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Although the Amazon Basin is well known for its diversity of flora and fauna, this report represents the first
description of the microbial diversity in Amazonian soils involving a culture-independent approach. Among the
100 sequences of genes coding for small-subunit rRNA obtained by PCR amplification with universal small-
subunit rRNA primers, 98 were bacterial and 2 were archaeal. No duplicate sequences were found, and none
of the sequences had been previously described. Eighteen percent of the bacterial sequences could not be
classified in any known bacterial kingdom. Two sequences may represent a unique branch between the vast
majority of bacteria and the deeply branching, predominantly thermophilic bacteria. Five sequences formed a
clade that may represent a novel group within the class Proteobacteria. In addition, rRNA intergenic spacer
analysis was used to show significant microbial population differences between a mature forest soil and an

adjacent pasture soil.

The Amazon region contains the largest body of fresh water
and the largest rain forest in the world. It is also well known for
its enormous diversity of flora and fauna, including 15,000
documented animal species, 8,000 of which were new to biol-
ogy when discovered (30). At least 40% of the world’s fresh-
water fish and 25% of the world’s bird species reside in Ama-
zonia. Over 5,000 tree species have been described in the
region, 235 of which were found in one hectare in central
Amazonia (32).

Perhaps the best way to illustrate the vast biodiversity of the
Amazon region is to review the work of T. L. Erwin. Erwin
examined beetle species in the tree canopies of four forests in
central Amazonia near Manaus, Brazil (11). He found that
83% of the beetle species were unique to one of the forests,
14% of the species were found in two of the four forests, and
only 1% were found in all four forests. In an upland Amazo-
nian forest near Tambopata, Peru, Erwin examined the beetle
species in the tree canopy of two forests 50 m apart over three
seasons. These two nearby forests shared only 8.7% of all of
the species identified (12). These results illustrate the basis for
Erwin’s estimate that, rather than there being 1.5 million spe-
cies on earth, there are at least 30 million species of insects
alone (10).

Even with all of the work that has been done on biodiversity
in the Amazon to date, clearly much more work is needed to
understand the enormous genetic complexity of this region.
This is even more true of microbial life in Amazonia. A broad
study of bacterial carbon metabolism in the Amazon River,
which included a determination of the number of bacteria per
liter of Amazon River water, was recently published (5). In
addition, a monumental compilation of soil carbon levels in the
Amazon region of Brazil has been completed (25).

However, very few studies have examined specific soil mi-
crobial populations in the Amazon region. Manfio and Good-
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fellow (24) and Linhares (22) described populations of Strep-
tomyces and actinomycetes, respectively, from the Amazon rain
forest. These studies used culture-based isolation techniques,
which have been shown to isolate only 1% of the total soil
microbial community (3, 13, 18, 34, 40, 41). Fortunately, de-
scriptions of these uncultured microorganisms can now be ob-
tained by using analyses of the small-subunit TRNA genes
(SSU rDNA) (1, 29, 44).

In this work, we examine the microbial diversity found in two
eastern Amazonian soils by analysis of 100 SSU rDNA se-
quences. We also illustrate the impact of deforestation on the
soil microbial community by analysis of an intergenic spacer
region between the small- and large-subunit rRNA genes.

MATERIALS AND METHODS

Site description and soil collection. On 15 February 1996, soil samples were
obtained from a mature forest and an active pasture at the Fazenda Vitoria
(Victory Ranch), located near the town of Paragominas, Para State, Brazil
(2°59'S, 47°31'W) (26, 27). This area represents a typical region of logging and
deforestation in eastern Amazonia. The pasture was established in 1969 and
planted with Brachiaria humidicola. Soil samples were obtained by removing the
leaf litter and collecting the top 10 cm of soil. The samples were immediately
frozen in liquid nitrogen (—196°C) and then stored at —70°C after their arrival
at our laboratory in Madison, Wis.

SSU rDNA library construction. DNA was extracted from soil, and SSU
rDNA clone libraries were constructed essentially as described previously (8).
Exceptions included a further purification of the soil DNA by agarose gel isola-
tion of DNA larger than 10 kb with B-Agarase 1 (New England Biolabs). SSU
rRNA genes were amplified by 30 cycles of PCR using the universal SSU rDNA
PCR primers 530F (TGACTGACTGAGTGCCAGCMGCCGCGG) and 1492R
(TGACTGACTGAGAGCTCTACCTTGTTACGMYTT). Each primer con-
tained an additional sequence (in boldface type) that has the stop codon, TGA,
in all three reading frames. This addition reduces the possibility of producing
false blue colonies when screening the clones by a-complementation. SSU rDNA
clones were screened for orientation by digestion with SacI (underlined sequence
of the 1492R primer). Determining orientation enabled the direct comparison of
clones because we were able to sequence the same ~500-base region of the SSU
rDNA molecule.

The P36b sequence was obtained by PCR amplification using primers designed
to hybridize to P36a, P36F (GGTGGATTAGATAGTTACTC) and P36R (GG
CCTTTAAGGTATCTCC), and by using the amplification product from the
universal PCR (described above) as the template. The 100-pul PCR mixtures
contained the following ingredients at the indicated final concentrations or total
amounts: 1 ul of template DNA, 50 mM Tris (pH 8.3), 500 p.g of bovine serum
albumin per ml, 2.5 mM MgCl,, 250 pM deoxynucleoside triphosphates
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FIG. 1. Phylogenetic analysis of 100 SSU rDNA sequences from Amazonian forest and pasture soils. Soil clones are represented by either a P (reformed pasture)
or an M (mature forest), followed by a clone number. Names of the major taxa are shown in boldface type. Approximately 500 bases of each clone were sequenced,
from position 531 to position 1031 (E. coli positions). The number of changes per sequence position, at the median rate, is shown on the scale bar. Soil analysis was
done by the Soil Testing Laboratory of the University of Wisconsin—Madison as described by Schulte et al. (37).
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TABLE 1. Summary of the phylogenetic assignments of 100
Amazonian forest and pasture soil SSU rDNA clones (obtained
from the tree analysis [Fig. 1])

Phylogenetic assignment of

Major taxon 50 clones each from:

Mature forest Pasture

Archaea
Crenarchaeota
Bacteria
Chloroplasts
Planctomyces and relatives
Chlamydia
Planctomyces
Verrucomicrobium
Clostridium and relatives
Bacillus
Clostridium
High G+C gram positive
Cytophaga-Flexibacteria-Bacteroides
Fibrobacterium
Proteobacteria
o subdivision
B subdivision
d subdivision
{ subdivision
Unclassified
Eucarya
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“ One unclassified (Fig. 1) clone, M21, was determined to be related to a
mitochondrial SSU rDNA sequence.

(dNTPs), 400 nM (each) primer, and 5 U of Tag polymerase. The reagents were
combined and heated to 94°C for 1 min. Forty cycles of PCR were performed
with an Air Thermo-Cycler (Idaho Technologies) at 94°C for 0 s, 60°C for 10 s,
and 72°C for 20 s, followed by elongation at 72°C for 3 min.

SSU rDNA clone sequencing and analyses. Approximately 500 bases (position
531 to position 1031, Escherichia coli positions) of 50 pasture and 50 forest clones
were sequenced with the ABI PRISM Dye Terminator Cycle Sequencing Kit
with AmpliTaq DNA Polymerase, FS (Perkin Elmer). For selected clones, des-
ignated in the figure legends, the entire region from position 531 to position 1492
(E. coli positions) was sequenced. Sequence identities were determined with only
alignable positions. The phylogenetic tree analysis of the 100 SSU rDNA se-
quences (Fig. 1) was done by aligning the sequences with PILEUP (Genetics
Computer Group, Madison, Wis.), calculating a pairwise Jukes-Cantor distance
matrix (19), and performing a neighbor-joining analysis (35). Maximum-likeli-
hood tree analyses (15) were done with fastDNAml 1.0 (28) and empirical base
frequencies. CHECK_CHIMERA (http://rdp.life.uiuc.edu) analysis of the 100
SSU rDNA clones used in this study suggests that none of the sequences were
artifacts created by PCR amplification (23).

rRNA intergenic spacer analysis (RISA). Representative soil samples from the
mature forest and pasture were obtained by mixing four replicate samples,
collected from locales 10 m apart. DNA was extracted from these soil samples as
described above. The intergenic spacer region between the SSU and large-
subunit rRNA genes was amplified in 200-ul PCR mixtures at the following final
concentrations or total amounts: 500 ng of soil DNA, 50 mM Tris (pH 8.3), 500
wg of bovine serum albumin per ml, 2.5 mM MgCl,, 250 uM dNTPs, 400 nM
(each) primer, and 10 U of Taq polymerase. The PCR primers were 1406F
(TGYACACACCGCCCGT) (universal rRNA small subunit) and 23SR
(GGGTTBCCCCATTCRG) (bacterial 23S rRNA large subunit). All reagents
were combined and heated at 94°C for 1 min. Twenty-five cycles of PCR were
performed with an Air Thermo-Cycler (Idaho Technologies) at 94°C for 15 s,
56°C for 15 s, and 72°C for 30 s, followed by elongation at 72°C for 1 min. The
PCR products were precipitated with ethanol, resuspended in 18 ul of Tris-
EDTA, and denatured by addition of 10.8 pl of loading buffer (95% formamide,
20 mM EDTA, 0.05% bromphenol blue, 0.05% xylene cyanol FF) and heating at
80°C for 10 min. The DNA was loaded on a prerun (45 min) 5% polyacrylamide—
Tris-borate-EDTA gel (1.5 mm thick, 36 cm long) containing 7 M urea and
electrophoresed at 75 W for 6 h. The polyacrylamide was cross-linked at a 30:1
ratio of acrylamide to bisacrylamide. Gels were silver stained with SILVER
SEQUENCE DNA staining reagents (Promega) or by the protocol described by
Bassam et al. (4).

Nucleotide sequence accession numbers. Clones M1 to M71 were assigned
GenBank accession numbers U68589 to U68637; clones P1-P35, P36a, and P37-
P72 were assigned accession numbers U68638 to U68688; and P36b was assigned
accession number U86604.
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FIG. 2. A maximum-likelihood analysis of soil SSU rDNA clones (P17, M17,
P36a, and P36b) using 808 alignable nucleotide positions. Numbers at the nodes
represent the percentages of 500 bootstrap replications that support the branch-
ing pattern radiating away from the node (14). Bootstrap percentages less than
44% are not shown. The number of changes per sequence position, at the median
rate, is shown on the scale bar. Accession numbers for the reference sequences
are as follows: D14505, K00637, L10067, M21087, M58768, M58781, M83548,
X56806, X59559, U00006, and X60514.

RESULTS

Microbial diversity. The microbial diversity found in Ama-
zonian forest and pasture soils is illustrated by a phylogenetic
tree analysis of 100 SSU rDNA sequences (Fig. 1 and Table 1).
Ninety-eight percent of the clones were of bacterial origin.
Seventy-eight percent were from the bacterial phyla Plancto-
myces and relatives, Clostridium and relatives, high-G+C gram
positive, Cytophaga-Flexibacter-Bacteroides, Fibrobacterium, and
Proteobacteria. Two percent of the clones were from the ar-
chaeal kingdom Crenarchaeota, while none were from the king-
dom Eucarya.

Novel SSU rDNA sequences. Our analysis of the Amazonian
soils found numerous SSU rDNA clones that were only dis-
tantly related to known sequences. A maximum-likelihood
analysis of two of these clones, P36a and P36b, suggests that
they may represent an evolutionary intermediate between the
vast majority of bacteria and the deeply branching, predomi-
nantly thermophilic bacteria (Fig. 2). Their bifurcating stem-
loop structure at helix 35 (Fig. 3) supports a bacterial classifi-
cation, since both archaea and eucarya possess an unbranched
stem-loop structure at this location (16, 46).

However, other characteristics of these sequences suggest
that they are phylogenetically distant from most bacteria. P36a
has a 15-base deletion in helix 41 and a 10-base insertion in
helix 35 (Fig. 3) compared with E. coli. In addition, P36a and
P36b deviate from bacteria at 4 of 34 (11.8%) and 4 of 28
(14.3%) bacterial signature nucleotides, respectively (Fig. 3).

Other notable SSU rDNA sequences included five clones
obtained from the forest and pasture soils. A maximum-like-
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FIG. 3. Secondary structure of the partial (943 bases) SSU rDNA clone P36a, from the pasture soil. The numbered arrows indicate signature nucleotides that deviate
from the bacterial domain. The nucleotides at arrow numbers two through four are archaeal or eucaryotic signatures, whereas the A residue at arrow one is an
unclassified domain signature. The structure was illustrated with CARD (http://rrna.uia.ac.be).

lihood analysis of these clones suggests that they are related to unexpected because only one partial archaeal SSU rDNA se-
Holophaga foetida, Geothrix fermentans, and Acidobacterium quence had been reported from soil, in analyses of SSU rDNA

capsulatum (Fig. 4). clones obtained by PCR amplification with universal SSU
RISA. RISA was performed on DNA extracted from a ma- rDNA primers (8, 42). This low ratio of archaeal to bacterial
ture forest and an adjacent pasture soil (Fig. 5). This proce- sequences suggests that soil may be an inhospitable environ-
dure produced hundreds of discrete RISA bands, which ranged ment for archaea, in contrast to the marine environment,
in size from approximately 400 bases to 1,400 bases. The dif- where archaea can constitute up to 34% of the prokaryotic
ferent banding patterns between the pasture soil DNA (lanes 2 population (9).
and 3) and the mature forest soil DNA (lanes 4 and 5) suggest Our Amazonian archaeal clone sequences are most similar
that each soil contains unique microbial populations. to 10 crenarchaeotal sequences isolated from a Wisconsin soil
by Bintrim et al. (6) (Fig. 6). However, they are significantly
DISCUSSION different from the crenarcheotal and euryarcheotal sequences

found in the humus layer of a Finnish forest soil (20, 36) (Fig.

Microbial diversity. The microbial diversity found in the  6). The discovery of these new Finnish sequences suggests a

mature forest and pasture soils from eastern Amazonia is im- greater phylogenetic diversity of terrestrial archaea than was

mense. This assertion is supported by the facts that none of the previously thought, consisting of both Crenarchaeota and Eu-
100 SSU rDNA clones that we sequenced were duplicates and ryarchaeota.

none had been described previously. Most of these sequences Novel SSU rDNA sequences. Nineteen of these Amazonian

were bacterial. The presence of two archaeal sequences was SSU rDNA clone sequences are distantly related to known
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FIG. 4. A maximum-likelihood analysis of soil SSU rDNA clones (M6, M19,
P1, P16, and P21) using 850 alignable nucleotide positions. Numbers at the nodes
represent the percentages of 100 bootstrap replications that support the branch-
ing pattern radiating away from the node (14). Bootstrap percentages less than
50% are not shown. The number of changes per sequence position, at the median
rate, is shown on the scale bar. Accession numbers for the reference sequences
are as follows: D26171, D30778, L04315, M11224, M34114, M34131, M83548,
M59151, M88159, M94279, M94282, U41563, U55820, X07652, X13695, X77215,
Y11500, Z22776, and Z25741.

sequences (Table 1). Considering only alignable positions, an
analysis of these unclassified sequences shows that 17 have
between 77 and 85% sequence identity to their closest cultured
relatives. Thus, many of these sequences may represent new
bacterial kingdoms, based on an interkingdom identity range
of 70 to 85% (46). None of the sequences showed 97% or
greater homology to the SSU rRNA sequence of any classified
organism or any uncultured organism in the databases. Thus,
given the bacterial species definition of Stackebrandt and
Goebel (38), none of the sequences that we obtained are de-
rived from any known microbial species.

The most unusual of these sequences are the pasture soil
DNA sequences P36a and P36b. Based on their phylogenetic
distance from sequences of known bacteria, these sequences
appear to have a fast evolutionary clock as described by Woese
(46). Indeed, the number of nucleotide substitutions between
the P36 sequences and those of their closest relative, Thermus
fiji, is slightly greater than the number of substitutions between
the sequence of the archaeon Pyrodictium occultum and that of
the bacterium Aquifex pyrophilus (Fig. 2). The extent of their
sequence divergence from most bacteria can also be noted in
their 11.8 to 14.3% deviance from the bacterial signature nu-
cleotide consensus. With these domain-specific signature nu-
cleotides, described previously by Woese and colleagues (45,
46), and assuming that each of these positions is independent
of any other, the probabilities that any bacterial sequence
would diverge at 11.8 and 14.3% of that domain’s signature
nucleotides are 0.0004 and 0.0002, respectively.

Our phylogenetic tree analysis (Fig. 2) suggests that the P36
sequences may represent an evolutionary intermediate be-
tween the clades containing thermophilic bacteria and those
containing only nonthermophilic bacteria. However, such a
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FIG. 5. RISA from Amazonian forest and pasture soils. The intergenic
spacer region was PCR amplified and resolved on a denaturing 5% polyacryl-
amide gel. Lanes: 1, molecular weight markers obtained by Ddel restriction
digestion of pGEM3Zf(+); 2 and 3, replicate RISA experiments using pasture
soil DNA as the template; 4 and 5, replicate RISA experiments using mature
forest soil DNA as the template.

classification must be considered tentative, because of the low
(44%) bootstrap support.

Five other clones obtained from the forest and pasture soils
formed a clade strongly supported by bootstrap replications
(Fig. 4). Their sequences have homology to the SSU rDNA
sequences of Holophaga foetida, Geothrix fermentans, Ac-
idobacterium capsulatum, and some members of the 3-Pro-
teobacteria. Previous reports have suggested that Holophaga
foetida belongs to an unclassified group of Proteobacteria and
that Acidobacterium capsulatum may represent a new bacterial
division (17, 21). Our analysis of these sequences suggests that
they share a common lineage, which may represent a new
subdivision of the Proteobacteria, the {-Proteobacteria.

One of our Amazonian clones, M12, was closely related to
the human-pathogenic genus Chlamydia (Fig. 1). Chlamydiae
are difficult organisms to study, as they cannot be grown in
culture media (39). Our results in this study and those in a
previous report (8) suggest that chlamydiae may be more com-
mon in nature than was previously thought.

Possible effects of deforestation on soil microbial communi-
ties. Deforestation of tropical forests alters many soil proper-
ties. Previous studies have shown that conversion to pasture
causes an increase in pH, NH, ", and soil bulk density as well
as a decrease in NO; ™ and soil porosity (31, 33). The data in
Table 2 show that our Amazonian soils also have undergone a
similar transformation. In this study, we were interested in
determining whether the soil microbial community is affected
by the soil changes associated with deforestation.

Comparison of the SSU rDNA clones obtained from the
mature forest soils and pasture soils suggests differences be-
tween the two sites (Fig. 1 and Table 1). A greater number of
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FIG. 6. A maximum-likelihood analysis of soil archaeal SSU rDNA clones
(M17 and P17) using 1,266 alignable nucleotide positions. Numbers at the nodes
represent the percentages of 100 bootstrap replications that support the branch-
ing pattern radiating away from the node (14). The number of changes per
sequence position, at the median rate, is shown on the scale bar. Accession
numbers for the reference sequences are as follows: K02971, M36474, M59124,
M59147, M59932, and U38359.

unclassified organisms are found in the forest than in the
pasture. Also, 18% of the forest clone sequences are related to
the clostridria, while none of the pasture clone sequences are
similar to sequences of that genus. Conversely, four times more
sequences found in the pasture clones were related to the
Bacillus sequences than those found in the forest, and high-
G+C gram-positive-like sequences were found only in the pas-
ture clones.

However, because of the immense and uncharacterized di-
versity of soil microorganisms, as well as the significant com-
positional heterogeneity of soil, a sequence analysis of 100 SSU
rDNA clones is insufficient to describe changes in the micro-
bial community that occur with deforestation. Consequently,
we developed a simple method that allows a rapid examination
of the microbial community structure in soil. This method
utilizes the size heterogeneity associated with RISA to differ-
entiate a wide variety of bacterial phyla in soil.

The differences between the microbial communities inhab-
iting the forest soil and the adjacent pasture soil are illustrated

TABLE 2. Soil chemical and physical parameters

Parameter Mature forest Pasture

pH 5 6
% Organic matter (loss of wt on ignition) 8 11
P (ppm) 6 5
K (ppm) 40 155
Total N (ppm) 2,313 3,112
H,-N 17 57
NO;-N 35 14
% Sand 40 68
% Silt 31 18
% Clay 29 14

APPL. ENVIRON. MICROBIOL.

by different RISA banding patterns obtained from each site
(Fig. 5). Each soil type shows numerous bands that are unique
to that environment. These differences are presumably the
result of the different soil properties associated with the con-
version to pasture.

The phylogenetic identification of the organisms repre-
sented by the RISA bands can be obtained by excising the
bands, extracting and cloning the DNA, and then sequencing
the SSU rRNA region (approximately 138 bases) of the RISA
molecule. This region contains the hypervariable helix 49 (43),
which has been previously shown to provide useful phyloge-
netic identifications (7). Alternatively, a larger portion of the
SSU rDNA molecule could be obtained to provide more phy-
logenetic information. This could be accomplished by PCR
amplification of soil DNA using a primer designed to hybridize
the sequence of interest and a universal rRNA primer.

This report, as well as others, provides several lines of evi-
dence which suggest that tropical soils and soils from other
regions serve as habitats for novel microorganisms. First, the
work of Torsvik, Atlas, and colleagues (2, 40) shows that thou-
sands of different genomes exist in a small soil sample. These
results are supported by the enormous number of RISA bands
shown in Fig. 5. Second, the vast majority of soil microorgan-
isms cannot be cultivated by current techniques and therefore
have remained unclassified (3, 13, 18, 34, 40, 41). Third, the
molecular phylogenetic surveys of soil have all shown immense
and previously undescribed diversity (8, 42, and this work).
Finally, the phylogenetic analysis of PCR-amplified SSU
rDNA genes from Amazonian soils provides evidence for un-
usual organisms that cannot be classified in any known king-
dom of Bacteria (Fig. 1 and 2).
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