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Investigation of actinomycete diversity in the tropical
rainforests of Singapore
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Five thousand actinomycetes were isolated from soil samples collected from rainforests in Singapore and the gen-

eric identities of these isolates were determined by using a procedure that combined morphological, chemotaxo-
nomic and 16S rDNA sequence-based phylogenetic analyses. Actinomycetes belonging to a total of 36 genera were
identified. The most abundant isolates are members of Streptomyces , Micromonospora , Actinoplanes , Actinoma-
dura, Nonomuria , Nocardia and Streptosporangium . By phylogenetic analysis of 16S rDNA sequences of our isolates
together with those of known actinomycete species, we also evaluated the species diversity of several genera includ-

ing Streptomyces , Micromonospora , Nonomuria , and Actinomadura . We found that: first, the tropical isolates are
present in most clades represented by known species; and second, many tropical isolates form new clades distant

from the known species, indicating the presence of unidentified taxa at both species and genus levels. Based on
these results, we conclude that actinomycete diversity in the tropical rainforest is very great and should represent

an excellent source for discovery of novel bioactive compounds.
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Introduction Southeast Asia, in 1993 we initiated our microbial diversity
tudy by first exploring the diversity of actinomycetes

Actinomycetes [4,28,29] have been especially useful to th ecause of their enormous potential as a novel source for

pharmaceutical industry for their seemingly unlimited . ; X X
capacity to produce secondary metabolites with divers he discovery of new bioactive compounds. Our primary

: . : L oals were twofold: (1) to determine the number of acti-
chemical structures and biological activities. Tens of thou nomycete genera from which representatives can be iso-

terized, many of which have been developed into drugs foa}rgted in the rainforests; and (2) to acquire data that would

treatment of a wide range of human diseases [5.8]. Searcﬁ"ow us to evaluate the actinomycete diversity at species

; . \ - level.
ing for novel actinomycetes constitutes an essential compo-

nent in natural product-based drug discovery.
Actinomycetes are widely distributed in soil, water and

other natural environments. However, the population an .
types of actinomycetes in an ecosystem are determined (?:omycetes of many genera [12,18], These properties can

numerous physical, chemical and biological factors. Identi- e determined quickly by using simple techniques such as

fication of novel ecological systems is therefore crucial for“ght microscopy and thin-layer-chromatography. However,

X , . this approach may fail to correctly identify species of sev-
the discovery of novel actinomycetes. Equatorial Southeas ral genera that exhibit similar morphological and chemo-

Asia is well known for its species-rich tropical rainforests : ) .
P P taxonomic properties, such as members Nbnomuria

representing ‘hotspots’ with rich biodiversity [5,20]. : : .
Located slightly north of the equator, Singapore has a war “ﬁg?g gg]ora Microtetraspora  and  Actinomadura

e poapeis 195 MRNA sequence.based phylogenec anaysis s
b y 1rop 9 %en widely used to determine taxonomic positions of

Morphological features together with the composition of
cell wall diaminopimelic acids (DAPs) and whole cell
ugars are sufficient for accurate identification of acti-

species of plants and animals. Though the plant and anim . . . .
species have been reasonably well documented, inforn 0y _ organisms I virwally - all  taxonomic ranks

mation about microbial diversity in Singapore and South-\[;r’]?clr’]zgéi?]]ét Egﬁ?ﬂﬁ:a mi% Ig?)%treartlgr;ngruedliggntoif?:c?
east Asia remains scarce. The biodiversity inventory of Sm-ﬁ0|er by analyzing their 165 rRNA or gene sequences

gapore published in 1994 contains a list of 8000 species OrDNA) [1]. Assisted by the PCR technique and the ability

organisms [30,31]. Surprisingly, only a few of those .
reported were bacteria. In order to gain insight into theto directly sequence PCR products, the 16S rDNA sequence

! . - N . ; of an unknown organism can be quickly obtained and
microbial diversity in the rainforests of Singapore andimmediately compared with thousands of sequences in pub-

lic databases. However, DNA sequence analysis is rather

o ) ) expensive when thousands of sequences need to be deter-
Correspondence: Dr Y Wang, Microbial Collection and Screening Lalbora—n,m,]ed
tory, Institute of Molecular and Cell Biology, National University of Sin- " . .

gapore, 30 Medical Drive, Singapore 117609 In this study, we combined the above two approaches in
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nomycete isolates by using the first approach. Isolates thdtlentification of actinomycetes
could not be identified by this approach without ambiguity Identification of actinomycetes to genus level was conduc-
were then subjected to 16S rDNA sequence analysis. Heréed by first using morphological and chemical criteria
we report the identification of actinomycetes belonging toaccording to the guide described in Bergey’s Manual of
36 genera. By phylogenetic analysis using the 16S rDNADeterminative Bacteriology [12]. Isolates which could not
sequences from both the new isolates and known speciele identified by their morphological and chemotaxonomic
we also obtained evidence for high species diversity andeatures were then identified by 16S rDNA sequence analy-
existence of unidentified taxa of actinomycetes in the tropsis.
ical rainforests of Singapore. For morphological observations, the actinomycetes were
grown on glass cover slips which were half-way inserted
into ISP4 agar plates as previously described [10]. The
plates were incubated at 30 for 1-2 weeks or longer for
Isolation of actinomycetes the slow-growing actinomycetes. Cells on the cover slips
A total of 100, 100, 80 and 70 soil samples were collectedvere examined using a light microscope for the description
from Bukit Timah Nature Reserve (primary forest), Sungeiof morphological properties.
Buloh (mangrove swamp forest), Sentosa Island (scattered For chemotaxonomic studies, aerial and substrate myce-
primary and secondary forest), and Singapore Botanitia of actinomycetes were scraped from the same plates
Garden (patches of primary forest), respectively. For allused for morphological observations. The mycelia were
samples, soil from the surface to about 10 cm deep waprocessed and the isomers of diaminopimelic aclds (
collected as a mixture. DAP or meseDAP) and whole cell sugar patterns were
Soil samples were processed on the day of collectiondetermined as previously described [18,19]. Precoated
Each sample was first air-dried in a chemical fume hoodcellulose plates (Merck, Darmstadt, Germany) were used
for 3 days and then ground in a mortar. The sample wasor thin layer chromatograpy (TLC).
divided into two parts, one being heated af@0and the . .
other at 126C for 60 min. Five grams of each sample were Préparation of genomic DNA ,
then suspended in 20 ml sterile water and 10Gdiquots The preparation of genomic DNA of actinomycetes was

of a serial dilution (1:10) were spread onto isolation platesc@rried out as described [33].

whose surfaces had been dried in a laminar-flow hood. The~p amplification and sequencing of 16S rDNA
following media were used Tor isolation plates: GYP agarTwo oligonucleotide primers that would amplify an
ISP2, ISP3, ISP4, Czapek's sucrose agar, Starch Cas€fhproximately 900-bp fragment of rRNA gene were used
agar, Glucose asparagine agar, Malt yeast extract agap pCR reactions. The sequences of the two oligonucleo-
Bennett's agar (recipes for the above media are describgyes are: BAGAGTTTGATCCTGGCTCAG 3 targeting
in Ref [2]), HU agar [10] and HV agar [10]. To minimize ncleotides (nt) 8-24 oEscherichia colil6S rRNA [3]
the growth of fungi and undesirable bacteria, nystating,4 sccCCGTCAATTCATTTGA 3 (nt 933-915). PCR
(25 ug mi™), cycloheﬁlmlde (5Qug mi*) and pOtaSSme amplification of 16S rDNA was carried out as described
dichromate (SQwg mi™) or nalidixic acid (SOugmI™)  [33] PCR products were resolved on a low-melting-point
were added to the isolation media [10]. _ agarose gel, excised from the gel and purified using a QIA-
To reduce the number of fast-growing non-acti- 5.ick Spin PCR purification kit (Qiagen GmbH, Hilden,
nomycetes, another pretreatment _of_ the soil samples WaSermany). About Jug of a purified PCR product was
to suspend 5 g of the a'r'dfl'ed soil in 20 ml LB medium gequenced from both ends using the same primers as those
supplemented with 1g mi™ of ampicillin or penicillin  ,seq for the PCR amplification on an ABI automatic
and shake the suspension at 200 rpm 4C36r 3 h before  oquencer (Perkin-Elmer, model 377; Norwalk, CT, USA).
spreading aliquots of the serially-diluted suspension onterg gssess the potential effect of rDNA heterogeneity on the
isolation plates. phylogenetic analysis, the PCR products from 50 randomly

To increase the possibility of isolating rare acti- gejected isolates were also cloned as described [33] and
nomycetes, various chemicals and antibiotics were addeg ee clones from each PCR product were sequenced.
to different isolation plates, such as 0.05% SDS, 0.25%

phenol, 15ug mi™ novobiocin, 25ug mI™* rifamycin,  Database search and phylogenetic analysis
25 ug ml™? tunicamycin, 15ug mi~ streptomycin, 25.g mr? Phylogenetic identity of an actinomycete was first deter-
kanamycin, 1Qug mI™* miconazola, 0.§g mI? penicillin mined by searching Genbank using the BLAST program
and 4ug mit polymycin B [10]. The chemotactic method and then confirmed by performing both multiple sequence
described by Palleroni [22] was used for isolation of zoo-alignment for visual examination of genus-specific nucleo-
spore-producing actinomycetes. tide signatures and construction of phylogenetic trees. The
The isolation plates were incubated at 28*G@or 7-15 multiple sequence alignment and tree construction pro-
days for fast-growing actinomycetes or up to 35 days forgrams in the DNASTAR software package (DNASTAR,
slow-growing ones. Actinomycete colonies on the isolationinc, Madison, WI, USA) were convenient and reliable tools
plates were examined using a stereoscope (Leica Wild M&®pr this purpose. For more robust phylogenetic analyses, we
magnificationx90) and picked on the basis of morphologi- used the neighbor-joining method in the ClustalV package
cal features and colors of pigmentation including diffusible[11,26]. The stability of tree topology was evaluated by
pigments. Selected colonies were transferred to ISP4 goerforming 1000 bootstrap replications using the BOOT-
Bennett's agar slants for further taxonomic analysis. STRAP program contained in the same software package.

Materials and methods



Actinomycete diversity

P
o Y Wang et al
180 Results Table 1 Actinomycete genera found in the rainforests in Singapore
Idemlﬁcatlon of act/nomy cete isolates . Genus No. of No. of = GenBank accession No.
By using the morphological and chemotaxonomic proper- isolates submitted
ties alone, we were able to achieve generic identification sequences
of more than 80% of the isolates, which include several
frequently occurring genera such as 3204 isolateSta#p- (1) Actinocorallia 1 AF131298
tomyces 755 of Micromonosporaand 206 ofActinoplanes  (2) Actinomadura 280 AF131299-AF131332
206 AF131333-AF131350

A fraction (~10%) of these isolates were also cross-exam{3) Actinoplanes

. . 4) Actinosynnema AF131351
ined by 16S rDNA sequence analysis. Except for one cas g Amycoétopsis AF131352
where aNocardioidegsolate was mis-identified &trepto-  (6) Arthrobacter AF131353

myces no discrepancy was found between the generid?) Catellatospora AF131354-AF131356
identities determined by the two approaches. The reliablé?) Cellulomonas AF131357
. . 9) Couchioplanes AF131358

generic identification of members of these large genera by, o) pactylosporangium AF131359-AF131366
the first approach greatly reduced the number of isolateg 1) Geodermatophilus AF131367

that required the application of the more costly DNA (12) Glycomyces AF131368-AF131369
sequence analysis. The rest of the isolates (a total of 83513) Herbidospora AF131370
4) Intrasporangium AF131371

were identified by 16S rDNA sequence analysis following( .
. . . . (15) Kineospora

the examination of their morphological and chemotaxo-(g) kitasatospora

nomic properties. Table 1 summarizes the results of identi¢17) Microbispora

fication. Actinomycetes belonging to 36 genera were found(18) Micromonospora

Excluding all identical or nearly identical sequences, a totafL9) Microtetraspora

of 350 partial 16S rDNA sequences have been submitte (1); Hgﬁ;:g:gpsis

AF131372-AF131373
AF131374-AF131380
AF131381-AF131385
AF131386-AF131432
AF131433-AF131436
AF131437-AF131448
AF131449-AF131451

to the GenBank. (22) Nonomuria AF131449-AF131477
. . . . (23) Planomonospora AF131477

Evaluation of species diversity (24) Planotetraspora AF131478

To evaluate the species diversity of the actinomycetes, wé5) Promicromonospora AF131479

AF131480-AF131482
AF131483-AF131484
AF131485-AF131491
AF131492—-AF131493
AF131493-AF131496
AF131497-AF131499
AF131500-AF131609
AF131610-AF131625
AF131626-AF131628

needed to establish the relationships between our isolaté4g) Pseudonocardia
and known species. A broad range of methods has be 8 ggggﬁ;&c’fjispora
used for similar purpose, which are largely based on thregg) saccharothrix
sources of information: genomic, phenotypic and chemica(30) Spirillospora
(for review, see Ref [9]). In principle, they aim to find the (31) Streptoalloteichus
levels of similarities between different environmental iso-(32) Streptomyces

. (33) Streptosporangium
lates and between them and the known species. Cloggs) Tsukamurella
relatedness of different environmental isolates with all or(3s) verrucosispora AF131629-AF131631
most known species and formation of new centers of vari{36) Kribbella AF131632-AF131635
ation by new isolates would indicate high species diversity37) _Poltle”“a'd_”‘.’&’e' genus 2 2 AFI31636-AF131637
and the presence of new taxa. In this study, we used 168 By e laShe 3 3 AF131638-AF131640
rDNA sequence-based phylogenetic analysis to investigate ~ iy streptosporangiaceae
the species diversity of actinomycetes. We first focused oug39) Potential novel genus 7 7  AF131641-AF131647
study on four generéBtreptomycedvlicromonosporaActi- in Thermonosporaceae
nomaduraand Nonomuriafor two reasons. First, a large
majority of antibiotics of actinomycete origin were isolated
from members of these genera; second, 16S rDNA
sequences of about 100 knoBtreptomyceand nearly all  throughout the tree. Second, many clades exist consisting
valid species of the latter three genera had been determinekclusively of the new isolates (clades denoted by horizon-
[16,17,25,33,35,38]. Since there were a large number ofal arrows). The genus dbtreptomycegmbraces several
isolates belonging t&treptomycesand Micromonospora  hundreds of species but only about 100 sequences are cur-
we tried to reduce the number to a manageable level forently available from the databases. Thus, we cannot rule
16S rDNA sequence analysis without sacrificing too muchout the possibility that the clades consisting solely of new
on diversity. By microscopic examination of morphological isolates are closely related to the known species that are left
properties we selected about 10% of the isolates from eaobut in this study. However, for the gendvicromonospora
of the two genera. Excluding identical sequences, 110 anéctinomaduraand Nonomurig nearly all the valid and
47 rDNA sequences fronstreptomycesand Micromono-  many invalid species were included. Therefore, the clades
spora respectively, were subjected to phylogenetic analy-consisting of new isolates are more likely to represent novel
ses. The results are shown in Figures 1 and 2. We also antaxa. Many bacteria may contain heterogeneous copies of
lyzed 38 and 23 sequences belonginghttinomaduraand  rRNA genes and the level of sequence dissimilarity may
Nonomuria(Figure 3). Two features of the distribution pat- be as high as 6% [6,34]. To address whether rDNA hetero-
tern of the new actinomycete isolates relative to the knowrgeneity contributed to the distribution of the new isolates
species strongly indicate high species diversity and then the trees, the PCR-amplified rDNA of many isolates was
presence of novel taxa. First, the new isolates are quiteloned and multiple clones were sequenced. Though low
evenly distributed into clades represented by known specidsvels of difference €1%) were occasionally observed
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between different clones from the same isolates, theydentified in this study is significantly higher. The result

always aggregated closely on the tree (results not shownjnay indicate that in tropical rainforests, actinomycete

Recently, Uedeet al [32] reported that only 2.5% of the diversity is indeed very high as for plant and animal spec-
Streptomycestrains showed more than one base substiies. The evidence for high species diversity is corroborated
tution between different copies of the 16S rRNA gene in aby the fact that actinomycetes isolated in the tropical rain-
120-bp fragment containing the highly varialieregion.  forests in Singapore are, in phylogenetic terms nearly as
Taken together, we conclude that the effect of rRNA gendliverse as the known species that were collected from many
heterogeneity is minimal on the results of phylogeneticdifferent geographic regions on this planet over many dec-

analysis presented here. ades. However, this does not exclude the possibility that
the results may simply reflect the different procedures and
Evidence for the presence of novel genera strategies used for isolation and identification in different

The phylogenetic relationships between all the generatudies. For example, members of the geMNsomuria
belonging to three closely related familieBhermomono- presently can only be identified by 16S rDNA sequence
sporaceag Streptosporangiaceaeand Nocardiopsaceae analysis, which was not used in the other studies [13,15,37].
have been thoroughly investigated [24,33,35,38]. The 16Fhe types of actinomycetes we isolated from four different
rDNA sequences of nearly all valid species of these generbcations did not exhibit significant differences, which may
have been determined. Thus, the phylogenetic positions dfe explained by the lack of drastically different ecological
the isolates belonging to these groups can be determinezhvironments on the small island of Singapore.

with a high degree of certainty. On the phylogenetic tree The numbers of actinomycete isolates of different genera
shown in Figure 3, two clades consisting solely of new iso-vary over a wide range, reflecting, to certain extent, the
lates were consistently and distantly related to all the estalrelative abundance of each genus in the tropical rainforests.
lished genera of the three families. The branches leading is also certain that isolation procedures and human biases
to the two clades are deep on the tree and supported kg selecting colonies are factors affecting the relative fre-
high bootstrap values (998 and 936 respectively). The twauency of different groups of actinomycetes among the iso-
clades are very likely to represent new genera, though othdates. Consistent with the results of many other studies,
taxonomic data are needed to confirm the phylogenetistreptomycetes are the most abundant [13-15,37].
results. Another potential new genus was identified in theMicromonosporasolates were the second most frequently
analysis ofNocardioidesrelated isolates (Figure 4). Two found actinomycetes especially on plates containing novo-
isolates, IM7744 and 7747, formed one clade distantlybiocin, a condition well known for its selectivity for
related with members of other genera of the fanNiycar- ~ Micromonospora[10]. From soil samples that had been
dioidaceae The closest phylogenetic neighbors of IM 7744 pre-grown for 3h in LB medium supplemented with
and 7747 are strains dfribbella, a new genus recently 10 ug mi™* ampicillin, considerably more actinomycete col-
proposed by Parkt al[23]. The distance between the clade onies were observed on ISP4 isolation plates and many
of IM 7744 and 7747 and the clade Kfibbella is signifi- ~ members ofActinomaduraand Nonomuriawere isolated.
cantly longer than that separating the two gensesomic-  This is likely due to killing of most fast-growing non-acti-
robium and Nocardioides indicating the possibility of IM  nomycete bacteria by ampicillin, while most slow-growing
7744 and IM 7747 as members of a new genus. actinomycetes and their spores are resistant to the drug. As
shown in Table 1, the majority of the actinomycete isolates
belong to five genera, whereas members of most genera
were found only once or a few times. It is therefore difficult
In this report, we describe the characterization of acti4to establish which medium or treatment is particularly
nomycetes isolated from the tropical rainforests in Singaefficient in isolating members of a certain genus, except
pore and the evaluation of their diversity at genus and spethe method [22] designed for isolating zoospore-producing
cies levels. By using a wide range of isolation media andactinomycetes which led to the isolation of many members
sample-treatment methods and an identification strateggf Actinoplanes We believe that the intrinsic high acti-
combining morphological and chemotaxonomic propertiesnomycete diversity in the tropical rainforest, our usage of
with 16S rDNA sequence-based phylogenetic analysis, wa wide range of isolation media and sample-treatment
identified, from a total of 5000 actinomycete isolates, rep-methods and the sensitive identification by 16S rDNA
resentatives belonging to 36 known genera of acti-sequence analysis collectively contributed to our isolation
nomycetes. The total number of actinomycete genera foundnd identification of actinomycetes belonging to 36 genera.
is apparently much higher than that reported in similar stud- The discovery of many new phylogenetic clusters of acti-
ies conducted in other geographic regions. RecentlyeXu nomycetes in our study is not surprising. Many previous
al [37] and Jiang and Xu [15] reported the identification of studies of microbial diversity concluded the presence of
29 genera of actinomycetes (six of which are synonyms ofiumerous uncharacterized bacteria in nature. For example,
others, the actual number is therefore 23) in the whole Yunby using pyrolysis mass spectrometry, Sangéerl [27]

nan province of China, a vast area with complex physicainvestigated the relationship between a large number of
geography and several climate zones. In another report @nvironmental isolates dflicromonosporaand type strains
actinomycete diversity in south China, a total of 21 generaf known species. They also found that many of the new
were found from a study of nearly 10 000 strains [13]. Sin-isolates clustered far away from known species, suggesting
gapore is only a tiny fraction of Yunnan in size (641%m the presence of novel taxa. Huddlesten al [14] also

vs 436150 knd), but the number of actinomycete generareported the isolation from soybean rhizosphere soll

Discussion
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182 632 S. acidiscabies ATCC49003T
—L " "IMe97s

Streptomyces sp.GP770 and 3 related strains
S. microstreptospora IFO14669"
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S. megalomicea DSM438927

S. ornatus DSM403077
omaty Streptomyces sp. C7655

S. griseus subsp. griseus KCTC9080T and 2 related strains
S. setonii ATCC254977

IM7082

__1IM6880
|S. purpureus DSM434607

7
S. subrutilus DSM404457 .
S. lavendulae IFO12789 and 7 related strains
7
——/_'M—’EI S. virginiae IFO3729 and 3 related strains

S. bikiniensis DSM405817

| IM7307 IM6975 S. cinnamoneus subsp. cinnamoneus DPDU0093”
IM7159
1000 |S. olivoreticuli subsp. cellulophilus DPDU0278"
723 1IM7341
556 IM7356
S. roseoverticillatus DPDU0819"
N IM7145
1 IM7529
IM7184
IM6926
IM7230 (M1055
———IM7170
l——IM7O43

M71a4  M7197

IM8021
S. seoulensis IMSNU212667
M6958

IMB991

IM7175
IM7474
— S. galbus DSI\#O%%QT

Streptomyces sp. B71277 and 3 related strains
IM718
S. diastatochromo eznes ATCC1 23097

S. neyagawaens:s AT
882 888 [————r_
L__‘<<] S. scables ATCC49173" and 5 related strains
S. bottrepensis ATCC254357
S. aureofaciens NRRL2209
Streptomyces sp. Strain1931

Figure 1 Phylogenetic tree of members belonging to the gebisptomycesThe tree was reconstructed by using the neighbor-joining method [26].
The region from nucleotides 27—90Bgcherichia colinumbering [3]) of the 16S rDNA sequences was used for the analysis. The sequences of all the
known actinomycete species were retrieved from the Genbank sequence database. The abbreviations for the culture collections are: ATCC, Amel
Type Culture Collection, Rockville, MD, USA; DPDU, Istituto di Difesa delle Plante, Universita degli Studi di Udine, Udine, Italy; DSM, Deutsche
Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany; IFO, Institute of Fermentation, Osaka, Japan; JCM, Japan Collection
Microorganisms, Wako, Japafd@ntinued.
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844 IM6960

IM7464
IM6899
IM7534
IM7585
509 S. thermolineatus DSM414517
——{ 998 [ S. megasporus DSM414767
S. macrosporus DSM414497

Figure 1 Continued. KCTC, Korean Collection of Type Cultures, Korean Research Institute of Bioscience and Biotechnology, Taejeon, Republic of
Korea; NRRL, Northern Regional Research Laboratory, Agriculture Research Service, US Department of Agriculture, Peoria, IL, USA. The tree is
presented in two parts which are connected by the vertical branches with an arrow at the end. The horizontal arrows point to the clades cogsisting solel
of new isolates. The bar at the top indicates the number of inferred substitutions per 100 nucleotides. The numbers at the nodes indicate the levels
of bootstrap support based on 1000 resamplings. This tree is part of a large tree constructed by including representative members of many other
actinomycete genera.
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Figure 2 The phylogenetic tree of isolates belonging to the geMicsomonosporaFor details, see the legend to Figure 1. This tree is part of a tree
constructed by including representative members of all genera in the fafiglpmonosporaceae
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