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ABSTRACT

The cultivable actinomycetes from tropical limestone caverns at Khao No-Khao
Kaeo karst, Thailand, were investigated. In total, 276 actinomycetes were isolated from 10 soil
samples using different selective isolation procedures. The predominant actinomycetes from
all samples were members of the genus Strepromyces (94.6%) as they contained
LL-diaminopimelic acid (A pm) in their whole cell hydrolysates. The remaining 15 isolates
(5.4%), rich in meso-A, pm in whole cell hydrolysates were characterized by 165 rRNA gene
sequencing. They were shown to represent strains from 8 different genera namely Actinomadura,
Actinoplanes, Gordonia, Microbispora, Micromonospora, Nocardia, Nonomuraea and Saccharopolyspora.
A good agreement was found between the results based on morphology, presence of
meso-A,pm and 165 rRNA gene phylogeny. Microwave treatment of soil samples was found
to promote the isolation of rare actinomycetes. Successful isolation of members of the
genus Actinomadura and Saccharopolyspora from caves was reported for the first time. This study
confirms significant diversity of cultivable actinomycetes from neglected habitats such as
limestone caves in Thailand.
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1.INTRODUCTION

Members of the actinomyecetes,
especially streptomycetes, have long been
recognized as prolific producers of useful
bioactive compounds[1]. The search for novel
antibiotics and other bioactive microbial
metabolites is important for the fight against
new and emerging pathogens [2, 3, 4].
Isolation of actinomycetes from unique
natural habitat is of interest to avoid re-

isolation of strains that produce known
bioactive metabolites and usually lead to
highly diversified actinomycete communities.
There is an increasing awareness of the
potential value of rare actinomycetes (non-
streptomycete actinomycetes) as sources of
new metabolites. Neglected habitats are
proving to be a particularly good source of
novel actinomycetes that produce new



374

bioactive compounds, as exemplified by
studies on actinomycetes isolated from
desert soil [5, 6], lichens [7] and marine
habitats [8, 9, 10]. Therefore, actinomycetes
have been intensively surveyed in different
ecological area and underexplored environ
ments in various parts of the world [11, 12,
13].

Cave is one of habitat attracting
microbiologists’ interest during the past
decade [14, 15] with a combination of
unique conditions including high humidity,
relatively low and stable temperature [16].
Many microbiologists believe that microbes
collected from pristine sites that were
unexplored or rarely visited by humans
were likely to be novel taxa or strains
which produce unique beneficial chemical
compounds. Limestone karsts are sedimentary
rocks which consist primarily of calcium
carbonate. In Southeast Asia, karsts cover
an area of around 400,000 square kilometers,
with geological ages ranging from the
Cambrian to the Quaternary [17]. The high
species diversity on karsts made from a
various ecological afforded by complex
terrains, fissured cliffs and caves, and variable
climatic conditions[18].

In an early work, great diversity of
cultivable actinomycetes was found in the
Altamira cave, Cantabria, Spain [14, 16],
Tito Bustillo, Spain [16, 19] and Grotta dei
Cervi, Italy [20]. Many novel species have
been discovered from cave environments,
such as Actinocorallia cavernae[21], Agronyces
subbeticus[22], Amycolatopsis halotolerans[23],
Nocardiaaltamirensis[24], Nocardia speluncae[25),
including novel genera such as Knoellia[26]
and Hoyosella [27]. However, the studies of
actinomycetes diversity in caves of Thailand
are still rare [28, 29].

The primary aim of this present study
was to determine the diversity of cultivable
rare actinomycetes from limestone caves in
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Khao No-Khao Kaeo karst area of
Thailand. The efficiency of various selective
isolation procedures employed was also
discussed.

2. MATERIALS AND METHODS
2.1 Samples Collection

Ten soil samples were collected from
4 unnamed caves located in Khao No-Khao
Kaeo karst, Nakhon Sawan province,
Thailand (15° 56' N and 99° 52" E) in
March 2007. The upper 5 cm layer of cave
soils were collected in sterile plastic bags
and transported to the laboratory. Soils
were air dried at room temperature for
7-10 days before grind with mortar
and sieved. The pH of each soil sample
was determined following the procedure
described by Reed and Cummings[30] using
a glass electrode pH meter and expressed
as an average of triplicate readings.

2.2 Selective Isolation and Enumeration
of Actinomycetes

One gram of dried soil was aseptically
diluted in 9 ml of sterile 0.85% NaCl
solution. The resultant 107 soil suspension
was agitated on a shaker at 150 rpm at room
temperature and subjected to the following
pretreatment regimes unless otherwise
indicated:

a) Wet heat: Soil suspension was heated
in a water bath at 50°C for 6 min and cooled
at room temperature [31].

b) Dry heat: One gram of dried soil
sample was heated at 120°C in hot air oven
for 1h[32].

¢) Dry heat and phenol: One gram of
heated soil sample (at 120°C for 1 h) was
diluted in 9 ml of sterile 0.85% NaCl
solution. The resultant soil suspension (1 ml)
was added to 9 ml of 1.5% phenol solution
[32]. The mixture was then incubated at
room temperature for 30 min.
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d) Electromagnetic wave: This
pretreatment was adapted from Bulina et
al.[33]. Soil suspension was irradiated with
the microwave oven at frequency of 2460
MHz and a power setting at 100 watt for
45 sec.

e) No treatment: Soil suspension was
diluted without any prior pretreatment.

The pretreated samples were further
diluted down to 10* using 0.85% NaCl
solution. One hundred microliters of an
appropriate dilution were spread over the
surface of starch casein (SC) agar plates [34]
for pretreatment regime a-d and Humic
acid-Vitamin (HV) agar [35] for regime d
and e. All media were supplemented with
nalidixic acid (25 ug/ml) and ketoconazole
(100 ug/ml) to inhibit the growth of
bacteria and fungi, respectively. The pH of
all media was adjusted to 7.

Numbers of presumptive actinomycete
colonies on each plate were counted after
incubation of the inoculated plates at 30°C
for 2 weeks and expressed as mean colony
forming units (c.f.u.) per gram dry weight soil
of three plates. The putative actinomycete
colonies were randomly selected and
purified by streak plate method on GYE
agar [1% glucose (w/v), 1% yeast extract
(w/v) and 1.5% agar (w/v)] until pure
culture was obtained. Purified isolates were
maintained on GYE and oatmeal agar (ISP
3) slopes [36]. Stock cultures were prepared
by transferring mycelium and spores of
purified isolates into 20% glycerol solution
and kept at -20°C for long term preservation
[37].

2.3 Colour Grouping and Characterisa-
tion of the Isolates

Putative actinomycete isolates were
inoculated onto oatmeal agar [36] and
peptone-yeast extract-iron agar plates (ISP 7)
[36]and incubated at 30°C for 14 and 4 days,
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respectively. The oatmeal agar plates were
examined for aerial spore mass colour,
substrate mycelium colour and diffusible
pigments using NBS/IBCC color chart
[38]. The peptone-yeast extract-iron agar
plates were recorded for melanin pigment
production.

The presence of isomer of diamino
pimelic acid (A,pm) in whole cell hydrolysates
were determined according to the methods
described by Becker et al. [39] and Hasegawa
et al. [40] using biomass obtained from a
culture grown on ISP 2 agar [36]. The spore
chain morphology of selected LL-A pm
containing isolates grown on oatmeal agar
plates was examined by light microscopy.
Spore-chain morphology and spore
ornamentation of representative meso-
A,pm containing strains were observed
using both light microscopy and scanning
electron microscopy (JEOL JSM 5600 LV).

2.4 16S rRNA gene Amplification and
Analysis

Total genomic DNA from 15 isolates
that contained 772es0-A pm was extracted using
standard method [41]. The 16S rRINA gene
was amplified by PCR with the universal
bacterial primer 27f (S’ AGAGTTTGAT
CMTGGCTCAG 3')and 1525¢ (5' AAGGA
GGTGWTCCARCC 3'[42]. Amplification
were performed using GeneAmp PCR
System 9700, according to the following
profile: initial denaturation at 95°C for
3 min followed by 30 cycles of 95°C for
1 min, 55°C for 1 min and 72°C for 1 min;
these cycles were followed by a final extension
at 72°C for 5 min. The PCR products were
purified and sequenced (Macrogen, Korea)
using universal primers [42]. The resultant
16S rRNA gene sequences were aligned
against corresponding sequences of the type
strains of actinomycete species, retrieved
from EMBL/GenBank database, using the
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CLUSTAL X[43]and PHYDIT programs
(http://plaza.snu.ac.kr/ ~ jchun/phydit/).
An unrooted phylogenetic tree was inferred
using the neighbour-joining and maximum-
parsimony tree-making algorithms [44]. The
tree topology was evaluated by bootstrap
analyses of the neighbour-joining data
based on 1000 resamplings. All analyses were
carried out using TREECON software [45].

3. RESULTS AND DISCUSSION
3.1 Characteristics of Cave and Cave Soils
Khao No-Khao Kaeo karst is an area
which formed 440 million years ago, situated
282 m above medium sea level on the west
of Banpotpisai district, Nakhon Sawan
Province, Thailand. All caves are not tourist
attraction sites and free from human
activities. Samples were light brown in
colour with bat guano in sample A1and A2;
fine soil with stone in sample B1-B3, sandy
soil in sample C1-C3 and fine soil with
slug shell in sample D1 and D2. The average
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pH of all soil samples was between 5.5 and
7.6 (Table 1). Most samples were weak acid
(5.5 - 6.5), except sample B2, B3, C1 and
C3 which were neutral (6.5-7.6). The slightly
acidic pH may be due to animal secretion
such as bat guano. Mineralization processes
of such animal inputs resulted in the
production of nitric acid and sulphuric acid
have been reported [46]. The alkali pH of
8.29 was reported from soil collected from
Phanangkoi cave in northern Thailand [28].

3.2 Selective Isolation and Enumeration
of Actinomycetes

A total of 276 actinomycete strains were
isolated from 10 cave soil samples with
the use of various methods. In general,
actinomycetes were isolated from all
samples. The highest number of isolates
was from sample A2 (78 isolates) with the
lowest numbers from sample C3 (3 isolates)
(Table 1). The total actinomycete counts were
ranged from 0 - 8.5 x 10* c.f.u. per gram, a

Table 1. Soil pH and total actinomycetes counts in soil samples from different pretreatment

methods (c.f.u./gdry soil).
Sample pH a) Wetheat b) Dry heat ¢)Dry  d) Electromagnetic wave ¢) No Total
(SO) (50) heatand (55 [{V)  treaument number
phenol (HV) _Of
(SO) isolates
Al 64 12x10° 3.6x10° ND 1.2 x 10° 6.0x10° 1.2x10° 5
A2 62 58x10* 1.2x10° 3.0x10*° 23x10° 1.2x10* 2.8x10° 78
Bl 58 3.0x10* ND ND 4.0x10? 3.0x100 2.1x10° 4
B2 76 72x10* 20x10° 4.1x10° 8.4x10° 7.2x10*  3.5x10° 76
B3 75 85x10* 1.6x10° 13x10° 5.2x10* 7.7 x10* 6.0 x 10* 62
Cl 69 17x10* 5.0x10° 1.6x10° 6.4x10* 1.4x10* 2.0x10* 34
C2 55 4.0x10* ND ND 40x10> 2.0x10* 2.0x10° 6
C3 68 85x10* ND ND 4.0x10° 39x10*  7.0x10° 3
D1 57 14x10° 1.0x10> ND 1.0x 102 8.0x10* 1.2x10° 4
D2 65 95x10*> ND ND 3.4x10° 6.0x10°  3.0x10° 4
276

N.D. - Not detected, no any colonies on the agar plates which incubated at 30°C for up to

4 weeks.
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slightly higher count than the earliest
report in Thailand by Laorpaksa et al. [47]
(4.4 - 7.0x 10° c.f.u. per gram), which may
be a result from the use of selective
pretreatments in this study. Several selective
isolation procedures were employed in
order to isolate actinomycetes from cave
soil samples collected from Khao No-Khao
Kaeo limestone karst. It has been shown
previously that the treatment of samples
may lead to growth inhibition of some
genera and stimulated germination of other
genera [11, 33]. Both moist and dry-heat
pretreatment regimens have long been used
to select for various actinomycete groups
[48]. Moist-heat by heating the soil dilution
in a water bath at 45, 50 or 70°C has been
used to eliminate the spreading of bacterial
colonies on actinomycete isolation plates.
They are extremely useful standard
procedures for routine isolation [48]. In
this experiment, the general selective
isolation procedure for actinomycetes by
spreading on starch casein agar and humic
acid vitamin agar showed the numbers of
actinomycete isolates in each cave soil
sample ranged from 3.0 x 10% to 8.5 x 10*
c.f.u. per gram dry soil sample (Table 1).
Dry heat treatment either at 120°C for 1
hr (procedure b) or dry heat at 120°C for
1 hrand 1.5% phenol (procedure c) showed
the specific
in reducing the number of undesirable
bacteria. However, these treatments also

most and effective

resulted in a reduction in numbers of viable
actinomycetes recovered. For example, there
was no colony appeared on the agar plates
from sample B1, C2, C3 and D2 when
procedure b was used as pretreatment. Similar
result was also observed with pretreatment
procedure c for sample A1, B1, C2, D1 and
D2, even after the plates were incubated at
30°C for up to four weeks.

The efficiency of microwave treatment
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was evident in this study as most non-
streptomycetes actinomycetes were obtained
using this regime. Pretreatment of soil samples
with 2460 MHz microwaves at 80 W for
30 sec resulted in a significant increase
(threefold on average) in the proportion of
rare actinomycetes isolated [33]. The analysis
of whole cell hydrolysates revealed that most
non-streptomycetes (77es0-A,pm containing
strains) were recovered from isolation
associated with procedure d, which used
microwave irradiation at 2460 MHz, setting
at 100 watt for 45 sec, before spreading on
HYV agar. Twelve isolates of actinomycetes,
which are rich in 7mes0-A pm, were recovered
from this procedure. The remaining 4 non-
streptomycete actinomycetes were also
isolated from HV agar seeded with un-treated
samples. HV agar was reported to support
good sporulation of rare actinomycetes which
offers an advantage for rapid morphological
identification [35, 49] with long-working
distance objective lens. This media was
designed for isolation and enumeration of
soil actinomycetes [35]. It has been used
successfully in recovery of various rare and
novel actinomycete taxa from environments
[28, 29, 50, 51, 52].

3.3 Colour Grouping and Chemotaxono-
mic Characterization

A total of 276 actinomycetes with
different colony types were recovered from
cave soil samples with the use of various
methods. Chemotaxonomic analysis of whole
cell hydrolysates revealed the presence of
the LL-A,pm isomer in 261 isolates (94.6%)
and meso-A,pm isomer in 15 isolates (5.4%).
The LL-A,pm containing isolates formed
branched substrate mycelia with aerial
myecelia that formed chains of spores. They
were assigned to the genus Strepromyces [53].
These isolates could be assigned to 10 multi-
membered colour groups based on
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observation of spore color on oatmeal agar.
The largest taxon, dominated by grey spore
colour group, encompassed 39.5%, following
by white (33.8%) and brown (16.1%) spore
colour group. The assignment of these isolates
to various colour groups indicated high
degree of diversity. Colour grouping has
been shown to provide a valuable index of
taxonomic diversity of streptomycetes in
natural habitats [6, 54]. On the basis of their
morphological characteristics and analysis of
diaminopimelic acid isomer, all cave soil
samples were dominated by representative
of the genus Streptomyces, a result in good
agreement with those from earlier surveys
[20, 29, 55, 56, 57].

The 15 remaining 77es0-A,pm containing
actinomycetes, assigned to non-streptomycete
actinomycetes or rare actinomycetes were
subjected to 16S rRNA gene sequencing.
Morphological examined by light microscopy
and scanning electron microscopy (Figure 1)
was also supported the results received
from the detection of diaminopimelic acid
type in cell hydrolysates. Cylindrical sporangia
were well developed on the substrate
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mycelium of Actinoplanes sp. NN272 (Figure
la). Actinomadura sp. NN242 formed
spiral spore chains with smooth spore
ornamentation (Figure 1b). Gordonia sp.
NN234 grew as short rods that occur in
short chains (Figure 1c). Nocardia sp.
NN256 formed substrate mycelium that
fragments into rod-shaped (Figure 1d). It
is evident that these strains presented
morphological properties typical of their
assigned genera.

3.4 Molecular Taxonomic of meso-A,pm
Containing Actinomycetes

All 16S rRNA gene sequencing studies
were focused on non-streptomycetes isolates
which were preliminary identified on the
basis of morphological characteristics and
chemotaxonomic analysis. Fifteen isolates
which contained meso-A,pm in whole cell
hydrolysates were selected for molecular
taxonomical studied for nearly completed
16S rRNA gene sequence analysis. The resulting
sequences, 1366 nt to 1428 nt, depending on
the isolate (except for strain NIN274, 977 nt)
were determined and compared with the

Figure 1.Scanning electron micrographs of spore ornamentation of representative isolates
from Khao No-Khao Kaeo limestone karst. (a) Actinoplanes sp. NIN272 grown on ISP 4[36]
for 21 days; (b) Actinomadura sp. NN242 grown on ISP 3 for 21 days; (c) Gordonia sp. NIN234
grown on GYE agar for 5 days; (d) Nocardia sp. NN256 grown on ISP 2 for 7 days. Bar

intervals is 1 pm.
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sequences available in the GenBank
databases using BLASTN. The 16S rRNA
gene sequences revealed that they were
members of the following 8 genera:
Actinomadura (2 isolates, family
Thermomonosporaceae), Actinoplanes (2
isolates, family Micromonosporaceae),
Gordonia (2 isolates, family Nocardiaceae),
Microbispora (2 isolates, family
Streptosporangiaceae), Micromonospora (3
isolates, family Micromonosporaceae),
Nocardia (1 isolate, family Nocardiaceae),
Nonomuraea (2
Streptosporangiaceae) and Saccharopolyspora
(1 isolate, family Pseudonocardiaceae), with
97.7 - 99.8% similarity to their nearest
neighboring strains. The percentages of 16S
rRINA gene sequence identity of these isolates
to the closest type strain are presented in
Table 2. Phylogenetic tree constructed based
on nearly complete 16S rRNA gene
sequences confirmed their affiliation to 5
actinomycete families Micromonosporaceae,

isolates, family
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Nocardiaceae, Pseudonocardiaceae,
Streptosporangiaceae and

Thermomonosporaceae and supported by
high bootstrap values (Figure 2).

Two Actinomadura strains NN236
and NIN242 were isolated from sample B2
and D2, respectively. Both strains were
most closely related to A. napierensis
sharinga 16S rRINA gene similarity of 99.03
and 98.96%, respectively. They clustered
with A. meyerae in the 16S rRNA gene
tree but formed well separated subclade
support by 99% bootstrap value (Figure
2). Members of genus Actinomadura were
widely distributed in soils but have not
been reported from the caves before.
However, other members of family
Thermomonosporaceae, genera Actinocorallia
and Spirillospora were reported from caves
in Northern Thailand [28, 29]. In addition,
a new species of Actinocorallia cavernae
isolated from cave in Korea has been

described [21].

Table 2. Analysis of meso-A pm containing isolates based on nearly completed sequence of
the 16S rRNA gene with the most identity to the closest strain from GenBank database.

Genus Strain Source Closest type strain Similarity (%)
(treatment)
Actinomadura NN236  B2(e, HV)  Acdinomaduranapierensis 99.03
NN242  D2(e,HV)  Acinomaduranapierensis 98.96
Actinoplanes NN265 A2 (d,HV)  Adinoplanesxinfiangensis 98.27
NN272  A2(e,HV)  Actinoplanesxinjiangensis 98.14
Gordorsia NN234  C2(HV)  Gordoniaterne 99.80
NN279  C2(d,HV)  Gordoniaterrae 99.79
Microbispora NN274  A1(d,HV)  Microbisporamesophila 97.74
NN277  A1(d,HV)  Microbisporamesophila 97.90
Micromonogpora ~ NN275 D2 (d, HV)  Micromonosporasiamensis 99.0
NN264 D2 (d,HV) Micromonosporasiamensis 98.97
NN271  A2(d,HV)  Micromonosporachalcea 99.57
Nocardia NN256  B3(d,HV)  Nocardiaasteroides 99.08
Nonormutreae NN273  B2(d,HV)  Nonomuraearoseoviolacea 98.49
NN278  B2(d,HV)  Nononmumraeacandida 99.26
Saccharopolyspora - NIN257 B3 (d, HV)  Saccharopolysporaphatthalungensis ~ 98.57
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0.1 substitutions/site

strain NN278 (GU723678) ) ~
Nonomuraea rubra DSM 437687 (AF277200)
Nonomuraea salmonea DSM 436787 (X97892)
Nenomuraea candida HMC10T(DQ285421)
Nonomuraea turkmeniaca DSM 43926 (AF277201)
Nonomuraea helvata 1FO 146817 (U48975)
Nonomuraea spiralis IFO 140977 (U48983)
Nononuraea angiospora IFO 131557 (U48843)
strain NN273 (GU723674) ) >Sfre_mo.s',rrorwrgt'aceae
Nonomuraea roseoviolacea 1FO 140987 (AB039959)
strain NN277 (GU723677)
strain NN274 (GU723675)
Microbispora mesophila JICM 3151T(AF002266)
Mierobispora corallina DF-32T(ABO18046)
o Planotetraspora silvatica TT00-51T(AB112082)
Planotetraspora thailandica BCC 21825V (AB370244)
Planotetfraspora phitsanulokensis A-T 13837 (F1426332)
100_r Actinomadura chokoriensis3-45-a/117 (AB331730)
EA ctinomadura bangladeshensis 3-46-b31(AB331652)
Actinomadura madurae DSM 430677(X97889)
Actinomadura napierensis B60T(AY3568292)
Actinomaduralatina DSM 433827 (AY035998) >Thermomonosporaceae
Actinomadura meyerae A2887 (AY273787)
strain NN242 (GU723667)
100* strain NN236 (GU723666) ) _
100 _— Actinoplanes liguriensis DSM 438657 (AJ865471) ‘\
Actinoplanes cyaneus DSM 461377 (X93186)
Ac.rg'm;p!anc.\‘ rectilineatus IFO 139417 (ABO37010)
Actinoplanes palleronii IFO 14916 (AB037009)
Actinoplanes xinjiangensis 03-8772T(EUS3 1437)
Actinoplanes couchii GW8-17617 (AM400230)
100 strain NN272 (GU723673)
strain NN265 (GU723671) )
Micromonospora tulbaghiae TVU1 T(EU196562)
Micramonospora echinospora ATCC 158377 (U58532)
strain NN271 (GUT23672) . I,
Micromonospora chalcea DSM 430267 (X92594) Micromonosporaceae

100

100*

100% 51

63*| |- Micromonospora marina ISM1-1T (AB196712)
874 Micromonospora aurantiaca DSM 438137 (X92604)
— 100 Micromonospora coxensis 2-30-b/28T (AB241455)
9T Micromonospora saelicesensis Lupac 09T (AJ783993)
Micromonospora chokoriensis 2-19/6 T(AB241454)
Micromonospora krabiensis MA-2T (AB196716)
52 Micromonospora matsumotoense IMSNU 22003T(AF152109)
Micromonospora siamensis TT2-47 (AB193565)
100, strain NN275 (GUT23676)
strain NN264 (GU723670) J
70— strain NN256 (GU723668) ~
91 Nocardia neocaledoniensis SBHR OA6T (AY282603)
100* Nocardia asteroides ATCC 192477 (236934)
Nocardia abscessus IMMIB D-15927 (AF218292)
Nocardia shimofusensis IFM 103 l_l_] T(AB108775)
Nocardiathailandica IFM 101451 (AB126874) P
il 100 ; Gordonia rubripertincta DSM 431977 (X80632) >-"\ acardiaceae
Gordonia namibiensis NAM-BNOG63AT (AF380930)
77, strain NN279 (GU723679)
00f strain NN234 (GU723665)
Bl | Gordonia terrae DSM 43249' (X79286) W,
Gordonialacunae BS2T(EF151959)
100 Saccharopolyspora antimicrobica 105-00074T(EF693956)
strain NN257 (GU723669)
56 Saccharopolyspora spinosa DSM 442287 (AF002818) Pseudonocardiaceae
57 Saccharopolyspora shandongensis 88 (EF104116)
Saccharopolyspora phatthalungensis SR8.157(GQ381309)

Streptomyces albus DSM 4031 3T(AJ621602)

Figure 2. Neighbor-joining tree showing the position of various genera of the selected
actinomycetes isolated from the Khao No-Khao Kaeo limestone karst amongst its phylogenetic
neighbors based on almost complete 16S rRNA gene sequences. Asterisks indicate branches
of the tree that was also found using maximum-parsimony tree making algorithm. Numbers
at the nodes show the percentage bootstrap values. The bar represents 0.1 substitutions per
nucleotide position.
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Strains NN265 and NN272, were
found to present only in sample A2. A 16S
rRNA gene tree showed that they formed
a separate line of descent from their nearest
Actinoplanes neighbours (Figure 2), the
relationship strongly supported by 100%
bootstrap value. Sequence similarity
calculated based on neighbour joining
analysis indicated that they were closest to
A. xinjiangensis, sharing 98.27 and 98.14%
16S rRNA gene similarity values,
respectively. These observations suggested
that these 2 strains may represent
a new species. Representatives from other
genera in family Micromonosporacea previously
reported from caves were Dactylosporangium
[55]and Micromonospora[29].

The 3 Micromonospora strains, another
member of family Micromonosporaceae, were
also isolated from sample A2 (strain NN271)
and sample D2 (strains NIN264 and NN275).
Strain NN271 was closely related to M. chalcea
with 99.57% similarity. Strains NN264 and
NN275, both shared the highest 16S rRNA
gene similarity values of 98.97% and 99%
with M. siamensis, respectively. Both strains
were likely to be a M. siamensis considering
their high 16S rRNA gene similarity values.
M. siamensis was recently proposed for strain
originated from Thai peat swamp forest of
Thailand [58]. The finding of this species in
cave soil suggested it is widely distributed
in terrestrial habitats. The isolation of
Micromonospora strains were also reported
from caves in northern Thailand [29] and
Korea [55]. In addition, one new genus in
family Micromonosporaceae was proposed as
Catelliglobosispora koreensis for strain isolated
from gold mine cave in Korea[59, 60].

Only one Nocardia strain NN256 was
isolated from sample B3. It was clustered
together with Nocardia asteroides and
N. neocaledoniensis with 99.08 and 98.8% level
of 16S rRNA gene similarity, respectively.
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Another member of the family Nocardiaceae,
is genus Gordonia represented by strains NIN234
and NN279. Both were isolated from sample
C2. They were located adjacent to G. terrae
in the phylogenetic tree and showed highest
level of similarity of 99.8% (Figure 2).
Members of the family Nocardiaceae are
common and widely distributed in aquatic
and terrestrial environments; they are
probably involved in the turnover of organic
matter in natural habitats.

Family Streptosporangiaceae was
represented by members of the genus
Microbispora and Nonomuraea. Strains
NN274 and NN277, isolated from sample
A1, fell within the evolutionary radiation
occupied by genus Microbispora (Figure 2).
They are most closely related to M.
mesophila with relatively low 16S rRNA
similarity values of 97.3% and 97.6%,
respectively. The highest 16S rDNA
similarity between the Microbispora type
strains was with M. corallina NBRC 16416"
and M. siamensis DMKUA 245", Although
these organisms have a relatively high
sequence similarity (98.4%) they have alow
DNA-DNA relatedness value [61], a value
well below the recommended cut-off point
for the delineation of bacterial species [62].
Therefore, strains NN274 and NN277 may
merit recognition as new validly described
Microbispora species subjected to polyphasic
taxonomic characterization.

Two Nonomuraea strains NN273 and
NN278 were isolated from sample B2.
They were closely related to N. roseoviolacea
and N. candida, respectively. Strain NN273
shared the highest 16S rRNA gene similarity
0f 98.4% with N. roseoviolacea whereas those
of strain NN278 and N. candida were 99.49%.
Members of this genus were also found in
arecent study by Nakaew et al. [29] including
a hitherto unknown subline. Of note is that
genus Nonomuraea so far has been reported
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only from Thai caves. No previous studies
reported the presence of members of this
particular genus from other caves either by
culture dependent or culture independent
approaches. It is still unclear about the
nature of its distribution and function in
cave habitats.
Strain NIN257 was identified as member
of the genus Saccharopolyspora with S.
phatthalungensis as its nearest neighbour
sharing a 16S rRNA similarity value of 98.57%.
It formed a separated subclade with its
nearest neighbours in the 16S rRNA gene tree
(Figure 2). Members of genus Saccharopolyspora
were mostly isolated from soil. Recently,
new species isolated from lake sediment
and marine sponge were also reported.
Members of genus Saccharopolyspora have
previously only been reported from Altamira
cave, Spain by culture independent survey
using DGGE analysis. This is the first
time that cultured representative of genus
Saccharopolyspora was isolated from caves.
Members of this genus are of particular
interest as they are known producers of
industrially important antibiotics such as the
macrolide antibiotic erythromycin produced
by Saccharopolyspora erythraea. Worldwide
annual sales of erythromycin and its
derivatives are worth billions of dollars [63].
Other family Psendonocardiaceae members
included Anzycolatopsis[16, 20]; Pseudonocardia
[29]and Saccharomonospora[55] were previously
reported from caves. Indeed, 2 new species
of Amyycolatopsis, A. halotolerans and A. jejuensis
[23]and one new species of Pseudonocardia,
P. kongjuensis[64] were also described.
Generally, a 16S rRNA gene similarity
of below 97% between a newly isolated
strain and validly described species warrant
recognition as a new species [65]. It has been
shown that a type strain of actinomycetes
with almost identical 16S rRNA gene
sequences have DNA-DNA relatedness
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values well below the 70% cut-off point
recommended by Wayne et al. [62] for the
delineation of strains that belong to the
same genomic species. For example, the type
strains of Nonomuraea dietzia and N. roseola
have identical 16S rRNA gene sequence
but showed less than 31% of DNA-DNA
relatedness value [66]. The 16S rRNA
sequence data show that several strains
isolated from this study belong to putatively
new species as they are well separated from
their known nearest phylogenetic neighbours
(Figure 2). Though detailed polyphasic
taxonomic characterization of these strains
are required to clarify their status.

Early works on cultivable cave
actinomycetes were limited to only caves
located in Italy and Spain. Soil samples
collected from Altamira[14, 16], Tito Bustillo
and Llonin caves in Spain [16, 19] and
Grotta dei Cervi, Italy [20] resulted in the
isolation of 18 genera in 12 families.
Streptomyces were dominated in all
caves. Rare genera such as Amycolatopsis,
Microbacterium, Nocardia and Rbhodococcus
were also widely distributed in these caves.
In Asia, there were only reports from China,
Korea and Thailand.

A recent study by Nakaew et al. [29]
also reported the isolation of several
rare actinomycete genera (Actinocorallia,
Catellatospora, Microbispora, Micromonospora,
Nonomuraea, Pseudonocardia, Saccharothrix
and Spirillospora) from Phatup Cave Forest
Park and Phanangkhoi cave in northern
Thailand, many of which were also found
in the present study. However, Phatup and
Phanangkhoi caves are situated in a tourist
attraction area which is open to public access.
The impact of human introduction may
contribute to the diversity of actinomycetes
found from the site. Indeed, a correlation
between the number of visitors and diversity
of bacteria has been reported, the higher
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the number of visitors the higher the diversity
of isolated strains, as exemplified by the data
obtained from Altamira, Tito Bustillo and
Llonin caves[16]. Caves with restricted visits
in northern Spain (Llonin and La Garma
caves) also yielded lower diversity [19].
Nevertheless, the results from Nakaew et al.
[29] and our study extended the range of
cultivable actinomycetes from Thai caves to
14 genera including some that never been
recovered from cave habitats before such as
Nonomuraea and Saccharopolyspora. These
findings strongly suggested that actinomycetes
are an indigenous population of microbial
community inhabited in caves. The notion
that is well supported by data from culture
independent studies.

In conclusion, large numbers of actino
mycetes were isolated from Khao No-Khao
Kaeo limestone karst using various established
isolation procedures. All samples were
dominated by Streptonyces species. However,
diverse rare genera were also present.
HYV agar supplemented with nalidixic acid
and ketoconazole in combination with
microwave irradiation pretreatment of soil
samples has been demonstrated to permit
the recovery of rare actinomycetes from
limestone cave soils compared with other
pretreatments. A 165 rRNA gene sequences
analysis suggested that some of the isolates
may represent novel species.

At the time of writing, 4 new genera and
20 new species of actinomycetes from caves
representing 11 families have been described
since 1999 (gathered from International
Journal of Systematic and Evolutionary
Microbiology; [67]). However, the results
from previous culture independent studies
revealed a greater diversity than conventional
cultural based studies [57, 68, 69, 70, 71,
72]. An availability of pure cultures of
such diversity is important to better our
understanding on the physiology of these

383

bacteria and their functions in cave habitats.
The discrepancy of actinobacterial diversity
previously reported by culture dependent
and culture independent studies including
our results highlighted an urgently need for
improved selective isolation procedures to
assess the true diversity of actinomycetes in
caves for bioprospecting. The present
findings not only provide further evidence
that a variety of actinomycetes are common
in caves but show implications of this
diversity for biotechnological exploitation
as actinomycetes are well known as the
most prolific producer of bioactive
compounds [1, 3, 73].
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