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Widespread Archaea and novel Bacteria from the 
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ABSTRACT. Marine microbial diversity is important yet poorly-known, due to low culturability and 
undersampling. However, 16s rRNA gene sequences cloned directly from biomass allow us to know 
what microbial types are present, irrespective of culturing, and to create probes suitable for biodiver- 
sity studies. Many sequences are needed for good probe design. Here we report on sequences from 
57 deep sea clones, obtained by the polymerase chain reaction with 'universal' primers, from 500 m and 
3000 m depths in the northeast Pacific and 1000 m depth in the subtropical Atlantic. The most common 
group, with 19 of the new sequences (10 Atlantic), was a recently reported crenarchaeal cluster, 
Group I. We also found 6 sequences in 2 other archaeal groups in the broad methanogen-halophile 
lineage; 2 of these were in a distinct lineage not previously reported. The bacterial sequences included 
22 dispersed among the a and y Proteobacteria (8 related to SAR 1 l),  5 related to a previously reported 
broad group (Group A) of marine clones poorly affiliated with known (cultured and sequenced) major 
bacterial divisions, 6 in a second group with little affiliation to any previously reported division (we call 
this Group B), 1 In a third possible major novel group, 2 deeply branched with~n the 'Green Nonsulfur' 
lineage, and 1 branching with a soil clone. In contrast to the vast majority of the sequences, a cluster of 
5 sequences was very close to a cultured marine proteobacterium, Alterornonas macleod~j. It appeared 
that 5 of the clones were chimeric, although this label is difficult to apply when sequences are only 
distantly related to those in the database, as was common. We conclude that the deep sea contains 
numerous novel and widespread major prokaryotic lineages. Given the huge volume of this habitat and 
typical bacteria.1 abundances, it appears that the previously unknown archaeal and bacterial groups 
may be the most abundant organisms on Earth. 
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INTRODUCTION 

Marine microbiological studies have advanced to the 
point where much is known about the 'bulk' proper- 
ties, such as total biomass, growth rates, nutrient uti- 
lization, etc. However, we know almost nothing about 
what kinds of prokaryotic microorganisms exist in the 
sea and how they are distributed in space and time. 
This means that we are treating the microbial systenl 
as a huge 'black box,' and any variations In the compo- 
sition of that box are unknown. The potential diversity 
of microbes is immense (Woese 1987). Such diversity is 
interesting in its own right, and it also is almost certain 
to affect the 'bulk' properties of the system, such as 
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conversion factors for rate or biomass measurements, 
the propagation of viral infection (largely species- 
specific), effects on grazers, etc. Thus there are several 
reasons for investigating this diversity. 

In recent years, new techniques based upon molecu- 
lar biological methods have permitted investigation of 
such diversity in ways that avoid the difficulties and 
problems associated with 'classical' culture-based 
approaches (Olsen et al. 1986, Pace et al. 1986, Amann 
et al. 1995). Among the most powerful of these tech- 
niques is the ability to obtain nucleotide sequences of 
16s rRNA (or the genes encoding for that RNA) 
directly from biomass. These sequences can be ana- 
lyzed phylogenetically in relation to a huge existing 
database (containing sequences from thousands of dif- 
ferent organisms) in order to indicate what kind of 
organisms are present in a given sample. Sequences 
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that do not match the database directly can still be 
placed on a phylogenetic tree to indicate the relation- 
ship of the unknown organisms to cultured ones and 
other u.nknowns. One of the earliest habitats to be 
investigated by this method is the marine plankton, 
and several novel microbial groups, including archaea 
and bacteria, have been discovered there (Giovannoni 
et al. 1990, 1996, Britschgi & Giovannoni 1991, Schmidt 
et al. 1991, Fuhrman et al. 1992, 1993, DeLong et al. 
1993, 1994, Mullins et al. 1995, Gordon & Giovannoni 
1996). As extensive as  these studies are, reporting on a 
few hundred sequences, they still just barely scratch 
the surface of potential diversity over space and time in 
the world ocean. Extant sequences are from a handful 
of samples, mostly from the euphotic zone. Even 
though a few groups have been found repeatedly in 
similar kinds of samples, there are undoubtedly many 
groups that have yet to be found. This report extends 
the coverage of such cloning and sequencing investi- 
gations in the deep sea, with samples from both Pacific 
and Atlantic basins. 

The immediate goal of this study is to develop 'lists' 
of the types of organisms (via 16s rRNA sequences) 
found in marine plankton. Although this may appear to 
be simply exploratory or descriptive, such lists with 
many sequences are necessary before we can go on to 
the next step of creating probes for quantitati.ve studies 
of biomass and activities. This is because even for the 
most common groups, one should have several 
sequences, some closely related to each other and 
others more distantly related, in order to design probes 
with a known specificity. For example, if a novel major 
group is only known from 1 or 2 sequences, creating a 
probe to match some unique region on those se- 
quences might match only those 1 or 2 species, or 
might match a whole phylum or even a random subset 
of one or more phyla-one cannot know which. On the 
other hand, a large sequence database, especially from 
the habitat to be studied, allows selection of probe 
sequences that match narrow or broad groups as 
desired. 

Here we report a 16s rRNA clonlng and sequencing 
analysis from 3 deep sea samples collected from the 
Atlantic and Pacific Oceans at depths ranging from 500 

Table 1 Data for water samples taken from the northeast Pacific 
study. Dates g11 

to 3000 m.The deep sea is probably the largest habitat 
on earth and one of the least known biologically. Its 
microbial diversity is virtually unknown. The results 
suggest that these environments include numerous 
previously undescnbed microbial lineages, both 
archaeal and bacterial, and that specific lineages are 
widespread. 

METHODS 

Water samples were collected by multiple Niskin 
bottles on a Rosette sampler (General Oceanics), with 
total volumes ranging from 140 to 200 1. Temperatures 
and sal~nities were measured with an in situ conduc- 
tivity/temperature/depth sensor (Sea Bird Electronics). 
Locations and background data are shown in Table 1. 
Organisms were immediately collected by pressure fil- 
tration onto 142 mm diameter 0.22 pm pore size Dura- 
pore filters (Millipore Corp.) after prefiltration through 
142 mm diameter Gelman AE glass fiber filters to 
remove eukaryotes. The Durapore fllters were frozen, 
taken to the laboratory for further storage at -80°C, 
and subsequently extracted in hot SDS; DNA was 
purified by ethanol precipitation and phenol/chloro- 
form extraction (Fuhrman et al. 1988). To amplify a 
portion of the 16s rRNA gene by PCR with a Perkln 
Elmer Cetus GeneAmp kit, a small portion of the 
extracted DNA, approximately 50 ng, was mixed with 
1 pM each of 'universal primers' 537F (TTGAGCT- 
CAAGCTTCAGCMGCCGCGGTAATWC) and 1492 R 
(TTTTGGATCCTCTAGAACGGGCGGTGTGTRC) 
(Fuhrman et al. 1992) (note: these primers contain link- 
ers at the 5' ends that were not needed in this study), 
plus other PCR reagents (10 mM Tris, 50 mM KC1, 
1.5 mM MgCl,, 0.001 % gelatin, 200 pM each dNTP, 
5 units of AmpliTaq polymerase per 100 p1 reaction) 
and amplified under the following conditions: 1 min, 
92"C, 1 min, %"C, and 1.5 min, 72°C for 30 cycles. 
Negative controls with water instead of DNA showed 
no products. Bands of ca 900 bp were cut from a 1.2% 
agarose gel (Seakem LE agarose from FMC Bioprod- 
ucts, Rockland, Maine;  run with Tris/EDTA/acetat~ 
buffer), extracted and purified with a Geneclean Kit 

(p712 and pN1) and subtropical Atlant~c (pB1) and used in this 
ren as mo/d/yr 

Sample Date Depth Location Bacterial abundan.ce Temperature Salin~ty Volume 
(m) ( ~ ~ ' c e l l s  I-'] ("c) ( P P ~ )  (1) 

p712 Sep14,1990 500 32" 51.6' N, 118" 55.1' W 34 6.5 34.3 160 
pN1 Sep 19. 1990 3000 32" 32.27' N, 121" 21.53' W 1.6 1.8" 34.6" 200 
pB1 Sep30,1989 1000 32" 17.38' N, 64'35.65' W 2 1 7 35. l 140 

"Temperati~re and salin~ty from historical data for the reglon (samp1.e was too deep for the sensors that were available) 
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(Bio 101 Inc., Vista, California), and ligated to vector 
PCR 1000 (TA Cloning Kit; InVitrogen Corp., San 
Diego, California), which was used to transform 
Escherichia col1 according to the manufacturers' 
instructions. White colonies were checked for the pres- 
ence of inserts in the plasmid by agarose gel analysis of 
restriction-enzyme-cut minipreps of the plasmids, pre- 
pared by the alkaline lysis method and phenol extrac- 
tions (Manlatis et al. 1982). Plasmids with inserts of the 
proper slze (not prescreened) were sequenced by 
Sequenase 2 (Amersham USB) initially, but later by the 
cycle sequencing DeltaTaq method (Amersham CSB, 
using 30 cycles for labeling and 40 cycles for termina- 
tion steps), and separated by electrophoresis with Long 
Ranger modified acrylamide (J.T. Baker, Phillipsburg, 
NJ, USA), all according to manufacturer instructions 
and with 'universal' sequencing primers from the kits. 
With the DeltaTaq method and a long electrophoresis 
gel apparatus (Base Runner, Kodak IBI), we were able 
to read about 400 to 500 bases from each reaction in a 
single set of 4. Sequences were aligned to the Riboso- 
mal Database Project alignment (RDP) (Maidak et al. 
1994) and analyzed by maximum likelihood, parsi- 
mony, and neighbor joining methods (Kimura 2-para- 
meter model) from PHYLIP 3.5 or fastDNAml (Felsen- 
stein 1981, 1993, Olsen et  al. 1994), with the aid of the 
GDE computer program package (Smith et al. 1994; 
obtained from RDP, Maidak et al. 1994). Clones were 
first partially sequenced (at least 200 bases from both 
the ends) early in the project, and most of those that 
did not show clear affiliations with other sequences In 
the RDP database or other fully sequenced clones were 
fully sequenced (about 860 bases between the 'univer- 
sal' primers). A few clones were somehow truncated, 
so we have only partial sequences. Due to the frag- 
mentary nature of related clones from the database a s  
well as some of our own, we had to create multiple 
trees with different masks to make all the suitable 
comparisons. Note that what we call 'full length' clones 
represent the full PCR product and plasmid insert 
length between the 'universal' primers, and do not rep- 
resent the full 16s  rRNA gene.  We checked for 
chimeric sequences primarily by examining phyloge- 
netic trees made separately from the 200 bases at the 5 '  
and 3' ends of the clones, looking for significant shifts 
in affiliations. Initially we used the RDP program 
CHECK-CHIMERA, which was often useful, but we 
found that we needed to use caution in interpreting the 
results; they were difficult to interpret when the clones 
were distantly related to all but a few short sequence 
fragments in the database (as was often the case). 
Sometimes the CHECK-CHIMERA results appeared 
to indicate that a sequence may be chimeric even 
though we found other full-length clones from differ- 
ent  samples that matched very closely along the entire 

length. The fact that they came from different samples 
strongly suggests they are not chimeras. 

DNA sequences have been submitted to GenBank, 
with accession numbers U81525 to U81549 (p712), 
U86455 to U86487 (pN1). and U86488 to U86519 (pB1). 

RESULTS 

Samples were collected from depths of 500 and 
3000 m in the Pacific, and 1000 m in the Atlantic. Teni- 
perature profiles, indicating the physical structure of 
the water column, showed well-mixed water over the 
top 40 m (at 20°C in Pacific, 26°C in Atlantic), a steep 
thermocline and rapid temperature reduction to about 
100 m (where temperatures were about 9°C in the 
Pacific and 18°C in the Atlantic), and a more gradual 
temperature decline to sample depth temperatures 
(Table 1). 

Archaea 

Almost half (25 of 57) of the randomly selected 
clones from these 3 deep sea samples were archaeal, 
and these fell into 3 distinct groups (Fig. 1). TWO of 
these groups were related to previously reported 
marlne archaeal clones: one such group (Group I ) ,  
containing 19 new clones reported here, is within the 
Crenarchaeota (formerly thought to contain only 
extreme thermophiles; Woese 1987) and includes sev- 
eral marine planktonic and abyssal or symbiotic 
archaeal clones previously reported (DeLong 1992, 
Fuhrman e t  al. 1992. 1993, DeLong et  al. 1994, McIn- 
erney et  al. 1995a, b. Preston et  al. 1996). Relatives 
also include 2 soil archaeal clones (Ueda et al. 1995; 
see also RDP, Maidak et al. 1994) as well as clones 
recently found in freshwater lake sediments (Hersh- 
berger et al. 1996). The second group falls among the 
Euryarchaeota (contaming methanogens, halophiles, 
and some thermophiles; Woese 1987), is distantly 
related (<80'% sequence similarity) to Thermoplasma, 
and has also previously been reported from coastal 
and offshore marine plankton (DeLong 1992, 
Fuhrman et  al. 1993). The third group is only distantly 
related ( ~ 8 0 %  sequence identity) to previously 
reported sequences, and the closest known sequences 
are from Thern~oplasina and from Marine Group I1 
(F1g. 1A). 

Bacteria 

Slightly over half of the clones are  bacterial, and  they 
fall into several groups (Fig. 2A, B, Table 2). Some are  
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Fig. 1 (above and facing page).  Archaeal clone analysis, by maximum likelihood (Olsen et al. 1994), with new clones from this 
report appearing in bold type and other sequences from RDP or GenBank (aligned manually to the RDP alignment). (A) Analysis 
from clones fully sequenced between the 'universal' primers used for ampMicat~on prior to cloning (Escherichia coli positions 
537-1392). Numbers above the nodes represent bootstrap replicate percentages, using 100 replicates, by maxlmum likelihood, 
and those below the nodes by parsimony (PHYLIP DNAPARS, Felsenstein 1985): the bootstrap values indicate the percentage of 
replicate trees in which the sequences to the right of the node all group together, and bootstrap values above 50% are shown. 
(B) Analysis including partial sequences from this study as well as previously reported sequences. The mask (region of the mol- 
ecule in which all these clones overlap) corresponds to E. colj positions 1232-1392. NH clones are from the same general region 
as the p712 and pN1 Pacific clones reported here, with NH49 from the 500 m depth and NH25 from 100 m (Fuhrman et al. 1992, 
1993): WHAR clones are from Woods Hole, SBAR from Santa Barbara California, OAR from Oregon, and ANT from Antarctica 
[DeLong 1992, DeLong et al. 1994); JM clones are from an abyssal holothunan mldgut (McInerney et al. 1995131, 4B? is from the 
U.S. Pacific coast plankton (Stein et al. 1996); C. symbiosum is from a sponge symbiont (Preston et al. 1996); pGrfA4 is from 
freshwater lake sediment (Hershberger et al. 1996); and PVA clones are from a volcanic seamount near Hawaii, obtained from 
GenBank (submitted by C. Moyer, F. Dobbs, and D. Karl) Because shorter sequences yield less accurate phylogenies, refer to (A) 

for the best information on a given lineage 

related specifically to previously reported clones found 
in subsurface waters, but others are  not. 

One clone from the 3000 m Pacific sample, pN1-52, 
branches deeply yet consistently (in 99 to 100% of the 
bootstrap replicates) with its closest cultured relative 
in the RDP database, Thermomicrobium roseum, and 
branches in all bootstrap replicates with a small cluster 
of clones recently reported to be found at the 250 m 
depth in the Sargasso Sea (Giovannoni et al. 1996) 
(Fig. 2A). The small yet broad phylogenetic group to 
which these sequences belong includes the genera 
Chloroflexus, Herpetosiphon, and others (Woese 1987, 
Giovannoni et al. 1996). 

A set of clones from both oceans branch consis- 
tently, and in a hlgh percentage of bootstrap repli- 
cates, with the group of organisms we previously 
called Marine Group A (Fuhrman et al. 1993) and 
with 2 marine clones recently reported that are very 
close to clone NH16-12 from Group A, OCS307 and 
SAR406 (Fig. 2A) (Gordon & Giovannoni 1996). Gor- 
don & Giovannoni (1996) found that even with nearly 

complete 16s rRNA sequences of their 2 clones, the 
affiliations with bacterial groups known from cultures 
were remote and not fully clear, with the most likely 
relatives being the Chlorobium and Fibrobacfer 
groups. All our full length clones group together in 
about 90%) of bootstrap replicates whether analyzed 
with parsimony or maximum likelihood methods 
(Fig. 2A). Thus they appear to make up a reasonably 
coherent yet broad group. Two fragments from the 
3' ends of apparently chimeric clones (p712-l1 and 
pN1-16) also are included in this group (Fig. 3A, B: 
affiliations of fragments from chimeras, truncated 
clones, and those related to partial sequence frag- 
ments from the database). 

These deep sea clones from both oceans also contaln 
at least 1 other major group with little firm affiliation to 
known bacterial groups, and we have labeled this 
group Marine Group B. The 3 full-length clones (pN1- 
23, pB1-19, and pB1-87) branch together consistently 
and in all bootstrap replicates, and jn some analyses 
branch together with the Planctornyces, but this affilia- 
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tion is not robust (Fig. 2A); some analyses place them 
with the Proteobacteria (not shown). Three other par- 
tial sequences also fit in this group, including the trun- 
cated clone p712-48 (3' end only) and the 5 '  end of the 
apparent chimera p712-79, whose 3' end appears pro- 
teobacterial (Fig. 3).  

Clone pN1-33 may be distantly related (<80% se- 
quence similarity) to Planctomyces (Fig. 2A),  although 
the specific relationship IS not robust to bootstrap 
analysis, and ~t branches deeply with Group B in some 
analyses. I t  may represent a novel major group, a deep 
affiliate of Group B ,  or possibly a chimera. In this case it 
is difficult to tell if it may be a chimera, given its dis- 
tance from other known sequences, but analysis of the 
200 bases at  either end also shows no obvious relation- 
ship to anything in the database. Although we have the 

I Group II 
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full length clone sequence, all w e  can say for sure is 
that pN1-33 is quite distant from any known sequence. 

One clone, pB1-114, is most closely related to Japan- 
ese farm soil clone FIE18 (Ueda et  al. 1995), with 90% 
sequence identity over the overlapping 280 base 
region (the 3' end of our clone, see Fig. 3B). Ueda et  al. 
(1995) placed FIE18 in a cluster deeply branched with 
the Gram Positive, Low G+C Group, a placement gen- 
erally confirmed by RDP (Maidak et al. 1994). In our 
analysis, the full length clone appeared remotely affil- 
iated with a member of the Fibrobacter phylum, Aci- 
dohactenum capsulatun~, but branches together with 
that sequence in only about 50 to 70 O/o of the bootstrap 
replicates, depending on the type of analysis (Fig. 24.). 
Therefore, ~ t s  affiliations could not be resolved with 
the data and  methods we have used. 
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Group / relatives p712 P N ~  P B ~  Totald 
(Pacific, 500 m) (Pacific. 3000 m) (Atlantic, 1000 m) 

Arch.aea Group I 4 5 10 19 
Archaea Group I1 1 1 2 4 
Archaea Group 111 1 0 2 

Proteobacteria 
SAR 11 Relatives 4 2 3 
Calyptogena or Thyasira symblont relatives 4 0 3 
Alterornonas macleodii relatives 0 2 5 
NH16-18 relative 0 0 1 

Group A 1 1 5 
Group B 3 2 5 
Thermomicrobium relatives 0 1 2 
FIE18 relatives (Fibrobacter, Gram +?) 0 1 I 
Unknown affiliation 0 0 1 

Total 18 23 2 1 62 

"The grand total of 62 sequences is greater than the number of clones (57) because 5 apparently chimeric clones are 
separated here into 2 fragments, each with different affiliations 

Helrobnc.trri~u,~ c.hlorrotr 
7'lrc~n~rorttrc nthrrr,tr nj teurtr 

1 Chloroflexus Group 

Fibrobacter Group 
Acidobnc-reriutn r~apsulcrrunt 

100 pN1-88 
~ A I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  a t ~ r c l ~ ~ o d i i  ProteobaCteria 

Cul,,proget~cr .FP gill ~ynib lu l i (  
pN 1-38 ! 

Chlorohrurtt \'rhrr(fortrre 
68 

91 NH49- lu 
90 pN 1-3 

NH16-16 - 

Group A 

100 PBI-87 

100 pB1-19 1 Group B 

Ld pN1-23 
pN 1-33 

Platr r /ot t~~cec r ~ o l r j r  
I)ernoc-occu.r rcrdiodrrran.r 

O I 0  base change per r~uclcoride 

Fig. 2 (above and facing page). Bacterial clones (excluding likely chimeras) analyzed by maximum likelihood. Bold type indicates 
new clones from this study. (A) Full length clones (Escherichia c011 positions 537-1392) representing the major bacterial groups 
found in this study. Bootstrap analyses as in Fig. 1A. (B) Full and partial clone sequences, analyzed from 200 bases from each end 
of the clones, correspond~ng to E. col; positions 537-737 and 1192-1392. NH clones are plankton from Fuhrman et al. (1993) and 
SAR and OCS clones are plankton from Gordon & Glovannoni (1996) or Giovannoni et al. (1996). Note that phylogenles from 

shorter sequences have reduced accuracy, so refer to (A) for the best information on a given lineage 

Table 2. Summary of clones found in the 3 samples used in this study, including chimeric fragments and truncated clones 
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pB1-50 

p7 12-55 
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SAR307 Chloroflexus Group 
pN1-52 

pN1-3 
NH16-l6 

SAR406 U % OCS307 

Group A 

NH16-13 4- pB1-121 
pN 1-42 

Ac-rdobacrerrrtm cap.tular~rm Fibrobacter 
Group 

Plnncrumyces sraleyi 
Clilam~dia psirraci 

F1e.ribacrer canadensis 
I Deinococcus radiodurans 

0. I0 base change per nucleotide 

About half of the bacterial sequences appear to be 
proteobacterial (Table 2). Starting with the most distant 
from known sequences, the clone pN1-38 is relatively 
distant from previous1.y described groups, bu.t is >90'li 
similar to clone NH16-18 previo.usly reported to be 
found by Fuhrman et al. (1993) at the 100 m depth in 
the same region from which this clone was collected at 
the 3000 m depth (Fig. 3A). The phylogenetic place- 
ment of this clone is uncertain, but abo.ut 8OUt, of the 
bootstrap replicates show i t  to be deeply branched with 
the y Proteobacteria, and all its closest relatives from 
RDP are in this group (Fig. 2A, B). Eight sequences (in- 
cluding 4 apparent chimeric fragments and 1 truncated 
clone) tend to branch with sulfur-oxidizing symbionts of 
Calyptogena or Thyasira (Figs. 2B & 3), but none are 
>95% similar It is interesting that 1 of the apparent 
chimeras (p712-l) consisted of fragments which were 
both related most closely to different S-oxidizing sym- 

bionts. The other apparent chimeras had fragments 
from widely different groups (Fig. 3).  

Three clones from the 3000 m Pacific sample, and 1 
from the Sargasso 1000 m sample, are extremely 
closely related (some almost identical) to the sequence 
from the cultured marine bacteri.um Alterornonas 
macleodii, an aerobic heterotroph (Fig. 2B). An addi- 
tional clone, pB1-133 from the 1000 m Sargasso sam- 
ple, is extremely close to this organism sequence over 
most of its 5 '  end, but the 160 bases at the 3' end 
diverge greatly from that sequence and instead align 
best with clone SAR307 that is related to Thermomi- 
crobium roseurn (Fig. 3).  

A set of 8 clones are most closely related to the 
SARll  cluster (Giovannoni et  al. 1990), with several in 
a tight group very close to SARll  itself and others a 
few percent distant, as is similar to the pattern previ- 
ously reported for clones from shallower waters 
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AriJobacrrriunr ct~p.~ulcrcirm 
Plunrr~wn,vcrr srulr,vi 

pS1-16* 
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(Fuhrrnan et al. 1993) (Fig. 4) .  Clones from this cluster 
reported by Schmidt et  al. (1991) do not overlap with 
these, so cannot be included in the comparison. 

DISCUSSION 

bers of this cluster have been reported 
from surface waters of temperate and 
polar waters, sequenced by means of 
PCR with archaeal-specific pnmers, 
and from the guts of abyssal holothuri- 
ans or w~th in  sponges (DeLong 1992, 
DeLong et  al. 1994, McInerney et  al. 
1995a. b, Preston et  al. 1996); relatives 
have also been found in soils (Ueda et  
al. 1995) and freshwater sediments 
(Hershberger et al. 1996). All of the 
marine clones, irrespective of their 

Fig 3. Affiliations of sequence fragments from apparent ch~meras ( * ) ,  truncated 
clones, and those related to fragments from the database not amenable to analy- 
sis in Fig. 2. Bold type indicates new clones from this study. (A] Analysis from 
Escherichia coli positions 537-737 (i.e. 200 bases from the 5' end of the clones) 
by maximum likelihood. (B) Analysis from E. coli positions 1192-1392 (200 
bases from the 3' end of the clones], by neighbor joining (with these data, max- 
imum likelihood yielded an incorrect topology). NH clones are plankton from 
Fuhrman et  al. (1993). Clone FIE 18 1s from soil (Ueda et al. 1995). Note that phy- 
logenies from shorter sequences have reduced accuracy, so refer to Fig. 2A for 

the best information on a particular lineage 

It is striking that by far the most common group in 
these planktonic deep sea clones, with a total of 25 ran- 
domly isolated clones out of a total of (57 + 10) from the 
500 to 3000 m samples reported here and by Fuhrman 
et  a1 (1992, 1993), 1s Archaeal Group I (the archaeal 
cluster related to clone NH49-9). Several other mem- 

source, are much more closely related 
to each other than they are  to any 

B other known clone or culture se- 
quence (Fig 1B). Among the marine 
clones, there may be some subgroup- 
ing within the cluster (Fig. l B ) ,  and the 
data suggest that the clones from lake 
sediments branch outside the marine 
cluster (Fig. 1A and Hershberger et al. 
1996) as do those from soils (Ueda et 
al. 1995; RDP, Maidak et  al. 1994). 
Among the deep plankton, the group- 
ings within the cluster are  not geo- 
graphic or depth-related. 

Given that we used. 'universal' 
primers rather than ones specif~c for 
Archaea, the preponderance of ar- 
chaeal clones in our set suggests that 
the Archaea are probably relatively 
common in the deep sea locations 
studied. While we do not know if we 
can interpret the relative abundances 
of clones as approximating the relative 
abundance of organisms, a report by 
Suzuki & Giovannoni (1996) indicates 
that, with the same 'universal' prlmers 
we used, the proportion of amplified 
products was close to the proportion of 
original template concentrations of 2 
different 16s rRNA gene templates in 

laboratory tests. Thus, th.e proportions of clones in our 
study may be a general indication of the proportions of 
genes in the DNA extracts. Assuming little discrimina- 
tion in DNA extraction or purification, this may indi- 
cate that perhaps 10s of % of the deep sea prokaryotes 
are Archaea. However, as Farrelly et al. (1995) have 
pointed out, a quantitative conclusion depends on 
knowing the genome sizes and rRNA gene copy num- 
bers in the various organisms, which are unknown and 
may not be uniform. Better estimates await the appli- 
cation of group-specific probes to deep sea samples, 
preferably by fluorescent in situ hybridization of indi- 
vidual bacteria (Amann et al. 1995). Along these llnes, 
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simultaneous with antibiotic treatments 
to inhibit eubacteria. It seems quite likely 
that the Group I Archaea are psychro- 
philic or mesophilic aerobic heterotrophs, 
and, if so, this presents a strong departure 
from the concept that Archaea are ei- 
ther extreme thermophiles, extreme halo- 
philes, or methanogens, all unable to 
compete well against eubactena or eu- 
karyotes. A similar conclusion was drawn 
by Preston et al. (1996) in their report of 
the crenarchaeotal symbiont of a marine 
sponge. 

The 3 basic types of archaeal clones in- 
clude 2 (Groups I1 and 111) that place phy- 
logenetically closest to the methanogens. 
While we do not yet know if these organ- 
isms are methanogenic, it is interesting to 
note that many parts of the aerobic ocean 
are saturated or supersaturated with 
methane from an apparent midwater 
source (DeAngelis & Lee 1994). The or- 
ganisms responsible for the methane 
production are not known, but methano- 
genesis is apparently occurring within 
presumably anaerobic microzones in zoo- 

Fig. 4 .  Relationsh~ps among inembers of the SAKll cluster. Analysis from 
plankton guts (DeAngelis & Lee 1994). If 

Escherichia coh positions 537-737. Bold type indicates new clones from thls it possible that some of the A'-chaea 
study. SAR clones are from the Sargasso Sea near Bermuda (Giovannonl et  we observed are methanogens that have 
al. 1990, Britschgi & Giovannoni 1991), NH from the California Current and been released from the suts or from de- 
BDA from the Sargasso Sea near Bermuda (Fuhrman et  al. 1993), and  FL caying fetal matter, or pissibly may live 

from coastal California (DeLong e t  al. 1993) in anaerobic microzones, such as on or- 

we have been able to visualize marine Group I Ar- 
chaea from seawater, with fluorescent probes and 
image-processed video microscopy (Fuhrman et al. 
1994). Applying this approach to samples from the 
North Pacific, we have detected approximately 10 to 
20% Archaea in several samples, and sometimes more 
(manuscript in preparation). This is generally consis- 
tent with the clone abundances. 

Our report of a third, and previously undescribed, 
llneage of marine planktonic archaea further increases 
the known taxonomic breadth of the Archaea in gen- 
eral, and microbial plankton in particular. Until the 
reports of Fuhrman et al. (1992, 1993), DeLong (1992) 
and DeLong et al. (1994), Archaea were almost un- 
known from marine plankton. Now they appear to be 
readily detected, even with 'universal' PCR primers, at 
least in samples from the deeper waters. 

We have little or no information on the physiology of 
these archaeal groups. Fuhrman et al. (1994) previ- 
ously reported enrichment of an open-ocean near- 
surface seawater sample with Group I Archaea by ad- 
dition of small amounts of peptone and yeast extract, 

ganic particles, within the plankton. 
The several clones in the newly reported Marine 

Group B appear to represent a new bacterial lineage 
that is not yet represented in the extensive 16s rRNA 
database Our analyses do not allow us to place this 
group with confidence in relationship to others. The 
sequences within this group are all closely related to 
each other, yet together branch deeply with other 
sequences from the database. This is the sort of pattern 
observed with the near-surface representatives of the 
SARll cluster (e.g. Fig 4). We found that this group 
was present in both ocean basins, suggesting a broad, 
posslbly global, distribution. The close relations within 
the group and distance to other known sequences 
allows for relatively easy probe development. 

The relationships among what we call Marine Group 
A differ significantly in character from Group B in that 
its members are not closely related to each other 
(Figs. 2 & 3). It is interesting that there can be several 
members of this group so deeply branched, yet all are 
from marine plankton clones, and none from cultures 
or other habitats. The depth of the branches suggests a 
geologically early radiation of this lineage with signifi- 
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cant diversity, yet the lineage is not represented in cul- 
ture databases. 

One of the clones, pN1-52, plus a fragment of appar- 
ently-chimeric clone pB1-133 are deeply branched 
within the ChloroflexuslHerpetosiphon/Thermomicro- 
bium lineage (Figs. 2 & 3) Clones from this group 
occurred in both ocean basins. Members of this group 
were reported to be cloned from 250 m depth in the 
Sargasso Sea, and a probe designed to bind to this 
group hybridized to RNA and PCR-ampllfted 16s 
rRNA genes from the top 250 m of Sargasso Sea and 
Oregon coast samples (Giovannoni et al. 1996). The 
probe binding was strongest at the lower portion of the 
subsurface chlorophyll maximum, with significant 
stratification. The authors concluded that the members 
of this group are adapted for growth in a discrete depth 
of the water column. It should be noted that our clones, 
from 1000 and 3000 m, were considerably belotv the 
euphotic zone and chlorophyll maximum layers. The 
phylogenetic position gives few physiologic clues, 
given the paucity of close relatives from the culture 
database and the physiologic variability of known 
members from this lineage. Chloroflexus is photosyn- 
thetic (Herpetosiphon and Thermomicrobium are not), 
while Chloroflexus and Thermomicrobium are ther- 
mophiles (Herpetosiphon is not). It does not seem pos- 
sible that any organism could be actively photosyn- 
thetic in the dark waters at 3000 and 1000 m where 
these clones were found, although it is possible that 
such organisms originated in better lit waters and were 
transported to depth (e.g attached to sinking parti- 
cles). Similarly, circumstances suggest that the organ- 
isms are not thermophiles Results suggest that the 
organisms are not particularly rase and could well be 
adapted for life in the deep sea. 

Overall, the results of this cloning and sequencing 
study point to the common occurrence of novel micro- 
bial lineages, some quite distant from any culture in 
the database, in the deep sea. Both Atlantic and Pacific 
Ocean basins have clones representing most of the 
same groups, which is not surprising given the ancient 
nature of this habita.t and the geologically short time 
scales of global deep sea circulation. Although it was 
unusual for the clones to be close to any previously 
cultured organism, one cluster of 5, from both ocean 
basins, was related closely to the aerobic marine 
heterotroph Alteromonas macleodii. We cannot say at 
this time if the other clones represent organisms that 
are difficult to culture, or simply if the lack of cultured 
relatives reflects the gross undersampling of the deep 
sea.. Given the size of this habitat and logistic difficulty 
in growing cultures that may requlre in situ tempera- 
ture and pressure conditions, it may be some time 
before we learn the answer. However, the clones 
reported here may be used for the development of 

probes to investigate the in situ distribution of the 
organisms in the various groups we have reported. 
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