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Abstract: The diversity of bacterial communities in deep marine sediments, up to 503 metres below the sea floor of the Japan Sea, 
was investigated by sequence analysis of amplified 16S rRNA genes. The use of different sample handling procedures greatly 
affected the types and diversity of sequences obtained. DNA from sediment samples stored aerobically for up to 24 h before 
freezing was dominated by sequences belonging to the/3- and y-proteobacteria, many of which appeared to originate from aerobic 
bacteria. Sub-samples equilibrated anaerobically at 16°C, were then injected with a radiotracer and immediately frozen, to simulate 
the conditions of a typical control sample from a radiotracer based activity assay, contained mostly a-proteobacterial sequences. 
Pristine sediment samples taken anaerobically and frozen within 2 h contained the widest diversity of sequences from ~-, 3'-, 
8-proteobacteria and Gram-positive bacteria, which appeared to have originated from predominantly anaerobic or facultative 
bacteria. It was clear that both samples that were not frozen immediately (within 2 h) showed signs of enrichment of specific 
bacterial groups. Our results strongly suggest that immediate freezing should always be employed when sediment samples are to be 
used to assess bacterial diversity by molecular methods. 
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Introduction 

Little is known about the microbiology of deep 
marine sediments although the seas that cover 

* Corresponding author. Tel: (0222) 874309; Fax: (0222) 
874305; E-mail: WEIGHTMAN@UK.AC.CARDIFF 

them occupy 70% of the Earth's surface. Based 
purely on size, marine environments must play an 
important role in the global biosphere. Sediments 
up to 500 metres below the sea floor (mbsf), 
which have been laid down over the last 3 million 
years, represent the early stages of sediment dia- 
genesis and contain substantial populations of 
bacteria which demonstrate significant metabolic 
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activity [1,2]. This is consistent with the presence 
of bacteria in other deep sub-surface environ- 
ments such as 1270 m deep aquifers [3] and oil 
reservoirs 3000 mbsf [4]. 

The presence of bacteria in these deep marine 
environments, previously thought to be abiologi- 
cal, raises questions regarding their origin. These 
bacteria may be progeny of bacteria which were 
originally laid down with the sediments, or they 
may have migrated or been transported into the 
deep sediments in more recent times. Also, these 
bacteria have a significant affect on the diagene- 
sis and evolution of organic matter. Knowledge of 
the types and diversity of bacteria which are 
dominant in these sediments will lead to a better 
understanding of diagenetic processes and pro- 
vide clearer explanations of the origins of bacte- 
ria in deep sediments. 

Estimating bacterial diversity in natural micro- 
bial communities and making phylogenetic as- 
signments based on 16S rRNA sequences is now 
a generally accepted and widely used technique 
in microbial ecology [5,6]. Previous studies of 
natural bacterial communities revealed a novel 
deep phylogenetic branch of the a-proteobacteria 
in Sargasso Sea picoplankton [7,8], two novel 
phylogenetic branches within the proteobacteria 
from Central Pacific Ocean picoplankton [9], un- 
cultured community members from hot spring 
cyanobacterial mats [10], a major new archaebac- 
terial group from Pacific Ocean plankton [11] and 
novel groups of eubacteria from Australian soil 
[121. 

We are using 16S rRNA gene sequence analy- 
sis to study bacterial communities in deep marine 
sediments. However, the technique contains po- 
tential biases that are not clearly understood, 
such as sample handling methods, selective lysis 
of bacteria during DNA extraction, specificity of 
the amplification reaction and selective cloning. 
In this report  we describe the effects of one of 
these possible biases, sample handling, on the 
estimation of bacterial diversity in marine sedi- 
ment communities. As this kind of work becomes 
routine and more laboratories study a range of 
environmental samples, it is likely that sampling 
techniques will vary and so it is important to 
determine whether the way in which a particular 

sample is treated can affect estimates of bacterial 
diversity and community structure. 

Materials and Methods 

Sediment samples 
Sediments were collected from 900 m water 

depth in the Japan Sea (hole 798B, 37002 ' N, 
134048 ' E) between 28 and 30 August 1989 on 
Leg 128 of the Ocean Drilling Program. Sediment 
cores were collected in plastic liners and these 
were cleaned, wiped with alcohol, and 25 cm 
sections removed using a sterile cutting rig flushed 
with oxygen-free-nitrogen (OFN). Cut sections 
were handled aseptically, sealed with sterile end 
caps and stored anaerobically [13] at 4-5°C for 
subsequent laboratory analysis. Full details have 
been given previously [1] and samples from 1.6, 
9.8, 78 and 503 mbsf were used for this research. 

Treatment of sediments 
Stored cores were aseptically handled in the 

laboratory on 19 September 1989 at 16°C (the 
mean down hole temperature),  under OFN in a 
laminar flow cabinet [1]. Sediments from the mid- 
dle of the core section were removed using sterile 
5 cm 3 plastic syringes (luer end removed, sealed 
with a sterile suba-seal), and replaced by the 
same size sterile, perspex plug to maintain the 
integrity of the core. Sediment was sub-sampled 
or treated in three different ways: (A) sediment 
adjacent to the core liner which remained after 
the middle core material had been removed (B 
and C) was kept aerobic at 16°C for up to 24 h 
before being scraped into clean glass containers 
and frozen at -20°C;  (B) middle core material in 
a 5 cm 3 syringe was equilibrated at 16°C overnight 
in an anaerobic jar. This was then removed, pre- 
chilled at 4°C, injected with 14C radiotracer, im- 
mediately frozen ( - 20°C) and stored in an anaer- 
obic bag [13]. This procedure imitated a zero 
control from a typical radiotracer assay; or (C) 
middle core material in a 5 cm 3 syringe was 
stored at 16°C for up to 2 h in an anaerobic jar. 
This was transferred into an anaerobic cabinet 
and approx. 1 cm 3 was aseptically removed into a 
sterile universal bottle and then stored at -20°C.  
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DNA extraction and amplification of 16S rRNA 
gene sequences 

Whole community DNA was extracted from 
the three types of sediment treatments (A, B and 
C) from 1.6, 9.8, 78 and 503 mbsf, and 16S rRNA 
gene sequences were amplified by the polymerase 
chain reaction (PCR) using previously described 
methods [14,15]. The DNA extraction procedure 
involved resuspending 1 g of sediment in 2 ml of 
0.15 M NaCI, 0.1 M EDTA (pH 8.0) and lysing 
bacteria with a combination of lysozyme (15 mg 
ml-1), 4% SDS and 3 cycles of freeze/thawing, 
all in the presence of polyvinylpolypyrolidone. 
Following phenol/chloroform extraction, the 
DNA was precipitated by addition of iso- 
propanol. The DNA was resuspended in 100 /xl 
of sterile distilled water. Primers for PCR were 
(numbering based on Escherichia coli 16S rRNA 
gene [26]): 

66F, 5'-GTGCTGCAGAACACATGCAAGTCG- 
AA-3' and 342R, 5'-CACGGATCCCCACTGCT- 
GCCTCCCGTAG-3', giving a 320 bp product; 
and 27F, 5'-GTGCTGCAGAGAGTTTGATCC- 
TGGCTCAG-3' and 1392R, 5'-CACGGATCCA- 
CGGGCGGTGTGT(AG)C-3', giving a product 
of about 1400 bp. The forward and reverse 
primers incorporated PstI and BamHI sites, re- 
spectively, at the 5' end (underlined). The basic 
amplification reaction contained: 50 mM KCI; 10 
mM Tris. HCI (pH 8.3); 2.5 mM MgCI2; 0.01% 
bovine serum albumin; 0.01% gelatin; 0.05% Tri- 
ton-X-100; 200/.~M of each deoxyribonucleoside 
triphosphate; 0.5 /xM of forward and reverse 
primers; 1 to 2.5 U of Taq polymerase (Boeh- 
ringer Mannheim, Lewes, UK) and 1 /xl of ex- 
tracted DNA. The final reaction volume was 100 
/zl. The cycling parameters were 94°C for 1 min, 
50°C for 1 min and 72°C for 2 min, for 35 to 40 
cycles. 

Cloning and sequencing 
Pooled amplification products from multiple 

PCRs were analysed and purified by elec- 
trophoresis in 2% low melting temperature 
agarose (NuSieve, FMC, supplied by Flowgen 
Instruments Ltd., Sittingbourne, UK). Amplified 
DNA was cut out from the gel using a sterile 
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razor blade and the agarose was melted at 70°C 
for 2 min in a sterile microfuge tube. The DNA 
was then recovered using Magic PCR Preps fol- 
lowing the manufacturer's recommendations 
(Promega, Southampton, UK). 

The purified PCR product was either cloned 
into plasmid pUCBM21 (Boerhinger Mannheim) 
utilising the PstI and BamHI sites incorporated 
into the primers and transformed into Es- 
cherichia coli strain XL1-Blue (Stratagene Ltd., 
Cambridge, UK), or cloned into plasmid pCRII 
by TA cloning (Invitrogen, supplied by British 
Biotechnology, Abingdon, UK) and transformed 
into E. coli strain INVaF'. Recombinant trans- 
formants were selected on LB agar [16] contain- 
ing 50/zg ml - l  ampicillin and 50 ~g ml -~ X-Gal. 
Putative positive recombinant clones were con- 
firmed by plasmid extraction [16] and digestion 
with PstI and BarnHI (pUCBM21 cloned) or 
EcoRI (TA cloned). 

Clones selected for sequencing were grown 
overnight in 20 ml of LB medium containing 25 
/zg m1-1 of ampicillin and plasmid DNA was 
extracted using Magic Mini Preps following the 
manufacturer's recommendations (Promega). 
Plasmid DNA concentrations were estimated 
spectrophotometrically at 260 nm (Gene Quant; 
Pharmacia, St. Albans, UK). Between 3 and 5/zg 
of plasmid DNA was used for each sequencing 
reaction. Cloned 16S rRNA genes were se- 
quenced using fluorescein-labelled universal for- 
ward and reverse primers and T7 polymerase 
following the manufacturer's instructions (Phar- 
macia). Electrophoresis of the sequencing reac- 
tions and generation of the sequences were per- 
formed on an automated laser fluorescence se- 
quencer (ALF; Pharmacia). All clones were se- 
quenced at least twice with each primer to ensure 
accuracy. 

Sequence analysis 
16S rRNA gene sequences obtained by PCR 

were compared with those in the GenBank 
database [17] using FASTA [18] on SEQNET 
(SERC Daresbury, Warrington, UK) to deter- 
mine their general taxonomic position. Sequences 
were initially aligned using CLUSTAL V [19] and 
manually aligned, where necessary, with refer- 
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ence to the Ribosomal Database Project [20]. 
Evolutionary distances were calculated by the 
method of Jukes and Cantor [21] and phyioge- 
netic trees were determined by distance methods 
[22,23] using the Felsenstein Phylogeny Inference 
Package (PHYLIP version 3.5) on SEQNET. All 
reference sequences were obtained from Gen- 
Bank. Reference sequences displayed in the phy- 
logenetic trees were included because they 
demonstrated the highest similarities with the 
JAP sequences. The names of taxonomic groups 
of bacteria were those described previously [5,24]. 
Bootstrap analyses [25] of up to 1000 replicates 
were carried out on the phylogenies. Phylogenetic 
analyses were based on about 220 bases spanning 
the 16S rRNA gene from positions 67 to 341 
(numbering based on the E. coli 16S rRNA gene, 
[26]). Only unambiguously aligned base positions 
were used in the analyses. Details of the bases 
included in the analyses are given in the figure 
legends. Although the sequences covered by the 
PCR primers are conserved regions, these were 
omitted from the analyses because they were 
determined by the primers and not by the original 
sediment bacterial sequences. Sequences were 
designated with the prefix JAP and deposited in 
GenBank with the accession numbers U07035, 
U09570 to U09575, U09773 to U09780, U09826 
to U09830, and U09845. 

Results 

Sequence diversity in outer core sediment samples 
(A) 

After sub-sectioning was completed, outer core 
sediment samples were stored aerobically at am- 
bient temperature for up to 24 h before freezing. 
These samples represented what should be con- 
sidered as the worst example of sample handling. 
Any obligate anaerobes would be unlikely to sur- 
vive under these conditions and this was reflected 
in the types of 16S rRNA gene sequence ob- 
tained from these samples (Fig. 1, Table 1). The 
predominant sequences were assigned to the /3- 
proteobacteria (55%), all of which were most 
closely related to Comamonas testosteroni or AI- 
caligenes faecalis, and 3,-proteobacteria (32%). 
Sequences assigned to the a-proteobacteria 
(JAP406) and high (G + C) Gram-positive bacte- 
ria (JAP416) were also isolated, along with se- 
quences very closely related to Flavobacterium 
heparinum (98% similarity, JAP411). 

Sequence diversity in incubated inner core sedi- 
ments injected with radiotracer (B) 

A standard technique in microbial ecology is 
the use of radiotracers to monitor bacterial activ- 
ity in environmental samples [27]. Therefore, we 
treated an inner core sample (B) as if it were a 

Table 1 

Similarities of 16S rRNA gene sequences from outer core sediments (A) to characterised bacteria 

Representative Depth Closest match in FASTA Bacterial No. of Homology 
isolate (mbsf) search group isolates range (%) 

JAP101 a 1.6 Comamonas testosteroni /3-proteobacteria 6 86-93 
JAP301 b 78 Alcaligenes faecalis /3-proteobacteria 2 90 
JAP302 a 78 Comamonas testosteroni /3-proteobacteria 10 87-91 
JAP403 " 503 Comamonas testosteroni /3-proteobacteria 6 86-93 
JAP406 a 503 Aquaspirillum magnetotacticum a-proteobacteria 1 89 
JAP411 b 503 Flavobacterium heparinum CFB c 3 94-98 
JAP412 b 503 Pseudomonas aeruginosa y-proteobacteria 14 89-90 
JAP416 b 503 Arthrobacter simplex Gram-positive 2 90-93 

a PCR products cloned into pUCBM21. 
b PCR products cloned into pCRII (TA cloned). 
c Cytophaga/Flexibacter/Bacteroides group. 
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Fig. 1. Phylogenetic relationships of 16S r R N A  gene se- 
quences (JAP) isolated from outer  core sediments (A). The 
tree was rooted with the sequence of Methanococcus voltae as 
an outgroup (not shown). All reference sequences were ob- 
tained from GenBank.  Base positions 67-68, 101-180 and 
218-341 (numbering based on E. coli 16S r R N A  gene [26]) 
were included in the  analysis. Bootstrap values were derived 

from 500 analyses. 

' t ime zero' activity sample by equilibrating it at 
16°C overnight and then injecting with 14C fol- 
lowed by immediate freezing at -20°C. These 
samples were kept anaerobic at all times. The 
predominant sequences (62%) isolated from these 
samples clustered with the a-proteobacterial 
group and were most closely related to the S A R l l  
cluster of sequences [7,8] (Fig. 2, Table 2). Se- 
quences assigned to the 7-proteobacteria (Pseu- 
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Fig. 2. Phylogenetic relationships of 16S r R N A  gene se- 
quences (JAP) isolated from inner core, incubated sediment  
samples (B). The  tree was rooted with the sequence of 
Methanococcus voltae as an outgroup (not shown) and all 
reference sequences,  including the SAR sequences [7,8], were 
obtained from GenBank.  Base positions 67-68, 101-180, 
189-197 and 220-341 (numbering based on E. coli 16S r R N A  
gene [26]) were included in the analysis. Bootstrap values 
were derived from 500 analyses. *, Desulfovibrio desulfuricans 

strain Norway 4. 

dornonas spp.) and the 6-proteobacteria were also 
isolated, as well as two cyanobacterial sequences 
which were most closely related to SAR7 [7]. No 
sequences from the /3-proteobacteria were iso- 
lated. 

Table 2 

Similarities of  16S r R N A  gene sequences from incubated inner core sediments (B) to characterised bacteria 

Representat ive Depth  Closest match in Bacterial No. of Homology 
isolate (mbsf) FASTA search group isolates range (%) 

JAP501 a 1.6 Pseudomonas aeruginosa y-proteobacteria 2 90-96 
JAP504 1.6 JAP504 cluster - 2 _ b 
JAP510 1.6 Desulfosarcina variabilis ~-proteobacteria 1 80 
JAP601 9.8 SAR1 a-proteobacteria 6 92-98 
JAP602 9.8 SAR18 a-proteobacteria 3 93-95 
JAP603 9.8 SAR11 a-proteobacteria 3 84-90 

b 
JAP604 9.8 JAP504 cluster - 1 - 

J A P 6 0 6  9.8 SAR7 Cyanobacteria 2 84-86 
JAP610 9.8 Pseudomonas aeruginosa y-proteobacteria 2 90-94 
JAP702 78 SAR1 a-proteobacteria 6 91-99 
JAP711 78 Pseudomonas mendocina y-proteobacteria 1 90 

a All PCR products from these samples were cloned into pUCBM21. 
b < 80% similarity to characterised bacteria. 
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Table 3 
Sequences belonging to the JAP504 cluster 

Isolate Depth Sample type 
(mbsf) 

Unrestricted 
sequence 
similarity to 
JAP504 (%) 

JAP503 1.6 Incubated, inner core (B) 100 
JAP504 1.6 Incubated, inner core (B) 100 
JAP550 1.6 Pristine, inner core (C) 99.7 
JAP604 9.8 Incubated, inner core (B) 95.1 
JAP750 78 Pristine, inner core(C) 95.1 
JAP751 78 Pristine, inner core (C) 94.4 

Three sequences of uncertain taxonomic affili- 
ation were also isolated from these samples. These 
sequences, represented by JAP504 (Table 3), 
clustered with the &proteobacteria,  but as a deep 
branching lineage (77% confidence value from 
500 replicate bootstrap analyses). 

Sequence diversity in pristine inner core sediments 
(c) 

Inner core sediments which were frozen imme- 
diately (within 2 h) were considered to be pristine 

samples. These samples contained a higher pro- 
portion of 6-proteobacteria (24%) and Gram- 
positive bacteria (8%) related sequences than the 
previous two sample types, along with sequences 
assigned to a- and y-proteobacteria, but none to 
the /3-proteobacteria (Fig. 3, Table 4). Three 8- 
proteobacterial assigned sequences, represented 
by JAP551 and JAP552, had relatively low simi- 
larity to Desulfosarcina variabilis (highest homol- 
ogy in FASTA database search, 81 to 84%) and 
so probably came from uncharacterised sulfate- 
reducing bacteria (Fig. 3). The JAP551 sequence 
was identical to that of JAP510 isolated from the 
incubated inner core sediments (B, Table 2). 
These pristine inner core sediments produced a 
higher diversity of sequence types than either the 
outer core (A) or incubated cores (B) and the 
overall distribution of the bacterial groups to 
which the sequences were assigned is given in 
Table 5. The pristine inner core sediments also 
contained sequences which were very closely re- 
lated to JAP504, thus extending the JAP504 clus- 
ter (Table 3). 

Four sequences isolated from the pristine in- 
ner core samples were obtained by PCR with the 

Table 4 
Similarities of 16S rRNA gene sequences from pristine inner core sediments (C) to characterised bacteria 

Representative Depth Closest match in FASTA Bacterial No. of Homology 
isolate (mbsf) search group isolates range (%) 

JAP550 a 1.6 JAP504 cluster - 1 e 
JAP551 a 1.6 Desulfosarcina v a r i a b i l i s  6-proteobacteria 3 81-84 
JAP553 a 1.6 Aquaspirillum rnagnetotacticum a-proteobacteria 2 83-86 
JAP554 b 1.6 Pseudomonas mendocina y-proteobacteria 2 87-93 
JAP555 b,c 1.6 - - 2 _ e 

JAP557 a,c,d 1.6 Sporolactobacillus inulinis Gram-positive 2 92-94 
JAP558 a,c,d 1.6 - - 1 _ c 
JAP750 a 78 JAP504 cluster 2 - c 
JAP752 78 Marinomonas vaga y-proteobacteria 1 85 
JAP753 a 78 Pseudomonas mendocina y-proteobacteria 2 86-91 
JAP754 a 78 Aquaspirillum magnetotacticum a-proteobacteria 1 87 
JAP757 a 78 Pseudomonas a e r u g i n o s a  y-proteobacteria 2 88-89 
JAP850 b,c 503 Rhodopseudomonas palustris a-proteobacteria 1 95 
JAP882 a 503 Pseudomonas mendocina y-proteobacteria 3 92-93 

a PCR product cloned into pUCBM21. 
PCR product cloned into pCRII  (TA cloned). 

c product of 27F and 1392R PCR primers. 
a incomplete PCR product which could not be included in phylogenetic analyses. 
e < 80% similarity to characterised bacteria. 
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Fig. 3. Phylogenetic tree demonstrating the diversity and 
relationships of 16S rRNA gene sequences (JAP) isolated 
from inner core, pristine sediment samples (C). The tree was 
rooted with the sequence of Methanococcus voltae as the 
outgroup (not shown). Reference sequences were obtained 
from GenBank. Sequences JAP504 and JAP604 from Fig. 2 
were included to show their relationship with the rest of the 
JAP504 cluster. The analysis was performed on base positions 
67-68, 101-180, 189-197 and 220-341 (numbering based on 
E. coli 16S rRNA gene [26]). Bootstrap values from 1000 

analyses are quoted. 

27F and 1392R primers (Table 4). JAP850 was 
closely related to Rhodopseudomonas palustris 
(95% similarity). JAP557 demonstrated 94% simi- 
larity to Sporolactobacillus inulinus but was an 

Table 5 
Relative abundances of bacterial 16S rRNA gene sequences 
obtained from differently treated sediment samples 

Percentage of total sequences belonging to 
bacterial groups from sediment samples: 

Phylogenetic A. Outer B. Inner core, C. Inner core, 
affiliation co re  incubated  pristine 

(n=44) (n=29) (n=25) 

a-proteobacteria 2.3 62.1 16.0 
/3-proteobacteria 54.5 0 0 
~/-proteobacteria 31.8 17.2 40.0 
6-proteobacteria 0 13.8 24.0 
CFB a 6.8 0 0 
Gram-positive 4.5 0 8.0 
Cyanobacteria 0 6.9 0 

a Cytophaga/Flexibacter/Bacteroides group. 
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incomplete amplification product spanning base 
positions 891 to 1392, and so could not be in- 
cluded in the phylogenetic analysis. Two of the 
sequences (JAP555 and JAP558) showed less than 
80% similarity to any characterised bacteria and 
appeared  to represent  novel phylogenetic 
branches. JAP558 was another incomplete ampli- 
fication product spanning base positions 370 to 
1392 and therefore could not be included in the 
phylogenetic tree shown in Fig. 3. JAP555 was a 
complete sequence covering base positions 8 to 
1406. When bases 67 to 341 were included in the 
phylogenetic analysis (Fig. 3) JAP558 clustered 
weakly (45% bootstrap value) with the JAP504 
group of sequences, but appeared to represent a 
distinct lineage. 

The JAP504 cluster 
Taxonomic assignment of the JAP504 cluster 

sequences was problematic since with some types 
of phylogenetic analyses the sequences clustered 
with Gram-positive bacteria, and not in the 8- 
proteobacterial group as shown in Figs. 2 and 3. 
FASTA similarity searches also indicated uncer- 
tain affiliation, with approximately equal matches 
to 8-proteobacteria and Gram-positive organ- 
isms. For example, JAP504 demonstrated 77.7% 
and 75.7% similarity with the Gram-positive Syn- 
trophomonas wolfei and Clostridium quercicolum, 
respectively, and 77.7% similarity with the 
Gram-negative Desulfovibrio desulfuricans. The 
first variable region of the JAP504 cluster (V1, 
positions 69 to 100 based on E. coli numbering 
[26]) was 95% conserved in all of the JAP504 
related sequences, but unique and extended when 
compared with the sequences of characterised 
bacteria (Fig. 4). The main differences within the 
JAP504 cluster occurred in a 31 base sequence 
between positions 181 and 195 (numbering based 
on E. coli [26]). Attempts to determine whether 
JAP504 represents a chimeric product [20] have 
so far proved inconclusive. 

Discussion 

Most (72%) of the 98 sequences obtained in 
this work matched sequences of cultured bacteria 
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E. coi l  C GGTAACAGGAA ...... GAAGCTTGC- - TTC . . . .  TTTGCTGACGAGTGGC 

Fig. 4. Manual alignment of base positions 67 to 106 from two 
sequences belonging to the JAP504 cluster with Desulfovibrio 
desulfuricans (&proteobacteria), Syntrophospora bryantii 
(Gram-positive) and Escherichia coli (7-proteobacteria; num- 
bering based on E. coli 16S rRNA gene [26]) demonstrating 
the extended variable region (V1) in the JAP504 cluster. 
Underlined bases are conserved in at least 95% of eubacterial 
16S rRNA genes [26]. *, base differences between JAP504 

and JAP750. 

in FASTA searches with the GenBank database 
with similarities of at least 80%. The putative 
sequence identities from these searches were 
generally confirmed by the phylogenetic analysis. 
Most (67%) of the sequences that could not be 
matched to cultured bacteria were from the 
S A R l l  cluster [7,8]. Thus only 9 unassigned se- 
quence types were found. These were the 6 se- 
quences of the JAP504 cluster, JAP558 and 2 
sequences represented by JAP555. 

Sequences assigned to the S A R l l  cluster have 
previously been isolated from both the Pacific 
and Atlantic Oceans [7,9,28,29] and our S A R l l  
cluster sequences from the Japan Sea extend this 
cluster and increase its geographic range. The 
widespread occurrence of these sequences sug- 
gest that the uncharacterised bacteria from which 
they originate are an ecologically important group 
of bacteria. As our S A R l l  cluster sequences came 
from permanent ly  anaerobic sediments and the 
others were previously isolated from aerobic 
oceans, S A R l l  bacteria are probably facultative 
anaerobes.  

Our  results from the different sample treat- 
ments are summarised in Table 5 and clearly 
demonstrate  that sample handling affected the 
types and diversity of 16S r R N A  gene sequences 
obtained from these sediments. The inner core 
pristine sediments (C) represented minimally 
handled samples and therefore estimates of com- 
munity structure based on these sequences should 
be most accurate. These samples produced the 
greatest  diversity of isolated sequences (25 se- 

quences analysed and assigned to 11 different 
taxons) many of which were most closely related 
to characterised anaerobic bacteria (Table 4). The 
presence of 16S r R N A  genes assigned to sulfate- 
reducing bacteria (JAP551 and JAP552) indicated 
that the integrity of these samples was main- 
tained and they were not exposed to oxygen. 

Outer  core sediments which were stored aero- 
bically for up to 24 h (A) gave an almost com- 
pletely different set of sequences, with only 5 
identities (3 P. aeruginosa and 2 A. magneto- 
tacticum) out of 44 (11%) being similar to the 
pristine (C) sequences. All of the putative taxo- 
nomic assignments of sequences from the outer 
core samples (A), except those matching P. 
aeruginosa, represented bacteria which are strict 
aerobes, and suggested that the bacteria from 
which these 16S rRNA gene sequences originated 
were also aerobic. As the in situ sediments were 
anaerobic it is unlikely that these aerobic bacteria 
were genuine dominant members  of the sediment 
community. If  the JAP sequences do represent 
genuine sediment community members  then it is 
probable that they were facultative anaerobes 
which were allowed to grow during aerobic sam- 
ple storage, at the expense of any obligate anaer- 
obes. This cannot be discounted, as facultative 
bacteria capable of aerobic growth were detected 
down to 503 mbsf  in these sediments [1]. The 
diversity of the sequences from the outer core 
samples was also low, with all sequences being 
assigned to only 6 different taxonomic groups, of 
which 82% were most closely related to just two 
species ( C. testosteroni and P. aeruginosa). This 
observation also indicates that considerable en- 
richment took place during aerobic storage. 

The results from the samples injected with 
radiotracer (B) also showed signs of enrichment. 
In this case most (62%) of the sequences were 
assigned to the SAR11 cluster which were not 
found in the pristine samples and so were almost 
certainly minor representatives in the sediment 
community. However, four of the five remaining 
sequences isolated from the inner core sediment 
samples t reated with radiotracer were assigned to 
taxa which were also present  in the pristine inner 
core samples (P. aeruginosa, P. mendocina, D. 
variabilis and the JAP504 cluster). This indicated 
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that there was more similarity between these 
sequences and those from the pristine samples (B 
and C) than between sequences from pristine and 
outercore samples (C and A). In summary, com- 
parisons of sequences from the treated and pris- 
tine inner core sediments suggested that caution 
should be used when interpreting radiotracer ac- 
tivity experiments of natural communities be- 
cause the procedures involved in preparing sam- 
ples for such studies may change the community 
structure and diversity. 

Although sequences were obtained from sedi- 
ments at four depths few conclusions could be 
drawn about the distribution of sequences with 
depth. The sequences assigned to the sulfate-re- 
ducing bacteria were only obtained from 1.6 mbsf, 
which is the depth at which the highest most 
probable number counts and activities for these 
organisms were found for the 4 samples analysed 
[1]. However, sequences clustering with faculta- 
tively anaerobic Pseudomonas spp. were obtained 
from all depths. 

The novel JAP504 duster of sequences were 
isolated from the top three depths and is likely to 
represent an important group of bacteria. Al- 
though they do not appear to have been cultured 
yet (based on sequence information available in 
databases) their 16S rRNA has a characteristic 44 
base signature sequence (positions 69 to 100, Fig. 
4) which would make an excellent target for an 
oligonucleotide probe. Such a probe would un- 
doubtedly help to locate and isolate these inter- 
esting bacteria. This region corresponds to the 
helix spanning base positions 62 to 106 in the 
secondary structure of the 16S rRNA molecule. 
Various phylogenetic groups present characteris- 
tic taxon-specific forms of this helix and it has 
been suggested as a target for species-specific 
probes within the 6-proteobacteria [30]. Our phy- 
logenetic analysis based on existing sequence in- 
formation for the JAP504 cluster classified them 
as a deep branching group of the 6-proteo- 
bacteria. However, this position is uncertain be- 
cause of the instability of their placement de- 
pending on relatively minor alterations of the 
sequences included in the analysis. Hence they 
could finally be placed with the Gram-positive 
bacteria or as another deep branch of the Eubac- 
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teria equivalent to other major phylogenetic 
groups. 

We used two different cloning regimes in these 
studies, TA cloning and 'sticky-ended' cloning 
utilising restriction sites incorporated into the 
PCR primers. However, it seems unlikely that the 
use of different vectors affected the results as the 
same sequence identities (e.g. Pseudomonas spp.) 
were isolated with both procedures. Other identi- 
ties (e.g. sulfate-reducing bacteria and the JAP504 
cluster) were only obtained with the pUCBM21 
cloning. 

In this paper we have quoted similarity values 
between isolated JAP sequences and charac- 
terised bacterial species as an aid to determining 
the types of bacteria present in the sediment and 
to suggest possible physiological types of bacteria. 
The main purpose of this was to highlight the 
differences between the three types of sample 
treatment. However, it should be noted that 16S 
rRNA sequence identities do not guarantee 
species identity as determined by DNA-DNA hy- 
bridisation [31]. Also, organisms which show 16S 
rRNA sequence similarity can display extremely 
different phenotypes, as demonstrated by the 
strictly anaerobic sulfate-reducing bacteria and 
the aerobic predatory bdellovibrios, both belong- 
ing to the 6-proteobacteria [30]. 

All of the work in this report (except isolated 
sequences JAP555, JAP557, JAP558, JAP850) was 
based on a fragment of the 16S rRNA gene 
covering base positions 67 to 341 amplified by 
primers 66F and 342R. This PCR product spans 
two highly variable regions of the 16S rRNA gene 
but also contains over 100 bases which are con- 
served in at least 95% of eubacteria [26]. A 
longer fragment or the entire 16S rRNA gene 
would provide more information to determine 
taxonomic relationships, but amplification of the 
shorter fragment from these sediments resulted 
in higher yields and specificity than longer se- 
quences. However, phylogenetic trees generated 
from various short regions of the 16S rRNA gene 
are generally the same as those constructed using 
the full gene sequence [9,32]. Therefore, phyloge- 
netic trees and estimates of microbial diversity 
based on sequence information produced by the 
66F and 342R primers should be reliable. This is 
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supported by the phylogenetic trees in this re- 
port, as all of the reference sequences fall within 
their correct taxonomic groups. However, phylo- 
genetic analysis of the JAP504 cluster highlights 
the problem of restricted sequence information. 
We are currently attempting to isolate a full 
sequence belonging to the JAP504 cluster in an 
attempt to resolve the uncertainty of its phyloge- 
netic position. 

The use of different primer pairs may intro- 
duce biases into this kind of study due to speci- 
ficity of primer-template hybridizations. How- 
ever, only four sequences (JAP555, JAP557, 
JAP558, JAP850) in this report were obtained 
with primers 27F and 1392R, so a comparison of 
the diversity of these sequences with those ob- 
tained with 66F and 342R would not be practical. 
Future work will determine if such biases exist. 

These findings have important consequences 
for the future use of molecular genetic tech- 
niques in microbial ecology because, unless sam- 
ples are handled minimally and frozen immedi- 
ately, diversity assessments will not be accurate. 
The results also demonstrate that deep marine 
sediments contain diverse bacterial communities, 
some members of which appear to represent novel 
lineages of bacteria. 
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