature (7,,) of the probe was determined by quantifying the
amount of probe hybridized to dot blots of SAR406 rDNA after 15-min washes
at a range of increasing temperatures (25 to 65°C). Blots were placed in Seal-a-
Meal bags on top of wet 3 MM blotter paper (Whatman, Hillsboro, Oreg.).
Hybridization was quantified with an AMBIS Mark II radioanalytic system (Au-
tomated Microbiological Systems, San Diego, Calif.) and a Phosphorimager SI
(Molecular Dynamics, Sunnyvale, Calif.). The following equation was used to
calculate the specific hybridization of the SAR406 oligonucleotide probe to the

depth profiles:
o= (Z)- (25 x 100
= \pe P'c

where ®x is the specific hybridization (percentage of PCR products hybridizing
to probe x), P is the hybridization of probe to sample rDNA, P’ is the hybrid-
ization of probe to pure, known control rDNA, x is the specific probe, and ¢ is the
bacterial probe (338R). Bound probe was removed from the blots by washing
twice in 0.2X SSPE-0.1% SDS buffer at 70°C for 10 min.

RESULTS

A library of 97 bacterial 16S rRNA gene clones from the
Sargasso Sea 80-m sample was screened by hybridization with
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radiolabelled oligonucleotide probes specific for some bacte-
rial gene lineages (SAR11, SAR202, SAR6, SAR7, and
SARS3) that had been encountered previously in other clone
libraries (4, 15, 16). Fifty-five of the clones hybridized to these
taxon-specific probes in this initial screening. Unidentified
clones were chosen at random for phylogenetic identification
by sequencing of the 5’ and/or 3’ regions. These domains of the
gene contain both highly conserved and highly variable regions
suitable for preliminary phylogenetic analysis and probe de-
sign. Separate phylogenetic analyses of the 5’ and 3’ domains
of SAR406 did not reveal specific affiliations to sequences
representative of the major bacterial phyla. The nucleotide
sequence was completed and then evaluated with the RDP
program SIM_RANK, yielding an S, of 0.799 with the envi-
ronmental gene clone NH16-12 as the highest value obtained
(12). NH16-12 is part of a gene cluster (marine group A) first
described by Fuhrman and colleagues on the basis of partial
rRNA gene sequences. This 430-base gene fragment differs in
17 positions from SAR406 and is thus 96% similar over the 430
bases available for comparison. The two other members of this
cluster, NH49-10 and NH16-16, are 81 and 79% similar, re-
spectively, to SAR406. This similarity was not immediately
recognized because the 5’ and 3’ sequences of SAR406 deter-
mined initially did not overlap with the 430-base NH16-12
fragment.

An analysis of signature nucleotides and secondary struc-
tural models supported the conclusion that SAR406 and
OCS307 are closely related representatives of a gene lineage
naturally occurring in seawater. A secondary structural model
of the predicted SAR406 and OCS307 16S rRNA molecules is
shown in Fig. 1. The two sequences are consistent with a single
secondary structure in which a majority of the substitutions
differentiating the two clones are located in hypervariable re-
gions distributed throughout the molecule. Substitutions were
found in variable regions V1, V2, V3, V5, V6, V7, V8§, and V9,
i.e., all of the variable regions defined for prokaryotes (6).

Clones SAR406 and OCS307 exhibited several unusual base
substitutions at conserved positions (Table 1). Some of these
substitutions are shared with some members of other phyloge-
netic groups, including Bacteroides spp. (30). However, the
overall pattern of substitutions in SAR406 and OCS307 is
unique, and the two clones could not be associated with any of
the taxa listed in Table 1 by signature nucleotides alone.

A variety of phylogenetic methods were employed to deter-
mine the evolutionary position of SAR406. In separate phylo-
genetic analyses, the 5’ and 3’ regions of the SAR406 gene
behaved similarly; neither domain alone showed a significant
affiliation with other phylogenetic groups. This result was con-
sistent with the observations of Fuhrman and colleagues, who
were unable to assign a phylogenetic position to clone
NH16-12 by analysis of a partial sequence.

The phylogenetic relationships of the complete SAR406
gene are shown in Fig. 2. This phylogenetic tree was inferred by
the neighbor-joining method from the full SAR406 sequence
and selected 16S rRNA sequences representing the bacterial
phyla. A total of 1,297 positions were included in the mask,
which excluded those positions for which there were no ho-
mologs among every sequence in the analysis. The gene se-
quences of two archaea (Methanococcus voltae and Haloferax
volcanii) were used as an outgroup. Fast DNA Maximum Like-
lihood (fastDNAml) (10, 24) and parsimony methods were
used to derive phylogenetic trees from the same data set.
Bootstrap resampling (100 replicates) of the data was used to
provide statistical support for the phylogenetic relationships
obtained with each method of inference. Bootstrap values for
parsimony and neighbor-joining methods are shown in Fig. 2,
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FIG. 1. Model of the secondary structure of the SAR406 and OCS307 16S rRNA molecules. Positions at which the sequence of OCS307 differs from that of SAR406
are indicated by lowercase letters. The secondary structures and signature nucleotides of the two molecules are identical, but they differ by substitutions in variable

regions.
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TABLE 1. Signature nucleotides for SAR406 and OCS307

Position Consen§us SAR406_O.CSSU7 Taxa with SAR406 substitution
nucleotide nucleotide
1202 U G Bacteroides spp., marine group A, green nonsulfur bacteria, Chlamydia sp.,
cyanobacteria, a-proteobacteria, gram-positive bacteria with high G + C content
1207 G U Marine group A
1234 C 18] Bacteroides spp.
1410 A G Bacteroides sp., Fibrobacter spp., green sulfur bacteria, marine group A, green nonsulfur

bacteria, Planctomyces spp., a-proteobacteria

but similar results were obtained with the maximum likelihood
method, with minor exceptions described below. The gene
clone NH16-12 was not included in this analysis because it
would necessitate a truncated mask, reducing the number of
phylogenetically informative positions available for compari-
son.

The phylogenetic analyses indicated an origin for the
SAR406 gene lineage which lies within the main radiation of
the bacterial phyla but also provided significant support for a
monophyletic group encompassing Fibrobacter spp., the green
sulfur bacteria (represented here by Chlorobium limicola), and
SAR406. Bootstrap values for this clade were 85% for the
neighbor-joining method, 73% for the parsimony method, and
65% for fastDNAml. In the absence of the SAR406 sequence,
for the same data set, the values were 21, 10, and 31%, respec-
tively (data not shown). Thus, the inclusion of the SAR406
gene in phylogenetic trees caused a rearrangement of relation-
ships among some deeply branching bacterial lineages, which
were associated with significant changes in bootstrap values.

An oligonucleotide probe, designed to specifically hybridize
to the SAR406 gene, was evaluated with the RDP program
CHECK_PROBE. The results of CHECK_PROBE indicated
that there were a minimum of three mismatches with any
known 16S rRNA sequence. The empirical 7,,, was determined
to be between 45 and 50°C. This supported the selection of

Flavobacterium aquatile

Flexibacter litoralis
Bacteroides fragilis

SAR406

Chlorobium limicola
Fibrobacter succinogenes

Chlamydia trachomatis

Deinococcus radiodurans
Spirochaeta bajacaliforniensis

Oceanospirillum linum

Desulfuromonas acetoxidans

Micrococcus luteus

Bacillus subtilis

Synechococcus PCC 6301

Megasphaera elsdenii

Thermomicrobium roseum

Herpetosiphon aurantiacus

Pirellula staleyi

Gemmata obscuriglobis

Thermotoga maritima

Fervidobacter icelandicum

100

100
Geotoga subterranea
Aquifex pyrophilus
100— Methanococcus voltae
1001 Haloferax volcanii
0.10

FIG. 2. Phylogenetic tree showing relationships of SAR406 and representa-
tive bacterial and archaeal 16S rRNA genes. This tree was inferred from nearly
complete sequences by the neighbor-joining and parsimony methods. The num-
ber of bootstrap replicates which supported each branch, from a total of 100
replicates, are shown above (neighbor-joining) and below (parsimony) each
node. Bootstrap values below 50% are not shown.

45°C as the stringent wash temperature. The radiolabelled
oligonucleotide probe was used to screen the 80-m Sargasso
Sea library, but no further clones of this type were found.

Profiles of hybridization of the SAR406 probe to amplified
rDNA from samples from various depths from the Sargasso
Sea and Pacific Ocean (Oregon coast) suggested that genes of
the SAR406 lineage were proportionately most abundant at
depths below 80 m (Fig. 3). An 80-m water sample had served
as the source of the water used to make the clone library,
where the gene was first encountered. Since the SAR406 gene
lineage was found to be present in the Pacific Ocean samples,
a second clone library was constructed from samples collected
at a depth of 120 m off the Oregon coast. This library was
screened with the SAR406 probe, clone OCS307 was identi-
fied, and a complete nucleotide sequence was determined.
OCS307 was found to be 96% similar to SAR406 over the
1,492 positions the two sequences have in common. It was not
included in the phylogenetic analyses because it was very sim-
ilar to SAR406 and had no effect on the branching order of the
trees.

Monthly time series data from BATS revealed a strong trend
in the distribution of the SAR406 gene cluster with depth.
Average values for SAR406 rDNA proportional abundance at
200 m were 9.4%), i.e., about five times higher than the average
values at 0 m over the same interval (P = <0.001). The rRNA
hybridization values for the SAR406 probe at the surface were
uniformly low; fluctuations such as those seen with rDNA
hybridization targets could not be resolved. However, compar-
isons of rRNA hybridization time series data indicated that the
gene was proportionately four times more abundant at 200 m
than at 0 m (P = 0.04), which was similar to the result obtained
with rDNA hybridization targets. The time series data are
consistent with the data obtained from the vertical profiles and
support the view that the gene cluster is situated primarily in
the lower regions of the surface layer throughout much of the
year. As shown in Fig. 4, rDNA hybridization data indicated
that the SAR406 gene cluster was highly correlated with chlo-
rophyll a concentrations (r = 0.75) in surface samples.

DISCUSSION

The SAR406 gene lineage was found to be a deep phyloge-
netic branch of the bacteria. These genes could not be associ-
ated with high probability with any of the known bacterial
phyla, although they most often formed a sister group with
either the Fibrobacter or the Chlorobium lineages. The chloro-
bia are green sulfur bacteria, a monophyletic group of obligate
anaerobic photoautotrophs, requiring exogenous reduced elec-
tron sources for photosynthesis and carbon dioxide fixation
(31). The genus Fibrobacter is a dominant cellulolytic genus of
the rumen of cattle and sheep (23). While both Fibrobacter and
Chlorobium spp. are obligate anaerobes, Fibrobacter spp. use a
fermentative metabolism, and the two groups appear to have
few obvious features in common. This is consistent with the
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FIG. 3. The distribution of SAR406 rDNAs in the upper 250 m of the oceanic water column evaluated by dot blot hybridization. (A) Upper 250 m at BATS during
a stratified period in August 1991; (B) water samples collected in October 1993 at a station located on the continental shelf (ca. 800-m water depth) off the Oregon
coast. Hybridization of the SAR406 probe to total bacterial rDNA is shown to the right of temperature and fluorescence data collected with a CTD. There was no
sample from 200 m for the dot blot of samples from the Oregon coast. Symbols: ™, temperature; — , fluorescence (relative units), ¥ , rDNA specific hybridization.

substantial evolutionary distance between the two groups.
Thus, although the SAR406 lineage, Fibrobacter spp., and the
green sulfur bacteria form a phylogenetic cluster, the distances
among the three are too great to allow for inferences regarding
the physiology of SAR406.

Chimeric genes created by in vitro recombination during
PCR are a potential source of artifact in investigations of
phylogenetic diversity (15, 27, 29). Secondary structural models
can be used to detect some chimeric genes by revealing mis-
paired bases or signature features representing genes of dif-
ferent origins. CHECK_CHIMERA, provided by the RDP, is
a useful aid in chimera identification, particularly when the
recombined genes are substantially different. It has been sug-
gested that neither the CHECK_CHIMERA program nor sec-
ondary structural models are sufficiently rigorous methods of
detecting chimeric genes (25).

Independent phylogenetic comparisons of 5" and 3" domains
are likely to be among the most sensitive qualitative tests for
chimeras for the same reasons that phylogenetic analyses are
more sensitive than pairwise sequence similarities as a means
of detecting microbial affiliations: phylogenetic inference si-

Temperature (°C)
(Bx/6v)) e ||Aydoiojud

FIG. 4. Time series data comparing relative SAR406 hybridization bacterial
rDNA amplified from surface water samples with measured chlorophyll a con-
centrations during the period from August 1991 to December 1993. Bacterial
rDNAs were amplified from total bacterioplankton genomic DNA by PCR.
During the time period shown, the average SAR406 rDNA hybridization value at
200 m was five times higher than that at the surface. The hybridization values at
200 m (data not shown) fluctuated with no discernible pattern. Symbols: @,
temperature; ¥, chlorophyll a; m, SAR406 DNA (relative units).

multaneously weighs relationships in a set of many sequences.
In this particular case, however, the relationship between
SAR406 and OCS307 and their nearest (but still distant) rel-
atives did not emerge until full-length sequences were ob-
tained, and there was no specific association revealed by the
separate analyses of the 5’ and 3’ regions of the molecules.

Perhaps the best evidence that a gene lineage is not chimeric
is the confirmation of multiple genes of a common type, par-
ticularly from different sources, such as those we describe here.
Figure 1 provides evidence against SAR406 and OCS307 being
chimeras. SAR406 and OCS307 are 96% similar. The pattern
of conserved secondary structure and base substitutions
throughout the variable regions of the molecule is consistent
with natural variation created by random evolutionary pro-
cesses. The possibility that two genes with unique similarities in
conserved regions could independently result from in vitro
recombination events in complex gene mixtures is unlikely
because (i) the conserved regions and structural features of the
molecules are essentially identical, indicating that if these are
chimeras, they must have been formed independently from
members of the same clade, and (ii) only very complex chime-
ras involving multiple exchanges could explain the variability in
Fig. 1.

16S rRNA sequence analyses done previously by Woese and
coworkers, which predated the application of bootstrap anal-
ysis as an estimate of reliability, indicated a phylogenetic rela-
tionship between the green sulfur bacteria and the Flavobac-
terium-Bacteroides lineage (31). Although the phylogenetic
analyses presented in Fig. 2 do not support this relationship
with high bootstrap values, we note that some Bacteroides and
Flavobacterium species share signature nucleotides with
SAR406 and OCS307 (Table 1). A specific relationship be-
tween green sulfur bacteria and the Flavobacterium-Bacteroides
phylum is not supported by significant bootstrap values in Fig.
2 because several lineages, including Deinococcus radiodurans,
Spirochaeta bajacaliforniensis, and Chlamydia trachomatis, fre-
quently swapped positions with the Flavobacterium-Bacteroides
group in the analysis.

The influence of a single sequence on the ordering of phy-
logenetic topologies and bootstrap confidence estimates, such
as that described here for SAR406, is not an unusual feature of
molecular phylogeny. It is particularly likely to occur in cases
such as this, which involve relatively early events in microbial
evolution which involve many short internode distances in phy-
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logenetic trees, e.g., a radiation of lineages. The results pre-
sented here might best be viewed as a further refinement of the
phylogenetic picture, which may well be tested again by the
future discovery of further novel gene lineages.

Our results with rRNAs and amplified rDNAs from natural
communities indicate that the SAR406 gene cluster is vertically
stratified in the water column and undergoes regular seasonal
oscillations in relative abundance at the surface. We present
the hybridization data as relative TRNA and rDNA abun-
dances, which are measures of microbial community activity
and composition. The cellular abundance of bacterioplankton,
as measured by direct counting methods, varies with depth and
sample and is, on average, ca. 20% less at 200 m than at 0 m at
our study site. Thus, relative gene abundance, expressed as a
percentage, and cellular abundance are different measures
which should not be confused. The former may be more useful
for evaluating the ecology of species because it provides a
reasonable measure of the contribution of that species to the
community, whereas the latter is of greater interest where
biomass is the concern. As with other uncultured species, the
absolute abundance of SAR406 rRNA cannot be accurately
estimated from the hybridization of oligonucleotides because
no pure SAR406 RNA is available for the standardization of
hybridization results. The case is different with rTDNA, where
cloned genes are available as standards.

An assay which relied on PCR produced an estimate of 9.4%
for the average abundance of the SAR406-OCS307 gene group
at 200 m in 30 consecutive time series samples. The SAR406
probe corresponds to a relatively variable region of 16S rR-
NAs; hence, it may underestimate abundance if the SAR406-
OCS307 group forms a diverse gene cluster including members
with sequence variations in the probe hybridization target re-
gion. A particular concern of molecular ecologists is that stud-
ies of 16S rDNA genes amplified from environmental samples
with the PCR may be subject to biases in relative gene abun-
dance introduced by PCR (9). Recent studies suggest that
there are conditions under which both biases and variability
are small enough to permit comparisons between samples (28).
As pointed out by Farrelly and coworkers (9), the relative
abundance of a gene in a population will be influenced by
factors such as the number of rRNA genes in genomes and the
size of genomes among population members. However, all
measures of microbial abundance have particular properties of
meaning and empirical accuracy which impose limitations on
interpretations (e.g., biomass versus cellular activity). In this
light, we suggest that measures of relative gene abundance may
prove useful for ecological studies.

Previous studies have shown that spatial and temporal vari-
ability occurs in bacterioplankton communities (18, 20, 21).
However, with the exception of photosynthetic bacterioplank-
ton, the extent of bacterial community stratification in the
open ocean is not well understood. Our results suggest that the
bacteria harboring the SAR406 gene may be adapted to grow
best in a discrete region of the water column. The evidence of
a stratified distribution for the SAR406 gene cluster does not
give a clear indication of its ecological role. The hybridization
data in Fig. 4 indicate a strong positive correlation between the
relative abundance of SAR406 at the sea surface and surface
chlorophyll a values. Much of this correlation appears to result
from increases in SAR406 surface abundance which occur in
concert with spring phytoplankton blooms. These phytoplank-
ton blooms are brought about by the strong seasonal variations
of mixing and stratification which are characteristic of the
western Sargasso Sea (5). The reasons for the temporal corre-
lation between chlorophyll @ and SAR406 at the surface are
unknown. One hypothesis is that SAR406 is a phototroph. If
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so, its seasonal and depth-specific patterns of abundance could
simply be a reflection of its physiological properties as a
photosynthetic organism. More likely, SAR406 may be a
heterotrophic organism that depends on phytoplankton,
possibly using the exudates of photosynthetic organisms as
carbon sources.

16S rRNA has been widely used for ecological studies (16,
17, 29), sparking occasional debate among researchers. Some
of this discussion has focused on the limitations of rRNA,
noting that this molecule rarely gives clues as to the physiology
and biogeochemical roles of microorganisms. This limitation is
due primarily to the observation that physiology and phylogeny
are not congruent properties among most of the bacterial
phyla. For example, proteobacteria are a cohesive phylogenetic
group but contain organisms that vary greatly in their physio-
logical capabilities. As we demonstrate, SAR406, Fibrobacter
spp., and the green sulfur bacteria possess some degree of
phylogenetic affiliation. However, this affiliation alone is not
sufficient to allow predictions regarding the physiology of this
uncharacterized organism.

In summary, the SAR406 gene lineage represents a phylo-
genetically ancient branch of the bacteria which appears to be
most closely associated with Fibrobacter spp. and the green
sulfur bacteria. Moreover, this unusual group exhibits a strat-
ified distribution in the western Sargasso Sea, where its maxi-
mum abundance occurs below the deep chlorophyll layer
throughout most of the year. A striking correlation between
the surface abundance of this gene and surface indicators of
phytoplankton biomass suggests a possible link between
blooms of this organism and biological or physical factors.
Although little is known about the impact of microbial strati-
fication on the cycling of nutrients in the open oceans, recent
data suggest that stratification might be an important factor in
the cycling of carbon in the surface layer (5). The study of one
widespread component of these stratified communities, the
species corresponding to the SAR406 gene, may provide in-
sights into the role of bacterioplankton community structure in
marine food webs.
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