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Although molecular techniques are considered to provide a more comprehensive view of species
diversity of natural microbial populations, few studies have compared diversity assessed by mo-
lecular and cultivation-based approaches using the same samples. To achieve this, the diversity of
natural populations of ammonia oxidising bacteria in arable soil and marine sediments was deter-
mined by analysis of 16S rDNA sequences from enrichment cultures, prepared using standard
methods for this group, and from 16S rDNA cloned from DNA extracted directly from the same
environmental samples. Soil and marine samples yielded 31 and 18 enrichment cultures, respec-
tively, which were compared with 50 and 40 environmental clones. There was no evidence for
selection for particular ammonia oxidizer clusters by different procedures employed for enrichment
from soil samples, although no culture was obtained in medium at acid pH. In soil enrichment
cultures, Nitrosospira cluster 3 sequences were most abundant, whereas clones were distributed
more evenly between Nitrosospira clusters 2, 3, and 4. In marine samples, the majority of enrich-
ment cultures contained Nitrosomonas, whereas Nitrosospira sequences were most abundant among
environmental clones. Soil enrichments contained a higher proportion of identical sequences than
clones, suggesting laboratory selection for particular strains, but the converse was found in marine
samples. In addition, 16% of soil enrichment culture sequences were identical to those in environ-
mental clones, but only 1 of 40 marine enrichments was found among clones, indicating poorer
culturability of marine strains represented in the clone library, under the conditions employed. The
study demonstrates significant differences in species composition assessed by molecular and cul-
ture-based approaches but indicates also that, employing only a limited range of cultivation con-
ditions, 7% of the observed sequence diversity in clones of ammonia oxidizers from these envi-

ronments could be obtained in laboratory enrichment culture. Further studies and experimental
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approaches are required to determine which approach provides better representation of the natural

community.

Introduction

The use of molecular techniques to characterize bacterial
communities in natural environments has greatly altered
perceptions of bacterial diversity. Broad-scale measures,
such as those involving DNA:DNA reassociation kinetics,
suggest the existence of several thousand distinct genomes
per gram of soil [34]. Fine-scale techniques include the
analysis of sequences in clone libraries of 16S rRNA and
functional genes amplified from DNA extracted directly
from environmental samples. Application of fine scale tech-
niques to broad microbial groups, e.g., Bacteria [3, 12, 13],
and more specific phylogenetic and functional groups, such
as methanotrophs [9] and ammonia oxidizers [31], has
demonstrated the dominance of such libraries by sequences
markedly different from those of cultivated organisms in
databases. Molecular techniques do not require laboratory
cultivation and, although themselves subject to potential bi-
ases [22, 33], can reveal aspects of bacterial community
structure that are lost during laboratory growth. The infor-
mation recovered by such studies has been interpreted as
supporting the view that traditional, cultivation-based tech-
niques underestimate the diversity of natural bacterial popu-
lations [29]. Quantitative studies indicate that 0.1-10% of
the bacterial biomass of an environmental sample can be
induced to grow under laboratory cultivation [2, 29, 35, 37,
38]. Similar values are indicated by comparisons of bacterial
cell concentrations estimated using competitive PCR with
traditional viable cell counts [11, 20].

Molecular studies are considered to assess the species di-
versity of total (culturable and uncultured) populations.
However, no molecular data are available on the many or-
ganisms that have been isolated and cultivated in ecological
studies using traditional approaches. It is therefore danger-
ous to conclude that diversity studies based on laboratory
cultivation and isolation provide a biased or even different
view of environmental diversity without analysis using both
approaches on the same samples. The enormous diversity
within broad groupings, e.g., Bacteria, makes such compari-
sons difficult, arguing for analysis of smaller taxonomic
groups with defined physiology facilitating specific cultiva-
tion and enrichment. Generalizations based on particular
microbial groups must, of course, consider potential differ-
ences in culturability between groups.

Analysis of natural populations of autotrophic ammonia-
oxidizing bacteria using cultivation-based techniques
presents particular problems, due to their slow growth, dif-
ficulties in separating ammonia oxidizers from heterotro-
phic contaminants, and the limited number of characteris-
tics for identification and classification. This has hampered
meaningful study of the population ecology of ammonia-
oxidizing bacteria, limiting our understanding of their im-
portant role in carrying out oxidation of ammonia to nitrite,
the first step in nitrification. Increased understanding of the
relationship between taxonomic and physiological diversity
is important for our understanding of nitrogen cycling in
natural environments.

With the exception of a small number of cultured marine
strains belonging to the +y-Proteobacteria, analysis of 16S
rRNA gene sequences places autotrophic ammonia oxidizers
in a monophyletic group within the B-Proteobacteria, con-
taining two genera, Nitrosomonas and Nitrosospira [8].
Analysis of 16S rRNA gene sequences recovered from natu-
ral populations of ammonia oxidizers indicates further sub-
divisions, with the Nitrosospira and Nitrosomonas genera
containing at least four clusters and three clusters, respec-
tively, of related sequences [31]. Such studies also suggest
that the distribution of different clusters is linked to envi-
ronmental factors, including tillage, marine organic pollu-
tion, soil pH, marine aggregate formation, and manure
application [4, 7, 18, 19, 21, 30, 31].

Although it is difficult to obtain pure cultures of ammo-
nia-oxidizing bacteria from environmental samples, prepa-
ration of enrichment cultures is relatively easy. The aim of
this study was, therefore, to compare the species composi-
tion of natural populations of ammonia oxidizers from
arable soil and marine sediments generated by analysis of
16S rDNA sequences from enrichment cultures and from
16S rDNA cloned from DNA extracted directly from the

same environmental samples.

Materials and Methods
Soil and Marine Samples

Soil was sampled in February 1994 from two adjacent 3 X 4 m
agricultural plots at the Scottish Agricultural College, Craibstone,
Aberdeen, Scotland (OS NJ867112 (see [31] for details). The plots
had been maintained at pH 4.2 and pH 7.0 since 1961, prior to
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which soil treatments and properties were identical. Duplicate
samples of bulk soil from the surface 20 mm were taken randomly
0.5 m from the edges of each plot. The pH of the soil prior to
amendment was approximately 3.9. Marine sediment samples were
obtained from a depth of 16 m in a seawater loch, Loch Sunart,
with fish cages containing North Atlantic salmon. Samples were
taken from directly underneath a fish cage and at distances of 20 m
and 40 m on a transect from the fish cage and the top 5 mm
removed for analysis (see [31] for details of sampling methods).

Enrichment Cultures

Soil enrichments were prepared by incubation of soil samples using
1% (w/v) inocula into either 100 or 300 ml liquid inorganic me-
dium [24] contained in a 500 ml Erlenmeyer flask and with an
initial pH value of 5 or 7.5 and either 5 or 50 pg NH,"=N ml .
Separate batch enrichments were also set up consisting of 10 g soil
and 2 ml medium in Universal bottles. Cultures were incubated at
23°C, in the dark, and growth was assessed by the appearance of
nitrite, detected by use of Quantofix nitrate/nitrite dipsticks (Cam-
lab Ltd., Cambridge, UK), and by a change in pH of the medium
(determined by change in color of the pH indicator phenol red
from pink to yellow). First-generation cultures were neutralized,
until ammonium was completely oxidized, by addition of 5% (w/v)
Na,CO;, and subcultured by 1% (v/v) inoculation of fresh me-
dium. Subsequent subcultures were carried out in a similar fashion.
First generation enrichments were also plated onto Macdonald and
Spokes [15] medium (pH 8.0) solidified with 1% (w/v) Noble Agar
(Difco Ltd., Surrey, UK) with phenol red replaced by 0.003% (w/v)
neutral red and supplemented with 50 ug NH,"~N ml '. Plates
were incubated for 6 months in the dark and red colonies (indi-
cating acid production) were removed using a micromanipulator
and inoculated into 100-ml liquid inorganic medium. Enrichments
were also prepared in continuous flow columns packed with soil
from pH 7.0 plots, supplied continuously with air and inorganic
medium containing 50 ug NH,*~N ml ™" and incubated at 30°C for
several months. Effluent from the column was used to inoculate
fresh liquid medium and resultant enrichment cultures were sub-
cultured and plated as described above.

Duplicate enrichments from marine sediment samples were
prepared by inoculation of 100 ml of both inorganic salt medium
or artificial seawater containing 100 pg N-NH," ml~" as ammo-
nium sulfate with 1 g sediment [17]. The former medium con-
tained 0.01% (w/v) phenol red as a pH indicator, and pH was
adjusted to approximately 7.5 by addition of sterile 5% (w/v)
Na,COj,. Cultures were incubated and growth assessed as described
above. First-generation cultures were neutralized twice, by addition
of 5% (w/v) Na,COs, and subcultured by 1% (v/v) inoculation of
fresh medium. First-generation marine enrichments were centri-
fuged at 10,000 g for 15 min to pellet both sediment and cells. DNA
was extracted from the pellet and amplified as for soil and sediment
samples (see below). Second-generation enrichments were briefly
spun to remove sediment, followed by centrifugation of the result-
ing supernatant at 10,000 g to pellet cells. DNA was released from
cell pellets by boiling with Chelex 100 [17, 36].
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Extraction and Purification of DNA from Soil and
Sediment Samples

DNA was extracted from soil and sediment samples, as described by
Stephen et al. [31], by bead beating and vortexing, respectively.
Extracted DNA was purified by dialysis and gel electrophoresis
(soil) or by passing through a SpinBind column (Flowgen Instru-
ments Ltd., Kent, UK (marine).

PCR Amplification of 16S rDNA, Cloning and Sequencing

PCR amplification of 16S rDNA was carried out on 20 ng of DNA
in 50 pl PCR reactions using the primers BAMOf and BAMOr,
designed to amplify selectively approximately 1.1 kb of 16S rDNA
from B-subgroup ammonia oxidizers and their close relatives [17].
PCR conditions were those described previously [17]. PCR prod-
ucts pooled from five reactions, to minimize possible PCR bias,
were purified and ligations then carried out into the pGEM-T
vector (Promega Ltd., Southampton, UK) following the manufac-
turer’s protocols. The ligations were transformed into supercom-
petent Escherichia coli XL1-Blue MRF’ Kan (Stratagene Ltd., Cam-
bridge, UK) and plated on Luria—Bertani agar supplemented with
IPTG (1 mM), X-Gal (40 mg ml '), and the antibiotics kanamycin,
ampicillin, and methicillin according to manufacturer’s instruc-
tions. White colonies were grown overnight in Luria—Bertani broth
(5 ml) containing ampicillin (50 pg ml™') at 37°C with shaking.
Plasmids were purified using the Promega Wizard Mini-Prep
system. Randomly selected recombinant colonies were analyzed
from each soil clone library using a single dideoxynucleotide
(ddA—"“T-tracking”) sequencing method and primer 537r [28], in
order to identify non-ammonia-oxidizer clones and to remove
them from subsequent analysis.

Sequence Analysis

Enrichment and clone sequences were aligned against representa-
tive prokaryote 16S rRNA gene sequences from the Ribosomal
Database Project (RDP) [16] and ammonia oxidizer sequences [8,
17, 23, 25] using the Genetic Data Environment running in ARB
[32]. Phylogenetic trees based on 307 bases (soil sequences) and
303 bases (marine sequences) of aligned sequence data were con-
structed by using the Jukes and Cantor model [10] and Neighbor
joining [27] with PHYLIP, version 3.5 [6]. Data sets were boot-
strapped using SEQBOOT (PHYLIP, version 3.5).

Nucleotide Sequence Accession Numbers

Partial enrichment and clone sequences determined in this study
have been deposited in the GenBank database under accession
numbers Z69087 to Z69197 and AF178087 to AF178112.

Results
Arable Soil

Craibstone soil plots, maintained at either pH 4.2 or pH 7.2,
yielded a total of 31 enrichment cultures. The effects of
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Table 1.
pH values, using different enrichment and subculturing procedures, and related distributions between -proteobacterial ammonia oxidizer
clusters defined by Stephen et al. [31]”

Numbers and (in parentheses) percentages of ammonia oxidizer enrichment cultures derived from soil samples of different initial

Nitrosospira Nitrosomonas
Total Cluster 2 Cluster 3 Cluster 4 Cluster 7

PH of inoculated soil

pH 4.2 20 (69%) 4 (20%) 12 (60%) 3 (15%) 1(5%)

pH 7 9 (31%) 0 (0%) 7 (78%) 2 (22%) 0 (0%)
Conc. of ammonium in medium

5 ug NH,*-N ml ™! 4 (14%) 1 (33%) 1 (33%) 1 (0%) 1 (33%)

50 pg NH,*-N ml ™! 25 (86%) 3 (12%) 18 (69%) 4 (19%) 0 (0%)
Subculture medium

All subcultures in liquid medium 23 (79%) 3 (13%) 16 (70%) 4 (17%) 0 (0%)

One subculture on solid medium 6 (21%) 1(17%) 3 (50%) 1 (17%) 1(17%)
Enrichment culture system

Flask culture 19 (66%) 1(5%) 14 (74%) 4 (21%) 0 (0%)

Soil microcosm 10 (34%) 3 (30%) 5 (50%) 1 (10%) 1 (10%)

* Two Nitrosospira sequences were omitted from analysis (see legend to Table 2).

enrichment conditions were assessed by determining the
number and percentage of cultures with sequences represen-
tative of different clusters resulting from the different en-
richment procedures adopted (Table 1). (Two enrichments
were omitted from analysis for reasons given below.) All
enrichment cultures were obtained in medium with an ini-
tial pH >7 and none was obtained from medium adjusted to
low pH, containing either 50 or 5 pg NH,"-N ml™', during
the period of incubation. The majority (90%) of cultures
were obtained from initial enrichment in medium contain-
ing the higher ammonium concentration, although equal
numbers of enrichments were set up at each concentration.
The majority (66%) of cultures were obtained from initial
enrichment in liquid medium, rather than microcosms or
soil columns, and only 21% involved one subculture on solid
medium. The low proportions of cultures obtained on solid
medium and at low ammonia concentration reflect, in part,
the respective difficulties in detecting microscopic colonies
on solid medium and low growth rates and yield at low
ammonium concentrations. Only one enrichment culture,
Enrich_ZD5, was obtained from a soil column, which was
supplied with medium containing the higher ammonium
concentration at an initial pH of 7. Interestingly, a greater
number of enrichment cultures were obtained from acid soil
plots (69%) despite all enrichment cultures being obtained
in medium at neutral pH.

All cultures were subcultured at least twice following the
initial enrichment step, after which DNA was extracted and
partial 16S rRNA gene sequences were determined using
primers selective for B-proteobacterial subgroup ammonia-

oxidizing bacteria. The 31 enrichment culture sequences
contained representatives of Nitrosospira clusters 2, 3, and 4
and Nitrosomonas cluster 7 (Fig. 1, Table 1; employing clus-
ter designations of Stephen et al. [31]). In addition, two
enrichment cultures (E18_pH4/5/FL and E25_pH7/50/FL)
were obtained whose sequences fell within the Nitrosospira
clade (98% bootstrapping support) but that were not clearly
affiliated to any of the previously defined clusters. Possible
selection for particular clusters was assessed by calculat-
ing the proportion of cultures obtained using a particular
enrichment procedure. The total number of enrichments
available for analysis was not high, making firm conclu-
sions difficult, but there was no evidence of selection for
particular ammonia-oxidizer clusters by different enrich-
ment procedures.

Ammonia-oxidizer populations in soils of different pH
were characterized by analysis of 16S rDNA sequences in
enrichment cultures and in environmental clones amplified
from DNA extracted from soil, and relative abundances of
sequences falling within different clusters are presented
in Table 2. The majority of enrichments (66%) fell within
Nitrosospira cluster 3. This includes the enrichment
E26_pH7/50/FL, which is identical to Nitrosospira briensis
and which branches closer to cluster 2 in Fig. 1. In analysis
of longer stretches of sequence data (348 and 1099 bases),
however, N. briensis tends to branch within cluster 3 [31].
The majority (80%) of the enrichment culture sequences
belonging to Nitrosospira cluster 3 fell within the same
grouping, which also contained sequences from pure cul-
tures of Nitrosospira spp. NpAV and C-141. This group con-
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tained 10 sequences obtained from independent enrichment
cultures that were identical to Nitrosospira sp. NpAV, with a
further three sequences differing by only one or two am-
biguous bases. Sequence identity was also observed in other
groups. Two of the four enrichment culture sequences fall-
ing within Nitrosospira cluster 2 were identical to each other,
to four cloned sequences, and to three pure cultures. Two of
the five sequences within Nitrosospira cluster 4 were also
identical. Thus, from a total of 31 enrichment culture se-
quences, only 20 (65%) differed over the region of 16S
rDNA investigated.

Nitrosospira

Nitrosomonas

7. Smith et al.

Fig. 1.
lationships between pure cultures, enrich-

Neighbor-joining tree showing the re-

ments, and environmental clones of B-sub-
group ammonia-oxidizing bacteria from
samples of soil maintained at pH 4.2 or pH 7
based on analysis of 307 bases of aligned 16S
rRNA gene sequences. The scale bar represents
10% estimated nucleotide substitutions. Soil
clones from low and neutral pH soil are pre-
fixed “pH4.2” or “pH7”, respectively. Soil en-
richments are prefixed “Enrich” or “E1”, “E2”,
“E3” etc., followed by soil pH value (pH 4
for pH 4.2 soil), ammonium concentration
(5 or 50 pg N-NH," ml™"), and enrichment
method (F and U refer to liquid enrichment in

flask or enrichment in soil microcosm, respec-
tively; L and P refer to subculturing in liquid
medium only or use of plating step, respec-
tively). Clones prefixed “Env” are from marine
sediment samples. Clusters 1 to 7 are indicated
+ on the tree and are based on the designations
of Stephen et al. [31]. Pairs of identical se-
quences are indicated with an asterisk, and
identical sequences belonging to groups with
more than two sequences are shown in boxes.

16S rRNA gene sequences of environmental clones, de-
rived from DNA extracted directly from soil, were distrib-
uted more evenly than those of enrichment cultures, with 21,
10, and 15 sequences in Nitrosospira clusters 2, 3, and 4,
respectively, a single Nitrosospira clone (pH4.2B/38) that
cannot be assigned with certainty to the recognized clusters,
but only 3 sequences in Nitrosomonas cluster 6. Identical
sequences were rare, but one, two, and one pairs of clones
with identical sequences were found in clusters 2, 3, and 4,
respectively (Fig. 1). Nitrosospira clusters 2 and 4 also con-
tained four clones and three clones, respectively, with iden-
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Numbers and (in parentheses) percentages of partial 16S rDNA sequences from terrestrial and marine environmental clones and

enrichment cultures between B-proteobacterial ammonia oxidiser clusters defined by Stephen et al. [31]

Terrestrial samples

Marine samples

Enrichment cultures

Environmental clones

Enrichment cultures Environmental clones

Nitrosospira cluster 1 3(17) 31 (78)
Nitrosospira cluster 2 4 (14) 21 (43)

Nitrosospira cluster 3 19 (66) 10 (20)

Nitrosospira cluster 4 5(17) 15 (31)

Nitrosomonas cluster 5 2 (11) 6 (15)
Nitrosomonas cluster 6 3(6) 11 (61) 3(8)
Nitrosomonas cluster 7 1(3) 1(6)

Other® 2 (6) 1(2) 1(6)

Total 31 50 18 40

* The soil clone pH4.2B/38 and the branch comprising soil enrichments E18_pH4/5/FL and E25_pH7/50/FL belong to the Nitrosospira clade but cannot be
placed within any clusters previously defined in Stephen et al. [31] using the available data. The marine sediment enrichment A2bM1, although belonging
to the ammonia oxidizer clade, is not associated strongly with either genus. These sequences were not used in calculating percentages.

tical sequence. Thus, from a total of 50 clones examined, 41
(82%) had different sequences over the region examined.
Several sequences were identical to enrichment culture se-
quences. In Nitrosospira cluster 4, identity was found be-
tween three clone sequences and one enrichment culture
and between a pair of identical enrichment culture se-
quences and a single clone sequence. In Nitrosospira cluster
2, a pair of identical enrichment sequences shared sequence
identity with the group of four identical clones and the pure
culture (see above). Thus, 5 of the 31 enrichment cultures
(16%) had sequences that were identical to members of the
50 clones that were sequenced, providing a measure of the
“culturability” of the natural community. A single enrich-
ment culture (E20_pH/4/5/UP) generated a sequence highly
similar to that of the Nitrosomonas type strain, Nitrosomonas
europaea, a member of cluster 7, whereas no enrichment
culture was recovered with similarity to the Nitrosomonas
cluster 6 sequences recovered from the clone libraries.

Marine Sediments

Marine sediments yielded 18 enrichment cultures, whose
partial 16S rRNA gene sequences were compared with those
of 40 clones from the same samples. Both sets of sequences
contained representatives of Nitrosospira cluster 1 and
Nitrosomonas clusters 5 and 6, with one enrichment se-
quence representative of Nitrosomonas cluster 7 (Table 2,
Figure 2). An additional enrichment sequence A2bM1 was
obtained that, although branching with 63% bootstrapping
support within the Nitrosospira clade (Fig. 2), is unstable
when the length of sequence analyzed is increased [31].

Clone sequences were dominated by representatives of
Nitrosospira cluster 1, with 31 from a total of 40 (78%). No
clone had a partial sequence identical to that of a pure cul-
ture in the database. In contrast, enrichment sequences were
dominated by Nitrosomonas cluster 6, which contained 61%
of the enrichment sequences. Few representatives were
found of Nitrosospira cluster 1 and Nitrosomonas cluster 5,
and a single representative only was found of Nitrosomonas
cluster 7. Within Nitrosospira cluster 1, clone and enrich-
ment culture sequences appear to cluster separately. One
pair, two sets of triplets, one set of four, and one set of five
identical clone sequences and one pair of identical enrich-
ment sequences were found in Nitrosospira cluster 1. In ad-
dition, three clone sequences were found with identity to
that derived from an enrichment culture in Nitrosomonas
cluster 5. Thus, of 18 and 40 enrichment and clone se-
quences analysed, 17 (94%) and 26 (65%), respectively, had
different sequences over the region examined. This contrasts
with terrestrial samples, where the proportion of identical
sequences was greater in clones than in enrichment cultures.
Only one enrichment sequence was represented in the 40
clones examined (equivalent to 2.5%), a much lower esti-
mation of culturability than found in terrestrial samples.

Discussion

The aim of this study was to assess and compare the diversity
of natural populations of terrestrial and marine ammonia-
oxidizing bacteria by 16S rDNA analysis of enrichment cul-
tures and environmental clones. Both approaches have limi-
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tations. The diversity and coverage achieved in enrichment
cultures is limited by the accepted limitations of methods
based on laboratory cultivation, in particular the range of
enrichment procedures and culture conditions employed
and the presence of dormant and viable but nonculturable
cells. Molecular analysis may be influenced by a number of
biases (see below), but also by the length of 16S rDNA se-
quence used for analysis. Regions of 307 and 303 bases were
used for comparison of terrestrial and marine sequences,
respectively, and identity over these regions indicated simi-
larity but not necessarily identity of the organisms from
which sequences were derived. The range of enrichment
conditions and length of sequence analyzed therefore con-
tribute significantly to the resolution of the methods em-
ployed and influence interpretation of the results.

The picture of species diversity of B-subgroup proteobac-
terial ammonia oxidizers in both soil and marine samples
changed depending on whether enrichment cultures or en-
vironmental clones were investigated. Sequences related to
Nitrosospira cluster 3 were most abundant in enrichment

Nitrosomonas

7. Smith et al.

Nitrosospira

Fig. 2.
relationships between pure cultures, enrich-

Neighbor-joining tree showing the

> <

ments, and environmental clones of B-sub-
group ammonia-oxidizing bacteria from
marine sediment samples based on analysis
of 303 bases of aligned 16S rDNA se-
quences. Marine clones are prefixed “Env”
followed by sample site (A, B, or C for 0, 20,
and 40 m from fish cage). Marine enrich-

ments are prefixed A, B, C as for clones, the
medium type (W or M), and generation
number (1, 2, or 3). Clusters 1 to 7 are
indicated on the tree and are based on the
designations of Stephen et al. [31]. Pairs of

identical sequences are indicated with an
asterisk, and identical sequences belonging
to groups with more than two sequences
are shown in boxes.

cultures from soil, whereas environmental clones were dis-
tributed more evenly between Nitrosospira clusters 2, 3, and
4. In marine samples, sequences related to Nitrosospira clus-
ter 1 were most abundant in environmental clones, whereas
the majority of enrichment cultures contained sequences
falling within Nitrosomonas cluster 6. One explanation for
these differences is selection, during enrichment, for particu-
lar groups by growth media and incubation conditions to
which the natural population is not well adapted. This is
frequently invoked to explain the isolation of Nitrosomonas
in laboratory culture and their apparent low relative abun-
dance in natural environments, indicated by rare detection
of sequences in environmental clones that are closely related
to the type strain Nitrosomonas europaea, originally isolated
from soil. Selection may have led to dominance of marine
enrichments by nitrosomonads, while Nitrosospira sequences
dominated clones. In contrast, the abundance of nitrosomo-
nad sequences in both enrichments and clones from soil was
low, indicating that populations in these soils may be domi-
nated by Nitrosospira spp.
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The high number of identical sequences belonging to
Nitrosospira NpAV cluster 3 in independent soil enrichment
cultures indicates strong selection for organisms closely re-
lated to this strain. The close similarity and, in more than
one case, identity of enrichment culture sequences to those
of pure cultures of Nitrosospira suggests that enrichment
conditions favored growth of these isolates. Although rep-
resentatives of Nitrosospira cluster 3 were found among en-
vironmental clones, they formed groups that were distinct
from enrichment and pure cultures. This apparent selection
was less evident in Nitrosospira cluster 2 representatives,
where the few enrichment culture sequences grouped with
those of environmental clones and two of the four cluster 2
enrichments were identical to clones and pure cultures. A
Nitrosomonas cluster 7 sequence was obtained from a single
soil enrichment culture but was not represented among
clones sampled. This cluster contains N. europaea and other
closely related sequences have previously been detected in
Craibstone soils by sequence analysis or denaturing gradient
gel electrophoresis [30, 31]. However, other nitrosomonad
sequences obtained were from environmental clones and fell
within Nitrosomonas cluster 6. In marine environments, pre-
vious studies of pure cultures have indicated dominance,
within the B-proteobacterial ammonia oxidizers, by Nitro-
somonas. Marine Nitrosospira strains had not been detected
prior to application of 16S rRNA analysis [31], and no ma-
rine Nitrosospira strain exists in pure culture. This may be
due to selective enrichment of Nitrosomonas as, in this study,
enrichment culture sequences were dominated by Nitro-
somonas, particularly cluster 6, whereas there was a high
relative abundance of Nitrosospira cluster 1 sequences
among clones.

Enrichment cultures were obtained using a variety of cul-
ture conditions, including differences in initial ammonium
concentration and pH value and batch and continuous flow
conditions. Although sample sizes are small, data summa-
rized in Table 1 indicate that these differing growth condi-
tions had no detectable effect on the cluster affiliations of
enrichment cultures, with the exception that no enrichment
culture was obtained from medium with an initial pH value
of 4. The potential lack of selection of populations with
greater relative abundance in the environmental samples
may therefore be due to lack of identification of the most
environmentally relevant factors leading to such selection. It
must be emphasized, however, that this study, while dem-
onstrating differences in relative abundance indicated by
analysis of enrichment cultures and clones, does not provide
definitive information on which approach better represents
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the natural population. It is likely that laboratory cultivation
will introduce selection, but 16S rDNA-based techniques are
also subject to selection, for example, due to lysis, PCR and
primer biases, chance amplification events, and the retention
of DNA from dead cells in natural matrices [5, 14, 22, 33].
Attempts were made to reduce the extent of such bias, but
additional experimental approaches are required to dis-
criminate between contrasting findings.

The detection of identical partial 16S rDNA sequences in
clone libraries and enrichment cultures provides informa-
tion on the proportion of the natural population that is
culturable. Figures range from 0.1 to 10% based largely on
estimates of total and viable bacterial cell population in en-
vironmental samples [2, 29, 35, 37, 38]. However, the find-
ings of such studies on total bacterial populations are hard to
extrapolate to specific groups. This study compared directly
sequences from laboratory cultures and from DNA obtained
from the same environmental samples. Combined data from
soil and marine samples indicate that 6 of the 90 (7%) clone
sequences were from organisms that are potentially cultur-
able under the conditions described, in that they were rep-
resented in enrichment cultures. Although this is toward the
upper range of previous estimates, it does highlight the
dominance of clone libraries by sequences that are not pres-
ent in laboratory cultures obtained using standard tech-
niques and the consequent need for improved enrichment
and isolation techniques to characterize the physiology of
components of natural populations. The value of 7% is also
likely to overestimate culturability, as discrimination be-
tween closely related strains was limited by the length of 16S
rDNA sequence, and the use of more fine-scale molecular
markers, such as amoA [26] or ribosomal intergenic spacers
[1], may have reduced this figure further. Differences in the
ratio of “culturable” to “unculturable” organisms were also
found between marine and soil samples, with 2.5% and 16%,
respectively, of clone sequences represented in enrichment
cultures, emphasizing the sample dependence of such values.

In conclusion, molecular analysis of enrichment cultures
and environmental clones from the same marine and terres-
trial samples has provided quantitative information on the
differences in species diversity of a specific functional group
of bacteria. The two approaches provided significantly dif-
ferent pictures of species diversity, but additional ap-
proaches are required to determine which more correctly
represents the natural population. The study also provides a
value, combined for terrestrial and marine samples, which
suggests that approximately 7% of the “total” sequence di-
versity, assessed by analysis of environmental clones, is rep-
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resented in the “culturable” population, comprising cultures

enriched using a very limited range of media and incubation

conditions.
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