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Abstract

Groundwater bacterial rRNA sequences extracted from the natural nuclear reactor region of Gabon are used to demonstrate
the application of phylogenetic methods to biodiversity assessment. Clones were provisionally placed in `genera' using either
the genus of the closest named EMBL entry, or by grouping clones at least 97.5% identical. The community is small, with 24
putative genera under the `closest-match' criterion and an estimated number of 30.9 (25.8^49.7); estimated genus sample
coverage is therefore 78% (48.3^92.8%). There were 36 genera under the `threshold' criterion, with an estimated number of 87.2
(52.6^193.8), and sample coverage 41.3% (18.6^68.4%) Molecular biodiversity was estimated for all site combinations using
genetic diversity (GD: probability of at least two alleles being present in the sequences preserved), and confidence limits derived
by standard phylogenetic bootstrap sampling from the sequence dataset. Some combinations with fewer sites preserved GD as
well as combinations with larger numbers, although GD is maximised by preserving as many sites as possible depending on
choice of site. Some site combinations did not differ significantly in GD preserved, and the conservation value of a site depends
on the others selected. The strongest predictor of molecular biodiversity is the observed number of `closest-match' genera,
supporting the higher taxon richness concept for biodiversity. The similarities between sites, and hence the molecular
biodiversity characteristics of combinations of them, was associated with similarity in physical characteristics, the availability
of organic carbon, and depth below the surface. z 1999 Federation of European Microbiological Societies. Published by
Elsevier Science B.V. All rights reserved.
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Oklo natural nuclear reactor

1. Introduction

The Earth has between 3 million and 30 million
species [1], presenting a vast array of characteristics.
The problem of biodiversity preservation is to main-
tain the broadest array of these possible. An impor-
tant aspect of this problem is the assessment of the
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biodiversity present in species groups and, especially,
in possible reserve systems. Such assessments should
ultimately take into account the long-term results
expected of biodiversity preservation policies rather
than the current biodiversity levels for the various
possible reserves [2].

Species di¡er in their degree of distinctiveness, and
under various philosophical frameworks for the pres-
ervation of biodiversity it is desirable to give highest
weight to measures that preserve the most diverse set
of species [3]. Phylogenetic methods have been pro-
posed as the best way to achieve biodiversity assess-
ment for maximum biodiversity (reviewed in [3]), and
Wilson's [4] characterisation of biodiversity as genet-
ic information content leads naturally to the use of
molecular phylogenies for this purpose because of
their utility for phylogenetic studies and the natural
and universal divergence scale they present.

A major problem in biodiversity assessment is the
di¤culty in collecting su¤cient data for reliability,
compounded by the current general practice of omit-
ting statistical con¢dence limits. Surveys are inevita-
bly partial, with considerable e¡ort being deployed
to overcome this de¢ciency with the determination of
surrogate measures. The use of indicator groups
whose variation in abundance might re£ect that of
unstudied groups has occasionally, but not always,
been successful [3]). Higher taxon richness, in which
the numbers of higher categories (e.g. families) rather
than species is used as an indicator of species rich-
ness shows promise [5]. Furthermore, because higher
categories re£ect the judgement of systematists in the
degree of distinctiveness of the species concerned,
higher taxon richness might be a reasonable surro-
gate for biodiversity in terms of diversity [3]),
although there is some evidence that the evolution-
ary distinctiveness of higher taxa may vary system-
atically from region to region in some cases [6].

Two chief measures have been proposed for the
phylogenetic estimation of biodiversity. `Phyloge-
netic diversity' (PD) [7,8] is the length of phyloge-
netic tree preserved, whereas `genetic diversity' (GD)
[3,9^11] is the probability of preserving at least two
alleles in the set of taxa retained. Given that the goal
of biodiversity preservation is maintenance of diver-
sity, phylogenetic trees with branch lengths expressed
in di¡erences rather than substitutions are more ap-
propriate, and for distant comparisons (such as be-

tween Eukarya and Bacteria) di¡erences in gene
number should also be considered [3]. Because the
values of GD and PD are dominated by the length of
the branch connecting a group to the rest of the
phylogeny, the results are fairly resistant to variation
in the trees returned, including in topology [10].

Phylogenetic methods have so far been applied to
groups of perceived high conservation signi¢cance,
cranes being a noteworthy example [2,12,13]. The
application of phylogenetic methods to the assess-
ment of total biodiversity assessment has encoun-
tered the same di¤culty, in greater degree, of all
other data types ^ the task of collection. However,
bacteria represent a prime target for molecular as-
sessment of biodiversity, not only because of possible
greater ease of data collection than for larger organ-
isms, but also because biodiversity information on
bacteria is essentially unobtainable by any other
means because the great majority of them cannot
be cultured. The size of the bacterial biota may be
substantial, with 4000 species estimated per gram of
Norwegian forest soil through molecular methods
[14]. Given also the likely utilitarian bene¢ts of this
poorly known major part of the biota [15], bacterial
biodiversity should become a major ¢eld of conser-
vation e¡ort.

Although there are diverse current e¡orts to dis-
cover new bacteria from groups which cannot readily
be cultured (e.g. [16]), and to estimate the diversity
of bacterial communities in speci¢c sites [17], data-
sets comparing several sites appear to be rare. One
such dataset comprises 126 16S rRNA sequences [18]
from bacteria from groundwaters sampled through
¢ve boreholes in the vicinity of the world's last
known natural nuclear reactor at Bangombeè, in the
Oklo region of Gabon [19]. Although initiated in
connection with the need to develop nuclear power
as a relatively environmentally benign energy source
[20], these data also provide a prototype for the anal-
ysis of biodiversity preservation through mainte-
nance of the regions sampled, and for the estimation
of the total community size.

2. Materials and methods

The Oklo region of Gabon has a stratum present-
ing several nuclear reactors due to the ancient con-
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centration of uranium ore through sedimentary proc-
esses [21]. All but one of these have been destroyed
by mining operations, the survivor being at Ban-
gombeè [19]. These reactors went critical approxi-
mately 2 billion years ago and today are represented
only by fossilised remnants.

Samples were collected from screened sections of
¢ve boreholes (BAX01, BAX02, BAX03, BAX04
and BAX07), and sequences obtained as described
previously [18]. Brie£y, the boreholes were at various
depths along a 162 m SW^NE transect. BAX01 was
the deepest (96^105 m, in sandstone) and BAX07 the
shallowest (4.5^6.5 m, in the overburden). BAX02
sampled the 27.2^33.9 m range. BAX03 and
BAX04 were 5 m apart and sampled the reactor itself
with surrounding strata (11.9^12.5 m), and layers
just above the reactor (8.9^10.2 m), respectively.
The boreholes were chosen to represent di¡erent en-
vironments in and around the reactor, each having
di¡erent groundwater and geological characteristics
[18]. A cross-sectional view of the site has been pre-
sented previously [18].

Universal PCR-primers were chosen to detect bac-
terial, archaeal and eukaroyote sequences. These
methods yield few, if any, contamination or artefac-
tual problems [22,23].

Sequences were assigned tentatively to genera us-
ing two methods: according to the genus of the
named EMBL database sequence they were closest
to, and by grouping together clones whose sequences
were at least 97.5% identical. We term these `closest'
and `threshold' genera. The percent identity of a
Bangombeè clone to its closest database match ranged
from 77.4 to 99.4%. There is no accepted value of the
percent identity at which two 16S rRNA sequences
can be concluded to belong to the same genus or
species, but rather the identity value can di¡er mark-
edly for di¡erent genera [24] and also according to
whether total or partial 16S rRNA genes are com-
pared. It has been suggested, based on comparisons
of rDNA sequences and on DNA^DNA reassocia-
tion, that sequences do not come from the same
species if they show less than 97.5% identity of 16S
rDNA sequence. At higher identity values, species
identity must be con¢rmed using DNA^DNA hy-
bridisation [25]. We chose 97.5% as a conservative
measure enabling us to compare two methods of
grouping sequences.

Coverage-based methods (reviewed by [26,27])
were used to estimate the numbers of di¡erent clones
and genera. Brie£y, the proportion of single occur-
rences in samples is used to estimate the number of
species not occurring in the sample. The coe¤cient
of variation of the observed taxa is used to modify
the initial coverage-based estimate [28]. Simulation
indicates that although the resulting estimates tend
to be too low, they are generally close to the actual
number of species [29]. Although a martingale esti-
mation procedure is available [29], it requires knowl-
edge of the order in which taxa are encountered and
we did not feel con¢dent of recovering this informa-
tion from laboratory records. The coe¤cient of var-
iation, and hence the size of the con¢dence interval,
is reduced by temporarily removing very common
taxa from the calculations and restoring them later
[29].

We used the C program CHAO kindly supplied by
Dr Anne Chao for estimating the numbers of taxa
and the associated standard errors. These values
were then used to generate asymmetrical con¢dence
limits [30].

The 126 sequences were aligned as described pre-
viously [18]. 1000 bootstrap subsamples of the data-
set were made using the program SEQBOOT in the
phylogeny inference package PHYLIP [31] imple-
mented on a Power Macintosh computer, and we
used these to derive 1000 Jukes^Cantor distance ma-
trices [32] using the PHYLIP program DNADIST.
The distance matrices were used to derive 1000
neighbour-joining phylogenetic trees [33] using the
PHYLIP program NEIGHBOR, and the resulting
trees were kept in condensed format in a tree¢le
produced by the program. Visualisation of trees
used the program TREEVIEW FOR POWERMAC-
INTOSH (Roderick Page, 1997).

The tree¢le with 1000 trees was read by the Mac-
intosh C program CONSERVE 3.1.2 (available
from R.H.C.'s section of the worldwide web site
http://www.gen.latrobe.edu.au). CONSERVE allows
the estimation of both GD and PD, the conversion
of Jukes^Cantor distances to p-distances (distan-
ces involving sequence di¡erences and not estimates
of substitution rates), and the setting of 95% con¢-
dence limits using standard bootstrap methods
[34,35]. We also used the capability of the program
to express all biodiversity values in terms of the per-
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centages of the biodiversity of the complete set of
sites.

The program allows menu-driven addition and de-
letion from the analysis of all species as a group at a
site rather than through piecemeal individual treat-
ment (although this is allowed), and we used this
capability in this analysis. The program also allows
an inde¢nitely large dataset depending on the ca-
pacity of the computer used.

For multiple ([35], pp. 610^634) and stepwise mul-
tiple ([35], pp. 654^664) regression analysis we used
StatView 4.5 (Abacus Concepts), using as the de-
pendent variable GD for each combination of sites
and as predictor variables the number of sites pre-
served, the sample size, the number of clones, the
observed and estimated numbers of `closest' genera
and the observed and estimated numbers of `thresh-

old' genera. For curve-¢tting and graphing we used
CricketGraph 1.5.3 (Computer Associates).

3. Results

The observed and estimated numbers of clones
and bacterial genera at the various possible combi-
nations of sites, together with molecular biodiversity
estimates (GD), and the con¢dence limits for these
quantities, are given in Table 1. To save space, we
present only GD, the measure explicitly designed for
molecular diversity, and not PD, because if desired
the latter can be derived for these data by using the
empirically determined equation PD = 3.881U
100:014GD.

The phylogenetic tree of the sequences used, with
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Fig. 1. Neighbour-joining phylogenetic tree of the observed 16S rRNA sequence derived using a matrix of Jukes^Cantor distances, with
the branch lengths converted to p-distances after the tree was inferred. The boreholes from which each clone was derived are shown;
some clones occurred in more than one borehole. The scale indicates sequence di¡erence per base.

R.H. Crozier et al. / FEMS Microbiology Ecology 28 (1999) 325^334 329



distances converted to p-distances and showing the
bore-hole origins, is given in Fig. 1.

The relationship between numbers of sites pre-
served and GD is given in Fig. 2. For each category
of number of sites preserved the combination pre-
serving the most biodiversity is indicated. Given
choice of sites within each category of number of
sites preserved, preserving more sites is always best.
However, the GD values overlap considerably be-
tween categories, with for example the combination
of boreholes 3 and 4 preserves more GD than the
three-site combinations 1+3+7, 1+2+7, 1+4+7 and
2+4+7, and the single borehole 3 preserves more
GD than the two-site combination 1+7.

These notes indicate how GD considerations apply
to the principle of complementarity. Managers estab-
lishing a reserve system would best select not the
array of sites which individually retain most species,
but that group of sites which retains most diversity.
In the present case, the two sites which by themselves
maintain most biodiversity are 2 (78.08% of the to-
tal) and 3 (80.63%), but of the two-site combinations
it is not 2 and 3 (92.16%) but 3 and 4 (93.71%) which
maintains the most biodiversity due to the greater
complementarity between 3 and 4 as against between

2 and 3. Of course, such decisions must involve not
only the statistical signi¢cance of the di¡erence (3
and 4 would maintain signi¢cantly more biodiversity
than 2 and 3), but also cost-bene¢t analyses [2].

In two instances, two combinations could not be
statistically separated in terms of GD preserved in
that the point estimates of each were within the con-
¢dence limits of the other: site 2 versus sites 1+7,
and combination 2+3 versus 1+4+7. Borehole
BAX03 is in each of the most biodiverse combina-
tions within categories, with BAX04 the next most
important contributor to GD.

Although only ten sequences and six clones were
sampled from BAX07, compared with 30 sequences
and 14 clones from BAX01, the latter is a signi¢-
cantly less genetically diverse single site than
BAX07. Perusal of Fig. 1 shows that the BAX07
clones show a wider phylogenetic range than those
from BAX01, even though the latter are more nu-
merous. There is a marked increase in estimated
clone numbers with depth (Fig. 3), but other quanti-
ties show weakly negative relationships.

Multiple regression analysis yielded three statisti-
cally signi¢cant predictor variables: the observed
number of `closest' genera (P = 0.0002), the number
of sites preserved (P = 0.0306) and the sample size
(P = 0.0329). All other predictor variables had non-
signi¢cant coe¤cients. Listing variables in order of
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Fig. 3. Estimated numbers of clones for sampling stations at dif-
ferent depths.

Fig. 2. Genetic diversity (given as a percentage of the value for
the complete dataset) plotted as a function of the number of sites
preserved for various combinations of sites. The combinations of
sites within each class preserving the most biodiversity are
shown.

R.H. Crozier et al. / FEMS Microbiology Ecology 28 (1999) 325^334330



statistical signi¢cance, the multiple regression formu-
la found was GD = 44.528+4.718 (observed number
of `closest' genera)35.260 (number of sites pre-
served)+0.252 (sample size)32.373 (observed number
of `threshold' genera)+0.174 (estimated number of
`threshold' genera)30.061 (estimated number of
clones)+0.689 (observed number of clones)30.031
(estimated number of threshold genera).

Forward stepwise regression retained only the ob-
served numbers of `closest' (F-to-remove = 71.102)
and `threshold' genera (F-to-remove 19.860). Back-
ward stepwise regression retained the observed `clos-
est' (F-to-remove = 93.210) and `threshold' (F-to-re-
move = 23.131) genera, the sample size (F-to-
remove = 6.555) and the number of sites preserved
(F-to-remove = 6.333).

The observed number of `closest' genera is thus
consistently identi¢ed as the most important predic-
tor variable for molecular biodiversity, and the rela-
tionship between the two quantities is shown in Fig.
4.

The sequences obtained are deposited in EMBL
under accession numbers X91173-88, X91191 and
X91271-96.

4. Discussion

The GD and PD values can be interpreted in
terms of di¡erences with respect to geological char-
acteristics of the studied strata and available organic
carbon in the groundwater which was found to cor-
relate signi¢cantly with the observed total numbers
of bacteria [18]. BAX01 groundwater had the highest
content of organic carbon material (6.6 mg l31), fol-
lowed by BAX03 (4.1 mg l31). BAX01 also had the
highest concentration of bacteria (5.8U105 cells
ml31) followed by BAX03 (5.5U105 cells ml31). Of
these two boreholes, BAX03 stands out as the most
critical site together with BAX04 with respect to the
preservation of GD. It is also clear from the data
that the importance of a site varies with the others
with which it is grouped. For example, BAX02 does
not enter into the topmost combination among
three-site groups (BAX01, BAX03, BAX04), but
the combination BAX02 and BAX03 is second
among the two-site groups and ahead of all those
containing BAX01.

Although details about the local £ow around the
reactor are uncertain, data on pH, conductivity, or-
ganic carbon and total number of bacteria suggest
that BAX02 and BAX04 are hydraulically connected
[18]. It can therefore be expected that they also share
a similar GD. Hence, adding BAX02 to a group
containing BAX04 should have a lesser in£uence
on GD than adding any of the other boreholes,
and indeed this is the case.

BAX03 intersects the nuclear reactor remnant
which is no thicker than 18 cm and stretches between
a green pelites layer on top and a sandstone one
below. The section sampled was 0.6 m thick and it
is therefore likely that BAX03 sampled groundwater
from three very di¡erent geological strata simultane-
ously: green pelites, the nuclear reactor and sand-
stone. This is also true for BAX04, which sampled
a 1.3-m-long section through the pelites and the
overburden. The probability of sampling many dif-
ferent species is reasonably expected to be higher if
many di¡erent environments are sampled as oc-
curred for both BAX03 and BAX04 as against
BAX02 and BAX01 (which both sampled homoge-
neous strata at greater depths). BAX07 sampled
shallow overburden and this site probably accesses
a large microbial biodiversity with in¢ltrating
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Fig. 4. Genetic diversity (given as a percentage of the value for
the complete dataset) plotted as function of the observed number
of genera in the various possible combinations of sites preserved;
generic assignment was made according to that of the closest
match in EMBL. The observed number of genera is the strongest
predictor of the amount of biodiversity preserved by combina-
tions of sites.
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groundwater carrying many di¡erent surface com-
munities. The increase in clone numbers but not
GD with depth suggests that compared to sites closer
to the surface the deepest site (BAX01) presents a
narrower ecological range which permits a narrow
phylogenetic range of organisms specialised to live
there. Paradoxically more diversi¢cation within the
lineages present was observed for BAX01, which
may indicate that the community may have been
adapting relatively undisturbed to its deep and stable
environment for a long period of time.

The higher predictive value of `closest' compared
to `threshold' genera can be understood in terms of
the fact that rather few groups emerged according to
the threshold criterion: the 40 clones found were
grouped into 24 `closest' genera, but into 36 `thresh-
old' genera, indicating that under the more stringent
criterion, most clones were not grouped with others.
The small sample size for BAX07 is an adequate
explanation of the selection of sample size in two
of the three analyses as a signi¢cant predictor varia-
ble.

The higher taxon richness approach is supported
by these data, in that the observed number of `clos-
est' genera emerged as by far the strongest predictor
of GD. With respect to application of the concept to
eukaryotes, it would seem reasonable to proceed by
calibrating selected higher taxa with respect to diver-
gence, to allow quantitative biodiversity assessment
to proceed prior to the development of technology
allowing rapid sequence generation from diverse
sources. The chief objective of this calibration would
be to determine the taxonomic level best used in
di¡erent major groups. The growth of sequence in-
formation in genomic databases, which are un-
matched by any similar morphological databases
[36], is likely to yield broader understanding of the
evolution of complexity in organisms, facilitate the
identi¢cation of unculturable organisms, and assist
the use of molecular phylogenies in conservation.

The ¢ndings above may be considered in the light
of simulation results [37] indicating that preservation
of species at random is little worse in the conserva-
tion of `evolutionary history' than using phylogenetic
criteria; these results indicated that 95% of the simu-
lated species could be extirpated at random while
protecting 80% of the length of the phylogenetic
tree. Our results appear to di¡er from these, in

that conservation of only one site preserves in all
instances much more than 5% of the estimated
clones or genera, but generally much less than 80%
of the biodiversity (Table 1). This apparent di¡er-
ence in ¢ndings re£ects the association of lineages
non-randomly with site in the Bangombeè data, em-
phasising the need to consider whole habitats rather
than individual constituent species.

The size of the bacterial community in the Ban-
gombeè groundwaters is quite small compared with
the numbers expected in surface soils [14], with the
upper con¢dence limit of number of `closest' genera
being only 49.69 (Table 1). In other investigations
similar to the Bangombeè study, larger molecular bio-
diversities have been observed, i.e. 110 speci¢c clone
groups out of 313 sequenced clones from 15 deep
granitic boreholes at the Aë spoë hard rock laboratory
[22,38,39]. Both these investigations and the Ban-
gombeè study [20] have not exhausted the sequences
to be found because new sequences were found in
nearly every additional sample. The data collection
e¡ort will therefore clearly have to be scaled up sig-
ni¢cantly for the study of most communities, requir-
ing the application of automated procedures. Bacte-
ria are likely to be the ¢rst group of organisms for
which such automated biodiversity assessment is
practicable (although other soil microbiota might
also be so surveyed); while as a major constituent
of the community they deserve assessment in their
own right in addition to their value as indicators.

The analyses above indicate the coming ability for
complete biodiversity assessment, but for microbial
communities generally it is often assumed that many
species occur in most habitats in low numbers, need-
ing only appropriate conditions to multiply to de-
tectable levels [40^42]. Under this view, molecular
approaches such as we have described would be use-
ful for: (a) uncovering novel taxa among uncultur-
able forms [17,43^47] ; or (b) surveying environmen-
tal conditions, re£ected by which microorganisms are
actively multiplying and hence most readily detect-
able by PCR-based methods [48^52]. However, it has
been pointed out that, because of the past reliance
on culturable organisms, the numbers of species of
microorganisms may be several orders of magnitude
higher than commonly assumed [46,47,53], leading to
the conclusion that whether or not there are endan-
gered bacterial species in the same way as there are
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endangered metazoa and metaphytes remains an
open question until more data accrue [53].

A caveat to be mentioned is that, although the
con¢dence limits to GD we obtained are gratifyingly
small, these pertain to the particular set of sequences
studied. It is not yet clear how to take account of
sequences not obtained. For example, bootstrap
samples will, because the analysis rests on di¡erences
between sequences, always be `less diverse' than the
complete sample if they di¡er from it. Further ana-
lytical or simulation work on this problem is desir-
able.
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