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A small-subunit ribosomal RNA (16S rRNA) gene lineage (SAR324) affiliated with the 8 subdivision of the
class Proteobacteria (DP) was discovered in a 16S rRNA gene clone library prepared from a water sample
collected from 250 m in the western Sargasso Sea. This clone library of nearly full-length amplicons of bacterial
16S rRNA genes has been the subject of previous studies aimed at identifying bacteria that inhabit the lower
ocean surface layer. The novel lineage was identified by randomly sequencing clones that did not hybridize to
oligonucleotide probes specific for several abundant bacterioplankton groups identified in previous studies.
Phylogenetic analysis indicated that SAR324 was most closely affiliated with the DP, although it showed no
specific relationship to any DP 16S rRNA genes in databases. Eight of the clones in the library of 148 clones
were identified as members of the SAR324 lineage by hybridization to an oligonucleotide probe specific for
SAR324. Subsequent hybridizations showed that the SAR324 group is stratified in the lower surface layer of
both the Atlantic and Pacific Oceans, with maxima between 160 and 500 m. The repeated discovery of sequences
belonging to different gene clusters with similar distributions in this region of the water column suggests that

microbial communities in the lower surface layer may be functionally specialized.

The sequencing of 16S rRNA genes and the application of
group-specific oligonucleotide probes has provided much new
information on bacterioplankton diversity and has revealed a
previously unseen structure in the spatial and temporal distri-
butions of microorganisms in marine systems (17, 18, 34). An
interesting and unforeseen conclusion of these studies is that a
majority of the genes recovered from seawater belong to a
limited number of phylogenetic groups. In a recent review, we
reported that 86% of all bacterial genes (n = 440) recovered
from seawater fall within eight phylogenetic groups (16). Else-
where it has been reported that all archaeal rRNA genes re-
covered so far from seawater belong to two phylogenetic
groups (6, 11). These conclusions are important to microbial
ecologists seeking to understand the relationship between mi-
crobial diversity and functional specialization within microbial
communities because they suggest that a relatively limited ar-
ray of molecular probes may be sufficient for monitoring the
population dynamics of the majority of bacterioplankton.
Equally important has been the observation of similar strati-
fied patterns in the distributions of some of the major bacterial
groups in different oceans (17, 18, 26). Collectively, these ob-
servations support the view that common principles may un-
derlie the organization of bacterioplankton communities in
temperate oceans.

Although common themes are emerging from investigations
of bacterioplankton diversity, novel genes of potential ecolog-
ical significance continue to be discovered (17, 18, 26). Bacte-
rioplankton 16S ribosomal DNAs (rDNAs) have been recov-
ered from surface and 100-, 200-, and 500-m samples from
subtropical and temperate regions of the oceans, as well as
Antarctica, and the eastern and western continental shelves
of the United States (2, 6, 7, 11, 12, 14, 28). The majority of
clones belong to the cyanobacterium (SAR6 and SAR7) and
proteobacterium (SAR11, SAR86, SAR83, and SAR116 clus-
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ters) divisions. Many genes from novel lineages related to the
genus Fibrobacter (marine group A and SAR406), the green non-
sulfur bacteria (SAR202), and the gram-positive bacteria
(NH16-9 and BDA1-5), as well as numerous, unique clones that
are rarely encountered have also been found (12, 14, 17, 18).

The vertical stratification of photosynthetic bacterioplank-
ton populations is well-known, but only recently have investi-
gations with oligonucleotide probes shown that many of the
most abundant bacterioplankton lineages—species of un-
known physiology—are also highly stratified (4, 32). Lee and
Fuhrman (23) showed that community DNAs from the Pacific
Ocean varied significantly among samples from 25, 100, 500,
and 1,000 m. Early hybridization studies with phylogenetic
group-specific oligonucleotide probes indicated that bacterial
genes cloned from surface samples were often dominant only
in the upper surface layer (2, 14, 30). More recently, we have
found that four uncultured microbial groups (SAR202,
SAR406, SAR11G1 subcluster, and marine archaea group I)
form stratified populations at Atlantic and Pacific Ocean sites
(references 17 and 18, and unpublished data). These results
suggest that stratification may be an important property of
community structure in marine systems and that unique com-
munities might occur in the lower surface layer.

The work presented here is part of an ongoing effort to
characterize the bacterioplankton of the lower surface layer at
the Bermuda Atlantic Time-Series study site (BATS) in the
western Sargasso Sea. Previous analyses of this clone library
from 250 m resulted in the discovery of a novel gene lineage,
SAR202, and a deep-water phylogenetic subgroup of the
SARI11 cluster (14, 17). Here we describe another novel gene
clone lineage (SAR324), which is most closely affiliated with
the 8 subdivision of the class Proteobacteria (DP), and show
that it also forms stratified populations in the lower surface
layers of both the Atlantic and Pacific oceans.

MATERIALS AND METHODS

Sampling and nucleic acid extraction. Water samples were collected from
BATS (31°50’N, 64°10’W) and from ocean station PAPA in the subarctic north
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Pacific Ocean (approximately 50°N, 145°W) with Niskin bottles attached to a
conductivity, temperature, and depth (CTD) rosette. The samples from PAPA
have not been studied previously; however, the BATS samples used in this study
have been described elsewhere in previous studies of other bacterioplankton
groups (17). Monthly time series samples (30) were collected from BATS at two
depths (0 and 200 m) from August 1991 to February 1994. In addition to monthly
samples, samples were collected at BATS from 40, 80, 120, 160, and 250 m 10
times during the same period. The samples from ocean station PAPA were
collected in September 1995 from depths ranging from 0 to 3,300 m. From 24 to
48 liters of seawater was filtered from each depth. A Sea-Bird CTD rosette was
used to measure continuous profiles of temperature.

Total cellular nucleic acids were extracted from the filters by procedures
optimized for small sample sizes, as described elsewhere (17).

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 (27F, AGA GTT GAT CMT GGC TCA G;
1522R, AAG GAG GTG ATC CAN CCR CA) as described previously (13, 17).
The clone library was constructed by using the plasmid vector pCRII (Invitrogen,
San Diego, Calif.) as described in the manufacturer’s instructions. Transformants
were screened for full-length insertions by EcoRI restriction digestion. Clones
were numbered discontinuously from 177 to 325 and stored in LB (10 g of
tryptone per liter, 5 g of NaCl per liter, 5 g of yeast extract per liter, 50 ng of
kanamycin per ml)-7.0% dimethyl sulfoxide at —80°C.

Gene sequencing and phylogenetic analysis. Plasmid DNAs were purified for
sequencing from clones grown overnight at 37°C in Luria-Bertani broth by using
a Prep-A-Gene DNA Purification Kit (Bio-Rad Laboratories, Hercules, Calif.)
or a QIAprep Spin Plasmid Miniprep Kit (Qiagen, Inc., Chatsworth, Calif.)
according to the manufacturer’s instructions. Plasmid DNAs were sequenced
bidirectionally with universal and bacterial primers by using an Applied Biosys-
tems 373A automated sequencer as described previously (2, 13, 15, 22). DNA
sequence data was manually aligned to bacterial sequences obtained from the
Ribosomal Database Project (RDP) by using the program GDE, supplied by
Steve Smith (Millipore Corporation, Bedford, Mass.) (25). Sequences were eval-
uated by the program CHECK_CHIMERA, also provided by the RDP, to aid in
the identification of chimeric gene artifacts. Phylogenetic relationships were
inferred by the neighbor-joining method and by parsimony by using the Phylog-
eny Inference Package (PHYLIP), version 3.4 (9, 29). Regions of ambiguous
alignment and hypervariability were excluded from the analysis. Secondary struc-
ture analysis of the 16S rRNA gene was performed with the program gRNAid,
supplied by Shannon Whitmore (Mentor Graphics, Wilsonville, Oreg.).

Hybridization. Vertical profiles of SAR324 rRNA and rDNA amplicons were
measured by hybridizations to dot blots as described previously (17, 18). For the
rDNA replicates used to generate error bars, bacterial IDNAs were amplified in
three separate reactions from seawater by using bacterial 16S rDNA primers
(27F; 1492R, GGT TAC CTT GTT ACG ACT T) (13). For hybridizations to
environmental high-molecular-weight RNA, 100, 50, 20, and 10 ng of each RNA
sample were blotted, and the slopes of the lines were determined by linear
regressions. Nucleic acids were adsorbed onto Zetaprobe membranes (Bio-Rad
Laboratories, Inc., Carson City, Calif.), cross-linked by UV radiation and baking,
and stored desiccated at —20°C before probing.

An oligonucleotide probe specific for the SAR324 lineage (SAR324R; CGA
AAG ACC CTC CGG) was designed to complement positions 625 to 639 of the
16S rRNA gene (Escherichia coli numbering system). The probe was prescreened
for potential cross-reactivity with the program CHECK_PROBE, provided by
the RDP (25). T4 polynucleotide kinase was used to label the 5" terminus of the
oligonucleotide probe with [y-*P]ATP as described previously (31). The empir-
ical melting temperature (7,,,) of the probe was determined by quantifying the
amount of probe hybridized to dot blots of SAR324 rDNA after 15-min washes
at temperatures from 30 to 55°C.

The rDNA and RNA blots were hybridized in Z-Hyb buffer (1 mM EDTA,
0.25 M Na,HPO,, 7% sodium dodecyl sulfate, pH 7.2) containing ca. 50 ng of
radiolabeled oligonucleotide probe as described previously (17, 18). Following
hybridization, the blots were exposed to PhosphorImager plates (Molecular
Dynamics, Sunnyvale, Calif.), followed by quantification with a Molecular Dy-
namics Phosphorimager SI and IMAGEQUANT software. Data were analyzed
as described previously, with the hybridization of the bacterial probe 338R used
as a denominator so that variation in the hybridization of the specific probe
(SAR324R) is expressed in relative units that are proportional to bacterial RNA;
changes in the plotted values represent variation in the proportion of bacterial
RNA contributed by the SAR324 group. SAR324 rDNA hybridization values are
expressed as percentages, since SAR324 genes (amplicons) were available for use
as standards for normalization, as described previously (17, 18). Amplicons were
not used to normalize the rRNA hybridization data, since this would have
assumed that free energy of binding for the probe to RNA targets was the same
as for DNA targets, an assumption that is unlikely to be true.

Nucleotide sequence accession numbers. Nucleotide sequences were filed in
GenBank under the following accession numbers: SAR324, U65908; SAR257,
U65909; SAR237, U65910; SAR214, U65911; SAR248, U65912; SAR308,
U65913; SAR218, U65914; and SAR276, U65915.
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RESULTS

SAR324 and seven related genes were identified in a library
of 148 bacterial 16S rRNA gene clones from a Sargasso Sea sam-
ple from a 250-m depth. Because so many bacterioplankton
genes had already been identified and probes were available,
the library was screened by hybridization with radiolabeled
oligonucleotide probes that are specific for the bacterioplank-
ton lineages (SAR11, SAR83, SAR406, and SAR202) that had
previously been shown to be numerically significant in this and
other rRNA clone libraries (2, 17, 18). Clones that did not
hybridize to these probes were selected at random for phylo-
genetic analyses, and the 5’ and/or 3’ regions of the 16S rRNA
genes were sequenced. Of the 37 clones that were randomly
sequenced, three (SAR248, SAR276, and SAR324) appeared
to be loosely affiliated with the DP in preliminary phylogenet-
ic analyses. Subsequently, complete bidirectional sequences
were determined for these clones. The SAR248, SAR276, and
SAR324 gene sequences were evaluated with the RDP pro-
grams SIM_RANK and CHECK_CHIMERA (25). CHECK_
CHIMERA provided results which supported the conclusion
that the genes were not chimeric artifacts, but no inferences
regarding their phylogeny could be drawn from the low S,
values (0.4 to 0.5) that were obtained by the SIM_RANK
analysis. SIM_RANK results are expressed as S, values, the
number of shared oligomers of seven bases, divided by the
number of unique oligomers in either the submitted sequence
or the database sequence, whichever is lower.

Phylogenetic analyses indicated that the novel genes formed
a monophyletic group that included no cultured representa-
tives, thus conforming to the definition of an environmental
gene cluster (14, 26). In separate phylogenetic comparisons of
5" and 3’ domains, the genes behaved similarly; neither domain
alone showed a significant affiliation with any phylogenetic
group other than the DP (data not shown). A phylogenetic tree
inferred by the neighbor-joining method from full-length se-
quences of SAR324, SAR248, and SAR276 and other 16S
rRNA sequences representing the proteobacteria is shown in
Fig. 1 (29). Bootstrap resampling (100 replicates) of the data
was used to provide statistical support for the phylogenetic
position of the SAR324 lineage (8, 10). SAR324 and related
gene clones always formed a monophyletic cluster within the
DP; however, bootstrap values supporting the DP as a mono-
phyletic clade were low (64%). The branching orders within
the clade were not well supported by bootstrap replicates;
hence, the deepest branches are shown here as a polytomy.
Bootstrap support for the DP group was improved consider-
ably (from 64 to 88%) by omitting Desulfovibrio desulfuricans
and Bdellovibrio bacteriovorus from the analysis (data not shown).
The inclusion of the SAR324 lineage in this analysis caused no
rearrangement of relationships or significant changes in boot-
strap values of previously sequenced genes.

Primary sequence similarities and signature sequence anal-
yses confirmed the loose association of the SAR324 gene lin-
eage with the DP. Sequence similarities among and within the
four subdivisions of the proteobacteria and SAR324, SAR248,
and SAR276 were calculated from ca. 1,020 nucleotide posi-
tions (Table 1). Only one member each of the «, B, and vy
subdivisions is shown; however, similarity matrices involving
larger data sets gave similar results (data not shown). Although
the similarities between SAR324 and members of the DP were
low (0.856 to 0.907), they are not unusual given the range of
similarity values among characterized DP (0.867 to 0.987).
Among the DP, D. desulfuricans had the lowest similarity value
(0.854) when compared to SAR324, consistent with the obser-
vation that removal of this sequence from the phylogenetic
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FIG. 1. Phylogenetic tree showing relationships of the SAR324 cluster and representative bacterial 16S rRNA genes. This tree was inferred by the neighbor-joining
method and included ca. 1020 nucleotide positions in the analysis. The number of bootstrap replicates out of 100 that supported each branch is shown above (neighbor
joining) and below (parsimony) the nodes. Values less than 50% are not shown. The DP species are shown as a polytomy because the branching order was not well

resolved.

analysis significantly increased the bootstrap values supporting
the DP as a monophyletic clade.

The SAR324 sequences were compared to 16S rRNA sig-
nature sequences for the bacterial phyla and their subdivisions,
which were previously published by Woese (35) and Haddad et
al. (20). The highest observed percentage of shared signature
positions for SAR324 was to the DP (87 to 90%) (Table 2).
Among 51 characterized DP sequences that were similarly
analyzed, the correspondence of nucleotide identities at signa-

ture sequence positions for the DP was 86 to 100% (data not
shown).

The proposed secondary structure for members of the
SAR324 cluster is structurally unique and conserved within the
group (Fig. 2). Seven of the nine signature sequence mis-
matches between SAR324 and the DP are compensatory base
changes (changes in variable nucleotides that preserve the sec-
ondary structure of the 16S rRNA molecule) across regions of
double-stranded pairing. The inset illustrates variable region

TABLE 1. Sequence similarities (based on ca. 1,020 nucleotide positions) among the SAR324 cluster and 16S rRNA gene sequences
from representatives within the proteobacteria

Similarity with:

Bacterium* SAR276 SAR278 SAR324 B. bacterio- G. metalli- P. acety- M. xan- N. exe- D. desul- C. vio- 0. linum R. denitri-
vorus reducens  lenicus thus dens  furicans laceum ficans
SAR276 (3)
SAR248 (3) 0.953
SAR324 (3) 0.947 0.985
Bdellovibrio bacteriovorus (3) 0.873 0.873 0.873
Geobacter metallireducens () 0.906 0.888 0.890 0.896
Pelobacter acetylenicus () 0.907 0.889 0.892 0.898 0.957
Myxococcus xanthus (3) 0.882 0.878 0.881 0.871 0.921 0.925
Nannocystis exedens () 0.879 0.867 0.868 0.873 0.895 0.895 0.987
Desulfovibrio desulfuricans (d) 0.856 0.851 0.854 0.867 0.895 0.898 0.876  0.881
Chromobacterium violaceum (8)  0.872 0.873 0.871 0.848 0.870 0.873 0.858  0.841 0.849
Oceanospirillum linum () 0.863 0.865 0.864 0.868 0.890 0.883  0.883 0.872  0.869  0.893
Roseobacter denitrificans (o) 0.855 0.857 0.857 0.860 0.890 0.885 0868 0.845 0.864  0.852  0.882

“ The symbols in parentheses indicate the subdivisions of proteobacteria.
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TABLE 2. Signature nucleotides relating SAR324 and SAR276 to the DP

Position” DP? SAR324/276 +/=¢ Position DP SAR324/276 +/—=
44 G4 A - 875 U:c U +
50 A A/U +/— 877 Y:a C +
107 G G + 878 Y:a u/C +
108 C C + 906 Ag A +
124 G G + 916 G G +
129 U C/u +/— 929 G G +
129:1 A A + 947 G A -
199 R C/A +/— 948 Y C +
233 Y U + 976 G G +
236 G G + 1015 Ag G +
237 C C + 1024 G:c U -
242 Cig® C + 1026 G C —
284 G:c G + 1116 Y U +
370 C C + 1120 Y:G C +
371 G:a A/G + 1219 A A +
390 C:u u/C + 1233 R G +
391 G G + 1234 C:a U -
398 C U - 1246 Gu U +
438 Gu U + 1252 A A +
449 A A + 1260 GY U/G +
485 G G + 1291 Cg G +
496 G:a A + 1297 Y U +
502 A:g A + 1298 C:a C +
513 C A - 1325 C C +
543 U:c U + 1421 Y U +
554 U:a U + 1426 U:R A/G +
564 U:c C + 1431 Y:a A +
640 A A/G + 1437 C C +
689 R:u A + 1441 G:u G +
690 G:a G + 1443 G G +
698 Y:a U + 1460 A A +
722 G:a G + 1464 G G +
760 G G + 1465 Cu C/U +
812 G G + 1467 Y C +
822 Riu A/G + 1469 A:uic A +
823 R:u G + 1481 U:c C/uU +
825 Ag A + 1520 G:c C +
871 U U +

¢ E. coli numbering system.

b DP signature nucleotides.

¢ Match (+) or mismatch (—) between the SAR324 lineage and the DP.

¢ Composition uppercase, major base; accounts for >90% of cases assayed.
¢ Composition lowercase, minor base; found in <15% of cases assayed.

two in SAR276, which shows a deletion, relative to SAR324,
that is the only topological secondary structure variation found
so far within the SAR324 lineage (19). Variable region two
contains two insertions or deletions (indels) relative to E. coli,
the first from positions 183 to 194 and the second from posi-
tions 203 to 218. The first indel contains 25 and 11 nucleotides
for SAR324 and SAR276, respectively. A comparison of 51
other characterized DP sequences revealed variations of 14 to
23 nucleotides in this same region. For the second indel, two of
the 51 DP sequences analyzed had the same deletion (B. bac-
teriovorus and Nannocystis exedens). The structural variation of
the 16S rRNA gene within the SAR324 sequence cluster is
consistent with variation seen in other clades previously en-
countered in this 250-m clone library (reference 17 and un-
published data). We call attention to this variation because it

underscores the substantial variability within this group, which
suggests the presence of multiple bacterial species.

The discovery of multiple genes of a common type, like
those presented here, is evidence that members of the SAR324
gene lineage form a novel, diverse cluster and are not chimeric
artifacts. For example, SAR248 and SAR324 differ by only 22
nucleotides, which are distributed throughout the gene. The
nucleotide differences are confined mostly to hypervariable
loops and compensatory base changes in stem regions; hence,
they introduce no incongruities to secondary structural models.
The possibility that two genes with unique similarities in con-
served and variable regions result from in vitro recombination
in a complex gene mixture is unlikely.

An oligonucleotide probe (SAR324R), designed to specifi-
cally hybridize to the SAR324 lineage (Fig. 2), was evaluated

FIG. 2. Proposed secondary structure for the SAR324 16S rRNA gene. The DP signature sequences shared by SAR324 are marked with asterisks. The lowercase
letters represent DP signature nucleotides, which are different than the SAR324 nucleotide at that position. The target site for the SAR324 probe is shown between
E. coli positions 625 and 639. The dashed box indicates variable region two of the molecule, the region of variation between SAR324 and SAR276. The inset shows

variable region two of SAR276.



1445

NOVEL & PROTEOBACTERIA

VoL. 63, 1997

o<
O« ) o
5 o<
=] < o C\\\CCA GC
o © O (]
-0 S
3=8 p; <
¥ =1
<L—@ 2
-3 CGUA&MMWCAGAA <
- <
UUIAC * < (0] <
<—>2 " o Py < ©<9
2
=2 <, e < g 2:8
" 53 a7 N 8 H
B o a2hs =
- T < (v} (U] < =
b <
Ce28  BGOOC_< ° 3 Ot
*3e < 2 Ge<
Clm “<e® o< % T 05 _ o s 1< =93
00— oS 00 5~ 2 SLCLOoS o=
Soo WLLLL PTTSTOT SeTPTST TILLIIY  LLLIveliil oF L
o0 OO0 BGL  ODBGD0 > PELE S—0 o<,
.mb/fcaAcuecue 200D | ERCEEN = EX L GGU\. o< om0 ._?_?_x_vcu
< O, ee | ||
S < <o | |
s S5 . UG//GuACAG 3 = ) \\\CUA o—o-§ LEELEDS 62200 5>
oodl 82020 % SN o, 3 ot =g PP
< e eve[] o] LN < L &
< Il IT] 0 PIEEON 8700 < < 323 o o«
550000 DOD<C o Il .AAGC\ S o 3 m g <
75020 §L% a 8 S o8 23
O D O Og« O=0 <D H
= mn.wv < =3 DL LOIIOTD e TOLDOLO VDOV DD I——N
§3°8 y o=a o
o—0 AQ\ 2 S < *@—0 > .
—3 SR < o« o0 ° . 1<l O « <o ®
o cuu.”u#w CAafpwuc SN muw AAGUGGGGUCAGCAGUUGﬁ_uwF_VUn_xw n_v Fwa_k_uﬂu%n_um_ 00 0
d =)
g < © /750 S>—< < Jll{ioee]|l co||esec b BBOLEGOs b
* CAG.U = sy m ACACACCGCCCGUCACACCAUGGGAGU_MGGACMGGGCMGAA -9 @< D
< <2 O % o2 g
1 5o < & §3 g
& o0—0 5 <
.r *<L— D% o—0O o
<<<o, —~ Q3 <> FURN
=) O 4 @O * G— O < LGN
g Fa—D« [0} %) [O]
2<%y o <o o =3, 00, e
o
< 00> 200X000 n_uU ol Ged 5o
o 11711 IRANEN b o—a o
BE<O GG OO0 60 0 =2 ) o0 8
< < < [¢] < o> < O—0 ¢o5000 00— o
2> “coa< < < >, L) o\
© N\ 76 « < e !, % SN\
5P <00 Sop ©, %S
<O\ © 2y <o
< N\ g© /S <00 K<o
> S = o< o\ e ——
&8 chu S °> UG%WL © ° r ~<<
GO— (] 20 =l (O] <C
i L/ 2 O PO < ) < ) < |
S (RTINS § Rmm e e by y 58 _
R O & () .
~3 QOBOOBOOLOITCVIBL |, ° sLLAL LY CCWCGA C\ywwnxg z - 9 I 3+ |
< = <O < [G] (S] L0 o< > O/ 2 OIODHOO o 1 @
E 538 “og<? 5 Kog-8 S0 (LTI =g
< (6] 20 o} (6] <
< De < Y, < -
<ope 0% <> AN N B §20 <00 3 1§02 1
<> 3=8 &S Ge> =3 § Py O, 2SS |
=3 % Eog LOP< Z % 828 oxd GG/ <O 1 & g
«—2 < © B u%%% < § o—< o (ORI 0—0 I
o—0 <« O [$) N\ = Mu < A.wn GAIfU < GGG & I mem %,
Uwhm Q =3 < 4] ¢ < GCe o< L] G/cc <IT9<0 S GUAA » Aas 5% 1 <P << I
&5 g s ESP- T B Cex SR TCT el W Spomna
o B < [ | I'le _u
o o o | e |
AUGCI < o ELY <o O ©c—0 =3 =g oo UG,_uG_ucue < GGUA&UC Llietlllil <<
4] j . U|G ] oL G0 [ kX o« o < o) 1
«D—x a //~°o79 & o__og « o 0%=0 o0 5/ g I, o—d<<%x \
Seox © () N o> < < < D> 50—0G GM\A -0z K |
B (o] <t < o 6 < H\ ) 1Y EarSy
L™ (4] < < . TO—0 * > (SRS
S\ < °T =53 i L e e
(] © Ce D % ) [ —
oc S — O GCe > Boof ;952
5—o < © OCe P
< —_ © < =)
o—9 o)
(2] 8=9 <, a
3=8 A\ ]
- D
<y e
An_v > &\ GGU
8 S <
© ©
ORIy

SAR276 V2 Region

V2



1446 WRIGHT ET AL.

d

rDNA Relative
Hybridization
. ;

e

'y
~
0 T T T T *

30 35 40 45 50 55

Temperature (°C)

FIG. 3. The thermal stability of the SAR324 probe. The empirical 7, of the
probe was determined by quantifying the amount of probe hybridized to dot blots
of SAR324 rDNA after 15-min washes at a range of increasing temperatures (30
to 55°C).

with the RDP program CHECK_PROBE (25). There were a
minimum of three mismatches with any known 16S rRNA gene
sequence and a minimum of five mismatches with all other
sequenced clones from the 250-m clone library. The specificity
of the probe was also shown empirically by using blotted arrays
of 16S rDNA genes from several cultured and uncultured bac-
terioplankton under stringent hybridization conditions (data
not shown). The empirical 7,, for this oligonucleotide probe
was determined to be between 40 and 45°C, which supported
the selection of 40°C as the stringent wash temperature (Fig.
3). No cross-hybridization to unrelated genes was encountered.
The radiolabeled oligonucleotide was used to screen the 250-m
Sargasso Sea library, and six additional SAR324-related clones
were detected by strong hybridization signals.

The sequencing of the additional clones provided further
evidence for the highly diverse nature of the SAR324 lineage
and further supported the specificity of the probe as a marker
for a monophyletic microbial group. One of the clones was a
chimera (SAR206), which was detected after partial sequenc-
ing of the 3’ and 5’ ends of the gene (data not shown). The re-
maining five clones were phylogenetically related to SAR324,
although the genes encompassed substantial variation in the
form of nucleotide substitutions similar to those described
above (Fig. 4). A similarity matrix based on ca. 300 nucleotide
positions revealed that five (SAR324, SAR257, SAR237,
SAR214, and SAR248) of the eight clones in the SAR324
lineage were 97 to 99% similar to each other in an analysis that
excluded hypervariable regions. Seven of the eight clones had
secondary structures comparable to SAR324 in variable region
two (Fig. 2).

The results of the hybridization analyses indicate that SAR324
is vertically stratified in the water columns of both the Atlantic
and Pacific oceans (Fig. 5). In hybridizations to 30 consecutive
time series samples from two depths (0 and 200 m) in the
Sargasso Sea, SAR324 was always found to be more abundant
at 200 m than at 0 m (data not shown). A one-tailed ¢ test
assuming unequal variances indicated that the SAR324 lineage
was proportionately three times more abundant at 200 m than
at 0 m (P = 1.0 X 10~%). The time series data are consistent
with the data obtained from the rDNA and rRNA vertical
profiles and support the hypothesis that the SAR324 lineage is
located in the lower surface layer and mesopelagic.

The SAR324 probe was hybridized to amplified rDNA pre-
pared from vertical profiles of seawater samples and to high-
molecular-weight RNA from the Atlantic Ocean and Pacific
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Ocean to more accurately determine the position of SAR324
in the water column. In both cases, the SAR324 cluster was
found to be most abundant in the aphotic zone, peaking at
200 m at BATS and at 500 m in the profiles from ocean station
PAPA (Fig. 5), although this difference between sites may have
been due to the different depth ranges sampled. Like that of
other uncultured bacterioplankton, the absolute abundance of
SAR324 rRNA could not be accurately estimated from hybrid-
ization of oligonucleotide probes to rRNA because no pure
SAR324 RNA is available for standardization. However, rDNA
amplicons from the target organism (SAR324) are available;
therefore, the rDNA hybridization values in Fig. SA are ex-
pressed as percentages. At the position of the maximum in its
distribution in the Atlantic samples, SAR324 comprised 18%
of bacterial rDNA amplicons, indicating that it is a very abun-
dant group.

DISCUSSION

The data presented here reveal the existence of a previously
unknown bacterioplankton group, show that they have a wide
biogeographical distribution, and provide insight into their
ecological role by demonstrating that these organisms are most
abundant in the lower ocean surface layer. Furthermore, the
evidence shows that this phylotype is in fact a diverse but
monophyletic gene cluster and therefore might be regarded as
a collection of species.

The particular emphasis of this investigation was dictated by
a long-term research strategy that will utilize fluorescent
probes to identify single cells in future studies of environmen-
tal samples. From the beginning, it has been clear that strate-
gies involving TRNA probes for uncultured bacterioplankton
groups would be sound only if thorough sequence databases
that explored the genetic diversity within gene clusters were
available for probe design (14, 27). Recently, Amann and col-
leagues (1) obtained perplexing results when hybridizing fluo-
rescent probes to natural populations of beta-1 proteobacteria
in activated sludge. The data verified that the diversity of genes
in environmental gene clusters indeed represented real diver-
sity at the cellular level, but they also showed that the speci-
ficity of probes could not easily be extrapolated from the anal-
ysis of a limited data set of environmental sequences.

The physiology of the SAR324 gene cluster is unknown and
cannot be deduced from its observed phylogenetic associa-
tions; however, the physiological variability of the DP provides
a background for the construction of hypotheses regarding the

SAR324
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SAR237
SAR214

| SAR324

SAR248 Cluster

{_

SAR218

SAR308

SAR276

E.coli

0.10

FIG. 4. Phylogenetic tree showing relationships among genes within the
SAR324 cluster. This tree was inferred by the neighbor-joining method from ca.
300 nucleotides.
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activity of the SAR324 group. Metabolically, the & subdivision
is mainly divided into two groups: the aerobes (bdellovibrios
and the myxobacteria) and the anaerobes, which use sulfate or
other inorganic compounds as electron acceptors. Although it
is unclear in this analysis, it is possible that the sulfide produc-
ers form the deepest branch within the DP and that the bdell-
ovibrios and myxobacteria represent aerobic adaptations (35).
Furthermore, previous studies characterized the bdellovibrios
as a phylogentically heterogenous group composed of some
“fast-clock” species, which has further complicated the resolu-
tion of the phylogenetic positions of the organisms within the
DP (35).

The SAR324 lineage represents a unique cluster within the
DP. Teske and colleagues (33) have recently obtained 16S
rRNA sequences related to genera within the DP, but phylo-
genetic analyses similar to those described here failed to indi-
cate any specific association between the genes reported in that
study and the SAR324 lineage. The relationships reported here
are the most significant relationships uncovered following a
thorough search of public sequence databases.

The hybridization data are presented as SAR324 rDNA
abundance among PCR amplicons, in percentages, and as rel-
ative rRNA abundances. As we have shown previously, these
measures often lead to qualitatively similar conclusions where
general trends in the ecological distributions of bacterioplank-
ton are the subjects of interest (17, 18). Although relative gene
frequencies are sensitive to the distribution of rDNA copy
number and genome size, as well as cell numbers along envi-

ronmental transects, they nonetheless represent a type of in-
formation that is very informative, though it may not corre-
spond directly to biomass or microbial activity (21). Likewise,
relative rRNA abundance has its pitfalls, most notably in the
fact that it measures protein synthesizing activity and so may
underestimate the abundance of populations that are tempo-
rarily inactive. Notwithstanding the novelty of these measures,
they are emerging as useful indicators of microbial distribu-
tions that complement other types of measurements, such as
biomass, that often have their own limitations (24).

Although the physiology of the SAR324 cluster is unknown,
the diversity and proportionally high abundance of this group
in the aphotic zone suggest that this is a group of related
species that are functionally specialized for life in abyssal re-
gions of the ocean. Evidence of other microorganisms (SAR406,
SAR202 and deep-water variants of SAR11) that specifically
inhabit the aphotic zone has been described (17, 18). Collec-
tively, these data suggest that the aphotic zone bacterioplank-
ton community may be a more specialized microbial commu-
nity than was generally thought previously. Organic carbon is
exported to the aphotic zone by sinking particles and by injec-
tion of dissolved organic carbon during winter mixing (3). As a
major constituent of the aphotic bacterioplankton community,
it seems likely that the SAR324 cluster participates somehow
in these processes. Although the overall activity of microbes in
abyssal regions of the oceans is much reduced relative to mi-
crobial activity in the euphotic zone, the ocean depths none-
theless sustain a significant biomass of microorganisms that are
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likely to be important in the ecology of the oceans (5). Further
studies based on the data presented here will be aimed at
elucidating the population genetics and ecological role(s) of
these species.
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