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Improved methods for selective isolation of diverse actinomycetes of the genus Micromonospora and a
genus-specific nested PCR for rapid identification of putative Micromonospora isolates were developed. The
robustness of both the isolation and the identification approach was underpinned by phylogenetic analysis

based on 16S rRNA gene sequences.

The genus Micromonospora is a prolific source of various
bioactive metabolites, such as antibiotics and enzyme inhibi-
tors (1, 7, 10, 11, 23), second only to Streptomyces in the order
Actinomycetales (3). At the time of writing, there were 34 valid
species in this genus. Members of Micromonospora are widely
distributed in a variety of habitats, notably soil rich in humus,
and play an important role in the decomposition of organic
matter, but they are usually not the preponderant components
of the actinomycete population (6, 8, 9, 27, 30). Hayakawa et
al. (9) devised a method effective for the selective isolation of
this genus by pretreating soil samples with 1.5% phenol and
using humic acid-vitamin (HV) agar as a basal isolation me-
dium. However, in practical use, colonies are difficult to ob-
serve on the dark HV agar plates, especially the small colonies
bearing no aerial mycelium and sporulating slowly, which are
typical culture characteristics of Micromonospora (14, 30). To
reduce the number of nonfilamentous bacteria, heating dried
soil was effective (26). The antibiotic novobiocin has been used
to improve the selectivity of isolation media for some rare
actinomycete genera (4, 27). In an effort to facilitate the iso-
lation of Micromonospora strains for biotechnological exploi-
tation and to gain better understanding of their diversity, we
developed in this study improved effective methods for isolat-
ing these organisms from soil.

Members of the genus Micromonospora are not easy to iden-
tify on the basis of morphology, for they may form indistinct
colonies that can be confused with other actinomycetes and are
similar in microscopic cell morphology to some other genera in
the family Micromonosporaceae. Compared to the tedious con-
ventional morphological and time-consuming chemical tech-
niques, PCR-based detection using genus-specific primers has
proved useful for rapid identification of several actinomycete
genera (18, 21, 22, 24, 29, 31). The specific PCR primer set for
the family Micromonosporaceae has also been reported and
used for some years (19); this set, however, was found to be not
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very specific in our preliminary studies, as it also amplified
sequences from Streptomyces spp. Thus, another aim of the
present study was to design a pair of Micromonospora genus-
specific primers for rapid identification of putative Micromono-
spora isolates and for monitoring the effectiveness of the iso-
lation procedures we developed.

Humus-rich soil samples were collected from three locations
in the virgin forest of Kanas Nature Reserve, Xinjiang, north-
west China, in August 2006 and from four locations in man-
grove forests in Hainan Province, south China, in October
2006. A clean sampling scoop was used to take samples from 5-
to 20-cm depths, and samples were air dried at room temper-
ature for 1 month and were triturated by using a sterile pestle.
Three to five samples from different depths of each location
were then mixed, respectively, to form seven composite sam-
ples, each of which represented one site and was further pro-
cessed using the three methods described below.

In method 1 (ultrasonication/dilution), 1 g of the composite
sample was added to 9 ml sterile water. The resulting 10!
dilution was shaken for 2 h at room temperature and 180 rpm
and then ultrasonicated in a water bath sonicator (model KQ-
100DB, 40 kHz, 100 W; Kunshan Ultrasonic instruments Co.,
Ltd., Kunshan, China) for 2 min at 30°C and further diluted
(1:10) down to 10~ * with sterile water.

In method 2 (1.5% phenol), the 10" sample dilution was
vigorously shaken for 5 min on a vortex mixer and then treated
by ultrasonication as described for method 1. The suspension
was treated with 1.5% phenol as previously described (9) and
further diluted (1:10) down to 10~* with sterile water.

In method 3 (wet heat), 1 ml of the ultrasonic-treated 10"
dilution prepared as described for method 2 was diluted (1:10)
down to 10~* with sterile water. The dilutions were then
heated at 100°C for 1 h.

Amounts of 200 pl of each of the pretreated 1072, 103, and
10~ dilutions were spread in triplicate over the surface of 5 to
13 solid media that were designed for cultivation of actinomy-
cetes: oatmeal agar (ISP 3; DSMZ medium 609), glycerol-
asparagine agar (ISP 5; DSMZ medium 993), GYM (DSMZ
medium 65), soil extract agar (SEA; DSMZ medium 12),
Gause inorganic agar (5), modified starch casein agar (15),
Sauton’s agar (20), DNB agar (DNBA) (12), DNB gellan gum
(12), HV agar (HVA) (8), HV gellan gum (HVG), glycerol-
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TABLE 1. Average numbers of colonies recorded on different
media seeded with two composite samples processed by
ultrasonication/dilution pretreatment (method 1)

No. of colonies (avg + SD [10* CFU/g dry weight
composite soil]) of:

Medium*

Nonactinomycete Mzcronﬁ(nospom- Other
bacteria e actinomycetes
actinomycetes
GYM 93.7+16.3 0 2.0 0.6
Gause inorganic agar  66.7 = 15.0 0 0.4 =03
Glycerol asparagine 1.0 = 0.6 0 0
agar
Modified starch 93 x21 0 23 +0.6
casein agar

Sauton’s agar 345+32 0 15.0 £ 0.7
DNB gellan gum 21.6 £ 1.7 0 0.01 = 0.003
SEA 17.3 = 0.6 0.01 £ 0.003 3015
SEA plus NB 6.7+0.3 0.03 = 0.01 2.0 =0.01
DNBA 10.0 = 4.6 0.01 £0.003 0.01 = 0.003
DNBA plus NB 43 15 0.02 = 0.01 0.01 = 0.003
ISP 3 320£58 05+0.3 1.0 =09
ISP 3 plus NB 17.7 = 3.7 0.8 0.3 04 +0.1
HVA 265+ 1.5 02=0.1 25*15
HVA plus NB 175 =21 0.4 =0.1 0.7 = 0.6
HVG 33.0 £0.6 0.01 £ 0.003 0.8 = 0.6
HVG plus NB 11.0 = 0.5 0.2 =0.03 09 =02
GA 3.0x15 0.01 = 0.05 03x0.1
GA plus NB 0.8 £0.5 0.01 = 0.003 0
CM 3.0x15 02=0.1 05+04
CM plus NB 2307 0.4 =0.1 02+0.3

“ All media contained cycloheximide, nystatin, and nalidixic acid (each at 50
pg/ml). NB, novobiocin at a concentration of 25 pg/ml.

arginine agar (GA) (16), and calcium malic acid agar (CM;
10.0 g calcium malic acid, 10.0 g glycerol, 0.5 ¢ NH,CI, 0.05 g
K,HPO,, 15 g agar, 1,000 ml distilled water). All media con-
tained cycloheximide, nystatin, and nalidixic acid (each at 50
pg/ml) and were amended with or without novobiocin (25
wg/ml). The initial pH of each medium was controlled at 7.2
to 7.4.

All plates were incubated at 28°C for 3 to 4 weeks. Colonies
that showed cultural characteristics of the genus Micromono-
spora (14, 30) were counted, as well as colonies of nonactino-
mycete bacteria and other actinomycetes. Micromonospora-
like representatives of each colony morphotype from each of
the plates with HVA, ISP 3, and DNBA and pretreatment
methods 2 and 3 were picked out and purified on GYM plates.
The morphology of hyphae and spores was observed by light
microscopy using the coverslip technique (13) and by scanning
electron microscopy.

Genus-specific primers for Micromonospora strains were de-
rived from the 16S rRNA gene sequence. Available sequences
of all valid species within the family Micromonosporaceae, to-
gether with 12 valid species of other families and several in-
formally described species within and outside of the genus
Micromonospora (see Table S1 in the supplemental material),
were aligned in MEGA 4.0 (28) using the ClustalW algorithm
to determine the regions conserved only among members of
Micromonospora. Primer Premier 5.0 (Premier Biosoft Inter-
national), BLASTN (NCBI), and Probe Match (RDP) pro-
grams and SPCR 3.0 (http://moleco.sjtu.edu.cn/moleco/softwares
.html) were used to design and evaluate the primers. A nested-
PCR approach was developed as a rapid method to identify
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strains that belong to the genus Micromonospora. The 16S
rRNA gene was first amplified from genomic DNA by using
universal primers 27f and 1492r (17). A 1:100 dilution of the
resulting PCR product was used as a template for the second
amplification. A 50-ul amount of the reaction mixture con-
tained 1 pl template DNA, 5 wl 10X PCR buffer [100 mM KCI,
80 mM (NH,),SO,, 100 mM Tris-HCI (pH 9.0), 0.5% NP-40],
2.5 mM MgCl,, 0.2 mM deoxynucleoside triphosphate mixture,
0.5 pM each of the Micromonospora genus-specific primers
MS558F and C1028R, 2.5 U Tag DNA polymerase, and 10%
dimethyl sulfoxide. The conditions consisted of an initial de-
naturation at 95°C for 4 min; 35 cycles at 95°C for 45 s, 68.5°C
for 45 s, and 72°C for 1 min; and a final 8-min extension at
72°C.

In order to assess the identities of the strains isolated, the
nearly full-length sequences of the 16S rRNA gene were ana-
lyzed. PCR products of the first amplification were purified
and directly sequenced by using an Applied Biosystems DNA
sequencer (model 3730XL) and software provided by the man-
ufacturer. The resulting 16S rRNA gene sequences (>1,380
nucleotides) were used to search the GenBank database with
the BLASTN program to determine relative phylogenetic po-
sitions. Phylogenetic analysis was conducted using MEGA 4.0
(28) by first generating a complete alignment of 16S rRNA
gene sequences of the isolates and type strains of all valid
species within the genus Micromonospora, with the exception
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FIG. 1. Average numbers of colonies (10* CFU/g dry weight com-
posite soil) of nonactinomycete bacteria (grey bars), Micromonospora-
like actinomycetes (hatched bars), and other actinomycetes (striped
bars) recorded on different selective plates seeded with all seven com-
posite samples processed by different pretreatments. Error bars show
standard deviations.
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16S rRNA gene

470 bp

MSS8F | <

» | C1028R

MS558F: 5’-CGGCTTGTCGCGTCGACT-3" C1028R: 5’-ATGCACCACCTGTGACCGC-3’

Micromonospora

Actinoplanes auranticolor == ==========-c---o  ce------o---- C----G
Actinoplanes italicus = === ===---=------- Y C----G
Asanoa ferruginea s -eeee-eoaooaa- G-- = meeeeemaaaaa- C-=----
Pilimelia anulata = e eee e e e meaoao e e A- -G
Salinispora arenicola ~ c - e cccecioaaaaon emmmmemeeaa s C----G
Polymorphospora rubra === =====-c--=-=-oo oo A--G
Catenuloplanes crispus - -=-- Commmmmmmm = A~ emmmmmmmamaaa C----G
Couchioplanes caeruleus ~ === =--=--ccc-oooooe oo C---CG
Dactylosporangium thailandense = = - = = - - = T----- AG--  memmememeeaoan G- -G
Longispora albida = ----- C-mmmmmmm = G-C  mmmmmmmmmemeao- A-- -
Catellatospora koreensis - -=--- CA-T-----A--C = memmemmmmon ACA-CA
Spirilliplanes yamanashiensis =~ ==============oooo  ceoeeooooooo- C----A
Verrucosispora gifhornensis ~ === ======ceeacceea ceeeeoeeaaoo- C----G
Virgisporangium aurantiacum - - - - - [ Uy
Actinocatenispora thailandica Te=mmmmmmmmm == GT- = meeememmeeaaaa- C----G
Streptomyces albus = o =emmmme-me----- GA- = emeeeeeeea-e-- ACA-CG

FIG. 2. Representative nucleotide sequence alignments with Micromonospora genus-specific primers M558F and C1028R targeting the 16S
rRNA gene and examples of mismatches outside the genus, demonstrating the specificity of the primer pair.

of Micromonospora gallica, whose 16S rRNA sequence is not
available from public databases, and then inferring neighbor-
joining tree and bootstrap values. The phylogenetic diversity of
the isolates was estimated by performing cluster analysis. A
phylotype was defined as a group of strains exhibiting =99%
16S rRNA gene sequence similarity and was considered unde-
scribed if all strains within this phylotype shared <99% se-
quence similarity with any of the type strains (6).

In order to focus on relatively effective media for selective
isolation, one composite sample from Kanas Lake Reserve and
one from the mangrove forest were first processed using all the
media and the method 1 pretreatment for trials. According to
the results shown in Table 1, we applied five media which gave
higher ratios of Micromonospora-like colonies, i.e., HVA, ISP
3, DNBA, GA, and CM amended with cycloheximide, nystatin,
nalidixic acid, and novobiocin, to all composite samples pre-
treated by the three methods.

Pretreatment with 1.5% phenol or wet heat drastically re-
duced the numbers of nonactinomycete bacterial colonies (P <
0.01) while significantly increasing the numbers of Micromono-
spora-like colonies (P < 0.05) (Fig. 1). No matter which pre-
treatment method was applied, HVA, ISP 3, and DNBA media
always gave better isolation effects than other media in both
selectivity (percentage of Micromonospora-like colonies) and
yield (number of Micromonospora-like colonies), and this was
observed for all the composite samples we studied. HVA me-
dium gave higher selectivity than ISP 3 and DNBA, but its
average yield was over two- to threefold less than that of ISP 3,
as shown in Fig. 1B and C. Despite the fact that ISP 3 medium
also increased the recovery of other actinomycetes, combining
it with wet-heat pretreatment gave a rich diversity of Mi-
cromonospora-like colonies, outstanding selectivity, and a
much higher yield than any of the other combinations of me-
dium and pretreatment, thus proving this to be the most-robust

approach for selective isolation of Micromonospora. Moreover,
the wet-heat method is very simple and easy to apply, and
Micromonospora colonies grown on ISP 3 were much more
easily observed and then picked.

A total of 386 Micromonospora-like isolates were purified
from HVA, ISP 3, and DNBA plates that had been inoculated
with samples processed by the 1.5% phenol or wet-heat pre-
treatment. Representatives of the isolates showed morpholo-
gies typical of the genus Micromonospora, that is, the substrate
mycelium bore single spores with smooth, rough, or warty
surfaces (data not shown).

An examination of the aligned 16S rRNA gene sequences of
the reference Micromonospora strains and the nontarget
marker strains (see Table S1 in the supplemental material)
showed that a combination of two regions between positions
558 and 575 and positions 1009 and 1028 [Streptomyces coeli-
color A3(2) numbering, GenBank accession number Y00411
(2)] was unique for all reference Micromonospora strains we
used (Fig. 2). Sequences of these conserved regions were used
to design the genus-specific primers, namely, M558F (5'-CGG
CTTGTCGCGTCGACT-3") and C1028R (5'-ATGCACCAC
CTGTGACCGC-3"). When this primer pair was tested by
PCR at an annealing temperature of 68.5°C, which is 2.5 de-
grees higher than the defined optimum for them, the expected
amplification product of 470 bp was obtained from all refer-
ence strains of the genus Micromonospora and no amplification
product was obtained from strains of other genera (see Table
S1 in the supplemental material). At an annealing temperature
lower than 68.5°C, false-positive amplification was observed
for some species of the genera Actinoplanes and Asanoa.

Forty-five representative Micromonospora-like isolates,
along with 18 strains that were also isolated in this study but
assigned to non-Micromonospora actinomycetes based on their
morphologies, were chosen to test the specificity of the PCR
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FIG. 3. Neighbor-joining tree based on 16S rRNA gene sequences of 42 representative Micromonospora isolates and 33 type strains of the genus
showing phylogenetic relationships between the isolates and Micromonospora species. The isolates are shown in boldface, and GenBank accession

numbers are given in parentheses. Undescribed phylotypes are marked

with vertical lines on the right of the sequence items. Percentage bootstrap

values based on 1,000 resampled data sets are shown at the nodes; only values above 50% are given. The scale bar indicates 0.01 nucleotide

substitution per nucleotide position.

primers and conditions. A positive amplification was obtained
from 42 of the 45 (93.3%) Micromonospora-like isolates, while
no amplification was obtained from the 18 non-Micromono-
spora isolates. Using this pair of primers and a nested PCR
technique, we also amplified community DNA from the soil

samples with positive results, which showed its use in detecting
Micromonospora in environmental samples.

Almost-complete 16S rRNA gene sequences (>1,380 nucle-
otides) were obtained for all the PCR-positive and -negative
isolates. Comparisons of these sequences against the GenBank
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database by using the NCBI BLASTN program verified that all
of the PCR-positive isolates belonged to the genus Micromono-
spora and the negative ones did not, demonstrating perfect
accuracy for Micromonospora recognition by specific PCR, but
there was a misidentification rate of 6.7% (3 of 45) in our study
on the basis of morphological properties. The three Mi-
cromonospora-like but PCR-negative isolates belonged to Poly-
morphospora, Pseudonocardiaceae, and Nonomuraea, respec-
tively. The representative Micromonospora isolates shared
>98% 16S rRNA sequence similarities with the valid species
of this genus and formed diverse phyletic lineages interspersed
among the Micromonospora 16S rRNA gene tree (Fig. 3).
Using a 16S rRNA sequence similarity level of 99%, the iso-
lates grouped into 16 phylotypes, of which 9 (56.3%) have not
been previously described based on sharing <99% sequence
similarity with any of the type strains in the genus. The level of
99% for phylotype definition was chosen based on statistical
evidence for the relationship of 16S rRNA sequence similarity
to DNA-DNA reassociation in actinomycetes, where a se-
quence similarity of =99% minimized DNA-DNA reassocia-
tion values of <70% (25). According to this evidence, the
undescribed phylotypes (Fig. 3) are likely to represent novel
Micromonospora species.

Based on the results presented above, we believe that the
selective isolation procedures and the rapid identification tech-
nique developed in this study will provide facile means for
discovering various Micromonospora strains for both industrial
exploitation and ecological research.

Nucleotide sequence accession numbers. The 16S rRNA
gene sequences determined for strains in this study have been
deposited in the GenBank database under the accession numbers
EU274329 to EU274377, EU427440 to EU427446, EU282428,
and EU349014.
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