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Abstract

16S rRNA gene libraries were prepared by polymerase chain reaction amplification and cloning from soil samples taken

periodically from a field with genetically modified plants. Sequence analyses of the cloned rDNAs indicated that 140 of them

clustered apart from known bacterial phyla. Based on 31 full sequences a new phylum could be defined. It includes Holophaga

foetida, `Geothrix fermentans' and Acidobacterium capsulatum as the only cultured species so far. Therefore, this line of descent

was named the Holophaga/Acidobacterium phylum. About 50 published partial sequences of cloned rDNAs retrieved from soil,

freshwater sediments or activated sludge from different continents indicate the occurrence of further representatives of this

phylum. Two specific hybridization probes were constructed for members of one of four subclusters. A careful data analysis

revealed the importance and problems of identifying and dealing with artefacts such as chimeric structure when defining new

phylogenetic groups based mainly upon cloned amplified rDNAs. For the first time, the presence of bacterial cells representing

this group could be shown in soil, sediment, activated sludge and lake snow by in situ hybridization.
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1. Introduction

Until the introduction of modern rRNA-based

methods for phylogenetic analyses of complex envi-

ronmental communities as well as in situ detection

and identi¢cation of microbial cells, the investigation

of phylogenetic diversity was seriously hampered by

the demand for pure cultures [1]. Only a small pro-

portion of all prokaryotes have so far been culti-

vated. Meanwhile, the sequencing of rRNA genes

directly retrieved from complex environmental sam-

ples by speci¢c polymerase chain reaction (PCR) and

cloning has become a routine technique in microbial

ecology. Consequently, these environmental sequen-

ces nowadays represent a reasonable fraction of

rRNA sequence data deposited in public databases
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[2]. The rRNA approach has been applied by numer-

ous research groups to investigate a variety of hab-

itats. Not surprisingly, many hitherto unknown phy-

logenetic groups more or less closely related to well-

known cultivated organisms were indicated by newly

determined sequences. In contrast to Archaea, where

a new major line of descent, i.e. the Korarchaeota,

was proposed based upon environmental sequence

data [3], no new phylum within the domain Bacteria

has been de¢ned upon rRNA gene sequences re-

trieved from environmental samples so far. Recently,

16S rRNA gene sequences have been published by

di¡erent authors which had been derived from soil,

sediment and sludge samples from di¡erent conti-

nents [4^9]. Some of these sequences indicated the

existence of organisms phylogenetically related to

Acidobacterium capsulatum, an organism which had

been isolated from an acidic mineral environment

[10]. A moderate relationship of A. capsulatum and

the phyla of planctomycetes and chlamydia, Gram-

positive bacteria or ¢brobacters [9,10] as well as a

separate status was discussed [8]. Given that all pub-

lished cloned rDNA sequences with signi¢cant sim-

ilarity to the homologous A. capsulatum 16S rRNA

had been only partially determined (300^1300 nu-

cleotides), the phylogenetic status of A. capsulatum

and its relatives could not be clari¢ed. In the present

study, several almost complete 16S rRNA gene se-

quences were retrieved from soil samples. These

comprehensive sequence data provide a more distinct

picture of the phylogeny of A. capsulatum and re-

lated organisms.

2. Materials and methods

2.1. Extraction of nucleic acids from soil and

rhizosphere samples

Extraction and puri¢cation of nucleic acids from

soil samples followed a previously described method

[11] with some modi¢cations. Soil or macerated roots

(5 g) together with 1 g polyvinyl polypyrrolidone,

5 mg lysozyme, and 2.5 g glass beads (diameter

0.17^0.18 mm) were suspended in 5 ml of a solution

of 50 mM Tris, 100 mM NaCl and 25% (w/v) sucrose

(pH 8.0) and incubated for 30 min at 37³C. Subse-

quently, 3 ml of a bu¡er containing 50 mM Tris, 50

mM EDTA, 1% (w/v) sodium dodecyl sulfate and

6% (v/v) phenol (Tris saturated) were added and

the resulting solution treated in a bead beater for 1

min. After incubating the mixture at 0³C for 1 h, the

nucleic acids were puri¢ed by (at least) two phenol/

chloroform/isoamylalcohol (25:24:1) extractions fol-

lowed by (at least) two phenol/chloroform (24:1) ex-

tractions.

2.2. In vitro ampli¢cation, cloning and sequencing of

rRNA gene fragments

Almost complete 16S rRNA gene fragments cor-

responding to nucleotides 8^1541 of the Escherichia

coli 16S rRNA molecule were ampli¢ed in vitro as

described earlier [12]. The ampli¢ed rDNA was

cloned into the pGEM-T vector and E. coli JM109

using the Promega pGEM-T Vector System II (Ser-

va, Heidelberg, Germany) according to the instruc-

tions of the manufacturer. Sequencing of the cloned

rDNA was done using rDNA [12] and vector-speci¢c

primers and the GATC0-Bio-Cycle Sequencing Kit

(GATC GmbH, Constance, Germany) or the Ther-

mo Sequenase Fluorescent Primer Cycle Sequencing

Kit (Amersham, Braunschweig, Germany) in combi-

nation with the GATC Direct Blotting System

(GATC GmbH) or the Licor 4200 Automatic

DNA Sequencer (MWG Biotec, Ebersberg, Ger-

many), respectively.

2.3. Sequence data analysis

The new 16S rRNA sequences were ¢tted into an

alignment of about 8000 homologous full and partial

primary structures using the respective automated

tools of the ARB software package [13]. The sequen-

ces were screened for potential cloned PCR errors

and chimeric structure by calculating likelihoods of

the nucleotides at each particular alignment position

and performing fractional treeing based on over-

lapping datasets of 300 contiguous nucleotides.

Only full sequences (E. coli positions 8^1542) were

used for the construction of phylogenetic trees. Dis-

tance matrix, maximum parsimony and maximum

likelihood methods were applied as implemented

in the ARB software package. Di¡erent datasets

varying with respect to included outgroup refere-

nce organisms (sequences) as well as alignment
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positions were analyzed. Partial sequence data

were incorporated into trees derived from full se-

quence data according to the maximum parsimony

criteria without allowing changes of the existing

tree topology using a special tool of the ARB soft-

ware.

2.4. Speci¢c probe design and in situ cell hybridization

Based upon the new data and the database refer-

ence sequence data, speci¢c probes were designed

using the respective tools of the ARB software pack-

age. The oligonucleotides were obtained from MWG

Biotech (Ebersberg, Germany). Labelling with £uo-

rescent dyes was performed as described earlier [14].

Cells were ¢xed and hybridizations were carried

out at 48³C following standard protocols [14].

The hybridization solution contained 35% forma-

mide.

3. Results and discussion

Beginning in the spring of 1993, soil and rhizo-

sphere samples were periodically taken from the

Roggenstein site near Munich (Germany) at which

conventional as well as genetically modi¢ed plants

were cultivated. After the extraction of nucleic acids

from the samples, almost complete 16S rRNA gene

fragments were ampli¢ed in vitro and cloned. The

resulting gene libraries were screened by partial se-

quencing. The 3P- and/or 5P-terminal parts of the 16S

rRNA sequences were determined in most cases.

Against the background of a comprehensive rRNA

sequence database in combination with the versatile

ARB software, the partial sequence data containing

one of the most variable parts of the molecule could

generally be assigned to known phylogenetic groups.

However, in any of the various data libraries estab-

lished from the Roggenstein samples, a major frac-

FEMSLE 7684 20-10-97

Fig. 1. The bacterial phyla. The tree is based on a maximum parsimony analysis of the complete dataset (about 5500 sequences) of small

subunit rRNA sequences comprising at least 1400 nucleotides. The bar indicates 10% estimated sequence divergence.
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tion of the clones contained sequences which shared

signi¢cant to moderate sequence similarity were

clearly of bacterial origin but could not be convinc-

ingly assigned to de¢ned bacterial phyla.

Given that rRNA primary structures comprise a

mixture of evolutionary invariant to highly variable

stretches which are informative for di¡erent levels of

phylogenetic relatedness [15], partial sequence data

especially from the variable regions allow rapid rec-

ognition of the closest neighbors of the respective

organisms if, and only if, the variable regions are

represented in the data library. However, such par-

FEMSLE 7684 20-10-97

Fig. 2. The phylogenetic structure of the Holophaga/Acidobacterium phylum. All clones shown were constructed from Roggenstein soil

samples. The tree is based on a maximum parsimony analysis of the dataset used for the tree in Fig. 1. Sequences from cloned rDNAs

were included which presumably are not chimeric structures (thick lines). The topology of the tree was corrected (multifurcations) accord-

ing to the results of distance matrix as well as maximum likelihood analyses. Some rDNA sequences for which a chimeric structure can-

not be excluded (thin lines) were inserted into the optimized tree using a special ARB parsimony tool without a¡ecting the initial tree top-

ology. This tool was also used to include published cloned incompletely sequenced rDNAs [13]. The stippled areas indicate regions within

which these incomplete sequences were placed. Bold-face letters indicate clones which contain the target sequences of probes IRog1 and

IRog2. Subclusters are marked by a^d. The bar indicates 10% estimated sequence divergence.
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tial sequence comparisons cannot be used for reliable

reconstruction of phylogenies [15]. Therefore, from a

total of 144 clones a selection of 40 clones represent-

ing di¡erent levels of similarity was used for com-

plete sequence determination of the rDNA. Phyloge-

netic analyses revealed that the new group includes

three described and cultivated species for which no

stable placing in the bacterial tree has yet been

established. Acidobacterium capsulatum, an acido-

philic chemo-organotrophic menaquinone-containing

bacterium, was isolated from an acidic mineral envi-

ronment [10]. A moderate relationship of A. capsu-

latum to the planctomycetes and chlamydia, the

Gram-positive bacteria with a low DNA G+C con-

tent, Fibrobacter as well as a separate status were

discussed by several authors [8,10]. Similarly for Ho-

lophaga foetida [16] and `Geothrix fermentans' [17].

H. foetida, an obligately anaerobic organism that

produces methanethiol and dimethylsul¢de during

growth on methoxylated aromatic compounds, was

isolated from a black anoxic freshwater mud sample

[16]. Phylogenetically, the organism was tentatively

assigned to the N-subclass of the Proteobacteria.

However, a moderate relationship to the Gram-pos-

itive bacteria with a low DNA G+C content was also

discussed [16]. Later on, `G. fermentans', an Fe(III)-

reducing microorganism isolated from a petroleum-

contaminated aquifer, was shown to be a close rela-

tive of H. foetida [17]. This two species branch was

then discussed as a new line of descent within the

bacterial domain. Several authors published partial

16S rRNA sequences retrieved from environmental

samples by PCR and cloning which shared striking

sequence similarities with the Acidobacterium 16S

rRNA [4^9]. However, no relationship between the

Acidobacterium cluster and the H. foetida-`G. fermen-

tans' group had been established so far.

The comparative analysis of the complete 16S

rRNA sequences retrieved from the Roggenstein

soil samples during the present study and all avail-

able homologous primary structure data support a

common origin of A. capsulatum, H. foetida and `G.

fermentans' together with the uncultured organisms

indicated by the new environmental sequences. Since

H. foetida and A. capsulatum are the only validly

described species, the new line of descent is called

the Holophaga/Acidobacterium phylum, given that

Holophaga was described ¢rst.

Only full sequences were used for the analyses and

calculations described below. These 36 full sequence

data have been deposited at the EBI database under

accession numbers Z95707^Z95737. The phylum sta-

tus of the group is shown in the tree of Fig. 1. This

tree is based on distance matrix and maximum par-

simony analyses of all available small subunit rRNA

sequences which comprise at least 1400 nucleotides.

A relative branching order cannot be unambiguously

determined for the majority of the lines of descent.

Furthermore, the monophyletic status of some phy-

la, e.g. the Gram-positive bacteria with a low DNA

G+C content, is questionable. The positioning of the

Holophaga/Acidobacterium phylum in the neighbor-

hood of the planctomycetes and chlamydia has no

phylogenetic signi¢cance. The monophyletic status

separated from all other phyla is supported by the

results obtained by applying di¡erent treeing meth-

ods and is also indicated by the overall sequence

similarities. The binary similarity values (based on

full sequences only) found for the members of the

new phylum are 80% and higher, the mean values for

interphylum comparisons are in the range of 74^

78%. The intraphylum structure is shown in the den-

drogram of Fig. 2. This tree is based on a maximum

parsimony analysis of the complete dataset (about

5500 sequences) of small subunit rRNA sequences

comprising at least 1400 nucleotides and those com-

plete gene library sequences which presumably are

not of chimeric structure. These clones are indicated

by thick branches in the tree. The topology of the

tree was evaluated by distance matrix as well as max-

imum likelihood analyses of the cloned rDNA pri-

mary structures and representative selections of

reference sequences from all other major lines of

descent of Bacteria and Archaea. Branches for which

a relative order could not be unambiguously deter-

mined or for which a common topology was not

supported applying di¡erent treeing methods are

connected by common vertical lines. Thin lines indi-

cate cloned rDNA sequences for which a chimeric

structure cannot be excluded. These clones were

placed using a special ARB parsimony tool which

allows the preservation of the topology of the initial

tree while including new data. Currently, four sub-

clusters (a^d; Fig. 2) can be de¢ned within the phy-

lum. Two of them (a and c) are represented only by

cloned rDNAs so far. Subcluster b contains Holo-
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phaga and `Geothrix' and cloned rDNAs, whereas

Acidobacterium and other clones represent cluster

d. This subclustering is of low signi¢cance in the

case of the Holophaga and `Geothrix' group and

has generally to be regarded as tentative, given that

new environmental sequences may `¢ll up' the `gaps'

between the clusters in the future. In addition to the

about 100 partial 16S rRNA sequences determined

in the present study, there are about 50 available in

public databases provided by a number of authors

[4^9]. The majority of these sequences comprise few-

er than 1000 nucleotides. Therefore, these data were

not included when constructing the tree in Fig. 2, but

were added later using the special ARB tool de-

scribed above. For those potential organisms which

are represented by partial sequences of at least 600

nucleotides, stippled areas in Fig. 2 indicate the re-

gions where the corresponding branches are most

likely to occur.

The majority of cloned rDNAs retrieved from soil

[7,8] and freshwater sediment samples [9] cluster with

the Acidobacterium 16S rRNA sequence. Two se-

quences originating from an analysis of microbial

mats [18,19] apparently group with clone RB25

which has some sequence similarity with Holophaga

and `Geothrix'. One cloned rDNA sequence [20] was

placed in subcluster a. Each partial sequence deter-

mined in the present study clearly grouped with one

of the full sequences in the subclusters (data not

shown). This is not the case with the published par-

tial sequences of less than 600 nucleotides. Most of

these sequences exhibit less than 90%, some up to

95% sequence similarity (within the sequenced re-

gion) to the full rDNAs. Therefore, a most probable

positioning in a phylogenetic tree was not possible.

However, they could roughly be assigned to the four

subclusters (data not shown).

Artefacts such as PCR errors or chimeric struc-

tures may occur when analyzing environmental sam-

ples [21,22]. False residues introduced during in vitro

ampli¢cation and selected by chance with a particu-

lar clone can only be estimated as such, and conse-

quently removed for phylogenetic analyses, if signa-

ture positions or residues usually involved in intra-

rRNA base pairing are a¡ected [15]. When variable

positions not involved in helix formation are

changed, false residues usually cannot be identi¢ed.

However, the information content of variable posi-

tions is of lower value for elucidating major phylog-

enies [15]. Therefore, non-detected artefacts of this

nature should not a¡ect the phylogenetic de¢nition

of a new major line of descent too seriously. The

chimeric structure of cloned rDNA can be recog-

nized using public database facilities [23] or perform-

ing fractional treeing if the sequence stretches origi-

nating from di¡erent sources (organisms) comprise a

reasonable number of nucleotides and the source or-

ganisms are not closely related. Again, when the chi-

meric fragments originate from closely related organ-

isms, the in£uence on the quality of phylogenetic

trees may be overcome by the (local) unsharpness

resulting from peculiarities of the treeing methods.

However, it may be rather di¤cult to identify chi-

meric structure as such when only a limited number

of environmental sequences are available to de¢ne a

new major phylogenetic group and the chimeric frag-

ments originate exclusively from di¡erent representa-

tives of this group. If inconsistencies are detected, the

problem remains to decide which sequence is the

correct reference and which one the chimera. In the

present study it was assumed that performing multi-

ple, independent nucleic acid extractions, ampli¢ca-

tion and cloning steps should result in a lower fre-

quency of identical or similar chimeric structures

than of correct structures. Checking for chimeric

structures, seven of the 38 clones from which com-
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Fig. 3. Whole cell hybridization of environmental samples with subcluster-speci¢c probes. Scale bars, 10 Wm. Upper panel : Sediment of

Lake Constance (left picture) hybridized with CY3-labelled probe IRog1. Phase-contrast (left half) and epi£uorescence micrograph (right

half, CY3-speci¢c ¢lter). Lake snow aggregates from Lake Constance (right picture) hybridized with CY3-labelled probe IRog1. Phase-

contrast (left half) and epi£uorescence micrograph (right half, HQ ¢lter). Middle panel: Activated sludge from wastewater treatment plant

Dietersheim (Germany) hybridized with CY3-labelled probe Irog1. DAPI staining (left picture) and epi£uorescence micrograph (right pic-

ture, HQ ¢lter). Lower panel: Rhizosphere samples from rape plants cultivated at the Roggenstein area (Munich) simultaneously hybri-

dized with probe Eub338 speci¢c for the domain Bacteria [14] and the Holophaga/Acidobacterium subcluster-speci¢c probes Irog1 and

IRog2. Color 1 indicates cells hybridizing with the bacterial probe and IRog1 or IRog2, color 2 those hybridizing with the bacterial probe

and IRog1 as well as IRog2, color 3 those hybridizing only with the bacterial probe. Other colors are due to auto£uorescence.
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plete 16S rRNA sequences were derived were identi-

¢ed as such and deleted from the dataset used for

further investigations. Interestingly, only one of the

cloned rDNA fragments was a chimera consisting of

a 5P-terminal part from a Proteobacteria of the K-

subclass closely related to bradyrhizobia and the

(major) 3P-part apparently from a representative of

the new phylum. The other chimeric structures were

exclusively formed by sequence parts from putative

organisms of the Holophaga/Acidobacterium phylum.

The intragroup chimeras mentioned above were not

detectable until a reasonable number (20^30) of com-

plete sequences had been determined and stable sub-

clusters (Fig. 2) could be detected performing treeing

analyses. Fractional treeing indicated that the

rDNAs contained parts from putative representa-

tives of di¡erent clusters. Some of the sequences

might represent intra-subcluster chimeras or contain

evolutionary peculiarities. These sequences are indi-

cated by thin lines in Fig. 2.

Besides the problems of ampli¢cation and cloning

artefacts, another important aspect of performing

rRNA-based environmental analyses is answering

the question whether the putative organisms from

which the sequence data originate are really present

in the environment studied. Currently, without culti-

vation this can only be demonstrated by applying in

situ cell hybridization techniques. Most of the pub-

lished environmental studies provide (more or rather

less) complete sequence data but fail to perform the

last step of the so-called full rRNA cycle [1]. There-

fore, two hybridization probes, IRog1 (5P-

AAGGCGGCATCCTGGACC-3P) and IRog2 (5P-

GCAGTGGGGAATTGTTC-3P), speci¢c for mem-

bers of sequence cluster a of the Holophaga/Acido-

bacterium phylum (Fig. 2) were designed complemen-

tary to rRNA primary structure stretches

homologous to positions 353^369 and 728^745 of

the E. coli small subunit rRNA molecule, respec-

tively. The target sites of the probes are present in

the clones speci¢ed in Fig. 2 and a number of other

clones for which partial sequences were determined

only (data not shown). The combined application of

two or multiple probes of identical or overlapping

speci¢cities targeting di¡erent parts of the 16S

rRNA molecule is of advantage in two respects:

(i) the non-chimeric nature of cloned sequences can

be evaluated by double (multiple) hybridization of

individual cells (at least for the primary structure

region £anked by the probe target sites); (ii) the

identi¢cation of targeted cells can be achieved more

reliably. The underlying assumption for the latter

statement is that the likelihood for the presence of

identical target sites within rRNA primary structures

from phylogenetically unrelated environmental or-

ganisms is reduced with the number of di¡erent tar-

gets or probes.

In situ hybridizations were performed with the

original soil and rhizosphere material as well as

with samples from diverse environmental origins.

Representatives of the new phylogenetic group were

found in the soil and rhizosphere samples from the

Roggenstein area, in soil from a coniferous forest

(located north of Munich, Germany), in sediments

and lake snow aggregates from Lake Constance

(Germany) and even in activated sludge sampled

from di¡erent wastewater plants close to Munich

(Germany) (Fig. 3). In the case of Lake Constance

lake snow and sediment, partial 16S rRNA sequence

data, which upon comparative analysis grouped in

subcluster c, could be retrieved from gene libraries

(data not shown). Di¡erent morphotypes, coccoid

cells, short rods and even threadlike structures could

be detected. This morphological diversity is not sur-

prising since the overall similarity values of sequen-

ces containing the target sites range from 90% to

94.6% indicating a wide phylogenetic spectrum. The

targeted cells were usually found as more or less

dense cell clusters within the di¡erent habitats

studied.

The comparative sequence analyses of 16S rRNA

gene libraries retrieved from diverse soil, sediment

and aquatic environments (lake snow) indicated a

major role of the corresponding organisms in the

environment. The fact that these rDNAs were am-

pli¢ed and cloned from diverse locations in di¡erent

parts of the world such as ¢eld and wood soil as well

as freshwater sediment and lake snow from southern

Germany (this study), peat from northern Germany

[8], forest soil from Great Britain [7], sediment from

USA [10], soil and activated sludge from Australia

[4,5], and soil from Japan [6] supports this assump-

tion. For some of these environments the actual

presence of bacterial cells belonging to this phylum

was shown by in situ cell hybridization for the ¢rst

time. Despite this ubiquitous distribution, the organ-
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isms escaped detection until recently. One of the rea-

sons could be the di¤culty to obtain these organisms

in pure cultures. Only three representatives have

been cultured so far [10,16,17].

Based upon the results obtained in the present

study, it has to be assumed that the application of

modern molecular techniques for the investigation of

complex environments will elucidate the existence of

further hitherto undetected or underestimated lines

of descent within the living world. However, the

¢ndings also show that comparable investigations

were often based on insu¤cient data retrieval and

analysis. For a reliable rRNA sequence-based iden-

ti¢cation and phylogenetic positioning partial se-

quences of appropriate regions are only informative

if close relatives are present in the reference data set.

Otherwise, these data are rather worthless and may

result in misallocations as was the case with sequen-

ces from Australian soil samples [4,8]. Especially

when de¢ning new major phylogenetic groups not

only full sequences but also a reasonable number

of di¡erent sequences should be determined and

used. It is well known that single organisms which

are related to all reference organisms represented in

rRNA sequence databases at the phylum level usu-

ally cannot be stably positioned in phylogenetic trees

until additional data from more closely related or-

ganisms are available. The history of Holophaga and

Acidobacterium is an example. Moreover, cloned en-

vironmental samples should be carefully screened for

artefacts such as chimeric structure. An example of a

chimeric sequence which was not detected as such

and was described as a member of the Acidobacte-

rium cluster is clone MC22 [4,8]. The chimera check

can successfully be performed if sequence data from

cultured reference organisms (for the chimeric parts)

are available, however, it may be di¤cult to recog-

nize a chimeric structure as such when the individual

parts originate from organisms of a phylogenetic

group which is only represented by cloned ampli¢ed

rDNA. Again, increasing the number of di¡erent full

sequences helps to detect inconsistencies. However,

when it cannot be unambiguously decided whether

these inconsistencies result from experimental arte-

facts or from evolutionary peculiarities, in situ hy-

bridization with multiple probes complementary to

distant targets within the rRNA molecule should

help.
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