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Abstract

Rice blast caused by Magnaporthe oryzae severely impacts global rice yield stability. The rice endophyte Streptomyces
sporocinereus OsiSh-2, with strong antagonistic activity towards M. oryzae, has been reported in our previous study. To decipher
the model of the antagonistic action of OsiSh-2 towards M. oryzae, we compared the iron-capturing abilities of these two strains.
The cultivation of OsiSh-2 and a M. oryzae strain under iron-rich and iron-starved conditions showed that M. oryzae depended
more on iron supplementation for growth and development than did OsiSh-2. Genomic analysis of the S. sporocinereus and
M. oryzae species strains revealed that they might possess different iron acquisition strategies. The actinobacterium OsiSh-2 is
likely to favor siderophore utilization compared to the fungus M. oryzae. In addition, protein annotations found that OsiSh-2
contains the highest number of the siderophore biosynthetic gene clusters among the 13 endophytic actinomycete strains and 13
antifungal actinomycete strains that we compared, indicating the prominent siderophore production potential of OsiSh-2.
Additionally, we verified that OsiSh-2 could excrete considerably more siderophores than Guy11 under iron-restricted conditions
and displayed greater Fe**-reducing activity during iron-supplemental conditions. Measurements of the iron mobilization be-
tween the antagonistic OsiSh-2 and Guy11 showed that the iron concentration is higher around OsiSh-2 than around Guyl11. In
addition, adding iron near OsiSh-2 could decrease the antagonism of OsiSh-2 towards Guyll. Our study revealed that the
antagonistic capacity displayed by OsiSh-2 towards M. oryzae was related to the competition for iron. The highly efficient iron
acquisition system of OsiSh-2 may offer valuable insight for the biocontrol of rice blast.
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Introduction

Rice contributes approximately 30% of the global food supply
[1]. However, its production suffers severely from crop dis-
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eases, especially rice blast, which has spread worldwide. The
causative agent of rice blast is a filamentous ascomycete fun-
gus, Magnaporthe oryzae. Recently, this pathogen emerged as
an agronomically important microorganism for investigating
fungus-caused plant diseases [2].

The biological control of rice blast has received considerable
attention. Compared to traditional strategies, it has increased
the durability of disease resistance while sustaining environ-
mental friendly conditions [3]. The antagonistic microorganism
that is commonly isolated from the plant rhizosphere and soil is
one of the most reported biocontrol agents for blast suppression
[4]. Nevertheless, recent literatures suggest that endophytes,
microbes that cooperatively inhabit plants, could be novel
promising candidates for biocontrol agents [5].

Analogous to the gut microflora in humans, endophytes
inside plants exhibit multiple functions in host health, such
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as boosting plant growth and protecting the host from patho-
gen invasion [6]. For example, the rice endophyte
Harpophora oryzae plays a useful role in restricting rice blast
[7], and the endophyte Bacillus subtilis var. amyloliquefaciens
FZB24 contributes to late blight resistance and promotes grain
yield [8]. It is worth noting that endophytic actinomycetes
display high potential for disease control since they are capa-
ble of producing secondary metabolites with diverse biologi-
cal activities [9]. For instance, endophytic actinomycete
strains could improve plant growth and suppress the pathogen
Pythium aphanidermatum on cucumbers [10]. Additionally,
the endophytic Streptomyces sp. S96 could notably reduce
fusarium wilt disease on banana [11]. However, the modes
of action of the endophytic antagonists against fungal patho-
gens are still unclear. Initially, it is believed that actinomycetes
could secrete antibiotics that result in the antagonism.
However, in many cases, the competitive acquisition of nutri-
ents by actinomycetes might induce antagonism as well [12].

Iron is an essential nutrient involved in primary metabolic
processes, including respiration, photosynthesis, and DNA
replication, for most organisms [13]. However, iron is not
always bioavailable for organisms due to its poor solubility
in the form of ferric iron (Fe**), which exists predominantly in
aerobic environments [14]. Consequently, microbes utilize
various systems to acquire iron from the environment. A com-
mon strategy is the synthesis and secretion of siderophores, a
kind of small molecular organic compounds with a high affin-
ity for ferric iron. The concept is to use siderophores to se-
quester extracellular iron, especially when iron availability is
limited. Siderophores from different microbes vary in their
ability to sequester iron. Commonly, the iron affinities of fun-
gal siderophores are lower than those of bacterial siderophores
[15, 16]. Given the indispensable role of iron, this difference
might modulate the microbial communities in a specific envi-
ronment. For example, one actinomycete, Amycolatopsis sp.
AA4, could inhibit the development of adjacent colonies of
Streptomyces coelicolor by siderophore piracy [17].
Siderophore-mediated iron competition between the soil-borne
pathogens and their antagonistic microorganisms was reported to
be helpful in disease suppression [18]. Many microbes, e.g.,
Schizosaccharomyces pombe and Mycobacterium
paratuberculosis, also encode enzymes that reduce Fe** into
the more soluble ferrous form (Fe**) [19, 20]. Currently, research
on the interaction between M. oryzae and the endophytic antag-
onists involved in iron acquisition has rarely been reported.

In our previous study, we obtained a rice endophytic
actinobacterium, Streptomyces sporocinereus OsiSh-2, which
exhibited remarkable antagonistic activity against rice blast
under laboratory and field conditions [5]. Understanding the
mechanisms underlying the resistance of this plant endophyte
to pathogenic fungi will be essential for its efficient applica-
tion in crop protection. In the present study, to confirm the role
of iron competition in rice blast inhibition, we evaluated the
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growth and development of M. oryzae Guyll and
S. sporocinereus OsiSh-2 under different states of iron supple-
mentation. We compared the iron-acquiring ability of Guy11
and OsiSh-2 through genomic analysis, Fe**-reducing activity
measurement and siderophore production detection. In addi-
tion, we assessed the iron competition between these two
strains by determination of the iron concentration in culture
media. Moreover, the impact of iron on the antagonistic inter-
action was evaluated by a dual cultural assay.

Methods
Microorganism Strains and Growth Media

The S. sporocinereus strain OsiSh-2 was obtained as previ-
ously reported [5]. The M. oryzae strain Guyl1 was provided
by the Hunan Academy of Agricultural Sciences (Changsha,
China). Strains were grown at 30 °C in potato dextrose agar
(PDA) media to observe their growth and to conduct the iron
competition assay. For siderophore production, the strains
were cultivated in media containing 0.5% peptone and 0.1%
yeast extract, pH 7.0 [21]. The effect of Fe sources on strain
growth was observed by supplementing the culture media
with 10, 100, and 300 uM FeCl; or with 10, 100, 200, and
300 puM 2,2'-dipyridyl [22].

Siderophore Production and Fe**-Reducing Activity
Assay

The OsiSh-2 and Guyll strains were inoculated in
siderophore-producing media supplemented with 10 pM
FeCl; or 2,2'-dipyridyl at 30 °C and 170 rpm for 1 week.
The growth curves of the strains were determined as described
previously [5]. The fermentation broth was centrifuged at
7378xg for 2 min, and the siderophore activity in supernatant
extracts was quantified by CAS solution assay [23]. The Fe**-
reducing activity was determined using a ferrozine assay [24].

Comparative Genome Analyses

Genome Annotations of Selected S. sporocinereus
and M. oryzae Strains

Using WebMGA (http://weizhonglab.ucsd.edu/), the protein
function was organized in multiple levels: COG (Clusters of
Orthologous Groups) analysis for actinomycetes, KOG
(euKaryotic Ortholog Groups) analysis for M. oryzae, and
KEGG pathway analysis for all investigated genes [25]. The
GO (Gene Ontology) annotations of the proteins were
obtained from AgBase 2.00 (http://agbase.msstate.edu/cgi-
bin/tools/GOanna.cgi) [26].
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Secondary metabolite biosynthetic gene clusters were pre-
dicted using antiSMASH (v.3.0) with the ClusterFinder algo-
rithm for the border prediction (https://antismash.
secondarymetabolites.org/) [27].

Analysis of Iron Acquisition-Related Genes

Ferric reductase, peroxidase, catalase, and siderophore biosyn-
thetic and transport genes were collected and statistically ana-
lyzed based on genome annotations. For the homologous clas-
sification, 125 ferric reductase proteins belonging to different
homologous families (FRE, AIM, CFL, FRP, FET, FTR, ARN,
ATF, and MAC) were collected to construct a ferric reductase
database through the makeblastdb program. Based on this da-
tabase and the BLASTP program, ferric reductases from the
investigated strains were classified into a specific protein fam-
ily if a BLASTP search resulted in a global identity of more
than 30% and coverage of more than 50% [28].

Estimation of Iron Mobilization Between OsiSh-2 and Guy11
in Cultivated Media

The culture dish was marked in a straight and equidistant
manner to create seven blocks, which were defined as points
1to 7, respectively, i.e., the location of point 4 was in the dish
center. The Guy11 and OsiSh-2 strains were inoculated at
points 2 and 6, respectively. After cocultivation for 5 days,
the medium at each point was collected with the elimination
of the microbial colonies. These samples were introduced
into a Teflon vessel. After 1 ml of concentrated nitric acid
was added, a heating program of 300 W for 2 min and venti-
lation for 1 h proceeded. The digested solution was then
transferred to a tube, and the volume was brought to 10 ml
with deionized water. The concentration of iron in this aque-
ous solution was determined using a UV spectrophotometer
(UV-1800, SHIMADZU Corporation, Japan) according to
the phenanthroline method [29].

+ FeCls

Results

Growth and Development of S. sporocinereus OsiSh-2
and M. oryzae Guy11 Under Iron-Sufficient
and Iron-Deprived Conditions

To investigate the effect of iron resources on the growth and
development of the pathogen and its antagonist, we inoculated
M. oryzae Guyll and S. sporocinereus OsiSh-2 under iron-
sufficient and iron-deprived conditions, i.e., PDA medium sup-
plied with different concentrations of FeCl; (10-300 uM) and
of the iron-chelating compound 2,2"-dipyridyl (10-300 pM),
respectively. On FeClz-rich medium, Guy11 displayed stronger
mycelia growth and sporulation than the control (Fig. 1).
However, fungal growth was obviously reduced in a seriously
iron-deficient environment (>200 uM 2,2'-dipyridyl) and was
completely inhibited at 300 uM 2,2'-dipyridyl (Fig. 1). An
exception was found on media with a low concentration of
2,2'-dipyridyl (10 uM): Guyl1 showed a small degree of pro-
motion of colony growth and conidial generation compared
with the control (Fig. 1). It was reported that a minor amount
of 2,2"-dipyridyl could increase the growth rate of some plant
tissues due to induced cell elongation [30, 31]. Whether this is
the same reason for our observation deserves further study.

In contrast to Guyl1, almost no marked variation in the
growth of the OsiSh-2 colony was observed following the
addition of low and high concentrations of FeCl; (Fig. 1).
Even though OsiSh-2 could grow in the iron starvation envi-
ronment, a delayed appearance of hyphae was observed under
a severely iron-deficient condition (induced with 300 uM 2,2'-
dipyridyl). This finding was consistent with the result previ-
ously reported [17].

Bioinformatics Analyses of Iron Uptake Systems Used
by M. oryzae and S. sporocinereus
Given the significant differences in the dependency on iron

resources between Guyl1 and OsiSh-2, we hypothesize that
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Fig. 1 OsiSh-2 and Guy11 grown on PDA media under iron-sufficient (supplied with FeCls) or iron-starved (supplied with 2,2'-dipyridyl) conditions for

14 days
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these two antagonistic microbes contain different iron acqui-
sition systems. Only two S. sporocinereus strains (including
OsiSh-2) and three M. oryzae strains with genome sequencing
and protein annotations were obtained from the GenBank da-
tabase (https://www.ncbi.nlm.nih.g-ov/genome/: S.
sporocinereus OsiSh-2 (MDFG00000000), S. sporocinereus
NBRC100766 (BCAN00000000), M. oryzae 70-15
(AACU00000000), M. oryzae P131 (AHZT00000000), and
M. oryzae Y34 (AHZS00000000)). The COG, KOG, GO, and
KEGG pathway analyses showed that only three genes
encoding ferric reductase were found in both S. sporocinereus
strains OsiSh-2 and NBRC100766 (Fig. 2a). Conversely, the
M. oryzae strains 70-15, P131, and Y34 possess noticeably
higher numbers, i.e., 21, 18, and 21, respectively. From the
protein blasts based on the ferric reductase database that we
had constructed, we found that the ferric reductase of S.
sporocinereus belonged to two families, FRE and CFL (Fig.
2b). FRE family members commonly reduce the ferric form of
iron, while the CFL family members serve as minor rescuers
[32, 33]. In contrast, four ferric reductase families, FRE, FET,
CFL, and AIM, were found in M. oryzae. We noted that FRE
is the main component in the ferric reductases of M. oryzae
(average, 71.7%) (Fig. 2b).

In contrast to the situation for ferric reductase,
S. sporocinereus possessed nearly threefold siderophore biosyn-
thetic genes and sixfold siderophore-recognizing and
siderophore-transporting genes compared to M. oryzae

(Fig. 2a, ¢). As OsiSh-2 possesses a large number of siderophore
biosynthetic genes (35), we further estimated whether this
siderophore-producing ability of OsiSh-2 is prominent in actino-
mycetes. The comparison was made among OsiSh-2, 13 actino-
mycete strains with antifungal activity and 13 endophytic acti-
nomycete strains without a previous report concerning fungal
antagonism. As shown in Table 1, all of the antifungal actino-
mycetes possessed at least one siderophore biosynthetic gene
cluster, and five of them (including OsiSh-2) reached the highest
number, 4. However, a relatively small amount or even no
siderophore biosynthetic gene clusters were found in the com-
pared endophytic actinomycetes. In addition, two of the
siderophore biosynthetic gene clusters in OsiSh-2 were 100%
similar to those of the siderophores desferrioxamine B and
coelichelin, which are commonly found in many Strepfomyces
species [17, 34, 35]. The other two predicted gene clusters of
OsiSh-2 were considered to be nonribosomal peptide synthetase-
independent siderophores [36].

In addition, excess iron may cause cytotoxicity by generat-
ing an excess of harmful hydroxyl radicals through the Fenton
reaction [37]. Since hydrogen peroxide (H,O,) is the substrate
of the Fenton reaction, we attempted to assess the H,O,-re-
ducing capacity of S. sporocinereus and M. oryzae through
analysis of H,O, hydrolysis-related genes. The similar num-
ber of genes encoding catalase and peroxidase in these two
microbes (Fig. 2d) suggested that they may behave similarly
to alleviate the adverse effects of hydroxyl radicals [38].

Fig. 2 Iron uptake system a b
analysis of S. sporocinereus 801 BN Ferric reductases 301 BN Fre
(OsiSh-2 and NBRC 100766) and o B Siderophore o B Fet
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Table 1 Siderophore biosynthetic gene clusters (SBGCs) of actinomycetes with antifungal activities or endophytic character
Actinomycete strains Specialty Genome Gene SBGCs
(GenBank accession number) size (Mb)  clusters
Antifungal actinomycetes Targeted fungi
Streptomyces sporocinereus OsiSh-2 (MDFG00000000) Magnaporthe oryzae 10.24 162 4
Actinokineospora spheciospongiae EG49 (AYXG00000000) Candida albicans 7.53 100 3
Actinoplanes utahensis NRRL 12052 (JRTT00000000) 113 strains of fungi 9.49 76 3
Amycolatopsis sp. M39 (LWSF00000000) Beauveria bassiana, Metarhizium anisopliae, Candida 9.91 137 2
albicans, Saccharomyces cerevisiae, Termitomyces
Kitasatospora cheerisanensis KCTC 2395 (JNBY00000000)  Rhizoctonia solani, Botrytis cinerea, Colletotrichum 8.17 77 4
lagenarium, Sclerotinia sclerotiorum
Pseudonocardia sp. P1 (ADUJ00000000) Escovopsis, Candida 6.39 76 2
Rhodococcus erythropolis BG43 (CP011295) Aspergillus niger, Aspergillus flavous 6.87 97 2
Salinispora arenicola ATCC BAA-917 CNH-643 Candida albicans IFO 1060 4.75 44 1
(AIIF00000000)
Streptomyces griseochromogenes ATCC 14511 Magnaporthe oryzae, Rhizoctomia solani, Fusarium 10.76 114 4
(LQBS01000000) moniliforme, Fusarium graminearum Schw
Streptomyces griseus S4-7 (JYBE00000000) Fusarium oxysporum f. sp. fragariae 7.63 78 3
Streptomyces sp. M10 (AMZL00000000) Botrytis cinerea 7.21 73 2
Streptomyces sp. SCSIO 03032 (CP021121) Candida albicans ATCC10231 6.29 61 2
Streptomyces sp. Sgel2 (CP020555) Gibberella zeae, Thanatephorus cucumeris 8.11 87 4
Streptomyces sp. TP-A0356 (BBZJ0O0000000) Aspergillus fumigatus, Candida albicans 8.41 84 4
Endophytic actinomycetes Host plant
Aeromicrobium sp. Leaf291 (LMNMO00000000) Arabidopsis thaliana (leaf) 3.57 38 1
Angustibacter sp. Root456 (LMER00000000) Arabidopsis thaliana (root) 3.84 42 0
Cellulomonas sp. Leaf395 (LMQI00000000) Arabidopsis thaliana (leaf) 4.17 30 0
Frankia sp. NRRL B-16386 (MOMCO00000000) Morella californica (root nodule) 9.44 127 1
Microbacterium azadirachtae DSM 23848 (JYIT00000000) Azadirachta indica (rhizoplane of neem seedlings) 4.04 37 0
Microbacterium foliorum DSM 12966 (JYTU00000000) Grasses (phyllosphere) 3.56 32 0
Microbacterium oxydans BEL163 (JYIV00000000) Salix viminalis (roots) 3.69 29 0
Moycobacterium sp. Root135 (LMEZ00000000) Arabidopsis thaliana (root) 6.5 113 2
Nocardioides sp. Root140 (LMFI00000000) Arabidopsis thaliana (root) 5.43 76 1
Phycicoccus sp. Root101 (LMCM00000000) Arabidopsis thaliana (root) 4.38 32 0
Plantibacter sp. Leaf314 (LMOB00000000) Arabidopsis thaliana (leaf) 3.96 43 1
Rhodococcus sp. LB1 (LTCZ00000000) Aesculus hippocastanum (tree leaf) 10.75 178 2
Streptomyces sp. Root264 (LMIZ00000000) Arabidopsis thaliana (root) 9.02 100 3

Siderophore Production and Fe**-Reducing Activity
of OsiSh-2 and Guy11 Under Iron-Supplemental
and Iron-Starved Conditions

Based on the bioinformatics analysis, we assumed that OsiSh-2
possessed a greater ability than M. oryzae to apply a siderophore
system to obtain iron from the environment, while M. oryzae
might be more effective at ferric iron reduction. To confirm this
hypothesis, we analyzed the siderophore production and Fe**-
reducing activity of OsiSh-2 and Guyl1 under different iron
concentrations. As a result, OsiSh-2 produced many more extra-
cellular siderophores than Guy11 on both the standard and the
iron-starved medium (containing 10 uM 2,2'-dipyridyl) (Fig. 3a,
¢). However, low additions of FeCl; (10 uM) considerably re-
duced siderophore production by both strains (Fig. 3b). It was
interesting to note that low additions of FeCl; could induce the
Fe**-reducing activity of OsiSh-2 more effectively than that of
Guyl1 (Fig. 3e). To investigate whether higher siderophore pro-
duction and Fe**-reducing activities were caused by increases in
microbial growth, the growth curves of OsiSh-2 and Guy11 were
determined. Both OsiSh-2 and Guy11 thrived under all condi-
tions (with or without FeCl; or 2,2"-dipyridyl supplementation)

(Fig. 3g—i). This finding indicated that the higher production of
siderophores and Fe**-reducing activity in OsiSh-2 than in
Guyl1 is less related to the growth condition of the cells.

Competition for Iron Resources Between OsiSh-2
and Guy11 Cocultivated on PDA Medium

Based on the above data, we assumed that the advantage of
siderophore production of the endophytic OsiSh-2 might help
to antagonize the pathogen M. oryzae by competing for limit-
ed iron resources in the host plant. To test this hypothesis, we
analyzed the iron mobilization between OsiSh-2 and Guy11
cocultivated on PDA media. The plate was equidistantly
marked out in seven regions (Fig. 4), and the iron content in
each region was measured. Before inoculation, the iron con-
centration was the same in all the seven regions. However, at
the fifth day, when OsiSh-2 and Guyl1 were experiencing a
rapid growth period, the iron concentration of the media under
the colonies of OsiSh-2 (point 6) and Guyll (point 2) in-
creased. Additionally, there was an apparent decrease in the
iron concentration in the samples near OsiSh-2 (points 5, 7)
and Guyl1 (points 1, 3) (Fig. 4). As expected, the iron was
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Fig.3 Siderophore production, Fe**-reducing activity, and growth curves of OsiSh-2 and Guy!1 cultivated in siderophore-producing liquid media (a, d,
g); media containing 10 uM FeCl; (b, e, h; and media containing 10 uM 2,2"-dipyridy] (e, f, i), respectively

moving from the medium into the accumulating biomass.
However, it is worth noting that the iron concentration at point
6 is much higher than that at point 2, indicating that more iron
was attracted to OsiSh-2 than to Guyl1.

If the siderophore-mediated iron competition contributes
to the antagonistic activity of OsiSh-2, it is likely that the
iron-rich condition will decrease the depressive effect due
to the fact that fewer siderophores were produced by
OsiSh-2. As shown in Fig. 5, the inhibition of Guyll by
OsiSh-2 was indeed weakened when iron (5 pmol FeCls)
was added near OsiSh-2.

Discussion

Iron Requirements of the Pathogen M. oryzae Guy11
and the Rice Endophyte S. sporocinereus OsiSh-2

A large amount of research has verified that iron significant-
ly affects the growth and development of almost all micro-
organisms [39, 40]. Compared with bacteria, fungi seem to
rely more on iron supplementation [40, 41] probably due to
the requirement to provide more energy to the eukaryotic
biological system. For some fungal pathogens, such as
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Ustilago maydis and Fusarium oxysporum, their virulence
is significantly influenced by iron uptake. These pathogens
cause more serious disease on plants grown under an iron-
rich environment [42, 43]. In agreement with previous re-
ports, this work revealed that the pathogenic fungus
M. oryzae evidently required iron for hyphal expansion
and conidiation and that it was not able to survive when
the iron supplementation was severely restricted (Fig. 1).
In contrast, the endophytic actinomycete OsiSh-2 exhibited
stable growth under both iron-sufficient and iron-starved
conditions (Fig. 1). This feature might have developed to
fit its particular niche, i.e., a close symbiotic relationship
with its host plant. Especially under limited iron conditions,
the endophyte OsiSh-2 possibly possesses a better survival
advantage compared to Guyll. The host plant is a good
example of this iron-restricted environment since plants
use iron-withholding strategies to defend against pathogens
[41]. Based on the results of this work, we assumed that the
endophyte OsiSh-2 might exploit the weaknesses of the
pathogen M. oryzae for iron dependency. For example, it
controls the growth of M. oryzae by competitive iron acqui-
sition. A similar strategy was found in Metschnikowia
strains isolated from grapes; these strains inhibited
Botrytis cinerea by depleting iron [44].
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Fig. 4 Iron mobilization between OsiSh-2 and Guyll grown on PDA
media for 5 days. Iron concentrations (mg Fe/g sample) in different
blocks of media plate, which are defined as points 1, 2 (Guyll
inoculated), 3, 4, 5, 6 (OsiSh-2 inoculated), and 7, are indicated by the
heat map. The distance between adjacent points is 1 cm

Iron Uptake Systems Developed in the Rice
Endophyte S. sporocinereus and the Fungal Pathogen
M. oryzae

Common iron uptake systems in microbes include the
siderophore-mediated system [45] and the extracellular Fe**
reduction and uptake system [45, 46]. Bacteria and fungi may
adopt different strategies to obtain iron from the environment.

A high number of siderophore-related genes have been re-
ported in rice endophytes by metagenome research [47].
Similarly, our genomic analysis revealed that the rice

Control + FeCls

_ il

Fig. 5 The antagonism of OsiSh-2 against Guyl1 on PDA medium with
(right) or without (left) iron supplementation

endophyte S. sporocinereus OsiSh-2 possesses a much large
number of genes responsible for siderophore biosynthesis and
uptake than M. oryzae (Fig. 2¢). Conversely, more genes
encoding for ferric reductase were found in the genomes of
M. oryzae than in those of S. sporocinereus (Fig. 2b). These
data suggested that M. oryzae and S. sporocinereus may use
different models for iron acquisition. S. sporocinereus uses
siderophores more frequently, while M. oryzae utilizes more
ferric reductase in its iron uptake activities. However, ferric
reductase normally converts the iron resource into a more bio-
available format for microorganisms [32] rather than chelating
iron. This finding suggested that the endophyte OsiSh-2 might
possess an advantage in competing against M. oryzae for iron.

Actinomycetes are well known for their ability to synthesize
extracellular enzymes and various antibiotics [48]. Therefore, it
is not surprising to find that OsiSh-2 possesses a large number
of secondary metabolite biosynthetic gene clusters.
Intriguingly, a relatively larger number of siderophore biosyn-
thetic gene clusters was found in antifungal actinomycetes than
in common endophytic actinomycetes (Table 1), indicating that
the secretion of siderophores might contribute to the antifungal
activities of actinomycetes. This finding is consistent with the
observation that some endophytes with antagonistic activity
against pathogens contain a good ability to produce
siderophores [49, 50]. In addition, the existence of siderophore
diversity in OsiSh-2 could enhance its competitive advantage
for iron acquisition. All these features are in agreement with our
previous observation that OsiSh-2 can efficiently inhibit the
rice blast in vitro and in vivo [5].

Iron-Capturing Abilities of OsiSh-2 and Guy11

Although siderophore-mediated iron competition has been rec-
ognized as one of the antagonistic mechanisms among microbes
[37], research directly reflecting a change in the iron concentra-
tion surrounding the microbial colonies is rare. In the present
study, when the OsiSh-2 and Guy11 were in a dual-cultivation
system, the accumulated iron element around the OsiSh-2 colo-
ny was much higher than that around the Guy11 colony (Fig. 4).
This observation provides evidence for the hypothesis that
OsiSh-2 possesses an iron-capturing advantage due to its pro-
duction of a large amount of siderophores.

Siderophores produced by microorganisms are usually
in a reverse correlation with iron concentrations: the pro-
duction of siderophores is promoted under iron-limited
conditions while suppressed under iron-rich conditions
[51, 52]. In our study, similar trends of siderophore pro-
duction were observed for OsiSh-2. In addition, it is worth
noting that OsiSh-2 secreted more siderophores than
M. oryzae Guyll under iron-limited conditions (Fig. 3a,
c¢). However, adding a high concentration of iron to OsiSh-
2 evidently reduced the inhibition of Guy11 (Fig. 5). These
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data provided additional evidence for the siderophore-
mediated antagonistic action of OsiSh-2 against M. oryzae.

Although bioinformatics analysis indicated that M. oryzae
might possess a greater ability to reduce iron, the Fe**-reduc-
ing activity of OsiSh-2 increased noticeably compared to that
of M. oryzae Guyll under iron-supplemental conditions
(Fig. 3e). This difference probably occurred because when
the iron resource was not restricted, OsiSh-2 used the energy
to reduce iron by inducing more iron-reducing enzymes or
other related metabolites [24] instead of the biosynthesis of
siderophores for iron capture. All these results indicate an
advantage of OsiSh-2 in using environmental iron.
Moreover, it suggests that an iron-restricted environment in
plants is appropriate for the endophyte OsiSh-2 to combat the
invasion of M. oryzae.

In addition, the interactions between microbes may involve
siderophore piracy, which also plays an important role during
iron competition [12, 17]. However, in this study, we did not
verify the siderophore piracy between OsiSh-2 and Guyll.
Further study on the isolation and purification of the
siderophore products of OsiSh-2 is currently underway.

Conclusions

Our work examined endophytic S. sporocinereus OsiSh-2 to
research the antagonistic interactions between the endophyte
and pathogenic fungi. The crucial role of iron in the develop-
ment of the pathogen M. oryzae suggested that endophytes
might utilize an iron competition strategy to defend against
the invasion of the pathogen in the rice host. Comparative
bioinformatics analysis and biochemical detection revealed
that OsiSh-2 is an excellent siderophore producer, especially
in an iron-restricted environment. Two lines of evidence con-
firmed that siderophores produced by OsiSh-2 contribute to its
inhibition of M. oryzae through depriving the fungus of iron: a
much larger amount of iron migrated to OsiSh-2 than to
M. oryzae in dual culture, and when excess iron was intro-
duced into the inhibition zone near OsiSh-2, the antagonism of
OsiSh-2 was decreased. To our knowledge, this is the first
report of the role of iron competition in the antagonistic action
of an endophyte against M. oryzae. This discovery is valuable
for designing new crop protection strategies.
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