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Endophytic actinomycetes: promising source of novel

bioactive compounds

Atsuko Matsumoto and Yoko Takahashi

Endophytic actinomycetes associated with plant roots are a relatively untapped source of potential new bioactive compounds.
This is becoming increasingly important, as the returns from discovery research on soil-dwelling microbes, have been
continuously diminishing. We have isolated more than 1000 strains of actinomycetes from plant roots in our search for

novel bioactive compounds, identified and assayed their bioactive metabolites, as well as investigated their biosynthetic genes
for generating secondary metabolites. This has resulted in the discovery of several interesting compounds. Creation of plant
root clone libraries enabled us to confirm that we had, indeed, isolated endophytes. In this paper, we introduce our approach
to this promising line of research, incorporating data from other publications, and illustrate the potential that endophytic

actinomycetes offer as a new source of novel lead compounds.
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INTRODUCTION

Natural products have been the source of the world’s most important
bioactive compounds and microorganisms are a primary resource
driving drug discovery.!? Although numerous actinomycetes have
been isolated, and used as producer of key drugs and biomedical
agents, it has lately become increasingly difficult to find novel
compounds as well as to avoid time- and resource-consuming
repeated detection of known compounds. Consequently, it is extre-
mely advantageous to be able to investigate Nature’s hitherto untapped
microbial organisms. In order to achieve this objective, we have been
isolating actinomycetes using various methods from a diverse samples
of natural environments, including endophytic microbes which live
in plants. It is well known that many kinds of bacteria live in and
around plant roots, including the phyla Proteobacteria, Actinobacteria
(Gram-positive high G+C bacteria), Bacteroides and Verrucomicrobia,
which have been detected by pyrosequencing.> Over 40 genera of
filamentous Actinobacteria (actinomycetes) have been detected from
Triticum aestivum roots alone by terminal restriction fragment length
polymorphism.® Bacteria exist on the surface and inside of plant roots,
as demonstrated by fluorescence in situ hybridization, scanning
electron microscopy or detection of target genes.”~'® Numerous
bacteria live in rhizospheres, up to 10° cells per mm?, including
filamentous bacteria with actinomycetes accounting for an estimated
4% of the total.”

This shows the relationship that exists between actinomycetes and
plants. Janso and Carter isolated 123 actinomycete strains from 256
tissue samples (leaves, roots, stems, etc.) collected from 113 plants and
they were categorized on the basis of 16S rRNA gene sequences into six
families; Streptosporangiaceae (40%), Streptomycetaceae (27%), Thermo-
monosporaceae (16%), Micromonosporaceae (8%), Pseudonocardiaceae

(8%) and Actinosynnemataceae (2%).'! Notably, the genus Streptomyces
in the family Streptomycetaceae accounted for only 26%, meaning that
rare actinomycetes (non- Streptomyces) make up 74% of the total and
other reports also indicated that rare actinomycetes are majority in
plant,!>71* although Kaewkla and Franco reported that Streptomyces
strains accounted for 72% of endophytic actinomycetes isolated from
Australian native trees.!>

It remains to be seen whether this promising new source of bioactive
materials will bear fruit, but the signs are promising. Evaluation of the
presence of genes coding for polyketide synthase (PKS) or nonriboso-
mal peptide synthetase (NRPS) have been frequently carried out and
a few reports found, as an indicator, that 21-66%, 45-82% and
33-100% of endophytic actinomycetes have type I PKS (PKS-I), type II
PKS (PKS-1I) and NRPS, respectively.!b1214 Tt is widely believed that
the potential of secondary metabolites with biological activities from
endophytic actinomycetes is just as great as that achieved from soil
actinomycetes.'2 As results of our exploration, we have already
found several novel compounds from endophytic actinomycetes.
In a similar vein, many new genera of actinomycetes, such as
Allonocardiopsis from the fruit of a medical plant,?! Actinophytocola
from Thai glutinous roots of rice plants,?? Plantactinospora from root
of a medical plant,”® had been discovered and promising endophytes
with unknown function may arise from plants. In this paper, we will
outline our approach to the isolation of endophytic actinomycetes from
plant roots and the evaluation of their potential for producing useful
bioactive compounds.

ISOLATION OF ACTINOMYCETES FROM PLANT ROOTS
We employed the following isolation method for our isolation of
actinomycete strains from plant roots; the roots were washed with 70%
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Figure 1 Classification of actinomycetes isolated from plant root and soil samples. Isolating source: 1-3; Mondo grass (Ophiopogon japonicus ker-Gawler),
4-7; Kinginso (Goody procera), 8-9; Common Sorrel (Rumex acetosa), 10; Chusan Palm (Trachycarpus fortunei), 11; Mugwort (Artemisia indica var.
maximowiczii), 12; Dokudami (Houttuynia), 13; Prickly Sow-thistle (Sonchus aspen), 14; Fuki (Petasites japonicus), 15; Hellebore (Helleborus orientalis),
16; Pteridophyta, 17-18; Surface soil of Mondo grass, 19-20; Surface soil of Kinginso, 21; Soil at the depth of 1 cm, 22; and Soil at the depth of 5cm.

Table 1 Antimicrobial activity of cultured broths of isolates from plant roots and rhizospheric soils

Plant Rhizospheric soil
Genus Test no. Positive no. Ration (%) Test no. Positive no. Ration (%)
Acrocarpospora 25 1 4 0 0 -
Microbispora 5 1 20 0 0 -
Nonomuraea 25 7 28 2 1 50
Planotetraspora 38 1 3 0 0 -
Sphaerisporangium 30 15 50 0 0 -
Streptosporangium 8 0 0 0 0 -
Actinoallomurus 24 4 17 0 0 -
Asanoa 5 0 0 0 0 -
Dactylosporangium 19 1 5 2 0 0
Micromonospora 48 12 2 1 0 0
Polymorphospora 20 1 5 0 0 -
Verrucosispora 11 2 18 0 0 -
Nocardia 0 0 3 1 33
Kribbella 0 0 - 4 0 0
Kitasatospora 0 0 10 4 40
Streptomyces 43 10 23 110 45 41
Others 30 1 3 5 1 20
Total 333 56 17 137 52 38

Antimicrobial activities against at least one of six tested microorganisms; Bacillus subtilis KB-211, Kocuria rhizophila KB-212, Escherichia coli KB-213, Xanthomonas campestris pv. oryzae KB-88,

Candida albicans KF-1 and Mucor racemosus KF-223.

ethanol, 1% sodium hypochlorite and sterilized water and then dried,  1.0% proline, 1.5% agar, tap water, pH not adjusted) or/and CMC
thereafter the samples were ground with a pestle and mortar. agar (1.0% carboxymethyl cellulose sodium salt, 0.1% L-asparagine,

The diluted samples were mixed with water proline agar (WPA; 0.1% K,HPO, 0.0001% FeSO47H,0, 0.0001%

MHC12'4H20,
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0.0001% ZnSO47H,0, 1.5% agar, pH 7.0) containing nalidixic acid
(25ugml™!) and benomyl (20 pgml~'). After cultivation for
1-3 months at 27 °C, approximately 10°~10° colonies appeared per
1g of each dried sample. These results confirmed that a lot of
culturable bacteria can be found in plant roots. For practical reasons,
we narrowed down the isolation system to concentrate on actinomy-
cetes. Consequently, we have isolated a variety of actinomycete strains,
comprising more than 1000 from various kinds of roots. To further
focus our work, 642 actinomycetes we isolated from 16 plant samples
were classified into 32 genera of 9 families on the basis of 16S rRNA
gene partial sequence analyses. They were identified with species
showing the highest similarity values by BLAST search, and the
number of species was summed up on each sample. For comparative
purposes, actinomycetes isolated from rhizospheric soils and general
soils were also classified by the same method. Figure 1 shows the
genera to which the strains from each plant belonged, as well as the
proportion of isolates from each genus. Streptomyces strains isolated
from plant samples accounted for only 22.9%, while the isolate figures
from rhizospheric soils and general soil samples were 84.0% and
84.1%, respectively. It is well known that soil samples are certainly a
rich repository of Streptomyces species, more than 500 of which have
been described. Yet it is, perhaps, of far greater significance that non-
Streptomyces, i.e., rare actinomycete, strains are isolated from plant
material with high frequency. The classification results of isolates from
plant roots, rhizospheric and general soil samples reveal that specific
strains belonging to various genera could be isolated from plant roots
but not from soil. It is thought that the appearance of rare
actinomycete strains is inhibited in soil by the existence of fast-
growing Streptomyces strains but this is not the case in plant roots
which the ratio of Streptomyces is low. Therefore, it seems that plant
roots are very good potential source of rare actinomycete strains and,
probably, new secondary metabolites.

As a result of our on-going research, we have already reported three
new genera, Phytohabitans, Rhizocola and Actinorhabdospora, and
10 new species,”*>! and we fully expect to find more as-yet
undiscovered species in the near future.

POTENTIAL OF SECONDARY METABOLITES PRODUCED BY
ENDOPHYTIC ACTINOMYCETES

Productive capacity for antibiotics

The capability of isolates to generate antibacterial and antifungal
compounds was investigated by the paper disc method using cultured
broth samples of 333 strains from plant roots and 137 strains from
rhizospheric soils. Some 8.5% of isolates from plant roots showed
antimicrobial activity against Bacillus subtilis KB-211, 9.1% against
Kocuria rhizophila KB-212, 5.7% against Xanthomonas campestris pv.
oryzae KB-88, 3.4% against Mucor racemosus KF-223, 1.7% against
Candida albicans KF-1 but no action at all against Escherichia coli
KB-213, while isolates from rhizospheric soils were 20.3, 17.1, 8.9,
21.1, 9.8 and 8.1%, respectively. This indicates that isolates from
rhizospheric soil have a better prospect of producing antimicrobial
compounds than organisms from plant roots. Table 1 shows the
positive antimicrobial activity in six tested microorganisms. Although
antimicrobial activity of the isolates from plant roots was generally
worse than that of soil-dwelling organisms, 50% of Sphaerisporangium
strains, which were not isolates from rhizospheric soil performed
bioactivity, additionally, the genera Microbispora, Actinoallomurus,
Verrucosispora and others also produced antibiotics. Pozzi et al.3?
concluded that Actinoallomurus strains produce antibiotic compounds
at high frequency, and Tiwari et al.3® reported that rare actinomycetes
possess the capacity to produce many useful metabolites and represent
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Table 2 Strain numbers of biosynthetic genes in Strepfomyces and
rare actinomycete strains

Source Strain no. PKS-1 NRPS PKSE
Streptomyces
Plants 8 3 (38) 8 (100) 1(13)
Soils 37 34 (92) 34 (92) 3(8)
Non-Streptomyces
Plants 108 74 (69) 108 (100) 59 (55)
Soils 57 34 (60) 46 (81) 12 (21)

Abbreviations: NRPS, nonribosomal peptide synthetase; PKS-I, type | polyketide synthase;
PKSE, enediyne biosynthesis PKS.

one of the most important sources of new bioactive compounds.
We are very interested in endophytic actinomycete strains which is
difficult to isolate from the soil. Thus, plants provide access to unique
actinomycete strains, which we expect to have a high potential to
produce novel bioactive compounds.

Secondary metabolite biosynthetic genes

We attempted to detect the PKS-I, NRPS and enediyne biosynthesis
PKS (PKSE) genes in strains isolated from plant roots, as well as from
soils, using modification of the previous PCR methods.>#3 In
Streptomyces strains, the PKS-I gene in isolates from plant roots
(38%) was found far less than in isolates from soils (92%), while there
was little difference in the percentage of NRPS and PKSE genes
detected. In rare actinomycetes, PKSE genes from plant root isolates
(55%) were more than those detected in soil isolates (21%; Table 2).
The appearance of these specific biosynthetic genes indicates the
high potential of endophytic actinomycetes for producing attractive
bioactive secondary metabolites. We expect that endophytic
actinomycetes will probably produce significantly different metabolites
from soil-dwelling actinomycetes.

ENDOPHYTIC BACTERIA IN PLANTS

Our observations of Actinobacteria containing actinomycetes in plant
roots by fluorescence in situ hybridization (FISH) using Actinobacteria-
specific probes showed that they appear to be found in tissue toward
the exterior surfaces, which corresponds with other reports (data not
shown).”$10 Furthermore, in comparison of the colony formation
from outer and inner part of tissues using two kinds of plant roots, 10
CFU g~ ! (dried sample) from near the exterior and 10°~10° CFU g ~ !
(dried sample) from the inside tissue of both samples were detected.
The data supported the results detected by FISH. It was therefore
surmised that most endophytic actinomycetes inhabit in the outer part
of plant roots.

To estimate how many we are able to isolate and culture endophytic
Actinobacteria, we constructed a 16S rRNA gene clone library of
endophytic Actinobacteria and compared isolates with clones based on
their sequences. Material obtained from the roots of Achyranthes
bidentata was used for both isolation of Actinobacteria and construc-
tion of the clone library. All bacteria colonies, including filamentous
bacteria (actinomycetes), were picked up and non-filamentous
bacteria were confirmed by amplification of Actinobacteria-specific
band of 23S rRNA gene to determine whether Actinobacteria or not.>®
The bacterial DNA in tissue samples were extracted using PowerSoil
DNA Isolation Kit (MO BIO), and the Actinobacteria 16S rRNA
gene sequence was amplified with Actinobacteria-specific primers
Act-235F (5'-CGC GGC CTA TCA GCT TGT TG-3") and Act-878R
(5-CCG TAC TCC CCA GGC GGG G-3"),% for the construction



Table 3 Actinomycetes in roots of Achyranthes bidentata estimated
by isolates and clone library

Isolate Clone

Genus Number % Number %

Aciditerrimonas 0 0 13 5.7
Actinoallomurus 1 0.6 0 0

Actinokineospora 1 0.6 1 0.4
Actinomadura 0 0 1 0.4
Actinomycetospora 1 0.6 0 0

Actinophytocola 0 0 8 3.5
Aeromicrobium 0 0 2 0.9
Agreia pratensis 0 0 1 0.4
Agrococcus terreus 0 0 1 0.4
Amycolatopsis 0 0 1 0.4
Arthrobacter 0 0 7 3.1
Asanoa 0 0 2 0.9
Catenulispora 0 0 3 1.3
Catellatospora 2 1.2 1 0.4
Cellulomonas 0 0 2 0.9
Cellulosimicrobium 1 0.6 0 0

Conexibacter 0 0 1 0.4
Friedmanniella 0 0 2 0.9
Geodermatophilus 0 0 1 0.4
Herbiconiux 0 0 1 0.4
lamia 1 0.6 2 0.9
llumatobacte 0 0 6 2.6
Isoptericola 3 1.8 0 0

Jatrophihabitans 0 0 2 0.9
Kibdelosporangium 0 0 20 8.8
Kineosporia 0 0 1 0.9
Klugiella 0 0 1 0.9
Kribbella 0 0 1 0.9
Lechevalieria 1 0.6 0

Lentzea 0 0 11 4.8
Marmoricola 0 0 3 1.3
Microbacterium 9 5.4 10 4.4
Microlunatus 0 0 2 0.9
Micromonospora 0 0 3 1.3
Micropruina 0 0 2 0.9
Modestobacter 0 0 1 0.4
Mycobacterium 18 10.8 24 10.6
Nocardioides 4 2.4 6 2.6
Nonomuraea 5 3 0 0

Oerskovia 6 3.6 0 0

Phytohabitans 0 0 5 2.2
Planosporangium 0 0 1 0.4
Promicromonospora 1 0.6 13 5.7
Pseudonocardia 0 0 18 7.9
Rhodococcus 0 0 4 1.8
Saccharothrix 0 0 5 2.2
Salinibacterium 0 0 2 0.9
Solirubrobacter 0 0 1 0.4
Streptomyces 111 66.9 24 10.6
Streptosporangium 0 0 1 0.4
Virgisporangium 0 0 5 2.2
Williamsia 1 0.6 0 0

Total 166 100 227 100

Endophytic actinomycetes as source of novel bioactive compounds
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of clone library. The 16S rRNA gene partial sequences of 166 isolates
and 227 clones were analyzed and the genera were identified (Table 3).
Results suggest 44 genera of Actinobacteria were detected in clones
while actinomycetes belonging to only 16 genera were isolated.
Furthermore, the genus Phytohabitans which presently comprised
only five species isolated from plant samples?43*38 were detected only
in the clone library. Kibdelosporangium strains isolated in the past
from both plant roots and rhizospheric soils were not isolated in this
case although those 16S rRNA genes were detected (8.8%). It may be
caused by appearance of the 111 Streptomyces strains included 48 S.
fragilis and 39 S. xiamenensis strains. In addition, the genera Iamia,
Ilumatobacter and Solirubrobacter, which are positioned deeply in the
lineage of the class Actinobacteria and presently comprise only a few
species, are extremely rare but we managed to obtain their clones.

There is a significantly high possibility that many as-yet-uncultured
Actinobacteria exist. However, as there are more easily-culturable
actinomycetes, it may be advisable to concentrate our discovery efforts
using them, at least initially so that we can establish and optimize
culturing media and methods.

SEARCH FOR NOVEL COMPOUND FROM ENDOPHYTIC
ACTINOMYCETES

We have isolated a lot of rare actinomycete strains from plant root
samples. However, it is difficult to find new bioactive compounds
produced by them because the growth of the strains is generally slow
and the metabolites they produce are often less than those produced
by Streptomyces strains. As one of the methods compensating for the
demerit, we introduced search for new compounds based on the
physico-chemical properties of the secondary metabolites produced by
endophytic actinomycetes. As a result, we found the actinoallolides
which are 12-membered macrolides in a cultured broth of Actinoallo-
murus fulvus MK10-036, the trehangelins which consist of two
trehalose molecules and an angelic acid from Polymorphospora rubra
K07-0510, and the spoxazomicins, pyochelin family antibiotics from
Streptosporangium oxazolinicum K07-0460T.3**! Furthermore, we
have cultured 22 endophytic actinomycetes, which were isolated
from eight kinds of plant and classified in 12 genera. The HPLC
analyses of their culture broths extracted by ethyl acetate indicated
that aranciamycins were produced in seven strains, belonging to the
genera Sphaerisporangium, Kibdelosporangium, Planomonospora and
Actinophytocola, and their cultured broths displayed antibacterial
activity against Xanthomonas campestris pv. oryzae KB-88, which is a
known plant pathogen. Endophytes are therefore capable of generating
anthraquinone antibiotics although we do not know why aranciamy-
cins are commonly produced by different strains from differing plants.
We presume they are produced as defensive chemicals to protect
against antagonistic organisms.

It is clear that the relatively unexplored range of endophytic
actinomycetes could be a rich source of novel bioactive compounds,
in comparison with the compounds that have been identified from
soil-dwelling actinomycetes.

CONCLUDING REMARKS

Natural products originating from microorganisms are a proven
important source for the discovery of new bioactive compounds.
Since the beginning of antibiotics discovery, we have aimed to isolate
as many actinomycetes as possible, and soil samples have been the
primary source exploited in this respect. Use of biosynthetic genes
rather than cultivation of organisms has been intensified and
accelerated to help overcome the problem of unculturable bacteria.
However, there are enormous untapped resources remained. To fully
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realize the potential of these treasure troves, we have concentrated our
efforts to isolate untapped microorganisms using various innovatory
and diverse methods, media and cultivation practices. This flexible and
novel approach has, for example, allowed us to obtain the mangro-
micins, which have a unique cyclopentadecane structure from
Lechevalieria aerocolonigenes K10-0216, which originated in mangrove
soil, the lariatins that have a lasso structure from Rhodococcus jostii
KO01-B0171, and actinohivin that displays anti-HIV activity from
Longispora albida K97-0003" which was isolated using a gellan gum
medium instead of agar.**** These producing strains are rare
actinomycetes which occasionally produce different metabolites from
Streptomyces strains. Most of actinomycetes producing enediyne
antibiotics are also rare actinomycetes, such as Micromonospora
strain which produce dynamicin and Actinomadura strain which
produce maduropeptin.*>4® The facts are supported by the appearance
of PKSE gene with high frequency from rare actinomycetes (Table 2).
They are one of useful and attractive source of new bioactive
compounds.

We decided to focus attention on endophytes as a prospective new
source of novel microbes because the taxa of actinomycetes in plant
roots has proven to be significantly different from those found in soil
environments. At present, genome sequence analyses are easily carried
out and many biosynthetic genes of functional molecules have been
identified, furthermore, genome sequence analyses using only one cell
have been possible. Nevertheless, we are confident there is merit to
cultivation of microbes to help fully explore a more complete range of
organisms and the potential that they hold.
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