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Abstract Lichens are structured associations of a fungus with
a cyanobacteria and/or green algae in a symbiotic relationship,
which provide specific habitats for diverse bacterial communi-
ties, including actinomycetes. However, few studies have been
performed on the phylogenetic relationships and biosynthetic
potential of actinomycetes across lichen species. In the present
study, a total of 213 actinomycetes strains were isolated from
35 lichen samples (22 lichen genera) collected in Yunnan
Province, China. 16S rRNA gene sequence analysis revealed
an unexpected level of diversity among these isolates, which
were distributed into 38 genera, 19 families, and 9 orders within
the Actinobacteria phylum. The detailed taxa of isolates had no
clear relationship to the taxonomic affiliations of the associated
lichens. To the best of our knowledge, this is the first report to
describe the isolation of Actinophytocola, Angustibacter,
Herbiconiux , Kibdelosporangium , Kineospor ia ,
Kitasatospora, Nakamurella, Nonomuraea, Labedella,
Lechevalieria, Lentzea, Schumannella, and Umezawaea

species from lichens. At least 40 isolates (18.78%) are likely
to represent novel actinomycetes taxa within 15 genera. In
addition, all 213 isolates were tested for antimicrobial activity
and screened for genes associated with secondary metabolite
production to evaluate their biosynthetic potential. These re-
sults demonstrate that the lichens of Yunnan Province represent
an extremely rich reservoir for the isolation of a significant
diversity of actinomycetes, including novel species, which are
potential source for discovering biologically active
compounds.
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Introduction

While culture-independent molecular methods, such as
metagenomics or high-throughput sequencing tools, unravel
the species diversity of unexplored microbial communities
and reveal the presence of many novel microbes that were
previously undetected by cultivable approaches, axenic cul-
tures remain essential to discover useful bioactive compounds
from microorganisms and advance the understanding of mi-
croorganisms in the environment. As the most excellent sec-
ondary metabolite producers, actinomycetes account for ap-
proximately 40% of the antibiotics and 38% of the bioactive
microbial metabolites [1]. In recent years, with the increasing
resistance of antibiotics and rediscovery of known bioactive
compounds, special habitats, such as marine ecosystems [2,
3], the human gut [4], insects [5], and plants [6–10], are po-
tential sources of novel actinomycetes taxa that have the ca-
pacity to produce new bioactive compounds. Similarly, other
neglected and poorly studied habitats are required to yield a
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steady flow of novel bioactive producing taxa [11, 12]. One
biologically important but relatively ignored niche is lichens.
Indeed, the diversity of actinomycetes associated with lichens
has specifically attracted attention because these bacteria are a
potential source of novel bioactive metabolites that might ben-
efit pharmaceutical research [13–17].

Lichens are specialized fungi comprising an algal partner
(photobiont) and a fungal partner (mycobiont) in a symbiotic
relationship. Currently, there are approximately 30,000 spe-
cies of lichens worldwide, which were observed from Polar
Regions to tropical rainforests [18]. Because most of lichens
are pioneers of terrestrial habitats and slow-growing organ-
isms, these lichens provide an unusual and long-living eco-
logical niche for additional microorganisms. Modern culture-
independent studies have demonstrated that lichens host di-
verse microbial groups from several bacterial phyla [19–23],
suggesting that actinomycetes were ubiquitous in lichen sym-
biosis. Few actinomycetes have been isolated and identified
from lichen symbiosis over the last 10 years. Cardinale et al.
[20] have discovered 7 isolates of actinomycetes, belonging to
5 genera Micromonospora, Streptomyces, Cellulomonas,
Curtobacterium, and Streptosporangium, from 11 different
lichen samples. Gonzάlz et al. [13] examined 337 actinomy-
cetes from 25 lichens collected in tropical and cold areas and
assigned these species to 11 genera. In comparison, Parrot
et al. [14] have isolated 10 actinomycetes families from ma-
rine and littoral lichens. In recent studies, a number of novel
actinomycetes were isolated from lichens, such as
Actinoplanes lichenis [24], Frondihabitans cladoniiphilus
[25], Actinomycetospora rishiriensis [26], A. iriomotensis
[27], Micromonospora endolithica [28], Leifsonia lichenia
[29], and Nocardioides exalbidus [30] and Schumannella
luteola [31]. Moreover, new antibiotics from lichen-
associated Streptomyces spp., including uncialamycin,
cladoniamides A-G, and 1,1-dichlorocyclopropane-contain-
ing angucycline, have been reported [15–17]. Therefore,
lichen-associated actinomycetes are expected to be potential
sources of new bioactive substances.

To evaluate the metabolic potential, the screening of gene
sequences involved in the production of bioactive secondary
metabolites has been described [32–34]. Type I polyketide
synthases (PKS I) [34], Type II polyketide synthases (PKS II)
[35], and non-ribosomal peptide synthetases (NRPS) [34] have
been extensively investigated as responsible for the synthesis of
a large number of important biologically active compounds in
actinomycetes. Some of the other important classes of com-
pounds, which are underrepresented in actinomycete secondary
metabolite repertoire, such as aminoglycosides, isoprenoids,
and polyenes, have demonstrated useful pharmacological ac-
tivities [36].Moreover, a set of universal PCR primers targeting
aminoglycoside phosphotransferase (APH) genes has been
used to detect resistance genes associated with aminoglycoside
biosynthetic pathways [37]. Similarly, the presence of 3-

hydroxy-3-methylglutaryl coenzyme A reductases (HMG
CoA) [38] and cytochrome P450 hydroxylase (CYP) [39]
genes, associated with isoprenoids and polyene biosynthesis,
respectively, were examined using specific degenerate PCR
primers in actinomycetes. Thus, the screening of biosynthetic
systems, such as PKS I, PKS II, NRPS, APH, HMG CoA, and
CYP, has been applied to evaluate the diversity of antibiotic
biosynthetic genes in the microbial community.

Yunnan Province (21°08′∼29°15′N, 97°31′∼106°12′E) is
one of the areas with the richest biodiversity worldwide.
There are more than 1067 species of lichens in this region,
accounting for 41.42% of the total lichen diversity in China
[40]. However, to our knowledge, only a single study has been
conducted to isolate actinomycetes from three species of li-
chens in Yunnan Province [41]. Thus, the aim of the present
study was to discuss the diversity of cultivable actinomycetes
associated with lichens from Yunnan Province and evaluate
the antimicrobial activities and the biosynthetic potential of
the specific secondary metabolites of these actinomycetes.

Materials and Methods

Sampling

A total of 35 lichen samples were collected in Yunnan
Province from June 2015 to January 2016 (Table 1). Each
sample was immediately transferred to a sterile paper bag
and air-dried at 28 °C for 7 days. The lichen samples were
identified by one of the authors (Xinyu Wang), and most of
voucher specimens were deposited in the Key Lab for Plant
Diversity and Biogeography of East Asia, Kunming Institute
of Botany, Chinese Academy of Sciences, Kunming, China.

Sample Pretreatment and Selective Isolation
of Actinomycetes

Each sample (300 mg) was subjected to a two-step surface
pretreatment: a 5-min wash with running water, followed by
three times of wash in sterile water. Finally, each sample was
homogenized with 20 ml of sterile water using a glass homog-
enizer. Serial dilutions of the samples (200 μl) were plated
onto selective Actinobacteria isolation media [humic acid-
vitamin agar [42], glycerol-asparagine agar (ISP 5), and
glycerol-arginine agar (6 ml of 100% glycerol, 0.5 g of argi-
nine, 1 g of glucose, 0.3 g of K2HPO4, 0.2 g of MgSO4·7H2O,
0.3 g of NaCl, 18 g of agar, and 1 l distilled water)]. The
inoculated plates were incubated at 28 °C for 2 to 4 weeks.
The initial pH values for all media were adjusted to 7.2 to 7.4.
All media were amended using nystatin (150 mg/L) and
nalidixic acid (50 mg/L) to inhibit the growth of fungi and
Gram-negative bacteria. Individual colonies were carefully
isolated based on their characteristics, inoculated onto yeast
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extract-malt extract agar (ISP 2) medium, and subsequently
grown at 28 °C for 1 to 2 weeks. The pure isolates were
preserved at −60 °C in 20% (v/v) glycerol suspensions and
were deposited at the Yunnan Institute of Microbiology,
Yunnan University, China.

Effectiveness of Pretreatment

Two experiments were carried out to check the effectiveness
of the surface pretreatment. First, the pretreatment lichen sam-
ple was imprinted onto selective Actinobacteria isolation

media, incubated at 28 °C, and observed for microbial growth.
Second, a 200-μl aliquot of the third wash suspension was
plated onto selective Actinobacteria isolation media, incubat-
ed at 28 °C, and then checked for microbial growth. If no
microbial growth occurred on the surface of the media, the
surface pretreatment was considered effective.

DNA Extraction, Sequencing, and Analysis

The identities of the microorganisms were determined based
on a partial or nearly complete 16S rRNA gene sequence

Table 1 Lichen samples used for the isolation of actinomycetes

Sample Lichen name Sampling position Description Isolates

L1 Xanthoparmelia tinctina Xiaoyantou Hydropower station,Niulan River Foliose lichen, on rocks, dry-hot valley 4

L2 Toninia tristis Chongyuan Tunnel, Qiaojia County Crustose lichen, on soil 3

L3 Squamarina cartilaginea Chongyuan Tunnel, Qiaojia County Foliose lichen, on calcareous soil 5

L4 Usnea sp. Daibu Town, road to Huize Fruticose lichen, on pine trees 4

L5 Everniastrum cirrhatum Daibu Town, road to Huize Foliose lichen, on pine trees 2

L6 Ramalina fastigiata Daibu Town, road to Huize Fruticose lichen, on pine trees 2

L7 Endocarpon pusillum Daibu Town, road to Huize Crustose lichen, on rocks 14

L8 Phaeophyscia hirtuosa Daibu Town, road to Huize Foliose lichen, on rocks 2

L9 Flavopunctelia flaventior Daibu Town, road to Huize Foliose lichen, on pine trees 1

L10 Candelariella sp. Shangcun Town, road to Huize Crustose lichen, on rocks 1

L11 Lepraria sp. Zhehai Town, road to Huize Crustose lichen, on rocks 1

L12 Xanthoparmelia tinctina Zhehai Town, road to Huize Foliose lichen, on basalt rocks 1

L13 Squamarina cartilaginea Zhehai Town, road to Huize Foliose lichen, on calcareous rocks 7

L14 Parmotrema austrosinense Kazi Village, Leye Town, road to Huize Foliose lichen, on tree barks 3

L15 Heterodermia diademata Kazi Village, Leye Town, road to Huize Foliose lichen, on tree barks 1

L16 Diploschistes cinereocaesius Deze Town, road to Zhanyi Crustose lichen, on soil 5

L17 Squamarina cartilaginea Xuzhao Temple, Hekou Town, Xundian County Foliose lichen, on calcareous rocks 4

L18 Dermatocarpon miniatum Dafagu Village, Rende Town Foliose lichen, on rocks 18

L19 Thyrea confusa Dafagu Village, Rende Town Foliose lichen, on rocks 6

L20 Squamarina cartilaginea Dafagu Village, Rende Town Foliose lichen, on calcareous rocks 19

L21 Punctelia borreri Shibanhe Park, Xundian County Foliose lichen, on tree barks 8

L22 Usnea sp. Yangchang Village, Hekou Town Fruticose lichen, on pine trees 1

L23 Punctelia rudecta Yangchang Village, Hekou Town Foliose lichen, on pine trees 7

L24 Lepraria sp. Kuineng Village, Lianzhu Town, Road to Mojiang Crustose lichen, on soil 7

L25 Leptogium sp. Aoyaoshan Village, Lianzhu Town Foliose lichen, on tree barks 7

L26 Rimelia clavulifera Aoyaoshan Village, Lianzhu Town Foliose lichen, on tree barks 11

L27 Parmotrema tinctorum Tangsheng Village, Menglang Town Foliose lichen, on tree barks, tropical forest 4

L28 Bulbothrix asiatica Nanruoshan Village, Menglang Town, Menghai Foliose lichen, on tree barks, tropical forest 7

L29 Parmotrema tinctorum Nanruoshan Village, Menglang Town, Menghai Foliose lichen, on tree barks, tropical forest 6

L30 Parmotrema austrosinensis Nanruoshan Village, Menglang Town, Menghai Foliose lichen, on tree barks, tropical forest 11

L31 Heterodermia obscurata Jingzhen Octagonal Pavilion, Mengzhe Town Foliose lichen, on soil, tropical forest 4

L32 Pertusaria sp. Jingzhen Octagonal Pavilion, Mengzhe Town Crustose lichen, on tree barks, tropical forest 8

L33 Cladonia scabriuscula Jingzhen Octagonal Pavilion, Mengzhe Town Fruticose lichen, on soil, tropical forest 6

L34 Parmotrema austrosinensis Jingzhen Octagonal Pavilion, Mengzhe Town Foliose lichen, on tree barks, tropical forest 5

L35 Cladonia sp. Xiga Hydropower station, Lincang Fruticose lichen, on soil, tropical forest 18

Total 213
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analysis. The genomic DNA of each isolate was extracted by
lysozyme treatment as previously described [43]. The 16S
rRNA gene was amplified using the primers 27f and 1523r
[44]. Thermal cycling was conducted using the following pro-
cedure: denaturation at 95 °C for 5 min, followed by 35 cycles
of denaturation at 95 °C for 40 s, annealing at 55 °C for 40 s,
and extension at 72 °C for 90 s. After the circular reaction, the
reaction system was maintained at 72 °C for 10 min. The
amplified 16S rDNA (1.5 kb) was separated by agarose gel
electrophoresis, purified using QIA quick gel extraction kits
(Qiagen, Hilden, Germany), and sequenced using an ABI
3730XL sequencer.

EzTaxon-e server (http://eztaxon-e.ezbiocloud.net) [45]
was used for the identification of the 16S rRNA gene.
Phylogenetic trees based on the 16S rRNA gene sequences
were generated using the neighbor-joining method [46] from
the software package MEGA version 6.0 [47], after pairwise
alignments using the program CLUSTAL_X version 1.8 [48].
The topology of the phylogenetic tree was assessed by boot-
strap resampling analysis with 1000 resamplings [49].

Determination of the Antimicrobial Activity of the Isolates

Each isolate was cultured in YIM 61 medium (20 g of soybean
powder, 10 g of glucose, 4 g of peptone, 1 g of K2HPO4, 0.5 g
of MgSO4·7H2O, 1 g of NaCl, 2 g of CaCO3, and 1 l distilled
water, pH 7.2∼7.4) at 28 °C and was shaken at 200 rpm for
7 days. The fermentation broth was centrifuged at 4000 rpm for
5 min, and the supernatant was used to screen antimicrobial
activity using the paper disk (diameter, 7 mm) assay method
[50]. A 20-μl aliquot of the supernatant was pipetted onto each
disk and incubated at 30 °C, and the diameters of the inhibition
zones were measured after 48 h. Four bacteria (Bacillus subtilis
subsp. spizizenii CGMCC 1.1849, Staphylococcus aureus
subsp. aureus CGMCC 1.2386, Escherichia coli CGMCC
1.2385, and Mycobacterium tuberculosis), the fungus
Aspergillus niger, and the yeast Candida albicans CGMCC
2.2086 were used as indicator organisms. The indicator micro-
organisms were deposited at the Yunnan Institute of
Microbiology, Yunnan University, China.

PCR Amplifications Using Biosynthetic Genes Primers

Six se t s o f PCR pr imer s wer e used : K1F (5 ′ -
TSAAGTCSAACATCGGBCA-3′) and M6R (5′-CGCA
GGTTSCSGTACCAG-3′) targeting PKS I sequences [34],
A3F (5′-GCSTACSYSATSTACACSTCSGG-3′) and A7R
(5′-SASGTCVCCSGTSCGGTAS-3′) targeting NRPS se-
quences [34], KSα (5′-TSGCSTGCTTGGAYGCSATC-3′)
and KSβ (5′-TGGAANCCGCCGAABCCTCT-3′) targeting
PKS II sequences [35], STR-F (5′-CGGCTGCTCGACCA
CGAC-3′) and STR-R (5′-GTCCTCGATGTCCCACAG-3′)
targeting APH sequences [37], HMGF (5 ′-GGGC

ATCGCCGCGACCCTCGTCGACGAGCG-3′) and HMGR
(5′-GCGATGACGGCGAGGCGGCGGGCGTTCTC-3′)
targeting HMG CoA reductase sequences [38], PEH-1 and
PEH-2 (5′-TGGATCGGCGACGACCGSVYCGT-3′ and 5′-
CCGWASAGSAYSCCGTCGTACTT-3′) targeting CYP se-
quences [39].

The reactions were performed in a final volume of 25 μl
containing 2 U Taq DNA polymerase (TaKaRa, Dalian,
China) with its recommended reaction buffer, 0.2 mM of each
of the four dNTPs, 2 μM of each primer, 1 ng of template
DNA, and 10% dimethyl sulfoxide. PKS I, PKS II, NRPS,
and CYP gene amplification included an initial denaturation at
95 °C for 5 min and 35 cycles of 95 °C for 1 min, 55 °C (for
K1F/M6R, KSα/KSβ, and PEH-1/PEH-2) or 59 °C (for A3F/
A7R) for 2 min, and 72 °C for 4 min, followed by a final
extension at 72 °C for 10 min. Thermocycling conditions with
the primers STR-F/STR-R and HMGF/HMGR were per-
formed as previously described [37, 38]. The PCR products
were purified from 1% agarose gel with QIA quick gel extrac-
tion kits (Qiagen, Shanghai, China) and subsequently cloned
into E. coli using TOPO TA cloning kits (Invitrogen, USA).
The insert was sequenced using an ABI 3730XL sequencer.

GenBank Accession Numbers

The 16S rRNA gene sequences of the 213 isolates were de-
posited in GenBank/DDBJ/EMBL databases under the acces-
sion numbers shown in supplementary Table S1.

Results

Evaluation of Pretreatment Protocol

Excluding the spurious fraction of microorganisms present on
the lichen thallus surfaces is important for studying lichen-
associated microbial communities. The imprinted agar on se-
lective Actinobacteria isolation media plates from each
pretreated lichen sample showed no microbial growth after
2 weeks of incubation at 28 °C. In addition, selective
Actinobacteria isolation media plates spread with the last water
from the washing of lichen samples also failed to grow colo-
nies of microorganisms after 14 days of incubation. This indi-
cated that the two-step surface pretreatment procedure was
effective in removing the external surface-borne microbes
from lichen samples. Thus, the subsequent isolates can be con-
sidered to be isolated from the internal parts of the lichen thalli.

Diversity of Actinomycetes from Lichen Samples

Based on the colony morphology, in total, 2260 colonies were
isolated from the selective media of 35 lichen samples. After
dereplication by observation of their morphological features
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(formation of substrate and aerial mycelium, formation of
spores) and cultural characteristics (surface and reverse colony
color and diffusible pigments) on plates and slants, 213 pure
strains (YIM 130631-YIM 131177) were selected for 16S
rRNA gene sequence analysis for precise genus and species
identification according to sample sources.

Actinomycetes were isolated from all of the lichen samples
tested, and the actinomycetes associated with lichens
displayed considerable diversity. These species were distrib-
uted among 9 orders: Corynebacteriales (22 strains),
Kineosporiales (7 strains), Micrococcales (28 strains),
Micromonosporales (9 strains), Nakamurellales (3 strains),
Propionibacteriales (12 strains), Pseudonocardiales (26
s t r a i n s ) , S t r e p t om y c e t a l e s ( 9 7 s t r a i n s ) , a n d
Streptosporangiales (9 strains), including 38 genera and more
than 141 species. The percentages of 16S rRNA gene se-
quence similarities (96.48 to 100%) of these isolates to their
closest type strains are presented in supplementary Table S1,
and the phylogenetic relationships of the representatives of
each genus were determined using phylogenetic tree (supple-
mentary Fig. S1). Notably, some uncommon genera, such as
Ac t i nophy toco la , Angus t i bac t e r , Herb i con iux ,
Kibdelosporangium , Kineosporia , Kitasatospora ,
Nakamurella, Nonomuraea, Labedella, Lechevalieria,
Lentzea, Schumannella, and Umezawaea species, were first
identified from lichen symbiosis.

As shown in Table 2, most of the actinomycetes (143
strains) were isolated from foliose lichens, followed by 39
strains isolated from crustose lichens and 31 cultures isolated
from fruticose lichens, although the detailed taxa of the strains
were not correlated with the taxonomic affiliations (families,
genera, species) of the associated lichens (supplementary
Table S1). Moreover, a large number of isolates, 77 and 88
strains, were isolated from the rocky (11 lichen samples) and
tree habitats (17 lichen samples), respectively, in contrast with
the 48 strains isolated from the soil environment (7 lichen
samples).

The results of further phylogenetic analysis based on 16S
rRNA gene sequences of some of the isolates are shown in
supplementary Fig. S2 to supplementary Fig. S9. In the most
abundant genus, 8 Streptomyces isolates (YIM 130974, YIM
131010, YIM 131015, YIM 130717, YIM 130719, YIM
130896-1, YIM 130932, and YIM 130806) showed relatively
high sequence similarities to the S. sannanensis NBRC
14239T (GenBank accession no. AB184579; 98.05, 97.74,
and 98.06%), S. scopuliridis NRRL B-24574T (GenBank ac-
cession no. JOEI01000056; 98.11 and 97.98%),
S. drozdowiczii NBRC 101007T (GenBank accession no.
AB249957; 98.22%), S. amakusaensis NRRL B-3351T

(GenBank accession no. AY999781; 98.51%), and
S. atriruber NRRL B-24165T (GenBank accession no.
EU812169; 98.49%). However, the phylogenetic tree based
on the neighbor-joining algorithm indicated that these isolates

were diversely distributed within this genus and formed dis-
tinct clusters (supplementary Fig. S2), suggesting that isolates
YIM 130974, YIM 131010, YIM 131015, YIM 130717, YIM
130719, YIM 130896-1, YIM 130932, and YIM 130806
might belong to new species.

The four isolates of the genus Mycobacterium (YIM
131139, YIM 130991, YIM 131026, and YIM 131056) had
lineages different from each other and from other members of
the genus; these strains formed distinct clades in the phyloge-
netic tree supported by high bootstrap values (supplementary
Fig. S3). The highest 16S rRNA gene sequence similarity of
YIM 131026 and YIM 131056 was shown with M. fallax
ATCC 35219T (GenBank accession no. AF480600; 97.24%)
and M. bacteremicum ATCC 25791T (GenBank accession no.
FJ172308; 97.19%). However, YIM 131026 and YIM 131056
formed a stable monophyletic line that was sharply separated
from all of the genera within the family Mycobacteriaceae in
the phylogenetic tree (supplementary Fig. S3). This finding
indicated that strains YIM 131139, YIM 130991, YIM
131026, and YIM 131056 might represent new taxa of the
family Mycobacteriaceae. Although the 16S rRNA gene se-
quences of strains YIM 131040 (Nakamurella), YIM 130705
(Nakamurella), YIM 130959 (Microlunatus), YIM 130686
(Microlunatus), YIM 131104 (Microlunatus), YIM 130687
(Amycolatopsis), YIM130923 (Amycolatopsis), YIM 130868
(Pseudonocardia), YIM 130954 (Pseudonocardia), YIM
130835 (Pseudonocardia), YIM 130955 (Schumannella), and
YIM 130850 (Herbiconiux) showed the highest sequence sim-
ilarity (96.48–98.33%) with individuals of the nearest type
strains, these species also appear as novel species by the phy-
logenetic tree analysis (supplementary Figs. S4–S9). Detailed
characterizations (such as phenotypic comparisons, DNA-
DNA hybridizations, and chemotaxonomic analysis) of these
strains with the related species are currently being performed to
evaluate whether they represent new taxa.

Antimicrobial Activity

Forty-eight of the 213 isolates (22.5%) showed inhibitory ac-
tivity against at least one of the indicator organisms tested, and
activities against B. subtiliswere clearly the most frequent (26
isolates, 12.2%). High levels of activity was exhibited against
S. aureus (7.5%),M. tuberculosis (6.1%), and A. niger (8.0%),
whereas relatively low levels of activity against the yeast
C. albicans (4.2%) and the Gram-negative bacterium E. coli
(3.3%) were observed.

Representatives of the families and genera revealed signifi-
cant differences in their ability to produce antimicrobial activ-
ities (supplementary Table S2). Obviously, the isolates within
the genus Streptomyces of the family Streptomycetaceae
showed the high ratio (40.9%) and the broadest spectrum of
antimicrobial activity. For the rare actinomycete (non-
streptomycetes) isolates, a higher level of activity, at 50%,
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Table 2 Statistical analyses of the relationship between the taxa of the 213 actinomycete strains and the habitats and types of lichen samples

Habitat Type of lichen No. of isolates Order Family Genus

Rocka Foliose 61 Corynebacteriales Mycobacteriaceae Mycobacterium 1

Nocardiaceae Nocardia 3, Rhodococcus 2

Kineosporiales Kineosporiaceae Kineococcus 1, Kineosporia 2

Micrococcales Brevibacteriaceae Brevibacterium 2

Microbacteriaceae Amnibacterium 2, Herbiconiux 1, Labedella 1,
Schumannella 1, Microbacterium 3

Micrococcaceae Kocuria 1

Micromonosporales Micromonosporaceae Micromonospora 3

Nakamurellales Nakamurellaceae Nakamurella 2

Propionibacteriales Nocardioidaceae Kribbella 2, Nocardioides 1

Propionibacteriaceae Microlunatus 1

Pseudonocardiales Pseudonocardiaceae Actinophytocola 1, Lechevalieria 1, Lentzea 5,
Pseudonocardia 7

Streptomycetales Streptomycetaceae Streptomyces 17

Streptosporangiales Streptosporangiaceae Streptosporangium 1

Crustose 16 Micrococcales Microbacteriaceae Agromyces 1, Microbacterium 3

Cellulomonadaceae Cellulomonas 1

Micrococcaceae Kocuria 1, Micrococcus 1

Micromonosporales Micromonosporaceae Micromonospora 1

Propionibacteriales Nocardioidaceae Kribbella 1

Streptomycetales Streptomycetaceae Streptomyces 4

Streptosporangiales Thermomonosporaceae Actinomadura 1

Nocardiopsaceae Nocardiopsis 1

Streptosporangiaceae Streptosporangium 1

Soilb Foliose 9 Corynebacteriales Nocardiaceae Nocardia 1, Rhodococcus 1

Micrococcales Microbacteriaceae Microbacterium 1

Pseudonocardiales Pseudonocardiaceae Amycolatopsis 2, Kibdelosporangium 1

Streptomycetales Streptomycetaceae Streptomyces 2

Streptosporangiales Streptosporangiaceae Streptosporangium 1

Crustose 15 Kineosporiales Kineosporiaceae Kineococcus 1

Micrococcales Microbacteriaceae Microbacterium 2

Propionibacteriales Nocardioidaceae Kribbella 2

Pseudonocardiales Pseudonocardiaceae Actinophytocola 1, Amycolatopsis 1

Streptomycetales Streptomycetaceae Kitasatospora 1, Streptomyces 7

Fruticose 24 Corynebacteriales Nocardiaceae Nocardia 2, Rhodococcus 1

Propionibacteriales Nocardioidaceae Kribbella 1

Streptomycetales Streptomycetaceae Streptomyces 20

Treesc Foliose 73 Corynebacteriales Gordoniaceae Gordonia 3

Mycobacteriaceae Mycobacterium 5

Nocardiaceae Rhodococcus 2

Williamsiaceae Williamsia 1

Kineosporiales Kineosporiaceae Angustibacter 2, Kineococcus 1

Micrococcales Microbacteriaceae Agromyces 2, Curtobacterium 1,Microbacterium 2

Micrococcaceae Kocuria 1

Micromonosporales Micromonosporaceae Actinoplanes 3, Micromonospora 1

Nakamurellales Nakamurellaceae Nakamurella 1

Propionibacteriales Nocardioidaceae Kribbella 1

Propionibacteriaceae Microlunatus 2

Pseudonocardiales Pseudonocardiaceae Amycolatopsis 4, Umezawaea 1
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was detected in the isolates of the genusAmycolatopsis, follow-
ed by individuals assigned to the genus Lentzea (33.3%); inter-
es t ingly, these st ra ins were al l f rom the family
Pseudonocardiaceae. Various levels of antagonistic activity
were detected in isolates assigned to the families
Micrococcaceae (25%), Nocardioidaceae (12.5%), and
Propionibacteriaceae (25%). No antimicrobial activity was de-
tected from the isolates classified in the families
Brevibacteriaceae, Cellulomonadaceae, Gordoniaceae,
Kineosporiaceae, Microbacteriaceae, Microbacteriaceae,
Mycobacteriaceae, Nakamurellaceae, Nocardiaceae,
N o c a r d i o p s a c e a e , S t r e p t o s p o r a n g i a c e a e ,
Thermomonosporaceae, and Williamsiaceae.

Detection of Biosynthetic Gene Sequences

The 213 isolates were investigated for the presence of PKS I,
PKS II, NRPS, APH, HMG CoA, and CYP sequences by the
specific amplification of chromosomal DNA with the primers
K1F/M6R, KSα /KSβ , A3F/A7R, STR-F/STR-R,
HMGF/HMGR, and PEH-1/PEH-2, respectively (supplemen-
tary Table S3). Approximately three-fifth of all isolates (128
out of 213, 60.1%) screened gave a positive result. A high
proportion of positive PCR amplification was detected in
NRPS (55.4%), followed by PKS I (51.6%), PKS II (39.9%),
and APH (13.6%). In contrast, HMGCoA and CYP sequences
were only obtained for 2.8 and 4.2%, respectively, of the strains
screened. Several representatives of the amplified biosynthetic
gene products were cloned and sequenced, and further analysis
confirmed that these genes indeed encode the expected biosyn-
thetic enzymes (see accession no. KX538789).

The highest rates were screened among members of the
family Streptomycetaceae, in which PKS I, PKS II, and

NRPS sequences were observed in 64.9, 62.9, and 64.9% of
the isolates, respectively, which were much higher than the
average detection rates. Interestingly, APH, CYP, and HMG
CoA sequences were only detected in 11.3, 5.2, and 3.1% of
the isolates, respectively. When analyzed in individual strains
of this taxonomic group, differences have also been observed,
even among strains belonging to the same species. For the
genus Amycolatopsis (8 strains), the highest frequencies cor-
respond to PKS I sequences (100%), whereas PKS II, NRPS,
and APH were only detected in 87.5, 75, and 12.5%, respec-
tively, and CYP and HMG CoA sequences were not obtained
in this group. Similarly, the strains of the genus
Streptosporangium were extremely rich in PKS I (80%),
PKS II (80%), and NRPS (60%) sequences, whereas APH,
HMG CoA, and CYP sequences were rarely observed.

Notably, the NRPS sequences were extensively distributed
among strains of the genera Rhodococcus (100%), Nocardia
(83.3%), and Mycobacterium (83.3%), but the other types of
biosynthetic gene sequences were rarely observed among
these strains. At least one of the six biosynthetic systems
was detected among the isolates of the famil ies
Brevibacteriaceae, Cellulomonadaceae, Gordoniaceae,
Kineosporiaceae, Microbacteriaceae, Micrococcaceae,
Micromonosporaceae, Nakamurellaceae, Nocardioidaceae,
Noca rd i o p sa c ea e , Prop i o n i ba c t e r i a c ea e , a nd
Williamsiaceae, although no clear conclusions can be drawn
for these families as a result of the small number of isolates.

Discussion

Actinomycetes (213 isolates) isolated from 35 lichen samples
were assigned to 38 genera that belonged to 19 families based

Table 2 (continued)

Habitat Type of lichen No. of isolates Order Family Genus

Streptomycetales Streptomycetaceae Kitasatospora 2, Streptomyces 35

Streptosporangiales Streptosporangiaceae Nonomuraea 1, Streptosporangium 1

Nocardiopsaceae Nocardiopsis 1

Crustose 8 Micrococcales Cellulomonadaceae Cellulomonas 1

Micromonosporales Micromonosporaceae Micromonospora 1

Propionibacteriales Propionibacteriaceae Microlunatus 1

Streptomycetales Streptomycetaceae Kitasatospora 1, Streptomyces 4

Fruticose 7 Pseudonocardiales Pseudonocardiaceae Amycolatopsis 1, Lentzea 1

Streptomycetales Streptomycetaceae Streptomyces 4

Streptosporangiales Streptosporangiaceae Streptosporangium 1

Numbers beside genus name are the number of isolates belonging to each genus
a A total of 77 isolates, representing 9 orders, 16 families, and 28 genera, were from rocky habitat
b A total of 48 isolates, representing 7 orders, 7 families, and 11 genera, were from soil environment
c A total of 88 isolates, representing 9 orders, 17 families, and 24 genera, were from trees

Actinomycetes Associated with Lichen Symbiosis



on 16S rRNA gene sequence analysis. In comparison, Hirsch
et al. [28] described three species of actinomycetes of the
genus Micromonospora from cryptoendolithic lichens.
Cardinale et al. [20] isolated 7 actinomycetes from 11 different
lichens and assigned these to 5 genera. Gonzάlz et al. [13]
examined 337 actinomycetes from 25 lichens collected from
Alaska, Hawaii, and Reunion Island and classified these or-
ganisms into 11 genera. Parrot et al. [14] have isolated 51
actinobacterial OTUs from littoral lichens. In all actinomy-
ce t e s i so l a t ed f rom l i chens , S t rep tomyces and
Micromonospora were the most abundant genera, although
Ac t i n op l a n e s , Ac t i n omadu ra , Amyco l a t o p s i s ,
Geodermatophilus, Pseudonocardia, Rhodococcus,
Saccharopolyspora, and Streptosporangium strains were also
isolated. However, in the present study, 13 rare genera were
isolated, none of which were observed in previous studies. In
contrast, Arthrobacter, Candidatus, Cellulosimicrobium,
Corynebacterium, Friedmanniella, Geodermatophilus,
Oerskov ia , Planob i spora , Pseudosporang ium ,
Saccharopolyspora, and Saccharothrix were not discovered
in our study.

The distribution of 79 strains according to their associated
lichen genera, Squamarina (sample L3, L13, L17, L20),
Punctelia (sample L21 and L23), and Parmotrema (sample
L14, L27, L29, L30, L34), is given in Fig. 1 and Table 3.
Only three out of the 14 identified actinomycete genera
(Streptomyces, Amycolatopsis, and Rhodococcus) were com-
mon in the 3 lichen genera, and the proportion of strains
belonged to each genus were also markedly different. For
example, in the genus Parmotrema samples, almost 55% of
the strains were Streptomyces species whereas in Punctelia
and Squamarina lichen samples, Streptomyces species
accounted for less than 20 and 23%, respectively. Moreover,
a c t i nomyce t e s b e l ong i ng t o Ac t i nophy t o co l a ,
Kibdelosporangium, Kineosporia, Lechevalieria, Lentzea,
Nocardia, and Nocardioides were isolated only from the
Squamarina samples. Analysis of the identified strains based
on the different sampling localities also revealed distinct dif-
ferences (Fig. 1b and Table 3). Actinomycete genera obtained
from each sample, belonging to the same lichen genus but
collected in different localities, did not have a similar taxo-
nomical distribution, and their proportions were also

0% 20% 40% 60% 80% 100%

Parmotrema

Punctelia

Squamarina

1 Ac�nophytocola 2 Ac�noplanes 3 Agromyces 4 Amycolatopsis
5 Angus�bacter 6 Curtobacterium 7 Kibdelosporangium 8 Kineosporia
9 Lechevalieria 10 Lentzea 11 Microbacterium 12 Microlunatus
13 Micromonospora 14 Mycobacterium 15 Nakamurella 16 Nocardia
17 Nocardioides 18 Nonomuraea 19 Pseudonocardia 20 Rhodococcus
21 Schumannella 22 Streptomyces 23 Streptosporangium 24 Williamsia

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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b

aFig. 1 a Diversity and
abundance of the cultivable
actinomycetes isolated from three
lichen genera (Squamarina,
Punctelia, Parmotrema) in this
study. Seventy-nine isolates were
assigned to 24 different
Actinobacteria genera based on
identification by 16S rDNA
analysis. b Diversity and
distribution of the cultivable
actinomycetes isolated from three
lichen genera: Squamarina
(sample L3, L13, L17, L20),
Punctelia (sample L21, L23), and
Parmotrema (sample L14, L27,
L29, L30, L34) in this study
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significantly different. These results show that no significant
similarities or overlaps were observed in the relative frequen-
cies of the genera of actinomycetes when comparing the same
genera of lichens in different sampling localities (Table 3 and
Fig. 1).

Interestingly, the species of some minor or rare genera
seemed to be discontinuously distributed. For example,
Amnibacterium, Herbiconiux, and Labedella strains were iso-
lated only from sample L18 (Dermatocarpon miniatum);
Lechevalieria and Nocardioides strains only from sample
L17 (S. cartilaginea); and Actinomadura and Micrococcus
strains were only isolated from sample L7 (Endocarpon
pusillum) (supplementary Table S1). Notably, strains of the
genus Actinoplanes were here isolated only from the
Parmotrema lichens (L29, L30 samples). Jiang [41] obtained
similar observations for isolated cultivable actinomycetes
from Parmotrema austrosinense. These findings probably re-
sulted from that the unique symbiotic niches in lichen influ-
enced the colonization of certain actinomycetes.

Although the currently accepted 97% 16S rRNA gene se-
quence similarity threshold for species delimitation [51] has
been widely used, this metric increased to 98.65% for most
prokaryotes [52–54] based on the comparative investigation
between DNA-DNA hybridization (DDH) and 16S rRNA
gene sequence similarity as well as average nucleotide identity
(ANI) values of the whole genomes. Therefore, in the present
study, we used a threshold of 98.65% for species delimitation.
At least 40 isolates (18.78%) of 16 genera exhibited <98.65%

16S rRNA gene sequence similarities with the closest type
strains (Table 4 and supplementary Table S1). Indeed, almost
all of the Pseudonocardia isolates (6 out of 7 strains) and
approximately 10% of the Streptomyces isolates (9 out of 93
strains) could not be assigned to known species. It is likely that
many novel Actinobacteria taxa associated with lichens can be
readily cultivated using traditional approaches to selective iso-
lation and characterization.

The highest detection rates of biosynthetic genes were ob-
tained among isolates of the genus Amycolatopsis (100%), the
group with the most productive antimicrobial activities.
Streptomyces strains, the most abundant taxon, showed a lower
number of activities, with 40.9% of isolates displaying some
antagonistic activities to at least one of the pathogenic organisms
tested, in contrast with 91.4% of the isolates where at least one
type of biosynthetic gene has been detected. For other genera
isolates, the detection of biosynthetic genes and antimicrobial
activity seemed to have no direct correlation in this study. A high
percentage of strains (over 60%) potentially contained at least
one biosynthetic cluster, but the antimicrobial activities of the
strains were not detected under the present experimental condi-
tions. This absence of activity might reflect the lack of expres-
sion of some of these biosynthetic genes under the fermentation
conditions used or the fact that these genes involved in other
biosynthetic processes, which were not associated with the pro-
duction of antimicrobial secondary metabolites.

Overall, many of the isolates were closely related or iden-
tical to known strains (not obtained from lichens) producing

Table 3 Composition of actinomycetes isolated from three lichen genera including 11 lichen samples collected in different localities

Lichen genus Samples Sampling localities Genus

Squamarina L3 N: 26°52′32.49″
E: 103°12′18.46″

Amycolatopsis 2, Kibdelosporangium 1, Streptomyces 1, Streptosporangium 1

L13 N: 26°31′27.99″
E: 103°42′07.15″

Kineosporia 1, Mycobacterium 1, Pseudonocardia 1, Rhodococcus 1, Streptomyces 2,
Streptosporangium 1

L17 N: 25°38′23.97″
E: 103°22′58.91″

Lechevalieria 1, Lentzea 2, Nocardioides 1

L20 N: 25°33′35.28″
E: 103°18′11.68″

Actinophytocola 1, Lentzea 2, Microlunatus 1,Micromonospora 2, Nocardia 4,
Pseudonocardia 3, Schumannella 1, Streptomyces 5

Punctelia L21 N: 25°30′54.19″
E: 103°21′36.81″

Amycolatopsis 2, Curtobacterium 1, Microlunatus 2, Nonomuraea 1, Streptomyces 2

L23 N: 25°41′42.10″
E: 103°26′27.63″

Agromyces 2, Microbacterium 2, Rhodococcus 1, Streptomyces 1, Streptosporangium 1

Parmotrema L14 N: 26°43′55.47″
E: 103°32′02.32″

Streptomyces 3

L27 N: 22°55′59.05″
E: 99°93′19.75″

Micromonospora 1, Streptomyces 2, Williamsia 1

L29 N: 21°95′75.82″
E: 100°59′89.98″

Actinoplanes 2, Nakamurella 1, Streptomyces 3

L30 N: 21°95′75.82″
E: 100°59′89.98″

Actinoplanes 1, Amycolatopsis 2, Angustibacter 1, Mycobacterium 1, Rhodococcus 1,
Streptomyces 5

L34 N: 21°95′43.93″
E: 100°30′50.49″

Mycobacterium 2, Streptomyces 3

Numbers beside genus name are the number of isolates belonging to each genus
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bioactive compounds from the genera Streptomyces,
Kitasatospora, Rhodococcus, Lechevalieria, Lentzea,
Actinoplanes , Microlunatus , Streptosporangium ,
Kibdelosporangium , Brevibacterium, Kocuria, and
Umezawaea. More specifically, 112 different compounds, in-
cluding antibiotics, enzyme, enzyme inhibitor, immunomod-
ulators, and organic and amino acids, have been reported from
species most closely related to the isolated actinomycetes ac-
cording to queries against the natural products in the
REAXYS (http://www.reaxys.com) database. Among them,
17 natural products [55–71] have been described from the
closely related species among the 40 potential novel
Actinobacteria strains (Table 4). Significantly, a number of
gene clusters in natural product biosynthesis, including poly-
ketide synthases of type I, type II, and non-ribosomal peptide
synthetases are present, and the biosynthetic genes of natural
products are much more common among the novel actinomy-
cete strains (72.5%) than the average detective rate (60.1%),
which will further the evidence of their biosynthetic potential.
The results confirm the idea that species of actinomycetes
isolated from lichens represents significant potential to pro-
duce biologically active compounds, despite the relatively low
number of antagonistic activities observed among some of
taxa tested.

At the same time, several lichen-associated actinomycetes
have been previously investigated for the production of second-
ary metabolites and some bioactive compounds have been
identified. Actinoplanic acids A and B were isolated from
Actinoplanes sp. ATCC 55532 associated with a non-
identified arboricolous lichen from Spain [72]. The
actinoplanic acid B inhibits the farnesyl protein transferase
(FPTase) and thus has a potential for the treatment of colorectal
carcinoma and exocrine pancreatic carcinoma. Uncialamycin,
an enediyne antibiotic with good antibacterial activity against
Burkholderia cepacia, E. coli, and S. aureus, has been reported
from S. uncialis, which is isolated from Cladonia uncialis [15].
The same strain (S. uncialis) also produces the alkaloids
cladoniamides A–G with the latter showing significant
in vitro cytotoxic properties against human breast cancer
MCF-7 cells [16]. 1,1-dichlorocyclopropane-containing
angucycline displaying antimicrobial activity and cytotoxic ac-
tivities against HeLa and ACC-MESO-1 cells were isolated
from a new species of Streptomyces (strains RI104-LiC106
and RI104-LiB101) associated with an unidentified lichen col-
lected in Japan [17]. Six new aminocoumarins (coumabiocins
A-F) exhibiting significant inhibitory activities were also iso-
lated from a Streptomyces specie associated with C. gracilis
[73]. In summary, a number of bioactive and structurally iden-
tified molecules were produced by actinomycetes isolated from
lichens, although the interest in lichen-associated actinomy-
cetes is relatively recent. Lichen-associated actinomycetes rep-
resent thus a promising yet underexplored source to discover
new bioactive products.T
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As we showed here, the large numbers and the vast diver-
sity of actinomycete strains have been isolated; it does provide
an indication of the actinomycete community present in li-
chens. More efforts need to be made on culture-independent
analyses and comprehensive sampling to unravel the complete
composition of actinomycete communities in lichen niches,
which are ongoing in our laboratory. It is important to estab-
lish effective isolation methods to recover the representative
of actinomycetes associated with lichens, although the present
study was not designed to evaluate the effectiveness of differ-
ent media and pretreatments. In addition, given the large num-
ber of active strains, efforts toward the isolation and structural
analysis of the secondary metabolism are therefore necessary
to discover high potential bioactive compounds, meanwhile,
to advance the understanding of interactions among different
organisms in lichen symbiosis.
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