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Molecular evidence for the presence of novel actinomycete 
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PCR primers were designed to selectively recover partial (-  1100 bp) actinomycete 16S ribosomal DNA sequences 
from a temperate forest soil. A gene library was made and colony PCR was used to identify clones containing 
inserts. Unique clones were identified and partial or complete insert sequences were determined for 53 clones. 
Phylogenetic analyses revealed that 46 (87%) of the clones sampled contained 16S rDNA sequences which fell within 
the actinomycete radiation. The largest group of 34 sequences formed two closely related monophyletic groups in 
the 16S rRNA tree, which in turn formed a weakly supported sister group with the sequence from Actinomadura 
madurae. Four novel 16S rDNA lineages were detected in Mycobacterium, one in Propionibacterium and one in 
Corynebacterium. Three novel sequences weakly grouped with Sporichthya polymorpha. Two sequences formed an 
isolated lineage not closely related to any of the reference actinomycetes. Our results lend strong support to the 
hypothesis that cultured (and sequenced) actinomycetes do not adequately describe the diversity of this group in 
the environment. 
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Introduction 

The actinomycetes are a well-studied, phylogenetically 
diverse group of Gram-positive bacteria which produce a 
wide variety of useful products, including antibiotics, anti- 
tumour agents, enzymes, enzyme inhibitors and immuno- 
modifiers [7]. New species of actinomycetes [22,46] and 
new compounds produced by actinomycetes are continually 
being identified [26,45,48]. Some actinomycetes are human 
pathogens (Actinomyces, Corynebacterium, Myco- 
bacterium) while others infect plants (eg Streptomyces 
scabies). Actinomycetes play an important role in 
decomposition and degradation and Frankia can form nitro- 
gen-fixing associations with woody plants. Hence there is 
widespread interest in the ecology, diversity and evolution 
of this group [10]. 

Traditional approaches to the identification of acti- 
nomycetes have relied on selective isolation, followed by 
a battery of physiological and chemotaxonomic tests to 
define taxonomic groupings [19]. However, it has been sug- 
gested that isolation media provide only partial answers to 
questions of bacterial diversity in situ as they will tend to 
recover actinomycetes which are best adapted to grow on 
isolation plates [54]. Under these conditions it is possible 
that important ecological groups may go undetected [3,50]. 
Molecular biology has now provided an approach for ana- 
lysing natural microbial communities without culture 
[15,35]. The most useful gene for this purpose to date is 
that for 16S ribosomal RNA (rRNA) as it contains highly 
variable regions of sequence as well as highly conserved 
regions which are present in all living organisms [55]. Con- 
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served regions are useful as target sites for the design of 
general probes or PCR primers whereas variable regions 
can be used for the design of specific probes [31] or pri- 
mers. Sequence alignment and analysis are relatively 
straightforward and public domain databases [30] provide a 
valuable and cumulative resource for comparative analyses. 

Results from recent molecular ecological studies of 
samples from different habitats have consistently revealed 
large numbers of novel 16S rRNA sequences 
[1,2,6,8,33,36,47]. The inference is that there are many pre- 
viously uncultured or unsequenced bacteria still to be disco- 
vered in natural samples. Several of the published studies 
investigating different habitats have reported actinomycete 
16S rRNA sequences. Britschgi and Fallon [2] recovered 
three actinomycete sequences from an anaerobic, fixed-bed, 
activated charcoal cyanide biotreatment column. Fuhrman 
et al [14] recovered one actinomycete sequence from a 10- 
m depth sample in the Atlantic ocean near Bermuda and 
two from a 100-m depth sample from the Pacific ocean. 
Schuppler et al [40] recovered several nocardioform acti- 
nomycete and mycobacterial sequences from sewage. Sev- 
eral clones from a soil sample from a paddy field were 
recently found to be related to the actinomycetes at a deep 
level and two clones were recovered within the acti- 
nomycete radiation, one clustering within the Strep- 
toverticillium/Streptomyces group and one clustering next 
to Corynebacterium mediolanum (Ueda, unpublished data 
available through the RDP [30]). The latter four studies 
used general bacterial primers to determine bacterial diver- 
sity, ie they were not trying to selectively recover acti- 
nomycete 16S rRNA sequences. In contrast, Stackebrandt 
and colleagues investigating an Australian soil sample, used 
one PCR primer designed to specifically recover streptomy- 
cete-like sequences in combination with a more general 
bacterial primer [42]. Their aim was to selectively enrich 
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for streptomycete sequences; an actinomycete group which 
is considered to be particularly important in soil. Interest- 
ingly, only two streptomycete sequences were recovered 
and these were different from the sequences of the 50 strep- 
tomycete isolates which could be cultured from the same 
soil sample [42]. 

In the present investigation we sampled the phylogenetic 
diversity of actinomycete 16S rDNA in a soil sample from 
a mature and undisturbed deciduous woodland, using PCR 
primers designed to enrich for sequences from these organ- 
isms. The results of this study provide further evidence that 
an extensive resource of apparently untapped actinomycete 
diversity exists in nature. 

Materials and methods 

Sample collection 
Soil material at a subsurface depth of 5-20 cm was col- 
lected from a single site beneath a beech tree in June 1992 
and stored at -70~ until used for DNA extraction. The 
soil sample had a pH of 5.2 and contained 11.9% organic 
carbon and 0.70% nitrogen, as determined by combustion 
analysis using a Carlo Erba 1106 analyser. Inorganic par- 
ticle analysis was performed using a modification of the 
pipette method [5]. The sample contained 0.67% gravel; 
2.29% coarse sand (600/.cm); 2.83% medium sand 
(212/xm); 22.37% fine sand (63/xm); 34.54% coarse silt 
(0.02/xm); 13.58% medium silt (0.006/xm), 8.56% fine silt 
(0.003/xm) and 15.05% clay. The humic content of the soil 
was 7.5% calculated using the method of Mehlich [32]. 

DNA extraction 
Total DNA was extracted from 0.5 g of the soil sample 
using a bead beater method since this lyses actinomycete 
cells efficiently in our hands. Prior to extraction the soil 
was washed with 120 mM sodium phosphate buffer (pH 
8.0). The following ingredients were added to a sterile 2- 
ml screw cap Eppendorf tube: 500 ~1 of glass beads (0.17- 
0.18 mm diameter); 500/xl phenol/chloroform/isoamyl 
alcohol (IAA) (24 : 24 :  1); 750/xl of 120 mM phosphate 
buffer pH 8.0 and 0.5 g of washed soil. The tube contents 
were bead beaten at 2000 rpm for 1 min, the glass beads 
were separated by centrifugation at 10 000 x g for 10 rain 
and the top phase was removed to a sterile Falcon tube and 
placed on ice. Additional phosphate buffer (750/xl) was 
added to the soil mix and the bead beating was repeated 
for 30s. The centrifugation step was repeated and the two 
top phases were combined. This was phenol-extracted once 
using an equal volume of Tris-equilibrated phenol, then 
once with phenol/chloroform/IAA, followed by one 
chloroform/IAA extraction. One-tenth volume 5 M NaC1 
plus one volume 30% PEG 8000 [28] were added to the 
final top layer and the tube placed on ice for 15 min. The 
sample was centrifuged at 10 000 x g for 20 min and the 
supernatant phase was discarded and the pellet was resus- 
pended in 50-100/xl TE pH 8.0. The DNA sample was 
then electrophoresed on a 3% NuSieve agarose gel and the 
high molecular weight DNA band was excised. Approxi- 
mately 2/xg of DNA was obtained per g of soil. 

Primer design 
Actinomycete 16S rRNA sequences are quite diverse and 
stretches of sequence unique to the entire group are rare, 
especially if one includes some of the deeper branches 
related to taxa such as Atopobium and strain TH3 [10,42]. 
Each PCR primer was therefore designed based on the pres- 
ence of a string of sequence present in >90% of the 
approximately 250 actinomycete sequences available for 
study [30,31], and concentrating on the main actinomycete 
radiation ie those taxa traditionally considered as acti- 
nomycetes [10]. The PCR primers are as follows: ACT283F 
(5'-GGGTAGCCGGCCUGAGAGGG) corresponding to E. 
coli 16S rRNA positions 283 to 302 [4] and ACT1360R 
(5'-CTGATCTGCGATTACTAGCGACTCC) correspond- 
ing to the complement of E. coli 16S rRNA positions 1360 
to 1336 [4]. Both primers were designed as single 
sequences although sequences from some actinomycete 
species differed from one primer by a single base (Table 1). 
PCR conditions were optimised so that product was still 
obtained from Actinomadura madurae NCTC 5654, which 
had a single base mismatch for the forward primer. A small 
sample of non-actinomycete species was used as negative 
controls (Table 1) to check for non-specific amplification 
during the optimisation experiments. 

Amplification of actinomycete 16S rDNA from forest 
soil DNA 
The excised agarose slice containing high molecular weight 
DNA from the soil sample was melted at 65~ for 15 rain, 
vortexed, and serial dilutions in the range 1/10 to 1/100 
prepared. One microlitre from each dilution was used for 
replicate PCR reactions containing 20 pmol of each primer; 
125/xmol each dNTP; 1 unit of Taq polymerase in lx  
buffer (670 mmol Tris pH 8.8 and 20 mmol MgCI2) in vol- 
umes of 50/~1. A hot start was used [21] and thermal cyc- 
ling conditions were: 10 cycles denaturation at 94~ for 1 
min, primer annealing at 65~ for 30 s, extension at 72~ 
for 2 min, followed by 20 cycles denaturation at 92~ for 
30 s, primer annealing at 65~ for 30 s, extension at 72~ 
for 2.5 rain, followed by a final extenson step at 72~ for 
5 min. Aliquots (30/xl) from 15 separate PCR reactions 
were combined in an attempt to reduce the effects of poten- 
tial amplification biases such as PCR drift [51] which may 
have occurred in individual reactions. 

Actinomycete 16S rRNA library construction 
The pooled PCR products were gel purified by electro- 
phoresis in 1% agarose, the DNA band was extracted using 
Qiaex resin (Qiagen Ltd, Surrey, UK) and ligated into the 
pGEM-T vector according to the manufacturer's instruc- 
tions (Promega Ltd, Southampton, UK). Ligation products 
from three reactions were pooled and used to transform 
supercompetent Epicurian Coli XL1-Blue MRF' cells 
according to the manufacturer's instructions (Stratagene 
Ltd, Cambridge, UK). 

Screening of the 16S rDNA library 
Individual colonies were screened for the presence of 
inserts of the expected size using a colony PCR method 
developed by Mark Munson (NHM and University of 
Essex, personal communication) in microtitre well plates in 
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Tab le  1 Actinomycete-specific forward and reverse primer sites on 16S rDNA at positions 283 to 302 and 1336 to 1360 (E.  c o l i  numbering) respectively 

Forward primer target sequence Reverse primer target sequence 

199 

283 302 Actinomycetes 
5 ' - G G G T  A G C  C G G C  C T G A G A G G G  250 Species 

. . . . .  A . . . . . . . . . . . . . .  A m a d .  m a d u r a e  

�9 . . G . . . . . . . . . . . . . . . .  F r a n k i a  sp 
Reference bac te r i a  

C C C  . . . .  T .  . T . . . . . . . .  A E.  c o l i  

C . . . . . .  T .  . T . . . . . . . .  A A z s .  b r a s i l i e n s e  

�9 . T . . . .  T . .  T . . . . . . . .  A D s b .  l a t u s  

. . . . . . . . . .  T . . . . . . . .  A D s v .  v u l g a t e  

C A . . . .  T T .  . T . . . . . . . .  A N m n .  e u r o p a e a  

. . . . . . . . . . . . . . . . . . . .  Fus .  a l o c i s  

1336 1360 
5 ' - G G A G T  C G C T  A G T  A A T  C G C A G A T  C A G  

A . . . . . . . . . . . . .  T G  . . . . . .  
A . . . . . . . . . . . . . .  G . . . . . .  
A . . . . . . . . . . . . . .  G . . . . . .  
A . . . . . . . . . . . .  T C G  . . . . . .  
A . . . . . . . . . . . . . .  G . . . . . .  
A . . . . . . . . . . . . . .  G A  . . . . .  

Base positions which are the same as the primer target sequence are represented by dots. A m a d .  m a d u r a e  - A c t i n o m a d u r a  m a d u r a e ;  A z s .  b r a s i f i e n s e  - 

A z o s p i r i l l u m  b r a s i l i e n s e ;  D s b .  l a tu s  - D e s u l f o b a c t e r  la tus;  D s v .  v u l g a t e  - D e s u l f o v i b r i o  v u l g a t e ;  N m n .  e u r o p a e a  - N i t r o s o m o n a s  e u r o p a e a ,  F u s .  a l o c i s  - 

F u s o b a c t e r i u m  a l o c i s .  

25-/xl volumes using SP6 and T7 as amplification primers. 
PCR products from all clones with inserts were single lane 
sequenced [39] using cycle sequencing [9] through a vari- 
able region of the 16S molecule, corresponding to E. coli 
positions 302 to 530 [4]. G tracks were scored for the 
occurrence of unique clones which were then either fully 
or partially sequenced directly�9 Coverage of the library [ 18] 
was calculated using the equation C = 1 - (n~/N) [17]. This 
gave one indication of how thoroughly the recombination 
library was sampled by our clone selection and sequencing. 

Phylogenetic analyses 
The actinomycete 16S rDNA sequences recovered from our 
sample were submitted to EMBL and assigned the 
accession numbers Z73363 to Z73415. 

Clone sequences were first analysed using the RDP 
SIMILARITY_RANK program [30] which identified the 
most closely related reference sequences in the RDP. These 
sequences were included in a subalignment from the RDP 
[30] which contained sequences from each of the main bac- 
terial groups [55]. Cloned sequences shown to be members 
of the actinomycete phylum were then included in an acti- 
nomycete alignment containing approximately 400 
sequences [ 10,30,31 ] to determine their detailed relation- 
ships. In each case only those segments of sequence which 
could be aligned unambiguously were used for phylogen- 
etic inference�9 Corrected pairwise distances were generated 
from percent similarities using the method of Jukes and 
Cantor [24] and phylogenetic trees constructed by the 
neighbor joining method [38]. Bootstrapping (100 
replicates) was used to assess support from the data for 
particular hypotheses of relationship [12]. 

All clone sequences were investigated for the presence of 
chimeric artifacts using the CHECK_CHIMERA program 
[30]. In addition, cloned sequences were separated into 
three sections including a 5' end, a middle section and a 3' 
end section and analysed phylogenetically. Some types of 
chimeras may be detected if the phylogenetic placement of 
a cloned sequence changes radically when different regions 
of the sequence are analysed [27]. Some sequences were 
also analysed for potential secondary structure as some 
chimeras may be detected by this method [17]. 

Results 

Under the PCR conditions described, the actinomycete pri- 
mers consistently amplified single PCR products approxi- 
mately 1100 base pairs in length, from the forest soil DNA. 
Using the same stringent PCR conditions, DNA from the 
non-actinomycetes tested did not amplify with the specific 
primers, but the same DNA was amplified using general 
eubacterial 16S rDNA PCR primers. 

Single lane G track sequences were analysed for 126 
clones to identify sequence types. Fifty-three clones were 
directly sequenced to obtain at least 400 bases of sequence 
for each clone from regions equivalent to E. coli positions 
302 to 530 or 530 to 943. The full insert sequence was 
determined for 24 of these clones�9 All sequences were 
checked for chimeras and within the limitations of the three 
months used we did not detect evidence of chimeric 
sequences among the clones sampled. The phylogenies gen- 
erated from each of the three sets of partial sequences were 
similar, and base changes in stem regions usually com- 
prised compensatory base changes. One exception was 
clone EpT_ 1.150 where a non-compensatory base change 
was identified at E. coli position 973 resulting in a potential 
U-U pair. This U-U pair was previously reported [14] in 
a marine environmental clone sequence, BDA1-5, which 
clustered with the actinomycete Rhodococcus equi in some 
analyses. All other published actinomycete sequences have 
an A at position 973 which pairs with U at position 960 
on helix 35. The base pairing at this position is 80-90% 
conserved among eubacteria [20]. Thirteen of the 53 clones 
sequenced were considered to be unique under the criterion 
than they shared less than 97% sequence similarity to the 
other sequences, giving an estimated coverage of 75% [17]. 

Based upon an analysis of 387 sequence positions 
(Figure 1) the 53 soil clones examined clustered in seven 
groups, six of which clustered within the actinomycete phy- 
lum. One group, containing seven clones, clustered with 
100% bootstrap support with the acidiphilic bacterium Aci- 
dobacterium capsulatum [25]. An environmental clone 
sequence (MC 13) from Mount Coot-tha soil in Australia 
[42] was also recovered within this cluster but with only 
46% bootstrap support (Figure 1). 
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Figure 1 Phylogenetic tree generated from a selection of reference bacterial 16S rDNA sequences showing that 46 out of 53 soil DNA clones (87%) 
cluster within the actinomycete phylum. The analysis was based on 387 bases corresponding to an unambiguously aligned sequence from the region 
equivalent to E. coli positions 489 to 886. The scale bar represents an estimate of 10% sequence divergence. Clone sequences have the prefix EpT. 

The phylogenetic relationships of selected actinomycete- 
like clones and reference actinomycetes, were analysed in 
more detail using longer stretches of sequence (Figure 2). 
Two monophyletic groups, each with 100% bootstrap sup- 
port, contained most of  the clone sequences and together 
formed a well-supported monophyletic group (79% boot- 
strap support), hereafter referred to as cluster I. In analyses 
of original sequence, data cluster I consistently formed a 
sister-group relationship with Actinomadura madurae and 
relatives, but this relationship received little support from 
bootstrap analyses. 

A small group of  soil clones (cluster II, Figure 2) formed 
a weakly supported cluster with Sporichthya polymorpha 

and Frankia. Two sequences EpT_l .48  and EpT_I.203,  
formed a strongly supported monophyletic group (cluster 
III) whose position was unstable within the actinomycete 
radiation. 

The remaining clone sequences occupied strongly sup- 
ported positions among sequences from currently recog- 
nised genera of actinomycetes. Clone EpT_I .150  was 
closely related to Propionibacterium acnes and clone 
EpT_l .167 to Corynebacterium renale. Four of the clones 
formed novel lineages within a well-supported Mycobacter- 
ium clade, for which there are published sequences for 
approximately 100 strains and species. The detailed 
relationships between slow and fast growing Mycobacter- 
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Figure 2 Phylogenetic relationships among reference actinomycetes and selected clone sequences from a temperate forest soil DNA 16S gene library. 
The analysis was based on 961 bases corresponding to an unambiguously aligned sequence from the region equivalent to E. coli positions 303 to 1335. 
The scale bar represents an estimate of 1% sequence divergence. The relative stability of clusters of sequences relevant to discussion are represented 
by bootstrap values in circles at basal nodes and are based on 100 replicates. 

ium species and the clones recovered from the gene library 
are displayed in Figure 3. Some slow growing Mycobacter- 
ium species have a long helix 18 [43] and this apparent 
synapomorphy (shared, derived character) is also found in 
the three clones recovered in this portion of the Mycobac- 
terium tree (Ep_T1.27; Ep_Tl.178; Ep_T1.252). Clone 
Ep_Tl.194 is closely related (97% sequence similarity) to 
Mycobacterium simiae and both have a short helix 18 [43]. 

D i s c u s s i o n  

The aim of the present investigation was to develop a PCR- 
based strategy to recover actinomycete 16S rDNA selec- 

tively from mixed community DNA extracted from a wood- 
land soil sample. We focused on actinomycetes because of 
their importance as producers of bioactive compounds [7] 
and the consequent interest in their natural diversity as a 
potential resource for exploitation, as well as their ecologi- 
cal importance [53,54]. 

In designing the experiment we tried to avoid some of 
the more obvious sources of potential bias. Cell lysis was 
performed mechanically using bead beating since this 
method lysed all of the different actinomycete wall types 
we have so far analysed. PCR amplifications were repli- 
cated and pooled prior to cloning to avoid random effects 
which might have occurred in any one reaction [51]. The 
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Figure 3 Phylogenetic tree showing the relationships between selected Mycobacterium species and four temperate forest soil clones which cluster 
within this genus. This tree is modified and extended from an original in Rogall et al [37]. The analysis was based on 1008 bases corresponding to an 
unambiguously aligned sequence in the region equivalent to E. coli positions 303 to 1335. The scale bar represents an estimated 1% sequence divergence. 
The relative stability of clusters of sequences are represented by bootstrap values in circles at basal nodes and are based on 100 replicates. 

PCR primers were designed as single sequences since 
degenerate primers may produce skewed clone abundances 
due to primer exhaustion [17]. However, some acti- 
nomycete 16S rDNA sequences contained single mis- 
matches relative to the primer target sequences, hence the 
PCR conditions were relaxed to enable amplification from 
these strains. Since the majority of sequences analysed from 
the gene library were recovered within the actinomycete 
phylogenetic radiation, it appears that the overall strategy 
was a successful one. 

Before we discuss the actinomycete-like sequences it is 
worth considering the small cluster of non-actinomycete 
sequences which were also recovered. The phylogenetic 
position among the bacteria of this highly divergent group 
of sequences was not resolved in our analyses. However, 
they formed a strongly supported monophyletic group 
which also included the acidiphilic Acidobacterium capsul- 
atum isolated from acidic drainage from a Japanese mine 
[25], and a DNA clone sequence from an Australian acid 
forest soil from Mount Coot-tha [42]. It has been suggested 
previously that the large population size of bacteria and 
their ease of dispersal may mean that most prokaryotes will 
be widely distributed [13] and that consequently endemism 
might be limited. Certainly in the oceans there appear to 
be a small number of monophyletic groups of Archaeal and 
Bacterial sequences, representatives of which occur in most 
samples to date [6,34]. The new cluster containing 

sequences from Australia and England provides another 
example of a geographically widespread monophyletic 
group, but this time in soil. It will be interesting to see if 
additional sequences from this group are found in future 
studies and equally important, to investigate their roles in 
the environment. 

The majority of actinomycete clone sequences analysed 
were recovered in two closely related monophyletic groups, 
called cluster I in Figure 2. The inferred predominance of 
this group in our gene library may reflect the importance 
of this novel group in situ. However, further work is needed 
using more quantitative methods such as probing [15] to 
test this hypothesis. It has been demonstrated that the rela- 
tive proportions of sequences recovered using PCR from 
mixtures of homologous genes may be biased towards 
particular templates [44] and that different prokaryotes may 
contain different numbers of rRNA genes [11]. Interest- 
ingly, we did not sample any sequences from our library 
which were related to Streptomyces although our extraction 
procedure releases DNA from these bacteria and the PCR 
primers should amplify their rDNA. This genus is often 
recovered on isolation plates inoculated with soil samples 
[53], although we have not carried out such experiments 
on our particular soil. A previous investigation using a 
Streptomyces-specific PCR primer recovered only two 
Streptomyces sequences among clones sampled from a soil 
library [42]. It remains a possibility that Streptomyces 
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sequences are present in the library we made from our soil 
sample, but they were not detected by our sampling. An 
estimate of library coverage suggests that in a similar clone 
library of infinite size our sampling would account for 75% 
of the clones. However, this gives no indication of the 
identities or diversity of the remaining sequences. 

The relationship of novel actinomycete cluster I to other 
actinomycete sequences was not precisely resolved, but in 
most analyses of non-bootstrapped data it shared a relation- 
ship with Actinomadura and its close relatives. There was 
considerable variation within cluster I in terms of sequence 
divergence between individual clone sequences. At present 
we hypothesise that this sequence diversity is real, rather 
than an experimental artifact, since analysis of individual 
sequences using the available programmes failed to indicate 
chimeras. Converting the observed 16S rDNA sequence 
variation within cluster I (or II or III) into the familiar terms 
of potential novel actinomycete species or genera is not 
straightforward [41] but it is an interesting and illuminating 
excercise. The most distantly related clones are Ep_T1.145 
and Ep_Tl .179  which share 90.3% similarity over the frag- 
ment of 16S rDNA available for comparison. This is similar 
to the sequence similarity between Propionibacterium and 
Mycobacterium for the same segment of sequence. The 
most similar pairs of clones in cluster I (Ep_T1.217 & 
E p _ T I . l l  and Ep_T1.217 & Ep_T1.204) are 98% similar 
to each other for this stretch of 16S sequence. Using criteria 
established on the basis of correlations between D N A -  
DNA pairing studies and those based on full length 16S 
rRNA sequence similarities for cultured organisms [41], 
each clone in cluster I potentially represents a new species 
to be isolated, and cluster I (and cluster II and III on these 
criteria) may represent one or more new genera. 

Mycobacterium is one of the best studied actinomycete 
genera in terms of 16S rRNA sequence analysis so the 
detection of four novel sequences is an interesting finding. 
It reveals that even well-studied bacterial groups may be 
incompletely described by cultured or sequenced taxa. 
Mycobacterium species are commonly described from soil 
samples [23,49], so it is perhaps not too surprising that we 
detected members of this genus in our sample. 

Cluster II, which comprised three novel sequences, 
grouped with Sporichthya polymorpha which has an unique 
life cycle among actinomycetes [29]. Although bootstrap 
support for this sister group relationship was low, it was 
recovered consistently regardless of the region of sequence 
analysed or the number of sequences included in the analy- 
sis. The specific relationship of the two cluster III 
sequences to known actinomycetes was not resolved in 
this analysis. 

Evidence of the occurrence of novel actinomycetes in a 
forest soil sample is in accord with other molecular studies 
[1,16,52] which indicate that known cultured micro- 
organisms may represent a small fraction of micro- 
organisms present in nature. Actinomycetes are well known 
as producers of bioactive compounds and it is not unreason- 
able to suggest that new lineages detected by molecular 
studies may represent taxa which will be equally pro- 
ductive, since they share a common history. In order to 
test this hypothesis it is essential to first isolate the new 
actinomycetes from which the sequences originate. The 

existing sequence information will play an important part 
in this endeavour. Specific probes or PCR primers to the 
novel target group(s) can be used to prescreen habitats, to 
monitor enrichment cultures or to assess the efficacy of iso- 
lation media [54]. Exploitation of the newly discovered 
actinomycete diversity revealed by molecular analyses will 
require the skills of microbial physiologists and ecologists. 

A c k n o w l e d g e m e n t s  

This study was funded by GlaxoWellcome who are grate- 
fully acknowledged. The soil analysis was carried out at 
Liverpool University, thanks to Professor Stanley Williams, 
Mick West and Alan Beswick. 

R e f e r e n c e s  

1 Barns SM, RE Fundyga, MW Jeffries and NR Pace. 1994. Remarkable 
archaeal diversity detected in a Yellowstone National Park hot spring 
environment. Proc Natl Acad Sci USA 91: 1609-1613. 

2 Britschgi TM and RD Fallon. 1994. PCR-amplification of mixed 16S 
rRNA genes from an anaerobic, cyanide-degrading consortium. FEMS 
Microbiol Ecol 13: 225-232. 

3 Brock TD. 1987. The study of microorganisms in situ. Symp Soc Gen 
Microbiol 41: 1-17. 

4 Brosius J. ML Palmer, PJ Kennedy and HF Noller. 1978. Complete 
nucleotide sequence of a 16S ribosomal RNA gene from Escherichia 
coli. Proc Natl Acad Sci USA 75: 4801-4805. 

5 Day RP. 1965. Particle fractionation and particle-size analysis. In: 
Methods of Soil Analysis (Black CA, ed), pp 545-566, American 
Society of Agronomy, Madison, Illinois. 

6 DeLong EF, KY Wu, BB Prezelin and RVM Jovine. 1994. High abun- 
dance of Archaea in Antarctic marine picoplankton. Nature 371: 
695-697. 

7 Demain AL. 1988. Actinomycetes: what have you done for us lately? 
In: Biology of Actinomycetes '88 (Okami Y, T Beppu and H Ogawara, 
eds), pp 19-25, Japan Scientific Societies Press, Japan. 

8 Ekendahl S, J Arlinger, F Stahl and K Pedersen. 1994. Characterisation 
of attached bacterial populations in deep granitic groundwater from 
the Stripa research mine by 16S rRNA gene sequencing and scanning 
electron microscopy. Microbiology 140: 1575-1583. 

9 Embley TM. 1991. The linear PCR reaction: a simple and robust 
method for sequencing amplified rRNA genes. Lett Appl Biol 13: 
171-174. 

10 Embley TM and E Stackebrandt. 1995. The molecular phylogeny and 
systematics of the actinomycetes. Ann Rev Microbiol 48: 257-289. 

11 Farrelly V, FA Rainey and E Stackebrandt. 1995. Effect of genome 
size and rrn gene copy number on PCR amplification of 16S rRNA 
genes from a mixture of bacterial species. Appl Environ Microbiol 61: 
2798-2801. 

12 Felsenstein J. 1985. Confidence limits on phylogenies: an approach 
using the bootstrap. Evol 39: 783-791. 

13 Fenchel T. 1993. There are more small than large species? Oikos 68: 
375-378. 

14 Fuhrman JA, K McCallum and AA Davis. 1993. Phylogenetic diver- 
sity of subsurface marine microbial communities from the Atlantic and 
Pacific oceans. Appl Environ Microbiol 59: 1294-1302. 

15 Giovannoni SJ, TB Britschgi, CL Moyer and KG Field. 1990. Genetic 
diversity in Sargasso Sea bacterioplankton. Nature 345: 60-65. 

16 Giovannoni SJ, EF DeLong, TM Schmidt and NR Pace. 1990. Tangen- 
tial flow filtration and preliminary phylogenetic analysis of marine pic- 
oplankton. Appl Environ Microbiol 56: 2572-2575. 

17 Giovannoni SJ, TD Mullins and KG Field. 1995. Microbial diversity 
in oceanic systems: rRNA approaches to the study of unculturable 
microbes. In: Molecular Ecology of Aquatic Microbes (Joint I, ed), 
pp 217-248, Springer-Verlag, Berlin. 

18 Good IJ. 1953. The population frequencies of species and the esti- 
mation of population parameters. Biometrika 40: 237-264. 

19 Goodfellow M and AG O'Donnell. 1989. Search and discovery of 
industrially-significant actinomycetes. In: Microbial Products: New 

203 



Novel actinomycetes in temperate forest soil 
HP McVeigh et al 

204 Approaches (Baumberg S, IS Hunter and PM Rhodes, eds), pp 343- 
383, Society for General Microbiology Symposium 44, Cambridge 
University Press. 

20 Gutell RR. 1994. Collection of small subunit (16S- and 16S-like) 
ribosomal RNA structures: 1994. Nucl Acids Res 22: 3502-3507. 

21 Hosta L and P Flick. 1991. Enhancement of specificity and yield in 
PCR. US Biochem Corp Newslett 18: 1-5. 

22 Iinuma S, A Yokota, T Hasegawa and T Kanamaru. 1994. Actinocoral- 
lia gen nov, a new genus of the order Actinomycetales. Int J Syst 
Bacteriol 44: 230-234. 

23 Jones R and D Jenkins. 1965. Mycobacteria isolated from soil. Can J 
Microbiol 11: 127-133. 

24 Jukes TH and CR Cantor. 1969. Evolution of protein molecules. In: 
Mammalian Protein Metabolism (Munro HN, ed), pp 21-132, Aca- 
demic Press, New York. 

25 Kishimoto N, Y Kosako and T Tano. 1991 Acidobacterium capsulatum 
gen nov, sp nov: an acidophilic chemoorganotrophic bacterium con- 
taining menaquinone from acidic mineral environment. Curr Microbiol 
22: 1-7. 

26 Komiyama K, S Takamatsu, Y-P Kim, A Matsumoto, Y Takahashi, 
M Hayashi, WB Woodruff and S Omura. 1995. Louisianins A, B, C, 
and D: non-steroidal growth inhibitors of testosterone-responsive SC 
115 cells. I. Taxonomy, fermentation, isolation and biological charac- 
teristics. J Antibiot 48: 1086-1089. 

27 Kopczynski ED, MM Bateson and DM Ward. 1994. Recognition of 
chimeric small-subunit ribosomal DNAs composed of genes from 
uncultivated microorganisms. Appl Environ Microbiol 60: 746-748. 

28 Kusukawa N, T Uemori, K Asada, I Kato and T Shuzo. 1990. Rapid 
and reliable protocol for direct sequencing of material amplified by 
the polymerase chain reaction. BioTechniques 9: 66-72. 

29 Lechevalier M and H Lechevalier. 1989. Genus Sporichthya Lecheval- 
ier, Lechevalier and Holbert 1968, 279 AL. In. Bergey's Manual of Sys- 
tematic Bacteriology, vol 4 (Williams S, M Sharpe and J Holt, eds), 
pp 2507-2508, Williams and Wilkins, Baltimore. 

30 Maidak BL, N Larsen, MJ McCaughey, R Overbeek, GJ Olsen, K 
Fogel, J Blandy and CR Woese. 1994. The ribosomal database project. 
Nucl Acids Res 22: 3485-3487. 

31 McVeigh HP, M Divers, S Warwick, J Munro and TM Embley. 1994. 
Exploration of actinomycete diversity using ribosomal RNA 
sequences. In: Proceedings of the International Symposium on the 
Biology of Actinomycetes (Debabov VG, YV Dudnik and VN Dani- 
lenko, eds), pp 253-260, Moscow. 

32 Mehlich A. 1984. Photometric determination of humic matter in soils, 
a proposed method. Comm Soil Sci Plant Anal 15: 1417-1422. 

33 Moyer CL, FC Dobbs and DM Karl. 1995. Phylogenetic diversity of 
the bacterial community from a microbial mat at an active, hydrother- 
mal vent system, Loihi Seamount, Hawaii. Appl Environ Microbiol 
61: 1555-1562. 

34 Mullins TD, TB Britschgi, RL Krest and SJ Giovannoui. 1995. Genetic 
comparisons reveal the same unknown bacterial lineages in Atlantic 
and Pacific bacterioplankton communities. Limnol Ocean 40: 148-158. 

35 Pace NR, DA Stahl, DJ Lane and GJ Olsen. 1986. The analysis of 
natural microbial populations by ribosomal RNA sequences. Adv 
Microbial Ecol 9: 1-55. 

36 Reysenbach AL, GS Wickham and NR Pace. 1994. Phylogenetic 
analysis of the hyperthermophilic pink filament community in Octopus 
Spring, Yellowstone National Park. Appl Environ Microbiol 60: 
2113-2119. 

37 Rogall T, J Wolters, T Flogr and EC Boettger. 1990. Towards a phy- 
logeny and definition of species at the molecular level within the genus 
Mycobacterium. Int J Syst Bacteriol 40: 323-330. 

38 Saitou N and M Nei. 1987. The neighbor joining method: a new 
method for constructing phylogenetic trees. Mol Biol Evol 6:514-525. 

39 Schmidt TM, EF deLong and NR Pace. 1991. Analysis of a marine 
picoplankton community by 16S rRNA gene cloning and sequencing. 
J Bacteriol 173: 4371-4378. 

40 Schuppler M, F Mertens, G Schon and UB Gobel. 1995. Molecular 
characterisation of nocardioform actinomycetes in activated sludge by 
16S rRNA analysis. Microbiology 141: 513-521. 

41 Stackebrandt E and BM Goebel. 1994. Taxonomic note: a place for 
DNA-DNA reassociation and 16S rRNA sequence analysis in the pre- 
sent species definition in bacteriology. Int J Syst Bacteriol 44: 846- 
849. 

42 Stackebrandt E, W Liesack and BM Goebel. 1993. Bacterial diversity 
in a soil sample from a subtropical Australian environment as deter- 
mined by 16S rDNA analysis. FASEB J 7: 232-236. 

43 Stackbrandt E and J Smida. 1988. The phylogeny of the genus Myco- 
bacterium as determined by 16S rRNA sequences, and development 
of DNA probes. In: Biology of Actinomycetes '88 (Okami Y, T Beppu 
and H Ogawara, eds), pp 244-250, Japan Scientific Societies Press, 
Tokyo, Japan. 

44 Suzuki M and GJ Giovannoni. 1996. Bias caused by template 
annealing in the amplification of mixtures of 16S rRNA genes by PCR. 
Appl Environ Microbiol 62: 625-630. 

45 Takahashi E, T Kimwa, K Nakamura, M Arahira and M Iida. 1995. 
Phosphonotrixin, a novel herbicidal antibiotic produced by Sacchar- 
othrix sp ST-888 I. Taxonomy, fermentation, isolation, characteris- 
ation, and biological properties. J Antibiotics 48:1124-1129. 

46 Tamura T, A Yokota, LH Huang, T Hasegawa and K Hatano. 1995. 
Five new species of the genus Catenuloplanes: Catenuloplanes niger 
sp nov, Catenuloplanes castaneus sp nov, and Catenuloplanes nepa- 
lensis sp nov. Int J Syst Bacteriol 45: 858-860. 

47 Thornhill RH, JG Burgess and T Matsunaga. 1995. PCR for direct 
detection of indigenous uncultured magnetic cocci in sediment and 
pbylogenetic analysis of amplified 16S ribosomal DNA. Appl Environ 
Microbiol 61: 495-500. 

48 Tsuchida T, H Iinuma, T Kinoshita, T Ikada, M Sawa, M Hamada 
and T Takeuchi. 1995. Azicemins A and B, new antimicrobial agents 
produced by Amycolatopsis I. Taxonomy, fermentation, isolation, 
characterisation and biological activities. J Antibiotics 48: 217-221. 

49 Tsukamura M. 1984. The 'non-pathogenic' mycobacteria--their distri- 
bution and ecology in non-living reservoirs. In: The Mycobacteria: a 
Source Book, Part B (Kubica G and L Wayne, eds), pp 1339-1359, 
Marcel Dekker, New York. 

50 Van Neil CB. 1955. Natural selection in the microbial world. J Gen 
Microbiol 13: 201-217. 

51 Wagner A, N Blackstone, P Cartwright, M Dick, B Misof, P Snow, 
GP Wagner, J Bartels, M Murtha and J Pendleton. 1994. Surveys of 
gene families using polymerase chain reaction: PCR selection and PCR 
drift. Syst Biol 43: 250-261. 

52 Ward DM, R Welter and MM Bateson. 1990. 16S rRNA sequences 
reveal numerous uncultured inhabitants in the natural community. Nat- 
ure 345: 63-65. 

53 Williams ST, S Lanning and EMH Wellington. 1984. Ecology of acti- 
nomycetes. In: The Biology of the Actinomycetes (Goodfellow M, M 
Mordarski and ST Williams, eds), pp 481-528, Academic Press, Lon- 
don. 

54 Williams ST and JC Vickers. 1986. The ecology of antibiotic pro- 
duction. Microbial Ecol 12: 43-52. 

55 Woese CR. 1987. Bacterial evolution. Microbiol Rev 51:221-271 


