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Abstract: Apple Replant Disease (ARD) is a significant problem in apple orchards that causes root
tissue damage, stunted plant growth, and decline in fruit quality, size, and overall yield. Dysbiosis of
apple root-associated microbiome and selective richness of Streptomyces species in the rhizosphere
typically concurs root impairment associated with ARD. However, possible roles of Streptomyces
secondary metabolites within these observations remain unstudied. Therefore, we employed the One
Strain Many Compounds (OSMAC) approach coupled to high-performance liquid chromatography-
high-resolution tandem mass spectrometry (HPLC-HRMS") to evaluate the chemical ecology of an
apple root-associated Streptomyces ciscaucasicus strain GS2, temporally over 14 days. The chemical
OSMAC approach comprised cultivation media alterations using six different media compositions,
which led to the biosynthesis of the iron-chelated siderophores, ferrioxamines. The biological OSMAC
approach was concomitantly applied by dual-culture cultivation for microorganismal interactions
with an endophytic Streptomyces pulveraceus strain ES16 and the pathogen Cylindrocarpon olidum.
This led to the modulation of ferrioxamines produced and further triggered biosynthesis of the
unchelated siderophores, desferrioxamines. The structures of the compounds were elucidated using
HRMS" and by comparison with the literature. We evaluated the dynamics of siderophore production
under the combined influence of chemical and biological OSMAC triggers, temporally over 3, 7, and
14 days, to discern the strain’s siderophore-mediated chemical ecology. We discuss our results based
on the plausible chemical implications of S. ciscaucasicus strain GS2 in the rhizosphere.

Keywords: Apple Replant Disease (ARD); HPLC-HRMS; HPLC-HRMS/MS; One Strain Many
Compounds (OSMAC); siderophores; Streptomyces ciscaucasicus

1. Introduction

The recultivation of plants in the soil where identical species were previously culti-
vated may reduce plant growth and lower fruit yield and quality [1]. This problem can
affect trees, such as apples, pears, cherries, and roses. Apple Replant Disease (ARD) is a
frequently occurring problem in replanted apple orchards. Over the past few decades, a
continual decrease in areas of apple plantation was observed. Not only across Europe and
the USA, but also across the globe, for example, the Bohai Gulf, one of China’s main apple
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production areas, was affected by this disorder [2,3]. It is, thus, of vital interest to find the
underlying etiology of this problem. Interestingly, not all apple tree genotypes show the
same ARD symptoms; some are vulnerable, while others are somewhat tolerant [4—6]. The
damage of ARD extends from belowground roots to aboveground tissues such as leaves
and stems. On the one hand, roots display signs of browning and blackening, tip necrosis,
and reduced root hairs [5,7-9]. On the other hand, above the soil, stunted plant growth, and
reduced plant biomass are typically observed [10-12]. There is a decrease in the fruit yield
and size, along with the deterioration of taste. Deficiency in soil nutrients, dysbiosis of the
soil microbiome and apple root endophytic microbial community, and residual herbicide
activity encompass some of the typical elements contributing to ARD [3,13].

However, recent investigations suggested that the disease’s main reason may lie in
biological factors such as nematodes, the lack of beneficial bacterial groups, and pathogenic
fungi. The latest research has defined ARD’s primary etiology as a complex of multi-
ple pathogenic fungal species that act synergistically, causing apple plants” improper
growth [5,7]. Mazzola and Manici (2012) proposed several candidate pathogenic agents
responsible for ARD, including Fusarium spp., Pythium spp., and Cylindrocarpon spp.,
presently updated as members of the family Nectriaceae with diverse genera [14-18].
Different Nectriaceae genera, species, and anamorphs (formerly Cylindrocarpon), such as
Ilyonectria and Dactylonectria are associated with ARD [19-21]. Nectriaceae (Cylindrocarpon)
species are pathogens known to colonize the roots of trees in a forest ecosystem. They
are mainly associated with the root decay and bark necrosis of their wide host range.
Four species, namely C. destructans, C. liriodendra, C. macrodidymum, and C. pauciseptatum
have been linked to ARD. For example, Tewoldemedhin et al. (2011) reported that these
species, specifically C. destructans, caused lesion development on various seedling roots.
C. destructans, which was later classified as a new genus called Ilyonectria [22], may either
cause a rotting root or trigger a “rusty” root in plants [23]. While the rotting root is a result
of a complete invasion of plants by the pathogen through the excretion of fungal enzymes,
the “rusty” root is a defense mechanism employed by plants by producing iron phenolic
compounds. Other species, such as C. olidum, which are not as aggressive, are known
to inhibit the growth of other microorganisms by producing active components such as
cannabiorchichromenic acid [24]. The growth of these fungi is also dependent on factors
such as soil pH and the age of roots [25]. Besides, high quantities of minerals such as iron in
the environment enhance their growth and successful attack on the roots [25]. Therefore, it
may be a crucial challenge for the host plant and its associated microbiome to contribute to
the defense system by taking up the ferric ions in the environment or releasing secondary
metabolites that intoxicate such pathogens.

Recent molecular investigations have unraveled a striking phenomenon of selectively
increased abundance of actinobacteria, typically Streptomyces species, in roots grown in
ARD soils compared to healthy roots grown in non-ARD soils [26]. A negative correla-
tion between increased shoot length and fresh biomass and an increased abundance of
Streptomyces in apple roots grown in ARD soils was also noted. In another study, selective
enrichment of Streptomyces species in the rhizosphere in ARD soils in split-root experi-
ments was demonstrated by gene sequencing [27]. Noteworthy, damage to apple plant
roots associated with ARD typically coexists with endophytic and rhizosphere microbiome
dysbiosis and discriminatory amelioration of Streptomyces species [9,26-28]. However, the
causality or correlatedness of these observations and the impact of Streptomyces species on
ARD etiology remains unexplored [26,28]. Remarkably, the chemical-ecological role of sec-
ondary metabolites or specialized natural products produced by Streptomyces species with
niche-specific biological activities facilitating the molecular and biological observations is
mostly unknown.

Against this background, we investigated a cultivable apple (Malus domestica) fine
root-associated Streptomyces ciscaucasicus strain GS2 that we isolated within the Central
Experiment 2 setup (CE2) of the BMBF BonaRes program ORDIAmur [9]. In the present
study, we report the production and modulation of siderophores (compounds 1-8) by S. cis-



Molecules 2021, 26, 3517

30f19

Apple root-
associated

Streptomyces
ciscaucasicus
strain GS2

caucasicus GS2 under the influence of chemical and biological One Strain Many Compounds
(OSMAC) approaches [29-32]. We applied the chemical OSMAC approach encompassing
media composition manipulation by cultivating the strain in six different media compo-
sitions ranging from nutrient-rich to minimal conditions, including media to stress the
organism under submerged conditions (broth) as well as on agar (Figure 1). Under the
influence of different chemical OSMAC conditions, we investigated and characterized
the siderophores produced by the strain over 3, 7, and 14 days (temporal evaluation), us-
ing high-performance liquid chromatography-high resolution tandem mass spectrometry
(HPLC-HRMS"). After that, we employed the biological OSMAC approach by dual-culture
cultivation to study the siderophores’ production and modulation triggered by microor-
ganismal interactions (Figure 1). On the one hand, to explore how S. ciscaucasicus GS2
might mediate mutualistic interaction in soil with other species of the same genus using
siderophores (e.g., using similar siderophore receptors), we co-cultivated it with S. pul-
veraceus strain ES16 that was isolated as an endophyte from apple roots. On the other
hand, we co-cultivated it with the phytopathogen Cylindrocarpon olidum (DSM 62520) to
explore the implications of triggered siderophores during the strain’s interaction with a
different genus it might encounter in soil. The dual-culture experiments were performed in
all six chemical OSMAC media conditions and temporally over 3, 7, and 14 days, coupled
to HPLC-HRMS" analyses, to discern the siderophores’” dynamics. Taken together, we
envisage the chemical ecology of apple root-associated S. ciscaucasicus strain GS2 based on
the obtained results.

Chemical OSMAC approach
by
media composition manipulation
‘J(g‘\
|y / = \\\ l
== 1 D) Extraction after
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Figure 1. Schematic representation of the overview of workflow employed in the present study. GYM, glucose yeast malt

medium; LB, lysogeny medium; NA, nutrient agar; SM, streptomyces medium; PDA, potato dextrose agar.

2. Results
2.1. Phenotypic Characterization of S. ciscaucasicus GS2 under the Influence of Chemical OSMAC
Approach by Alteration of Media Composition

The first colonies of S. ciscaucasicus strain GS2 appeared on modified 523 agar after two
days of cultivation, and by day three, all colonies were visible to the naked eye (Figure 2a).
Between the third and seventh day of incubation, mild sporulation of the bacteria was
observed. There was a decrease in sporulation from the seventh to fourteenth day, and the
single colonies started to lose their color. The colonies presented a light beige color, which
turned into white after sporulation. The colonies could be characterized as punctiform and
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have a smooth circular shape with a minor umbonate elevation. No alteration of the media
color or odor was noted.

(a) Modified 523 {(b) GYM (c) LB {d) NA (e) SM {f) PDA

Day

Day

Day
14

Figure 2. Chemical OSMAC approach-assisted phenotypic characteristics of S. ciscaucasicus GS2 grown on six different
agar media for 14 days. (a) Modified 523 medium. (b) Glucose Yeast Malt medium (GYM). (c) Lysogeny medium (LB).
(d) Nutrient agar (NA). (e) Streptomyces medium (SM). (f) Potato dextrose agar (PDA).

The morphology of S. ciscaucasicus on GYM agar (Figure 2b) was very different from
that on modified 523 agar. Small colonies could already be observed by the third day
of incubation, with a beige color and a smooth circular shape. By the seventh day of
incubation, the colonies grew to 24 mm. The shape altered to an irregular form, and the
surface became rather rugose. The colonies were characterized as umbonate. After 14 days
of incubation, some parts of the bacterium lost their color and became transparent despite
maintaining the same size, while some other parts started mild sporulation. The spores
have a white color and are more intensive at the borders of the colonies. When touched
with the loop, the colonies felt very brittle. Unlike that on modified 523 agar, the colonies
grew only on the agar’s surface. No alteration of the media color or odor was noted.

The colonies on LB agar could be observed by day three (Figure 2c). After seven days of
incubation, the colonies grew further; however, they remained punctiform. S. ciscaucasicus
GS2 presented a light beige or yellow color on LB agar. There was a nominal growth of the
colonies, but the diameter remained below 1 mm in size. No further changes were observed
from day seven to the 14th day. The colonies had a circular shape with an umbonate elevation.
The texture of the colonies was dry. The microorganism neither showed signs of sporulation,
nor emitted odor, nor caused a change in the media color. In general, S. ciscaucasicus GS2 grew
relatively slow on LB agar compared to the other tested media.

On NA, transparent colonies already grew by the third day of incubation (Figure 2d).
Like modified 523 and LB agars, they have a light beige or yellow color and punctiform.
After day 14 of incubation, the color became paler. Moreover, the texture became drier
with time. The colonies had a circular shape with an umbonate elevation. No signs of
sporulation, odors, and media color alterations were observed.

Tiny punctiform colonies of S. ciscaucasicus GS2 were visible on SM agar by day
three, after which rapid growth of the colonies was noted (Figure 2e). The colonies oddly
grew preferably in height than in diameter. By the seventh day, the colonies exhibited a
round and highly pulvinated shape that had become flatter by day 14. By the third day, S.
ciscaucasicus GS2 had a light beige or yellow color, which had slightly changed to beige or
pinkish after seven days. The color did not change from the seventh to the fourteenth day.
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The colonies were dry and could be easily scraped from the agar plate with the loop. The
bacteria did not show any sign of sporulation, did not emit odors, even though it caused
darkening of the SM agar color.

The morphology of S. ciscaucasicus GS2 on PDA resembled its morphology on GYM
agar (Figure 2f). Despite the tiny colonies, the culture could be observed by day three,
showing a light beige or yellow color. After seven days of incubation, the color of the
colonies turned yellow. There was also an increase in the size observed, with each colonial
diameter at 2-3 mm. Apart from the size and color alterations, sporulation at specific
parts of the culture was observed by the seventh day. By day 14, the sporulated colonies’
presented a darker yellow color. The rate of sporulation decreased by day 14 of incubation.
The colonies of S. ciscaucasicus GS2 could be characterized as round or a bit irregular and
with umbonate elevation. They were dry and could be easily scraped from the agar. Despite
sporulation, no odor or change in the media color was observed.

2.2. Phenotypic Characterization of S. ciscaucasicus GS2 under the Influence of Biological OSMAC
Approach by Dual-Culture Cultivation for Microorganismal Interaction

The biological OSMAC approach was employed by co-cultivating S. ciscaucasicus
strain GS2 and endophytic S. pulveraceus strain ES16 on all six agar media used for the
chemical OSMAC approach and monitored over 3, 7, and 14 days (Figure S1). The bacteria
were co-cultivated by streaking each bacterium 1 cm apart, resulting in colony formation on
modified 523 agar, LB agar, NA, and SM agar after three days. Noteworthy, no antagonistic
interaction between the two bacteria was visible on these four media, given that they
maintained their beige or white-colored irregular colonies throughout the incubation time,
except for the slimy light browned S. pulveraceus ES16 colonies on modified 523 agar after
14 days. No odor or media pigmentation was observed, corroborating their respective
phenotypes in axenic cultures. However, both species presented sporulation after seven
days on PDA and GYM agar. The spore color of S. pulveraceus turned darker with time. This
was also consistent with their phenotype in axenic cultures. After seven days of incubation,
the bacterial colonies continued to grow over 14 days. Moreover, an alteration in the media
color surrounding S. pulveraceus ES16 was observed, mainly on PDA, which was not the
case for S. ciscaucasicus GS2.

S. ciscaucasicus GS2 was further co-cultivated with the pathogen C. olidum on PDA.
Among the six tested media, C. olidum typically could grow only on PDA, which led
us to use PDA for the dual-culture experiments with the pathogen. S. ciscaucasicus GS2
demonstrated sporulation on PDA during co-cultivation, which increased with time. After
14 days, C. olidum had grown freely and occupied the left side of each plate. However, its
growth was limited on the plate’s right side due to colonization by S. ciscaucasicus GS2,
even though an antagonistic interaction was not visible (Figure S2).

2.3. Production of Siderophores by S. ciscaucasicus GS2 in Axenic Culture and Structural
Dereplication Using HPLC-HRMS"

Four different analogs of the siderophore family of ferrioxamines were produced by S.
ciscaucasicus GS2 on PDA plates in axenic cultures over 14 days of incubation. These were
ferrioxamine B (compound 1), ferrioxamine D, (compound 2), ferrioxamine E (compound
3), and ferrioxamine D; (compound 4) (Figure 3). Ferrioxamines B (1) and E (3) were also
produced on GYM agar, but not compounds 2 and 4. The production of compounds 2
and 4 on PDA started after three and seven incubation days, respectively. Generally, the
intensities of the ferrioxamines increased with incubation time in the case of PDA. For
example, after 14 days, the concentration of ferrioxamine E (3) was around 10-fold higher
than ferrioxamine B (I = 2.6E6 vs. I =~ 6.7E5) (1), around 20-fold higher than ferrioxamine
D, (I = 2.6E6 vs. I = 7.7E4) (2), and almost the same as ferrioxamine Dy (4) (I = 2.6E6 vs.
I = 2.2E6), even though the production of ferrioxamine D; (4) started after seven days of
incubation. Within one week, the concentration of ferrioxamine E (3) had a 20-fold increase
(I~ 6.6E4 — I ~ 2.6E6). The ferrioxamine concentrations on GYM agar mainly remained
the same.
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Figure 3. Chemical structures of the compounds reported in the present study.

HRMS? measurements were performed to identify the produced ferrioxamines
(Figure 4). Due to the compounds’ robust and characteristic fragmentation by HRMS?
experiments, the compounds could be identified without performing further HRMS® mea-
surements. In the case of ferrioxamine B (1; Figure 4a,b), six main signals occurred during
HRMS?, from which three had a higher relative abundance. The first signal, m/z 597.2460,
was due to the cleavage of an amide group. The most abundant signal, m/z 496.1618,
resulted from the loss of a water molecule along with a CsH,N; chain. The second most
abundant signal, m/z 414.1560, corresponded to the fragment C14H3yFeOsNy. In all frag-
ments, iron remained attached to the molecule. The HRMS? analysis of ferrioxamine D,
(2; Figure 4¢,d) resulted in five fragments. The fragment at m/z 605.2144 was due to water
cleavage together with the cleavage of an amide group. The most abundant fragment
m/z 523.2090 resulted from the cleavage of C4H;O3N. Another fragment yielding dur-
ing HRMS? was m/z 471.1771, corroborating C1gH33FeOgNs5. The difference between the
structures of ferrioxamine E (3) and ferrioxamine D; (2) is one methyl group (Figure 4c—f).
Due to this reason, the HRMS? fragmentation pattern followed by these compounds was
similar. A cleavage of amide group and water moiety explained the fragment ion at m/z
619.2297. The peak with the highest intensity, m/z 537.2239, was also due to the loss of
C4H7O3N, just as in the previous spectrum. The two spectra also shared the m/z 471.1772
fragment ion. Since ferrioxamine E (3) is a symmetrical molecule, the fragments could
also be matched to a different part of the molecule than the one suggested above. Due
to very low intensities of ferrioxamine D; (4), HRMS? measurement yielded only three
fragments. It has an open cyclic structure, which resembles ferrioxamine B (1), thereby
yielding the same fragmentation pattern (Figure 4g,h). The above fragmentation patterns
were compared to the literature to confirm the structure of compounds 14 [33].
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Figure 4. HPLC-HRMS? analyses of ferrioxamines (1-4) produced by S. ciscaucasicus GS2. (a,c,e,g) The proposed mass spectral
fragmentation pathway is annotated on each compound structure. (b,d,f,h) HRMS? spectra of the ferrioxamines (1-4).

2.4. Production of Siderophores by S. ciscaucasicus GS2 during Dual-Culture Microorganismal
Interaction and Structural Dereplication Using HPLC-HRMS"

Although ferrioxamines (1-4) were only secreted on PDA by S. ciscaucasicus GS2 in ax-
enic cultures, they were also produced by the organism on GYM agar during co-cultivation
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with endophytic S. pulveraceus ES16. Both on PDA and GYM agar, the production started
after three days of co-cultivation. The intensities of ferrioxamines (1-4) were relatively
higher during co-cultivation. Besides, on co-cultivated PDA plates, production of ferriox-
amine D; (4) started earlier (by day seven) compared to that of axenic cultures (after seven
days). The concentration of ferrioxamines (1-4) on co-cultivated GYM agar plates was
much higher than those in axenic cultures. Notably, the investigation of co-cultivated
plates resulted in detecting several new compounds at very high abundances on PDA and
GYM agar, which S. ciscaucasicus GS2 did not produce in axenic culture. A combination
of selective microextraction of each organism from co-cultivated agar plates coupled to
HRMS confirmed the production of these compounds by S. ciscaucasicus GS2 and not
by S. pulveraceus ES16 (Figure 5). Using HRMS? measurements, these compounds were
classified as belonging to the siderophores group. Specifically, they were the unchelated
ferrioxamines, known as De[s]ferrioxamines (compounds 5-8, Figure 3). Desferrioxamines
are small iron-chelating molecules which when bonded to a ferric ion, are referred to as
ferrioxamines. The production of the desferrioxamines on the co-cultivated plates was
detected after seven days of incubation on both PDA and GYM agar, and the compounds
were produced more abundantly on PDA than on GYM agar.

Target compounds
not produced

S. pulveraceus ES16

Desferrioxamine E

1007 S, ciscaucasicus GS2
90 . . (7)
Dehydroxydesferrioxamine E

3 80- ¥ y P /
5 70 Desferrioxamine B
E 60 (5) Desferrioxamine D,
2 (®)
2 507
£ 407
T 30
D
o 20

10

0 ! T T ! T 1 T ! LA | i T 1
2 4 6 8 10 12 14 16 18

Time {min)

Figure 5. HPLC-HRMS analysis of the desferrioxamines (5-8) produced by S. ciscaucasicus GS2 during co-cultivation with S.
pulveraceus ES16. The total ion current (TIC) showing compounds 5-8 produced by S. ciscaucasicus GS2 on PDA after three
days of co-cultivation are presented. S. pulveraceus ES16 did not produce the target compounds both in axenic culture and

during co-cultivation.

Desferrioxamine B (5) is primarily used as an iron-chelating agent in human medicine
and is the only siderophore with a linear structure detected in the present work. HRMS?
measurement of this compound resulted in several specific fragments; the molecule frag-
mented between each weak nitrogen and carbon bond due to the oxygen double bond,
which withdraws the electrons (Figure 6a,b). The most abundant signal was m/z 319.2337
from the cleavage of CoH1gO4N,. The fragment ion m/z 201.1235 was common in all
produced siderophores. Along with desferrioxamine B (5), the intensities of desferriox-
amines D, (6) and E (7) showed at least a 10-fold increase on PDA from the seventh to
the fourteenth day (I ~ 7.2E5 — I ~ 3.4E6, I =~ 3.8E5 — I =~ 5.0E6, and I ~ 1.6E5 —
I = 2.3E7). Since compounds 6-8 are cyclic, their fragmentation pattern was similar
(Figure 6c-h). For example, resembling their ferrioxamine analogs, compounds 6 and
7 only have one methyl group difference. HRMS? measurements of these metabolites
resulted in three shared fragments, viz. m/z 401.2395, m/z 283.1288, and m/z 201.1234,
as can be seen in their spectra. Apart from m/z 201.1233, the HRMS? of 8 yielded two



Molecules 2021, 26, 3517

90f19

further fragments. The tandem HRMS spectra yielded for compounds 5-8 were verified by
comparing the literature [34].
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Figure 6. HPLC-HRMS? analyses of desferrioxamines (5-8) produced by S. ciscaucasicus GS2. (a,c,e,g) HRMS? spectra of the
desferrioxamines (5-8). (b,d,f,h) The proposed mass spectral fragmentation pathway is annotated on each compound structure.

The co-cultivation of S. ciscaucasicus GS2 and pathogenic C. olidum was only carried out
on PDA (Figure S2), during which S. ciscaucasicus GS2 produced all four ferrioxamines (1-4).
Interestingly, their production started already by the third day of co-cultivation and could
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be detected at very high intensities (I ~ E5-E6 by the third day). Apart from dihydroxy
desferrioxamine E (8), all other desferrioxamines (5-7) were not produced (<LOD) during
co-cultivation with C. olidum. Dehydroxydesferrioxamine E (8) production—the only
desferrioxamine produced in minute amounts in axenic culture—was also observed by the
third day during co-cultivation, pending a decrease in its concentration over 14 days.

2.5. Trend and Dynamics of Siderophore Production by S. ciscaucasicus GS2 under the Influence of
Chemical and Biological OSMAC Triggers

S. ciscaucasicus GS2 started producing ferrioxamine B (1) already by the third day in
axenic culture and all co-cultivations on GYM agar and PDA. On the third day, the amount
of ferrioxamine B (1) produced by S. ciscaucasicus GS2 during co-cultivation with C. olidum
was around 30-fold the amount produced during co-cultivation with S. pulveraceus ES16
(I~ 2.0E6 vs. I = 2.7E3), and around 20-fold the amount in axenic culture (I ~ 2.0E6 vs.
I ~ 1.9E4). After 14 days, the intensity of compound 1 was around 10-fold higher on PDA
when co-cultivated with S. pulveraceus ES16 compared to that in axenic culture and co-
cultivation with C. olidum (I ~ 1.4E6 vs. I ~ 7.0E5 and vs. I ~ 2.8E5). From the seventh day
through to the fourteenth day, there was a slight decrease of ferrioxamine B (1) produced
on PDA (I ~ 2.8E6 — I ~ 1.4E6). This pattern was not observed on GYM agar.

Ferrioxamine D, (2) was not produced by S. ciscaucasicus GS2 in axenic culture on
GYM agar but was detected during co-cultivation with S. pulveraceus ES16. While on
PDA, it was produced in both axenic and co-cultivations with both the endophyte and
the pathogen. By day three of incubation, ferrioxamine D, (2) was still not detected in
axenic culture and during co-cultivation with S. pulveraceus ES16, but was detected with
relatively high intensity (I ~ 2.9E5) during co-cultivation with the pathogen C. olidum. By
the 14th day, the amount of compound 2 produced on PDA was almost 10-fold compared
with co-cultivation with S. pulveraceus ES16 and C. olidum and axenic cultures. Moreover,
an around 10-fold decrease in the intensity of compound 2 was observed from the third
to the seventh day in C. olidum co-cultivation studies that stabilized later on (I ~ 2.9E5 —
I~ 2.8E4 — 1~ 7.8E4).

Ferrioxamine E (3) was the most abundant siderophore produced by S. ciscaucasicus
GS2, which was detected by the third day of incubation under all tested conditions. During
co-cultivation with C. olidum, the bacterium started producing compound 3 at high amounts
(I = E6), which remained the same throughout the 14 days of observation, while in axenic
cultures and during co-cultivation with S. pulveraceus ES16, the intensities were 20-fold less
(I ~ 4.47E6 vs. 1 = 5.3E4 and vs. I ~ 2.1E4) on the third day and increased with time (to
I ~ E6). The production of compound 3 after 14 days during co-cultivation with S. pul-
veraceus ES16 on GYM agar was higher than on PDA (I ~ 1.0E7 vs. I = 7.0E6). In axenic
culture on GYM agar, the intensity of compound 3 remained in the range of E4 through the
entire incubation time, but an increase was observed in axenic culture on PDA (I ~ 5.3E4 —
I~ 6.6E4 — I~ 2.6E6).

Ferrioxamine D; (4) was not produced by S. ciscaucasicus GS2 in axenic culture on
GYM agar but could be detected after 14 days on PDA with an intensity of (I ~ 2.2E6). Low
quantities of compound 4 were observed on the third day during co-cultivation with S.
pulveraceus ES16 on GYM agar (I ~ 8.2E3), while it could not be detected (<LOD) on PDA
after three days of co-cultivation. Compound 4 was first observed by the seventh day of
incubation that persisted over 14 days on the seventh and fourteenth day on PDA (I ~ 4.4E5
and I ~ 4.8E5). However, co-cultivation studies on GYM agar showed higher amounts
of compound 4 over the same period (I =~ 1.0E6 — I ~ 1.9E6). Besides, ferrioxamine D,
(4) was observed already after the third day during co-cultivation with C. olidum, and the
compound intensity slightly increased over 14 days (I ~ 9.9E4 — I ~ 4.2E5 — 1 ~ 4.8E5).

Desferrioxamine B (5) was not produced by S. ciscaucasicus GS2 in axenic cultures on
any tested media and during co-cultivation with C. olidum. It was only produced during
co-cultivation of the bacterium with S. pulveraceus ES16. The production was first observed
by the seventh day on both PDA and GYM agar. From the seventh to the fourteenth day;,
there was a slight decrease in the compound intensity on GYM agar (I = 1.6E6 — I ~ 7.4E5),
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whereas on PDA, an increase was observed (I ~ 7.2E5 — I = 3.4E6). Desferrioxamine D, (6)
was also not produced by S. ciscaucasicus GS2 in axenic cultures on any tested media and
during co-cultivation with C. olidum, similar to compound 5. It was only produced during
co-cultivation with S. pulveraceus ES16 on PDA and GYM agar. The production pattern of
compound 6 was similar to compound 5 in that it was first detected by the seventh day
on both media. From the seventh to the fourteenth day, there was a slight decrease in the
compound intensity on GYM agar (I ~ 1.4E5 — I ~ 8.3E4), whereas on PDA, an increase
was observed (I ~ 3.8E5 — I ~ 5E6).

Desferrioxamine E (7) was not produced by S. ciscaucasicus GS2 in axenic cultures
on GYM agar and during co-cultivation with C. olidum, but was detected on the 14th day
in axenic culture on PDA at very low intensities (I ~ 9.5E3). However, the production of
compound 7 started during co-cultivation with S. pulveraceus ES16 by the seventh day on
both PDA and GYM agar. While the compound intensity remained around E6 on GYM
agar from the seventh through to the 14th day (I ~ 3.0E6 and I ~ 1.2E6), there was around
a 10-fold increase in its intensity during co-cultivation with S. pulveraceus ES16 on PDA
(I~ 1.6E6 — I =~ 2.3E7). Noteworthy, desferrioxamine E (7) and ferrioxamine E (3) were
the two main siderophores produced by S. ciscaucasicus GS2.

Dehydroxydesferrioxamine E (8) was not produced by S. ciscaucasicus GS2 in axenic
culture on GYM agar but was detected in axenic culture after 14 days on PDA (I ~ 7.4E4).
Strikingly, compound 8 is the only desferrioxamine produced by the bacterium during co-
cultivation with C. olidum. Its production already started by the third day, which decreased
with time and stabilized over 14 days (I ~ 2.6E5 — I ~ 4.6E3 — I ~ 3.0E3). The intensity
of compound 8 during co-cultivation with S. pulveraceus ES16 on GYM agar was noted
around E5, whereas it was slightly higher on PDA (I ~ 6.3E5 vs. I = 4.7E6). From the
seventh to the 14th day, there was a very slight increase observed in both cases.

3. Discussion
3.1. Siderophore-Mediated Communication between Different Microbial Species Belonging to the
Same Genus: Mutualistic Cooperation or Piracy?

Iron is a vital element for all organismal growth since it is essential for various
processes such as catalytic activities, DNA and RNA synthesis, and photosynthesis [35,36].
Their uptake is enabled via a group of chemically diverse small organic molecules known as
siderophores, with receptors that have a high affinity for the valuable ferric ion. Numerous
organisms are capable of secreting specific siderophores in order to scavenge iron from
their environment. Thus far, Kramer et al. (2020) has described siderophores as “public
goods.” The producing organisms can either reabsorb the siderophores or diffuse away and
be unreachable to their original producers, thereby benefiting neighboring organisms of the
same or similar genera possessing the same recognition receptor(s) [37,38]. In particular, the
uptake of siderophores in a given niche depends on whether the producing organism and
the neighboring organisms share mutual recognition receptor(s) for the siderophore [37,39].
For instance, a Gram-negative bacteria’s outer cell membrane is equipped with a 3-barrel
receptor for specific recognition, which undergoes a conformational change once bound to
a specific siderophore, thus transferring the complex to the periplasm [40,41]. On the other
hand, Gram-positive bacteria do not have such a membrane, and specific ATP-binding
cassette transporters import the siderophores across the cell [39-41]. Therefore, selected
siderophores produced by one organism are shared with other neighbor microorganisms
belonging to the same genera. For instance, S. lividans and S. viridosporus can uptake
ferrioxamine B and ferrioxamine G, respectively, despite their inability to produce these
siderophores [42]. Another study demonstrated how the production of desferrioxamine
E by S. griseus played a role in stimulating the morphology, growth, development, and
secondary metabolite formation of associated S. tanashiensis [43]. It is now evident that
siderophores play a role in mediating interactions in the rhizobium, and their secretion can
be characterized as mutualistic cooperation or antagonism depending on their reabsorption
and biological effects [39].
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The enhanced and triggered production of siderophores (1-8) by S. ciscaucasicus
GS2 during interaction with co-cultivated S. pulveraceus ES16 points to a siderophore-
mediated communication between them. Notably, S. ciscaucasicus GS2 did not antagonize S.
pulveraceus ES16 on any tested media (Figure S1). Moreover, disc diffusion assays revealed
that extracts of S. ciscaucasicus GS2 containing produced siderophores did not demonstrate
antimicrobial or antagonistic activity against S. pulveraceus ES16 (Figure S3). Taking cues
from literature in combination with our present results, this suggests that other coexisting
Streptomyces species in roots or soil could also consume the siderophores produced by
S. ciscaucasicus GS2. Concomitantly, it can be suggested that these siderophores might
influence the enrichment of Streptomyces species observed in recent studies [9,26-28] during
dysbiosis of the root-associated and soil microbiome in the case of ARD.

However, microbial piracy during the complex cascade of interactions in the environ-
ment cannot be ruled out. As demonstrated by Galet et al. (2015), for example, Pseudomonas
fluorescence pirates ferrioxamines produced by Streptomyces species since it possesses the
FoxA membrane receptor that enables selective uptake of ferrioxamines and the hydroxam-
ate siderophore, ferricoelichelin [44]. A plethora of microorganisms encompassing various
genera and species interact and communicate in both healthy and ARD soils [5,7,45].
Therefore, it is also feasible that apart from siderophore-mediated mutualism between S.
ciscaucasicus GS2 and associated Streptomyces species, these molecules might also influence
the growth, virulence, or selection of other pathogenic microorganisms equipped with a
fitting membrane receptor(s) for the produced siderophores.

3.2. Siderophore-Mediated Microbial Communication at the Root-Soil Interface

Apart from solubilizing Fe3* ions, in conditions with low iron bioavailability, iron-
chelated siderophores such as ferrioxamines may assist the uptake of iron by the apple
tree [35,46]. The uptake of hydroxamate and catecholate siderophores produced in the
rhizobium by plants has been previously reported [47,48]. While the exact mechanism
remains unknown, two plausible mechanisms were proposed. One study hypothesizes
that the iron-chelated siderophores are transferred to the plant root apoplast, followed
by a reduction of the siderophores, thereby leading to the donation of Fe?* ions to the
plant’s transport system [35,49]. However, Masalha et al. (2000) suggested that microbial
siderophores can undergo ligand exchange with phytosiderophores, a mechanism that re-
lies on various parameters [50]. Almost four decades ago, Kloepper et al. (1980) introduced
the biocontrol potential of Pseudomonas species by producing a class of siderophores known
as pyoverdines [51]. Since then, several systematic studies investigating the role of micro-
bial siderophores against plant diseases have been carried out. For instance, Ghazy and
El-Narawy (2020) recently associated the biocontrol potential of Bacillus subtilis and Pseu-
domonas koreensis against C. maydis induced in late wilt disease through their siderophore
production [52]. Therefore, siderophores can be considered competitive agents among
the microbiota, implying that microorganisms not producing them cannot participate in
the competition and, therefore, undergo iron starvation [53]. As demonstrated herein
by co-cultivation with C. olidum, by producing siderophores such as desferrioxamines,
microorganisms such as S. ciscaucasicus GS2 can decrease the bioavailability of Fe** ions in
soil by suppressing and depriving other pathogens with diverse recognition receptors for
this essential ion. On the one hand, our results suggest that on sensing the presence of C.
olidum in its vicinity, S. ciscaucasicus GS2 aggressively starts producing ferrioxamines as a
defense mechanism. On the other hand, it might be that a decrease of Fe3* ion concentration
accompanies C. olidum in the same media (nutrient pool) since it also uses them up for its
growth and sustenance, leading to the early production of ferrioxamines by S. ciscaucasicus
GS2. A decrease in the bioavailability of Fe3* ions is linked to the virulence suppression of
phytopathogens [53-55]. The role of siderophores produced by S. ciscaucasicus GS2 on the
virulence exhibited by Cylindrocarpon-like fungi, other ARD-related phytopathogens, or
the effect on host apple plants should be investigated further.
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3.3. Siderophore-Mediated Microbial Contribution to Plant Immunity via Induced
Systemic Resistance

Besides iron-chelating properties, siderophores have been reported as elicitors of
induced systemic resistance (ISR), a typical plant defense mechanism activated by infection.
Other elicitors of this mechanism include volatile organic compounds (VOCs) and microbe-
associated molecular patterns (MAMPs) [53]. ISR was discovered when researchers ob-
served plant health promotion with beneficial bacteria colonizing its roots [53,56]. Previous
studies have suggested that these beneficial rhizobacteria manipulate the plant hormone
signaling pathways through selected elicitors” production [57]. However, to elicit ISR,
a minimal bacterial concentration of about 10° to 107 cells per gram of root is neces-
sary [53,58]. This population of rhizobacteria and siderophore secretion can cause Fe>*
ion deficiency in the soil, depriving the plant of their uptake and inducing plant root
responses, for example, acidification of the rhizosphere, development of root hairs, and
increased ferric reductase activity [53]. Besides, Aznar et al. (2014) reported activation of
an immune response by iron scavenging and the vital role of the heavy metal homeostasis
in plants [36]. They specifically proved that desferrioxamines activated immunity markers
of Arabidopsis and protected it against the pathogenic P. syringae. The iron-containing
siderophores, however, did not show a positive effect on the plant. Numerous other
examples of siderophore-mediated ISR activation have been reported. For example, the
presence of the siderophore, pyochelin, produced by P. aeruginosa strain 7NSK2 reduces the
damping-off caused by the pathogen Pythium splendens [59]. P. fluorescens strain WCS374r
produced the siderophore pseudobactin, thereby triggering ISR in rice infected with Mag-
naporthe oryzae [60,61]. Against this background, it is interesting to note the production and
modulation of the iron-chelated siderophores ferrioxamines (1-4) as well as the unchelated
desferrioxamines (5-8) by S. ciscaucasicus GS2 under different chemical and biological
OSMAC conditions. It is plausible that they can cause a deficiency of bioavailable iron in
the apple plant rhizosphere in the field, triggering ISR in the plants. This might either aid
or negatively influence the plants for coping with different biotic stresses presented during
the incidence of ARD, which should be studied further.

Our results provide a scientific handle to study further the chemical basis of S. ciscau-
casicus strain GS2 (and other Streptomyces species) in the greenhouse and field setups to
understand the organism’s biochemical role. Further studies, for example, by employing
labeled siderophores or their precursors coupled to the HRMS" assisted mass-balance
approach and mass spectrometry imaging experiments in the greenhouse and field setups,
can trace the flow of metabolites across the root-microbe-soil continuum, leading to a
definitive understanding of the in situ chemical ecology of the produced siderophores, as
well as other Streptomyces metabolites concerning ARD.

4. Materials and Methods
4.1. Microorganisms Used in the Present Study

Endophytic Streptomyces ciscaucasicus strain GS2 was isolated from unsterilized apple
plant roots (Malus domestica, rootstock M26; grown in soil from reference site Ruthe, plot
4.7 with grass cover, 2018) within the ORDIAmur Biotest Central Experiment setup 2 (CE2)
of the BMBF BonaRes program. For isolation, root cortex cells containing actinobacteria
structures were microscopically identified [9] (FUN staining, fluorescence microscopy,
FUN 1®Cell stain, F-7030, Molecular Probes™, Thermo Fisher Scientific, Life Technologies,
USA), tissue cubes of approximately 2 mm3 volume were cut out, immediately transferred
to sterile water, carefully agitated, and aliquots of the liquid plated in dilution series on
R2A medium. Microscopic screening of single colonies and selection of actinobacteria
isolates proceeded to subculture on R2A or later alternatively on malt extract agar (MEA,
2%). Endophytic Streptomyces pulveraceus strain ES16 was isolated from surface-disinfected
apple roots (Malus domestica) grown in grass control (ARD-unaffected) soil within the
Central Experiment setup 1 (CE1; Ellerhoop, spring 2018) of the BMBF BonaRes ORDIA-
mur program [12]. For isolation, 1 cm pieces of surface-disinfected fine roots (& < 2 mm)
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were placed in Petri dishes containing 523 medium [62] and stored for approximately
seven days at room temperature. For both isolates, emerging colonies were picked and
incubated for one to seven days in liquid 523 medium until growth was visible. 1 mL of
suspension was used for DNA extraction based on Quambusch et al. (2014) [63]. The 16S
rRNA gene was amplified using the primers 27f (AGAGTTTGATCCTGGCTCAG) and
1492r (GGYTACCTTGTTACGACTT) [64]. Moreover, 165 rDNA fragments were sequenced
with the Sanger method (Sanger et al. 1977) [65] by Microsynth Seglab (Gottingen, Ger-
many), and the obtained sequence was blasted (Blastn) [66] against the NCBI database
(https:/ /www.ncbi.nlm.nih.gov/, accessed on 15.08.2018), and submitted (accession num-
ber MW580673.1). The phytopathogen Cylindrocarpon olidum (Wollenw.) Wollenweberwas
(DSM No. 62520; neotype strain) was obtained from Leibniz Institute DSMZ, German
Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany. The cul-
tivation, long-term storage, and working culture maintenance were performed according
to DSMZ guidelines.

4.2. OSMAC-Assisted Cultivation and Fermentation

We optimized our chemical OSMAC approach established for endophytic bacteria [67]
to cultivate S. ciscaucasicus GS2. Thus, the endophyte was cultivated in six different attuned
media conditions, ranging from nutrient-rich to minimal conditions, for selecting different
phenotypes (e.g., sporulation under stress) and metabolic expression patterns, both under
submerged conditions (broth) as well as on agar. These included modified 523 medium,
Glucose Yeast Malt medium (GYM), Lysogeny medium (LB), nutrient medium (agar, NA;
broth, NB), potato dextrose medium (agar, PDA; broth, PDB), and streptomyces medium (SM).
The OSMAC conditions, physio-chemical triggers, and selection pressures presented by each
of these six media were recently published [68]. The components of the media are detailed in
Table S1. The cultures were incubated at 28 °C (Memmert Incubator, Schwabach, Germany),
and the bacterial growth, morphology, and OSMAC-relevant phenotypic characteristics were
monitored and documented regularly over 14 days.

The biological OSMAC approach was employed by dual culture co-cultivation [32]
with S. pulveraceus strain ES16 and the phytopathogen C. olidum strain DSM 62520. Half-
loopful S. ciscaucasicus GS2 and half-loopful S. pulveraceus ES16 were streaked on agar
plates with a distance of 1 cm apart from each other for all six media in triplicates. The
plates were incubated at 28 °C and observed for 3, 7, and 14 days, respectively. While after
three days, the organisms had shown colony formation and steady growth on modified 523,
NA, LB, and SM, only minimal or no growth was observed on PDA and GYM agar during
co-cultivation with this inoculation approach. Given that both bacteria form colonies in
their axenic cultivations on both PDA and GYM agar, to overcome the above problem,
we decided to increase the inoculum load (i.e., a higher amount of each bacterium) for
co-cultivation on these two media. While maintaining the 1 cm distance, one loopful of
each bacterium was streaked back and forth to form a 2 cm thick seeding on each agar plate,
which led to the growth of the organisms on PDA and GYM agar during co-cultivation.
For the axenic culture of C. olidum, consistent growth was only observed on PDA among
the tested media. Therefore, we performed the co-cultivation of S. ciscaucasicus GS2 and
C. olidum only on PDA. For this, small agar plugs of C. olidum were suspended in 1 mL
of sterile, double-distilled water. A total of 100 uL of the emulsion was then added to the
PDA plate, which was spread with a sterile swab to form a 2 cm thick culture seed. The
inoculation of S. ciscaucasicus GS2 was carried out with the same procedure as above. The
triplicates were observed for 3, 7, and 14 days, respectively.

For submerged cultivation and fermentation, 500 mL broth of each of the six media
was prepared in 1000 mL Erlenmeyer flasks and autoclaved at 121 °C for 15 min (Autoclave
VB-55, Systec, Wettenberg, Germany). Bacteria cultivated on agar media was added to the
broth under sterile conditions, and the flask was sealed tightly. The inoculated broths were
placed in a shaker incubator (Lab-Rotation Incubator Multitron 2, INFORS HT, Einsbach,


https://www.ncbi.nlm.nih.gov/

Molecules 2021, 26, 3517

15 0of 19

Germany) and fermented at 125 rpm at 28 °C. As negative controls, 100 mL of all six sterile,
uninoculated media broths were incubated simultaneously.

4.3. Extraction of Agar Plates

The 3-, 7- and 14-day old bacterial agar plates and negative control plates were
crushed to small pieces using a spatula. Each plate was covered with 20 mL HPLC-
grade MeOH (J. T. Baker, Deventer, The Netherlands) and was mixed well. The mixture
was transferred to a beaker and was extracted in an ultrasonic bath (Sonorex Longlife,
Bandelin, Berlin, Germany). After 15 min, the mixture was filtered. This step was repeated
thrice (i.e., extraction with 3 x 20 mL fresh MeOH). The filtrate was concentrated to
dryness under reduced pressure in a rotary evaporator (Laborota 4001 Efficient, Heidolph,
Schwabach, Germany) and resuspended in 4 mL HPLC-grade MeOH (J. T. Baker, Deventer,
The Netherlands) for further analyses.

4.4. Extraction of Fermented Cultures (Broths)

On the third, seventh, and fourteenth day of cultivation and under sterile conditions,
100 mL of each inoculated broth was transferred to a 250 mL Erlenmeyer flask. Each flask
was placed in an ice bath and ultrasonicated thrice for 15 min in the Sonoplus ultrasonic
device (Bandelin, Berlin, Germany) equipped with ultrasonic lance UW 3200 (Bandelin,
Berlin, Germany). The flasks’ content was transferred to Eppendorf centrifuge tubes and
was centrifuged at 10,000 rpm for 10 min to separate the biomass (Centrifuge Allegra™
IR, Beckman Coulter GmbH, Krefeld, Germany). The supernatant was decantated, frozen,
and was freeze-dried overnight in a Vaco 5 freeze dryer (ZIRBUS technology GmbH, Bad
Grund, Germany). The residue was extracted thrice with 20 mL HPLC-grade MeOH (J.
T. Baker, Deventer, The Netherlands) in an ultrasonic bath (Sonorex Longlife, Bandelin,
Berlin, Germany) for 15 min, and filtered. The filtrate was concentrated to dryness under
reduced pressure in a rotary evaporator (Laborota 4001 Efficient, Heidolph, Schwabach,
Germany), and was resuspended in 4 mL HPLC-grade MeOH (J. T. Baker, Deventer, The
Netherlands). The uninoculated negative control blanks were extracted following the same
procedure.

4.5. High-Performance Liquid Chromatography-High Resolution Tandem Mass Spectrometry
(HPLC-HRMS")

A total of 100 pL of each extract was transferred to an HPLC vial and was concentrated
to dryness in a concentrator (Savant SDP1010 SeedVac, Thermo Fisher Scientific, Waltham,
MA, USA). A total of 100 pL of a 2:1 H,O and MeOH mixture was added to the vial,
and the residue was reconstituted by vortexing (Vortex mixer VF2, IKA-Werke GmbH,
Staufen, Germany). The sample was centrifuged at 6600 rpm for 5 min (Mini Centrifuge,
MCEF-2360, LMS CO., LTD., Tokyo, Japan), and the supernatant was transferred to an inlet
and measured. The measurements were either carried out with an Agilent 1200 system
HPLC (Waldbronn, Germany) coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo
Fisher Scientific, Waltham, USA) or a Nexera X2 HPLC (Shimadzu Scientific Instruments,
Columbia, MD, USA) coupled with an LTQ-Orbitrap mass spectrometer (Thermo Fisher
Scientific, Waltham, USA). A Nucleoshell C18 reverse-phase column (2.7 um, 150 x 4.6 mm,
Macherey-Nagel, Diiren, Germany) was used for chromatographic separation at 30 degrees
with HyO (+ 0.1% HCOOH) (A) and MeOH (+ 0.1% HCOOH) (B) gradient (flow rate
300 puL min~!). The gradient program was as follows: 95% A isocratic for 2 min, linear
gradient to 100% B over 26 min, 100% B isocratic for 6 min, the system returned within
0.5 min to initial conditions of 95% A and was equilibrated for 2.5 min. The LTQ-Orbitrap
XL and the LTQ-Orbitrap were equipped with a HESI ion source with 5 kV voltage at 350 °C.
The ion source was operated with He as collision gas, and N as sheath- (40 arbitrary units),
and auxiliary gas (8 arbitrary units). The spectrometers were operated in positive modes
with a mass range of m/z 100-1600 with a nominal mass resolving power of 60,000 at /z 400
with a scan rate of 1 Hz, with the internal lock masses N-butylbenzenesulfonamide ([M+H]*



Molecules 2021, 26, 3517

16 of 19

m/z 214.0896) and dibutyl phthalate ((M+H]* m/z 279.1591). The analyses were performed
using Xcalibur software v. 2.2 SP1.48. (Thermo Scientific, Bremen, Germany). The acquired
masses were sorted by intensity (I > 1.00E3). A maximum mass tolerance of 2 ppm was
accepted. For structure elucidation, tandem HRMS experiments were performed with the
LTQ-Orbitrap mass spectrometer with collision-induced dissociation (CID) energies of 15,
25, and 35 eV. SciFinder, Knapsack, and PubChem were used as reference databases. After
structures of the target compounds were elucidated, we evaluated the trends (dynamics) of
production of these compounds under the influence of the tested OSMAC conditions. For
this, the compound masses were first sorted by peak intensity (I > 1.00E3), keeping within
the maximum mass tolerance of 2 ppm using Xcalibur software v. 2.2 SP1.48. (Thermo
Scientific, Bremen, Germany), and further exported to an Excel datasheet (Version 16.45,
Microsoft Office 365) for comparison and graphical representation. For better visualization
of the data, the obtained compound peak intensities were calculated and represented
on a logarithmic scale (logjo base) to compare very high and low intensities of selected
compounds produced under different conditions, using Microsoft Excel (Version 16.45,
Microsoft Office 365).

4.6. Disk Diffusion Assays to Test Siderophore-Mediated Antagonism of S. pulveraceus
Strain ES16

S. pulveraceus ES16 cultures were prepared by adding 100 pL of the bacterial dispersion
to agar plates. Using a sterile swab, the cultures were spread across the plate (spread plate
technique). The plates were left in the fridge for 3—4 h. In the meantime, the pooled extract
of S. ciscaucasicus strain GS2 was prepared by mixing 100 puL of each 14-day bacterial extract,
which was then used to prepare a dilution series of 0%, 20%, 40%, 60%, 80%, and 100% of
the extract using MeOH. After that, 20 uL of each solution was loaded onto sterile filter
paper disks (MN 827 ATD filter paper circles, 6 mm diameter, Macherey-Nagel GmbH &
Co. KG, Diiren, Germany). The disks were placed carefully on the seeded plates, incubated
at 28 °C, and observed over 48 h for the zone of inhibitions (ZOlIs) around the discs.

Supplementary Materials: The following are available online. Table S1. The composition of the six
media prepared for this study using the OSMAC approach. Figure S1. Chemical OSMAC approach-
assisted phenotypic characteristics of S. ciscaucasicus GS2 co-cultivated with S. pulveraceus ES16 on
six different agar media for 14 days. Figure S2. Chemical OSMAC approach-assisted phenotypic
characteristics of S. ciscaucasicus GS2 co-cultivated with C. olidum on potato dextrose agar for 14 days.
Figure S3. Disc diffusion assay to enumerate the antimicrobial or antagonistic efficacies of extracts of
S. ciscaucasicus GS2 containing the produced siderophores against S. pulveraceus ES16.

Author Contributions: R.A. performed the OSMAC experiments, phenotypic characterizations,
HPLC-HRMS", and analyzed and interpreted the data; S.Z. enabled realization and optimization of
the mass spectrometry experiments, and interpreted the data; G.G.-S. isolated, identified, and estab-
lished the axenic culture of the S. ciscaucasicus strain GS2; EM.-D. undertook the central experiments,
isolated, identified, and established the axenic culture of the S. pulveraceus strain ES16; S.K. conceived
and led this research, designed the experiments, supervised R.A., interpreted the data, and wrote the
manuscript draft with inputs from R.A.; S K. and R.A. prepared the figures and tables. All authors
have read and agreed to the published version of the manuscript.

Funding: The German Federal Ministry of Education and Research (BMBF) funded this work through
the project ORDIAmur (Overcoming Replant Disease by Applying an Integrated Approach) within
the framework of the BonaRes program (FKZ 031B0512E to S.K.).

Data Availability Statement: The data presented in the study are included in the Supplementary-
Material, further inquiries can be directed to the corresponding author.

Acknowledgments: We thank the Faculty of Chemistry and Chemical Biology (CCB) of Technische
Universitdt Dortmund for providing laboratory space and research amenities, and Till Bebenroth,
Gabriele Hardes, and Eva Wieczorek for technical assistance. We are grateful to Traud Winkelmann
(Institute of Horticultural Production Systems, Leibniz Universitit Hannover, Germany) for the
valuable discussions.



Molecules 2021, 26, 3517 17 of 19

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: S. ciscaucasicus strain GS2 and S. pulveraceus strain ES16 are available from
G.G.-S. and EM.-D., respectively, upon request.

References

1. Zhu, Y, Fazio, G.; Mazzola, M. Elucidating the Molecular Responses of Apple Rootstock Resistant to ARD Pathogens: Challenges
and Opportunities for Development of Genomics-Assisted Breeding Tools. Hortic. Res. 2014, 1, 1-8. [CrossRef]

2. Manici, L.M.; Kelderer, M.; Franke-Whittle, I.; Rithmer, T.; Baab, G.; Nicoletti, F.; Caputo, E; Topp, A.; Insam, H.; Naef, A.
Relationship between Root-Endophytic Microbial Communities and Replant Disease in Specialized Apple Growing Areas in
Europe. Appl. Soil Ecol. 2013, 72, 207-214. [CrossRef]

3.  Wang, G, Yin, C,; Pan, F; Wang, X.; Xiang, L.; Wang, Y.; Wang, J.; Tian, C.; Chen, J.; Mao, Z. Analysis of the Fungal Community in
Apple Replanted Soil Around Bohai Gulf. Hortic. Plant ]. 2018, 4, 175-181. [CrossRef]

4.  Isutsa, D.K,; Merwin, I.A. Malus Germplasm Varies in Resistance or Tolerance to Apple Replant Disease in a Mixture of New
York Orchard Soils. HortScience 2000, 35, 262-268. [CrossRef]

5. Winkelmann, T.; Smalla, K.; Amelung, W.; Baab, G.; Grunewaldt-Stocker, G.; Kanfra, X.; Meyhofer, R.; Reim, S.; Schmitz, M.;
Vetterlein, D.; et al. Apple Replant Disease: Causes and Mitigation Strategies. Curr. Issues Mol. Biol. 2019, 30, 89-106. [CrossRef]

6. Reim, S.; Siewert, C.; Winkelmann, T.; Wohner, T.; Hanke, M.-V.; Flachowsky, H. Evaluation of Malus Genetic Resources for
Tolerance to Apple Replant Disease (ARD). Sci. Hortic. 2019, 256, 108517. [CrossRef]

7. Mazzola, M.; Manici, L.M. Apple Replant Disease: Role of Microbial Ecology in Cause and Control. Annu. Rev. Phytopathol. 2012,
50, 45-65. [CrossRef] [PubMed]

8. Yim, B.; Winkelmann, T.; Ding, G.C.; Smalla, K. Different Bacterial Communities in Heat and Gamma Irradiation Treated Replant
Disease Soils Revealed by 165 RRNA Gene Analysis—Contribution to Improved Aboveground Apple Plant Growth? Front.
Microbiol. 2015, 6, 1-12. [CrossRef] [PubMed]

9.  Grunewaldt-Stocker, G.; Mahnkopp-Dirks, E.; Popp, C.; Maiss, E.; Winkelmann, T. Diagnosis of Apple Replant Disease (ARD):
Microscopic Evidence of Early Symptoms in Fine Roots of Different Apple Rootstock Genotypes. Sci. Hortic. 2019, 243, 583-5%4.
[CrossRef]

10.  Yim, B.; Smalla, K.; Winkelmann, T. Evaluation of Apple Replant Problems Based on Different Soil Disinfection Treatments—Links
to Soil Microbial Community Structure? Plant Soil 2013, 366, 617-631. [CrossRef]

11.  Weifs, S.; Bartsch, M.; Winkelmann, T. Transcriptomic Analysis of Molecular Responses in Malus domestica “M26” Roots Affected
by Apple Replant Disease. Plant Mol. Biol. 2017, 94, 303-318. [CrossRef]

12. Mahnkopp, F; Simon, M.; Lehndorff, E.; Pédtzold, S.; Wrede, A.; Winkelmann, T. Induction and Diagnosis of Apple Replant
Disease (ARD): A Matter of Heterogeneous Soil Properties? Sci. Hortic. 2018, 241, 167-177. [CrossRef]

13. Tewoldemedhin, Y.; Mazzola, M.; Mostert, L.; Mcleod, A. Cylindrocarpon Species Associated with Apple Tree Roots in South
Africa and Their Quantification Using Real-Time PCR. Eur. ]. Plant Pathol. 2011, 129, 637-651. [CrossRef]

14. Brayford, D.; Honda, B.M.; Mantiri, ER.; Samuels, G.]J. Neonectria and Cylindrocarpon: The Nectria Mammoidea Group and Species
Lacking Microconidia. Mycologia 2004, 96, 572-597. [CrossRef]

15. Chaverri, P,; Salgado, C.; Hirooka, Y.; Rossman, A.Y.; Samuels, G.]J. Delimitation of Neonectria and Cylindrocarpon (Nectriaceae,
Hypocreales, Ascomycota) and Related Genera with Cylindrocarpon-like Anamorphs. Stud. Mycol. 2011, 68, 57-78. [CrossRef]
[PubMed]

16. Lombard, L.; van der Merwe, N.; Groenewald, J.Z.; Crous, P. Lineages in Nectriaceae: Re-Evaluating the Generic Status of
Ilyonectria and Allied Genera. Phytopathol. Mediterr. 2014, 53, 340-357. [CrossRef]

17.  Salgado-Salazar, C.; Rossman, A.Y.; Chaverri, P. The Genus Thelonectria (Nectriaceae, Hypocreales, Ascomycota) and Closely Related
Species with Cylindrocarpon-like Asexual States. Fungal Divers. 2016, 80, 411-455. [CrossRef]

18. Lawrence, D.P; Nouri, M.T,; Trouillas, EP. Taxonomy and Multi-Locus Phylogeny of Cylindrocarpon-like Species Associated with
Diseased Roots of Grapevine and Other Fruit and Nut Crops in California. Fungal Syst. Evol. 2019, 4, 59-75. [CrossRef] [PubMed]

19. Utkhede, R.S; Vrain, T.C.; Yorston, ].M. Effects of Nematodes, Fungi and Bacteria on the Growth of Young Apple Trees Grown in
Apple Replant Disease Soil. Plant Soil 1992, 139, 1-6. [CrossRef]

20. Manici, L.M.; Kelderer, M.; Caputo, E; Sacca, M.L.; Nicoletti, F; Topp, A.R.; Mazzola, M. Involvement of Dactylonectria and
Ilyonectria Spp. in Tree Decline Affecting Multi-Generation Apple Orchards. Plant Soil 2018, 425, 217-230. [CrossRef]

21.  Popp, C.; Wambhoff, D.; Winkelmann, T.; Maiss, E.; Grunewaldt-Stocker, G. Molecular Identification of Nectriaceae in Infections of
Apple Replant Disease Affected Roots Collected by Harris Uni-Core Punching or Laser Microdissection. . Plant Dis. Prot. 2020,
127, 571-582. [CrossRef]

22. Séanchez, ].; Iturralde, P; Koch, A.; Tello, C.; Martinez, D.; Proafio, N.; Martinez, A.; Viera, W.; Ayala, L.; Francisco, F. Dactylonectria
and Ilyonectria Species Causing Black Foot Disease of Andean Blackberry (Rubus Glaucus Benth) in Ecuador. Diversity 2019, 11, 218.
[CrossRef]

23.  Farh, M.E.A.; Kim, Y.J.; Kim, Y.J.; Yang, D.C. Cylindrocarpon destructans/Ilyonectria radicicola-Species Complex: Causative Agent of
Ginseng Root-Rot Disease and Rusty Symptoms. . Ginseng Res. 2018, 42, 9-15. [CrossRef]

24. Quaghebeur, K.; Coosemans, J.; Toppet, S.; Compernolle, F. Cannabiorci- and 8-Chlorocannabiorcichromenic Acid as Fungal

Antagonists from Cylindrocarpon olidum. Phytochemistry 1994, 37, 159-161. [CrossRef]


http://doi.org/10.1038/hortres.2014.43
http://doi.org/10.1016/j.apsoil.2013.07.011
http://doi.org/10.1016/j.hpj.2018.05.003
http://doi.org/10.21273/HORTSCI.35.2.262
http://doi.org/10.21775/cimb.030.089
http://doi.org/10.1016/j.scienta.2019.05.044
http://doi.org/10.1146/annurev-phyto-081211-173005
http://www.ncbi.nlm.nih.gov/pubmed/22559069
http://doi.org/10.3389/fmicb.2015.01224
http://www.ncbi.nlm.nih.gov/pubmed/26635733
http://doi.org/10.1016/j.scienta.2018.09.014
http://doi.org/10.1007/s11104-012-1454-6
http://doi.org/10.1007/s11103-017-0608-6
http://doi.org/10.1016/j.scienta.2018.06.076
http://doi.org/10.1007/s10658-010-9728-4
http://doi.org/10.1080/15572536.2005.11832955
http://doi.org/10.3114/sim.2011.68.03
http://www.ncbi.nlm.nih.gov/pubmed/21523189
http://doi.org/10.14601/Phytopathol_Mediterr-14976
http://doi.org/10.1007/s13225-016-0365-x
http://doi.org/10.3114/fuse.2019.04.06
http://www.ncbi.nlm.nih.gov/pubmed/32467907
http://doi.org/10.1007/BF00012835
http://doi.org/10.1007/s11104-018-3571-3
http://doi.org/10.1007/s41348-020-00333-x
http://doi.org/10.3390/d11110218
http://doi.org/10.1016/j.jgr.2017.01.004
http://doi.org/10.1016/0031-9422(94)85016-X

Molecules 2021, 26, 3517 18 of 19

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

Rahman, M.; Punja, Z.K. Influence of Iron on Cylindrocarpon Root Rot Development on Ginseng. Phytopathology 2006, 96,
1179-1187. [CrossRef] [PubMed]

Mahnkopp-Dirks, E; Radl, V.; Kublik, S.; Gschwendtner, S.; Schloter, M.; Winkelmann, T. Molecular Barcoding Reveals the Genus
Streptomyces as Associated Root Endophytes of Apple (Malus domestica) Plants Grown in Soils Affected by Apple Replant Disease.
Phytobiomes |. 2021. [CrossRef]

Balbin-Suarez, A.; Lucas, M.; Vetterlein, D.; Serensen, S.J.; Winkelmann, T.; Smalla, K.; Jacquiod, S. Exploring Microbial
Determinants of Apple Replant Disease (ARD): A Microhabitat Approach under Split-Root Design. FEMS Microbiol. Ecol. 2020,
96, fiaa211. [CrossRef] [PubMed]

Grunewaldt-Stocker, G.; Popp, C.; Wamhoff, D.; Maiss, E.; Winkelmann, T. Microscopic Evidence of Nectriaceae and Other
Microbes in Infected Fine Root Tissue of Replant Diseased Apple Plants. Eur. J. Hortic. Sci. 2021, 86, 29-40. [CrossRef]

Bode, H.B.; Bethe, B.; Hofs, R.; Zeeck, A. Big Effects from Small Changes: Possible Ways to Explore Nature’s Chemical Diversity.
Chembiochem 2002, 3, 619-627. [CrossRef]

Romano, S.; Jackson, S.A ; Patry, S.; Dobson, A.D.W. Extending the “One Strain Many Compounds” (OSMAC) Principle to Marine
Microorganisms. Mar. Drugs 2018, 16, 244. [CrossRef]

Pan, R.; Bai, X; Chen, J.; Zhang, H.; Wang, H. Exploring Structural Diversity of Microbe Secondary Metabolites Using OSMAC
Strategy: A Literature Review. Front. Microbiol. 2019, 10, 294. [CrossRef]

Maghembe, R.; Damian, D.; Makaranga, A.; Nyandoro, S.S.; Lyantagaye, S.L.; Kusari, S.; Hatti-Kaul, R. Omics for Bioprospecting
and Drug Discovery from Bacteria and Microalgae. Antibiotics 2020, 9, 229. [CrossRef] [PubMed]

Mawii, E.; Gledhill, M.; Worsfold, PJ.; Achterberg, E.P. Collision-Induced Dissociation of Three Groups of Hydroxamate
Siderophores: Ferrioxamines, Ferrichromes and Coprogens/Fusigens. Rapid Commun. Mass Spectrom. 2008, 22, 2195-2202.
[CrossRef] [PubMed]

Senges, C.H.R.; Al-Dilaimi, A.; Marchbank, D.H.; Wibberg, D.; Winkler, A.; Haltli, B.; Nowrousian, M.; Kalinowski, J.; Kerr, R.G.;
Bandow, J.E. The Secreted Metabolome of Streptomyces chartreusis and Implications for Bacterial Chemistry. Proc. Natl. Acad. Sci.
USA 2018, 115, 2490-2495. [CrossRef] [PubMed]

Ahmed, E.; Holmstrom, S.J.M. Siderophores in Environmental Research: Roles and Applications. Microb. Biotechnol. 2014, 7,
196-208. [CrossRef]

Aznar, A.; Chen, N.W.G; Rigault, M.; Riache, N.; Joseph, D.; Desmaéle, D.; Mouille, G.; Boutet, S.; Soubigou-Taconnat, L.; Renou,
J.P; et al. Scavenging Iron: A Novel Mechanism of Plant Immunity Activation by Microbial Siderophores. Plant Physiol. 2014, 164,
2167-2183. [CrossRef] [PubMed]

Griffin, A.S.; West, S.A.; Buckling, A. Cooperation and Competition in Pathogenic Bacteria. Nature 2004, 430, 1024-1027. [CrossRef]
Cordero, O.X.; Ventouras, L.-A.; DeLong, E.F.; Polz, M.E. Public Good Dynamics Drive Evolution of Iron Acquisition Strategies in
Natural Bacterioplankton Populations. Proc. Natl. Acad. Sci. USA 2012, 109, 20059-20064. [CrossRef]

Kramer, J.; Ozkaya, O.; Kiimmerli, R. Bacterial Siderophores in Community and Host Interactions. Nat. Rev. Microbiol. 2020, 18,
152-163. [CrossRef]

Krewulak, K.D.; Vogel, H.J. Structural Biology of Bacterial Iron Uptake. Biochim. Biophys. Acta 2008, 1778, 1781-1804. [CrossRef]
Schalk, L.].; Guillon, L. Fate of Ferrisiderophores after Import across Bacterial Outer Membranes: Different Iron Release Strategies
Are Observed in the Cytoplasm or Periplasm Depending on the Siderophore Pathways. Amino Acids 2013, 44, 1267-1277.
[CrossRef]

Imbert, M.; Béchet, M.; Blondeau, R. Comparison of the Main Siderophores Produced by Some Species of Streptomyces. Curr.
Microbiol. 1995, 31, 129-133. [CrossRef]

Yamanaka, K.; Oikawa, H.; Ogawa, H.O.; Hosono, K.; Shinmachi, F.; Takano, H.; Sakuda, S.; Beppu, T.; Ueda, K. Desferrioxamine
E Produced by Streptomyces griseus Stimulates Growth and Development of Streptomyces tanashiensis. Microbiology 2005, 151,
2899-2905. [CrossRef]

Galet, J.; Deveau, A.; Hotel, L.; Frey-Klett, P; Leblond, P.; Aigle, B. Pseudomonas fluorescens Pirates Both Ferrioxamine and
Ferricoelichelin Siderophores from Streptomyces ambofaciens. Appl. Environ. Microbiol. 2015, 81, 3132-3141. [CrossRef] [PubMed]
Tilston, E.L.; Deakin, G.; Bennett, ].; Passey, T.; Harrison, N.; O’Brien, E; Ferndndez-Fernandez, F.; Xu, X. Candidate Causal
Organisms for Apple Replant Disease in the United Kingdom. Phytobiomes ]. 2018, 2, 261-274. [CrossRef]

Crowley, D. Microbial Siderophores in the Plant Rhizosphere. In Iron Nutrition in Plants and Rhizospheric Microorganisms; Springer:
Dordrecht, The Netherlands, 2006; pp. 169-198. ISBN 978-1-4020-4742-8.

Jurkevitch, E.; Hadar, Y.; Chen, Y. The Remedy of Lime-induced Chlorosis in Peanuts by pseudomonas sp. Siderophores. . Plant
Nutr. 1986, 9, 535-545. [CrossRef]

Palaniyandi, S.A.; Yang, S.H.; Zhang, L.; Suh, ].W. Effects of Actinobacteria on Plant Disease Suppression and Growth Promotion.
Appl. Microbiol. Biotechnol. 2013, 97, 9621-9636. [CrossRef]

Mengel, K. Iron Availability in Plant Tissues-Iron Chlorosis on Calcareous Soils. Plant Soil 1994, 165, 275-283. [CrossRef]
Masalha, J.; Kosegarten, H.; Elmaci, 0. Mengel, K. The Central Role of Microbial Activity for Iron Acquisition in Maize and
Sunflower. Biol. Fertil. Soils 2000, 30, 433-439. [CrossRef]

Kloepper, ].; Leong, J.; Teintze, M.; Schroth, M. Enhanced Plant Growth by Siderophores Produced by Plant Growth-Promoting
Rhizobacteria. Nature 1980, 286, 885-886. [CrossRef]


http://doi.org/10.1094/PHYTO-96-1179
http://www.ncbi.nlm.nih.gov/pubmed/18943954
http://doi.org/10.1094/PBIOMES-07-20-0053-R
http://doi.org/10.1093/femsec/fiaa211
http://www.ncbi.nlm.nih.gov/pubmed/33045057
http://doi.org/10.17660/eJHS.2021/86.1.4
http://doi.org/10.1002/1439-7633(20020703)3:7&lt;619::AID-CBIC619&gt;3.0.CO;2-9
http://doi.org/10.3390/md16070244
http://doi.org/10.3389/fmicb.2019.00294
http://doi.org/10.3390/antibiotics9050229
http://www.ncbi.nlm.nih.gov/pubmed/32375367
http://doi.org/10.1002/rcm.3604
http://www.ncbi.nlm.nih.gov/pubmed/18536071
http://doi.org/10.1073/pnas.1715713115
http://www.ncbi.nlm.nih.gov/pubmed/29463727
http://doi.org/10.1111/1751-7915.12117
http://doi.org/10.1104/pp.113.233585
http://www.ncbi.nlm.nih.gov/pubmed/24501001
http://doi.org/10.1038/nature02744
http://doi.org/10.1073/pnas.1213344109
http://doi.org/10.1038/s41579-019-0284-4
http://doi.org/10.1016/j.bbamem.2007.07.026
http://doi.org/10.1007/s00726-013-1468-2
http://doi.org/10.1007/BF00294289
http://doi.org/10.1099/mic.0.28139-0
http://doi.org/10.1128/AEM.03520-14
http://www.ncbi.nlm.nih.gov/pubmed/25724953
http://doi.org/10.1094/PBIOMES-11-18-0050-R
http://doi.org/10.1080/01904168609363464
http://doi.org/10.1007/s00253-013-5206-1
http://doi.org/10.1007/BF00008070
http://doi.org/10.1007/s003740050021
http://doi.org/10.1038/286885a0

Molecules 2021, 26, 3517 19 of 19

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Ghazy, N.; El-Nahrawy, S. Siderophore Production by Bacillus subtilis MF497446 and Pseudomonas koreensis MG209738 and Their
Efficacy in Controlling Cephalosporium maydis in Maize Plant. Arch. Microbiol. 2021, 203, 1195-1209. [CrossRef]

Romera, FJ.; Garcia, M.].; Lucena, C.; Martinez-Medina, A.; Aparicio, M.A.; Ramos, ].; Alcantara, E.; Angulo, M.; Pérez-Vicente,
R. Induced Systemic Resistance (ISR) and Fe Deficiency Responses in Dicot Plants. Front. Plant Sci. 2019, 10, 1-17. [CrossRef]
[PubMed]

Kieu, N.P; Aznar, A.; Segond, D.; Rigault, M.; Simond-Céte, E.; Kunz, C.; Soulie, M.-C.; Expert, D.; Dellagi, A. Iron Deficiency
Affects Plant Defence Responses and Confers Resistance to Dickeya dadantii and Botrytis cinerea. Mol. Plant Pathol. 2012, 13,
816-827. [CrossRef] [PubMed]

Lopez-Berges, M.S.; Turra, D.; Capilla, J.; Schafferer, L.; Matthijs, S.; Jochl, C.; Cornelis, P.; Guarro, J.; Haas, H.; Di Pietro, A.
Iron Competition in Fungus-Plant Interactions: The Battle Takes Place in the Rhizosphere. Plant Signal. Behav. 2013, 8, e23012.
[CrossRef] [PubMed]

Pieterse, C.M.].; Zamioudis, C.; Berendsen, R.L.; Weller, D.M.; Van Wees, S.C.M.; Bakker, P.A.H.M. Induced Systemic Resistance
by Beneficial Microbes. Annu. Rev. Phytopathol. 2014, 52, 347-375. [CrossRef]

Pieterse, C.M.].; Van der Does, D.; Zamioudis, C.; Leon-Reyes, A.; Van Wees, S.C.M. Hormonal Modulation of Plant Immunity.
Annu. Rev. Cell Dev. Biol. 2012, 28, 489-521. [CrossRef]

Jankiewicz, U.; Kottonowicz, M. The Involvement of Pseudomonas Bacteria in Induced Systemic Resistance in Plants. Appl.
Biochem. Microbiol. 2012, 48, 276-281. [CrossRef]

Buysens, S.; Heungens, K.; Poppe, J.; Hofte, M. Involvement of Pyochelin and Pyoverdin in Suppression of Pythium-Induced
Damping-Off of Tomato by Pseudomonas aeruginosa 7NSK2. Appl. Environ. Microbiol. 1996, 62, 865-871. [CrossRef]

Aznar, A.; Dellagi, A. New Insights into the Role of Siderophores as Triggers of Plant Immunity: What Can We Learn from
Animals? J. Exp. Bot. 2015, 66, 3001-3010. [CrossRef]

De Vleesschauwer, D.; Djavaheri, M.; Bakker, P.A.H.M.; Hofte, M. Pseudomonas fluorescens WCS374r-Induced Systemic Resistance
in Rice against Magnaporthe Oryzae Is Based on Pseudobactin-Mediated Priming for a Salicylic Acid-Repressible Multifaceted
Defense Response. Plant Physiol. 2008, 148, 1996-2012. [CrossRef]

Viss, P.R.; Brooks, E.M.; Driver, J.A. A Simplified Method for the Control of Bacterial Contamination in Woody Plant Tissue
Culture. Vitr. Cell. Dev. Biol. Plant 1991, 27, 42. [CrossRef]

Quambusch, M.; Pirttild, A.M.; Tejesvi, M.V.,; Winkelmann, T.; Bartsch, M. Endophytic Bacteria in Plant Tissue Culture: Differences
between Easy- and Difficult-to-Propagate Prunus avium Genotypes. Tree Physiol. 2014, 34, 524-533. [CrossRef]

Weisburg, W.G.; Barns, S.M.; Pelletier, D.A.; Lane, D.J. 16S Ribosomal DNA Amplification for Phylogenetic Study. J. Bacteriol.
1991, 173, 697-703. [CrossRef]

Sanger, F.; Nicklen, S.; Coulson, A.R. DNA Sequencing with Chain-Terminating Inhibitors. Proc. Natl. Acad. Sci. USA 1977, 74,
5463-5467. [CrossRef]

Zhang, Z.; Schwartz, S.; Wagner, L.; Miller, W. A Greedy Algorithm for Aligning DNA Sequences. J. Comput. Biol. 2000, 7, 203-214.
[CrossRef]

Eckelmann, D.; Spiteller, M.; Kusari, S. Spatial-Temporal Profiling of Prodiginines and Serratamolides Produced by Endophytic
Serratia marcescens Harbored in Maytenus serrata. Sci. Rep. 2018, 8, 5283. [CrossRef]

Armin, R.; Ziihlke, S.; Mahnkopp-Dirks, F.; Winkelmann, T.; Kusari, S. Evaluation of Apple Root-Associated Endophytic
Streptomyces pulveraceus Strain ES16 by an OSMAC-Assisted Metabolomics Approach. Front. Sustain. Food Syst. 2021, 5, 60.
[CrossRef]


http://doi.org/10.1007/s00203-020-02113-5
http://doi.org/10.3389/fpls.2019.00287
http://www.ncbi.nlm.nih.gov/pubmed/30915094
http://doi.org/10.1111/j.1364-3703.2012.00790.x
http://www.ncbi.nlm.nih.gov/pubmed/22375884
http://doi.org/10.4161/psb.23012
http://www.ncbi.nlm.nih.gov/pubmed/23299422
http://doi.org/10.1146/annurev-phyto-082712-102340
http://doi.org/10.1146/annurev-cellbio-092910-154055
http://doi.org/10.1134/S0003683812030052
http://doi.org/10.1128/AEM.62.3.865-871.1996
http://doi.org/10.1093/jxb/erv155
http://doi.org/10.1104/pp.108.127878
http://doi.org/10.1007/BF02632060
http://doi.org/10.1093/treephys/tpu027
http://doi.org/10.1128/jb.173.2.697-703.1991
http://doi.org/10.1073/pnas.74.12.5463
http://doi.org/10.1089/10665270050081478
http://doi.org/10.1038/s41598-018-23538-5
http://doi.org/10.3389/fsufs.2021.643225

	Introduction 
	Results 
	Phenotypic Characterization of S. ciscaucasicus GS2 under the Influence of Chemical OSMAC Approach by Alteration of Media Composition 
	Phenotypic Characterization of S. ciscaucasicus GS2 under the Influence of Biological OSMAC Approach by Dual-Culture Cultivation for Microorganismal Interaction 
	Production of Siderophores by S. ciscaucasicus GS2 in Axenic Culture and Structural Dereplication Using HPLC-HRMSn 
	Production of Siderophores by S. ciscaucasicus GS2 during Dual-Culture Microorganismal Interaction and Structural Dereplication Using HPLC-HRMSn 
	Trend and Dynamics of Siderophore Production by S. ciscaucasicus GS2 under the Influence of Chemical and Biological OSMAC Triggers 

	Discussion 
	Siderophore-Mediated Communication between Different Microbial Species Belonging to the Same Genus: Mutualistic Cooperation or Piracy? 
	Siderophore-Mediated Microbial Communication at the Root-Soil Interface 
	Siderophore-Mediated Microbial Contribution to Plant Immunity via InducedSystemic Resistance 

	Materials and Methods 
	Microorganisms Used in the Present Study 
	OSMAC-Assisted Cultivation and Fermentation 
	Extraction of Agar Plates 
	Extraction of Fermented Cultures (Broths) 
	High-Performance Liquid Chromatography-High Resolution Tandem Mass Spectrometry (HPLC-HRMSn) 
	Disk Diffusion Assays to Test Siderophore-Mediated Antagonism of S. pulveraceusStrain ES16 

	References

