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ABSTRACT Streptomyces bacteria are a key source of microbial specialized metabolites
with useful applications in medicine and agriculture. In addition, some species are impor-
tant plant pathogens and cause diseases such as potato scab, which reduces the quality
and market value of affected potato crops. Most scab-associated Streptomyces spp. produce
the phytotoxic metabolite thaxtomin A as the principal pathogenicity factor. However,
recent reports have described scab-causing strains that do not produce thaxtomin A, but
instead produce other phytotoxins that are thought to contribute to plant host infection
and symptom development. Streptomyces sp. 11-1-2 is a highly pathogenic strain that was
originally isolated from a scab symptomatic potato tuber in Newfoundland, Canada. The
strain secretes one or more phytotoxic compounds of unknown identity, and it is hypothe-
sized that these compounds serve as virulence factors for this organism. We analyzed the
genome sequence of Streptomyces sp. 11-1-2 and found biosynthetic gene clusters for pro-
ducing the known herbicidal compounds nigericin and geldanamycin. Phytotoxic culture
extracts were analyzed using liquid chromatography-coupled tandem mass spectrometry
and molecular networking, and this confirmed the production of both compounds by
Streptomyces sp. 11-1-2 along with other, potentially related metabolites. The biosynthesis
of both metabolites was found to be suppressed by the addition of N-acetylglucosamine to
the culture medium, and pure nigericin and geldanamycin were able to exhibit phytotoxic
effects against both radish seedlings and potato tuber tissue. Furthermore, the coadminis-
tration of the two compounds produced greater phytotoxic effects against potato tuber tis-
sue than administration of each compound alone.

IMPORTANCE Plant pathogens use a variety of mechanisms, including the production of
phytotoxic specialized metabolites, to establish an infection of host tissue. Although
thaxtomin A is considered the key phytotoxin involved in the development of potato
scab disease, there is increasing evidence that other phytotoxins can play a role in dis-
ease development in some instances. In this study, we show that the highly pathogenic
Streptomyces sp. 11-1-2 is capable of producing nigericin and geldanamycin, which indi-
vidually and combined can cause significant damage to potato tuber tissue and radish
seedlings. Our results suggest that the pathogenic phenotype of Streptomyces sp. 11-1-2
is due in part to the production of these specialized metabolites. As the biological activ-
ity of nigericin and geldanamycin is vastly different from the proposed activity of thaxto-
min A against plants, the secretion of these compounds may represent a novel mecha-
nism of plant pathogenicity exhibited by some Streptomyces species.
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Members of the genus Streptomyces are widely regarded as one of the main natural
sources of antibiotics and other medically relevant compounds, and they also

have an important role in microbial communities associated with healthy soils and
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good plant development. The production of antimicrobial compounds has made sev-
eral species of interest for agricultural purposes, as their presence results in suppres-
sion of plant pathogens and the diseases that they cause (1–4). However, some
Streptomyces species are capable of causing plant diseases, of which scab disease of
potato (Solanum tuberosum) is considered the most important. This disease is charac-
terized by the development of superficial, raised, and/or pitted lesions that can cover a
significant proportion of the tuber surface, and these lesions negatively affect the qual-
ity and market value of the potato crop (5, 6). Streptomyces scabiei (syn. S. scabies) was
the first species to be described as a causal agent of potato scab, although multiple
surveys across the world have resulted in the identification of several species and
strains with phytopathogenic capabilities. Some of these other relevant species include
Streptomyces turgidiscabies, Streptomyces acidiscabies, and Streptomyces europaeisca-
biei, which are found throughout different potato-growing regions of the world (7).

Like other members of the Streptomyces genus, S. scabiei has the potential to pro-
duce a diverse array of specialized metabolites, but only a few have been determined
to exhibit phytotoxic activity. Thaxtomin A, a 2,5-diketopiperazine, has been shown to
be essential for scab disease development by S. scabiei, thus making it the principal
pathogenicity determinant of this organism (8, 9). In addition to S. scabiei, other patho-
genic species, such as S. turgidiscabies, S. acidiscabies, and S. europaeiscabiei, also pro-
duce thaxtomin A as the main pathogenicity factor (7). The biosynthesis of thaxtomin
A in these species involves a gene cluster composed of seven open reading frames, of
which six (txtA, txtB, txtC, txtD, txtE, txtH) play a direct role in metabolite biosynthesis,
and one (txtR) functions in regulating metabolite production (10–14). This biosynthetic
gene cluster (BGC) is highly conserved among scab-causing pathogens (15, 16) and is
widely used for the detection and quantification of scab pathogens in soils using PCR
(17–21). However, recent reports suggest that Streptomyces spp. that do not produce thax-
tomin A are capable of causing scab disease symptoms on potato tubers, and this has
been attributed to the production of other specialized metabolites with phytotoxic activity.
Notably, Streptomyces sp. GK18 was isolated from a potato tuber exhibiting deep-pitted
lesions, and this strain was subsequently shown to produce the 18-membered macrolide
borrelidin. Pure borrelidin was shown to induce the same symptoms on potato tuber tissue
as spores of the GK18 strain, suggesting that borrelidin is directly involved in scab disease
development by this strain (22). Similarly, a Streptomyces niveiscabiei strain isolated from a
pitted lesion was shown to produce the polyketide desmethylmensacarcin, and the pure
compound was also more active at causing deep necrotic lesions on potato tubers than
thaxtomin A (23, 24). Moreover, a survey conducted in Central Europe reported pathogenic
isolates missing the txtAB genes from the thaxtomin BGC, suggesting that other unidenti-
fied factors are responsible for scab development (25).

A survey conducted in Newfoundland, Canada between 2011 and 2012 (26) reported
the isolation of multiple pathogenic Streptomyces strains from scab-infected potatoes, one
of which (Streptomyces sp. 11-1-2, herein referred to as 11-1-2) was found to produce one
or more highly phytotoxic metabolites that were not thaxtomin A or borrelidin (26). The
objective of the current study was to further investigate the phytotoxic compound(s) pro-
duced by 11-1-2 using genomic analyses, liquid chromatography-coupled mass spectrome-
try (LC-MS), and untargeted liquid chromatography-coupled tandem mass spectrometry
(LC-MS/MS)-based metabolomics analysis. Using this approach, we identified nigericin and
geldanamycin in 11-1-2 extracts, both of which are phytotoxic at low amounts and exhibit
synergistic effects in promoting damage to potato tuber tissue. Further, we provide evi-
dence that compounds related to these metabolites are also produced by Streptomyces sp.
11-1-2 and may contribute to the phytotoxic activity of this strain.

RESULTS AND DISCUSSION
Streptomyces sp. 11-1-2 is phylogenetically and metabolically distinct from

other plant-pathogenic Streptomyces spp. Initial work on the characterization of the
11-1-2 strain revealed that it is not closely related to the known scab pathogens S. sca-
biei, S. acidiscabies, S. turgidiscabies, or S. europaeiscabiei, suggesting that it belongs to
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a novel group of pathogenic species. To further elucidate the phylogenetic placement
of 11-1-2, a multilocus species tree was constructed using the online tool autoMLST
(27). The analysis revealed that 11-1-2 is highly similar to Streptomyces hygroscopicus strain
XM201 (Fig. 1), sharing over 98% of the average nucleotide identity (Table S1). S. hygroscopi-
cus XM201 was isolated from soil in China and has been reported as a source of different
specialized metabolites (28–30). Other closely related strains include the soil-isolated
Streptomyces violaceusniger Tü 4113 (31), Streptomyces melanosporofaciens DSM 40318, and
S. violaceusniger NRRL F-8817. Type strains for these species have been grouped in the S. vio-
laceusniger subclade, which in turn is part of the larger S. hygroscopicus clade (32, 33).
Recently, an analysis of the Streptomyces pan-genome confirmed that 11-1-2 and S. hygro-
scopicus XM201 are closely related to each other and that both strains share more similarity
at the genomic level with S. violaceusniger than with S. hygroscopicus, suggesting that they
should be reclassified as S. violaceusniger (34). Plant-pathogenic Streptomyces strains are usu-
ally located within or near the S. scabiei clade. They often share some genomic traits such as
thaxtomin A biosynthesis and the presence of other virulence genes, such as nec1 and/or
tomA (35–37). In contrast, 11-1-2 does not contain any of these markers (26), and it is not

FIG 1 Maximum-likelihood multilocus species tree showing the phylogenetic relationship between Streptomyces sp. 11-1-2 and other Streptomyces species.
Streptomyces sp. 11-1-2 localized to the clade that is highlighted in green and consists of strains with an average nucleotide identity of .95%. Plant-
pathogenic strains are indicated with “*”. Strains for which the antiSMASH analysis did not show results are indicated with “**”. For Streptomyces
bottropensis, only some strains of this species are plant pathogenic, “***”. The presence, absence, and partial presence of selected biosynthetic gene
clusters are indicated in the heatmap. “Partial” correspond to BGCs not fully detected by antiSMASH due to genome completeness level or partial matches
(,85% of similarity) to the BGC of the respective compound.
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closely related to the classic scab-inducing strains (Fig. 1), which suggests that 11-1-2 is the
first member of the S. violaceusniger subclade with plant-pathogenic capabilities.

To determine the potential metabolites responsible for the phytotoxic activity recorded
previously, the genome sequence of 11-1-2 (38) was analyzed for the presence of special-
ized metabolite BGCs using antiSMASH 6.0 (39). The analysis determined the presence of
51 regions with various degrees of similarity to known BGCs (Table S2). Six of the regions
are highly similar ($85%) to BGCs that produce compounds with known antifungal, anti-
microbial, and/or cytotoxic activities, i.e., nigericin, geldanamycin, echosides, elaiophylin,
niphimycins, and mediomycin A (40–48). Interestingly, two of these, nigericin and geldana-
mycin, have been reported to exhibit herbicidal activity against some plants, including gar-
den cress, cucumber, tomato, soybean, and wheat (41, 49). The other strains in the phylo-
genetic tree were also evaluated using antiSMASH to determine the presence of these six
BGCs in their genomes (accession numbers available in Table S3). The comparison pro-
vided further evidence for the close relationship between 11-1-2 and S. hygroscopicus
XM201, given that these strains both harbor all six of the BGCs (Fig. 1). Furthermore, the
BGCs for production of nigericin, echosides, elaiophylin, niphimycins, and mediomycin A
appear to constitute a “core” of BGCs that are conserved in the species that are most
closely related to the 11-1-2 strain (Fig. 1). It has been reported that strains of S. hygroscopi-
cus can produce different combinations of these compounds, with geldanamycin and
nigericin commonly being coproduced (40–45). When the presence of BGCs across the
Streptomyces genus is considered, geldanamycin and geldanamycin-like clusters are often
found associated with nigericin clusters; however, neither of these clusters is found in
genomes containing the thaxtomin BGC (Fig. S1).

To further explore the conservation and evolution of the nigericin and geldanamy-
cin BGCs among Streptomyces spp., the BiG-SCAPE computational tool was employed
(50). BiG-SCAPE (biosynthetic gene similarity clustering and prospecting engine) uses
antiSMASH-detected BGCs to generate sequence similarity networks and group them
into gene cluster families (GCFs) along with reference BGCs from the MIBiG (minimum
information about a biosynthetic gene cluster) database, and it elucidates the evolu-
tionary relationships of the BGCs within each GCF. Using BGCs obtained from 2,136
Streptomyces genomes, BiG-SCAPE generated a similarity network for the Streptomyces
sp. 11-1-2 region 012 (the predicted nigericin BGC; Table S2) that consisted of 28 BGCs
(Fig. 2A), and these 28 BGCs were grouped into two distinct GCFs. Phylogenetic analy-
sis of the GCF containing the predicted 11-1-2 nigericin BGC (Fig. 2A) showed that this
gene cluster is most closely related to the Streptomyces sp. NEAU-YJ-81 region 001 and
the known nigericin BGC (BGC0000114) from S. violaceusniger Tu 4113. An alignment
of the BGCs from the GCF tree revealed that the gene content and architecture of the
nigericin BGC are highly conserved among different Streptomyces spp., including the
11-1-2 strain (Fig. 2B). This supports the notion that the 11-1-2 strain is capable of bio-
synthesizing nigericin. It should be pointed out that the nigericin BGC comparison was
affected by the assembly level of the genome sequences available in the public data-
base. Although the BGC appears to be incomplete in some strains (Fig. 2B), this is most
likely due to the presence of gaps in the genome sequences of these organisms. The
similarity network for the 11-1-2 region 045 (the predicted geldanamycin BGC; Table
S2) consisted of 12 BGCs that were grouped into a single GCF, and phylogenetic analy-
sis revealed that the 11-1-2 BGC does not cluster with the other BGCs in the GCF
(Fig. 3A). A comparison of the gene content and organization (Fig. 3B) revealed that
the 11-1-2 BGC is most similar to the geldanamycin BGC from S. hygroscopicus XM201
(region 042). Notably, the 11-1-2 BGC contains a gene (CGL_43245) that is homologous
to gdmM from the S. hygroscopicus geldanamycin BGC (BGC0000066.1). This gene is
absent from the closely related herbimycin BGC (BGC0000074.1) (Fig. 3B) and is pro-
posed to function in an oxidation step that occurs during geldanamycin biosynthesis
but not during herbimycin biosynthesis (51). Thus, the presence of this gene in the 11-
1-2 BGC suggests that 11-1-2 produces geldanamycin rather than herbimycin.
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The production of phytotoxic compounds by Streptomyces sp. 11-1-2 is dependent
on medium composition. To identify the conditions that promote the production of phy-
totoxic compounds by the 11-1-2 strain, we cultured the strain on four different agar media
containing or lacking N-acetylglucosamine (NAG). The addition of NAG to culture media
has differential effects on Streptomyces morphological development and specialized
metabolite production, depending on the type of medium used. Specifically, addition to
nutrient-rich culture media typically results in disruption of sporulation in favor of a

FIG 2 Large-scale analysis of nigericin BGCs from Streptomyces spp. (A) The similarity network of Streptomyces sp. 11-1-2 region 012 (nigericin BGC) and
BGCs from other Streptomyces species (left), and their evolutionary relationships within the GCF (right). The triangular node within the network represents
Streptomyces sp. 11-1-2 region 012, and the circular nodes represent known BGCs from the MIBiG database (outlined in thick black) and BGCs from other
Streptomyces spp. Bootstrap values of $50% are shown at the respective branch points and are based on 1,000 repetitions. (B) Alignment of the
Streptomyces sp. 11-1-2 region 012 with the known nigericin BGC (BGC0000114) from S. violaceusniger Tu 4113 and other BGCs within the same GCF. Genes
colored the same belong to the same functional group, and homologues are linked by shaded areas that indicate the % identity.
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vegetative state, and the production of specialized metabolites can be either stimulated or
suppressed (52, 53). In contrast, addition of NAG to nutrient-poor media generally enables
sporulation and stimulates specialized metabolite production (54). Two of the media used,
modified maltose-yeast extract-malt extract agar (mMYM [55]) and yeast extract-malt
extract-starch agar (YMS [56]), are nutrient-rich media and have been used for the produc-
tion of specialized metabolites by other Streptomyces spp. Oat bran agar (OBA [57]) is a
plant-based medium previously shown to support phytotoxin production by the 11-1-2
strain (26), and minimal medium with mannitol (MMM [58]) is a simple, defined medium

FIG 3 Large-scale analysis of geldanamycin BGCs from Streptomyces spp. (A) The similarity network of Streptomyces sp. 11-1-2 region 045 (geldanamycin
BGC) and BGCs from other Streptomyces species (left), and their evolutionary relationships within the GCF (right). The triangular node within the network
represents Streptomyces sp. 11-1-2 region 045, and the circular nodes represent known BGCs from the MIBiG database (outlined in thick black) and BGCs
from other Streptomyces spp. Bootstrap values of $50% are shown at the respective branch points and are based on 1,000 repetitions. (B) Alignment of
Streptomyces sp. 11-1-2 region 045 with the known geldanamycin BGC (BGC0000066.1), the known herbimycin BGC (BGC0000074.1) from S. hygroscopicus,
and other BGCs within the same GCF. Genes colored the same belong to the same functional group, and homologues are linked by shaded areas that
indicate the percent identity. The gdmM gene from the geldanamycin BGC that is conserved in the 11-1-2 region 045 and is missing from the herbimycin
BGC is indicated with a red asterisk above the gene.
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that supports growth and sporulation by Streptomyces spp. and has been used in other
studies to characterize the effects of NAG on morphology and specialized metabolite pro-
duction (52, 54). Following incubation of the 11-1-2 strain on the different media, agar
cores were removed from the plates and were placed onto potato tuber tissue slices, after
which the slices were incubated in a moist chamber for 7 days. As shown in Fig. 4A, the
cores from the 11-1-2-inoculated plates caused pitting, softening, and browning of the
tuber tissue around the contact area, while cores from the uninoculated control plates had
no effect. The OBA and YMS cores from the inoculated plates caused similar tissue damage
regardless of whether or not NAG was present in the medium. In contrast, cores from the
mMYM and MMM plates lacking NAG caused greater damage than those from plates con-
taining NAG, suggesting that NAG influences the production of the phytotoxic compounds
in these media.

Next, the agar plates were extracted with ethyl acetate, and the resulting culture
extracts were evaluated for phytotoxicity using the potato tuber slice bioassay. As
shown in Fig. 4B, the extracts prepared from the 11-1-2-inoculated OBA and YMS with
or without NAG plates all caused pitting and browning of the tuber tissue in a manner
similar to that of the corresponding agar cores (Fig. 4A), though the browning was
darker with the extracts. The extract from the inoculated mMYM without NAG medium
showed some pitting and browning, though the effect was less severe than that with
the OBA and YMS extracts. In contrast, the extracts prepared from the mMYM with
NAG and MMM with or without NAG plates did not cause any damage that differed
from that of the control extracts prepared from the uninoculated media (Fig. 4B).

We also evaluated the organic culture extracts using a radish seedling bioassay,
since such an assay was previously used to detect the phytotoxic activity of the 11-1-2
strain (26). The results of the assay were in agreement with those of the potato tuber
tissue assay in that the OBA and YMS extracts showed greater phytotoxic activity than
the mMYM and MMM extracts (Fig. 5). The OBA and YMS extracts all caused severe

FIG 4 Phytotoxic activity of agar cores (A) and organic culture extracts (B) on excised potato tuber tissue. Each tuber slice contained four agar cores or
four disks wetted with 20 mL of culture extract. The 11-1-2 strain was cultured on OBA, YMS, MMM, and mMYM media, with (1) and without (2) 50 mM
NAG for 14 days. The agar cores were obtained directly from the agar plates, while the extracts were prepared from one whole plate of each medium.
Names of culture media preceded by a “C” are cores or extracts from control (noninoculated) media. Photos were taken at 7 days after inoculation and
show the top and side views of the tuber slices at the inoculation sites. Each slice had three replicates per experiment. The assay was performed twice
with three biological replicates per treatment in each assay, with similar results obtained each time.
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stunting of the radish seedlings compared to the water and solvent controls, and inter-
estingly, the presence of NAG in the YMS medium caused a significant reduction in ac-
tivity compared to that of the same medium without NAG. NAG also had a suppressive
effect on the phytotoxic activity when the 11-1-2 strain was cultured on mMYM and
MMM, with the NAG1 extracts showing little effect on the seedlings compared to the
water and solvent controls (Fig. 5).

Overall, the results of the two bioassays demonstrate that YMS and OBA both pro-
mote the production of high levels of the phytotoxic compound(s) by the 11-1-2 strain
compared to MMM and mMYM and that NAG has a negative regulatory effect on the
phytotoxic activity in some media, as well as on morphological development (Fig. S2).
It has been reported that NAG acts as a signal for the activation of the global regulator
DasR, which in turn can either activate (under nutrient-poor conditions) or repress
(under nutrient-rich conditions) the expression of genes associated with morphological
development and specialized metabolite production (52). The DNA binding site of
DasR has been characterized experimentally, and in silico analysis of the 11-1-2 ge-
nome sequence identified several possible binding sites (Table S4). Among the pre-
dicted sites are those upstream of chitinase and NAG metabolism-associated genes,
which are known targets of DasR in other Streptomyces spp. (54, 59). Some of the pre-
dicted binding sites are associated with genes encoding GntR, TetR/AraC, LysR, and
LuxR transcriptional regulators, whereas none are located within the BGCs identified in
the antiSMASH results. Therefore, it is possible that DasR indirectly regulates the pro-
duction of the phytotoxic compounds through one or more global regulatory proteins,
and future studies will aim to further investigate this.

Streptomyces sp. 11-1-2 produces the herbicidal compounds geldanamycin and
nigericin. To identify the phytotoxic compounds produced by 11-1-2, we subjected or-
ganic extracts prepared from YMS and mMYM (with or without NAG) plate cultures to
untargeted LC-MS/MS analysis. The organic extracts from these media were selected
based on the general differences in phytotoxic activity recorded in our previous bioas-
says. The resulting MS/MS spectral data were analyzed using the ion identity molecular
networking (IIMN) module of the feature-based molecular networking (FBMN) work-
flow within the global natural products social molecular networking (GNPS) web plat-
form (60–62). With this analysis, molecular networks of fragmentation spectra for the
detected ion adducts can be generated, with nodes (each representing a single frag-
mentation spectrum) linked based on similarity in retention time, peak shape, and frag-
mentation patterns. The MS/MS spectra obtained were annotated by performing a
GNPS spectral library search, which compares the experimental spectral data to a

FIG 5 Phytotoxic activity of organic culture extracts on radish seedlings. Extracts were prepared from
14-day-old plate cultures of 11-1-2 grown on OBA, YMS, MMM, and mMYM media, with (1) and
without (2) 50 mM NAG. Each box represents the average length of four seedlings plus or minus one
standard deviation. To evaluate how the addition of NAG to the culture medium affected the
phytotoxic activity against the seedlings, the treatments were analyzed using the Student’s t test in
pairs (NS., not significant; *, P # 0.05; **, P # 0.01). The assay was performed three times, with similar
results obtained each time.
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library of MS/MS reference spectra for known metabolites (62). Spectra with no
matches to the library were analyzed using SIRIUS (63, 64), which provides a prediction
of the molecular formula, and MetFrag, which compares the fragmentation pattern
and molecular formula to annotate and classify molecule candidates by comparing
them to the PubChem database (65).

Given that nigericin and geldanamycin are predicted to be produced by the 11-1-2
strain, and that these compounds have known herbicidal activity, we employed IIMN
to analyze the MS/MS data for the presence of these metabolites in the extracts. Using
this approach, we were able to annotate one molecular network containing a node
with a spectral match to nigericin in the GNPS libraries (Fig. 6; Table 1). For nigericin,
three different ion adducts were detected. In addition, we annotated one network with
nodes having spectral matches to geldanamycin in the GNPS libraries (Fig. 7; Table 1).

Along with nigericin and geldanamycin, the accumulation of biosynthetic inter-
mediates or derivatives of these compounds has been reported in other studies, and
the presence of some of these in our extracts was also predicted based on the MS/MS
data obtained (Table 1; Fig. 6 and 7). For example, abierixin and grisorixin are com-
pounds that are closely related to nigericin and are coproduced with nigericin (66–68).
Studies in other Streptomyces spp. suggest that these molecules along with O-deme-
thylabierixin, which was also predicted to be present in our samples (Table 1; Fig. 6),
may be intermediates in the biosynthesis of nigericin (69). Other nigericin-related com-
pounds predicted from our data include 29-O-methylabierixin, which was first detected
in S. hygroscopicus XM201 (28), and mutalomycin, initially detected in Streptomyces
mutabilis NRRL 8088 (Table 1; Fig. 6) (70). Among the detected molecules that are pre-
dicted to be structurally related to geldanamycin is the antibiotic TAN-420B, which was
originally obtained from strains of S. hygroscopicus and was reported to have weak
antimicrobial activity (Table 1; Fig. 7) (71). Other geldanamycin-related compounds
annotated in our samples (Table 1; Fig. 7) have previously been obtained by fermenta-
tion of Streptomyces strains (72–74). Two smaller, separate networks also contained gel-
danamycin-related compounds. The first one is predicted to match 15-hydroxygelda-
namycin (75), while the other network contains EH21A2 (or autolytimycin) (76).

Since the phytotoxic activity of the 11-1-2 strain was found to be suppressed by NAG in
some media, we wanted to determine whether NAG suppresses production of nigericin and
geldanamycin by this strain. Thus, we tested the effects of different concentrations of NAG on
the production of these metabolites in mMYM and YMS. In the case of nigericin, NAG concen-
trations of 50 and 100 mM in mMYM significantly reduced the metabolite production level,
while production in YMS was significantly decreased starting at 20 mM NAG (Fig. 8A).
Interestingly, a much smaller peak with the same m/z (742.5 [M1NH4]1) as nigericin but with
a different retention time was also detected in the culture extracts (Fig. S3). A similar peak was
previously observed in the cultures extracts of the nigericin producer Streptomyces sp.
DSM4137 and is presumed to be abierixin (68), which was also predicted to be present based
on our IIMN analysis (Fig. 6; Table 1). The peak area for this compound was much smaller than
that of nigericin in both the mMYM and YMS culture extracts, but it showed a similar trend in
terms of the suppressive effects of NAG (Fig. 8A). For geldanamycin, the addition of NAG sig-
nificantly reduced the metabolite production levels starting at 20 mM NAG in both mMYM
and YMS (Fig. 8B). Moreover, the addition of NAG to YMS yielded another prominent peak
with a retention time different from that of geldanamycin (Fig. S4). LC-MS analysis of this peak
revealed an m/z of 575.2 ([M-H]2), which together with our IIMN results (Fig. 7; Table 1) sug-
gests the presence of 15-hydroxygeldanamycin, a geldanamycin derivative previously
obtained by the bioconversion of geldanamycin (75). Interestingly, our analysis revealed that
this compound is present only when NAG is added to YMS, and the amount produced
remained relatively constant at NAG concentrations of 10 to 50 mM and decreased only at
higher NAG concentrations (Fig. 8B). Quantification of the nigericin and geldanamycin produc-
tion levels demonstrated that the 11-1-2 strain produces significantly higher amounts of niger-
icin than geldanamycin in both mMYM and YMS (Table 2). Furthermore, in the absence of
NAG, the level of nigericin in the YMS culture extract was almost three times that in the
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FIG 6 Molecular network for nigericin. Organic culture extracts were prepared from plate cultures of 11-1-2 grown on YMS and mMYM (with or
without 50 mM NAG) for 14 days. The extracts were evaluated using LC-MS/MS, and the resulting spectral data were analyzed using ion identity
molecular networking. Each node in the network represents one fragmentation spectrum, and the structures of the predicted compounds listed in
Table 1 are shown and numbered to match the corresponding nodes. Nodes are linked by a blue line if the cosine score is .0.7 and there are at
least six matched fragment ions, thus sharing MS/MS identity. The width of the line represents the score between two nodes (0.7 to 1.0). Nodes
linked by a red dotted line share MS identity. Each node shows a pie chart that represents the presence of the compound in extracts obtained from
the different culture media. Pie chart legend: purple, mMYM with NAG; red, mMYM without NAG; green, YMS with NAG; teal, YMS without NAG.
Larger nodes represent matches to the GNPS spectral libraries.
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mMYM extract, and this appeared to correlate with the relative phytotoxicity of these extracts
in our bioassays (Fig. 4 and 5), suggesting that nigericin is a major contributor to the observed
phytotoxicity of the 11-1-2 culture extracts.

Geldanamycin and nigericin exhibit phytotoxic activity against potato tissue
and radish seedlings. Although nigericin and geldanamycin have been reported to
exhibit herbicidal activity against different plants, their phytotoxic effects on radish
seedlings and potato tuber tissue have not previously been studied. Therefore, we
evaluated the phytotoxic activity of different concentrations of pure nigericin and gel-
danamycin in our potato tuber slice and radish seedlings bioassays. A pure standard of
thaxtomin A, the main phytotoxin produced by S. scabiei and other scab-causing
pathogens, was included as a positive control in the bioassays. As shown in Fig. 9, the
pure geldanamycin caused shallow necrosis of the potato tuber tissue, and the severity
of tissue damage increased with increasing amounts of the compound. On the other
hand, nigericin did not present significant necrosis like geldanamycin; instead, the

FIG 7 Molecular network for geldanamycin. Organic culture extracts were prepared from plates cultures of 11-1-2 grown on YMS and mMYM (with or
without 50 mM NAG) for 14 days. The extracts were evaluated using LC-MS/MS, and the resulting spectral data were analyzed using ion identity molecular
networking. The features of the network are as described in the Fig. 6 figure legend. The structures of the predicted compounds are shown.
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inoculation sites showed pitting of the tissue. This effect was also more pronounced
with higher amounts of the compound. To determine if the two compounds have a
synergistic effect, we treated the tuber tissue with equimolar amounts of both com-
pounds. This resulted in both pitting and necrosis of the tissue that were more severe
than those that occurred with treatment with the individual compounds. Notably, the
effects of geldanamycin and nigericin were distinct from those of thaxtomin A, which
caused dark brown necrosis of the potato tissue without pitting (Fig. 9). Furthermore,
the effects of the pure compounds seem relatively less severe than those of the agar
cores but more similar to the organic extracts. In the radish seedling bioassay, nigericin
had a more significant impact on the growth of the seedlings than geldanamycin at
the same concentration (Fig. 10A). The combination treatment (10 nmol of each com-
pound) caused seedling stunting like that caused by the 10 nmol amount of nigericin
alone, suggesting that nigericin is primarily responsible for the observed effect (Fig. 10A).

FIG 8 Effects of NAG on the production of nigericin and the related molecule abierixin (A) and of
geldanamycin and the related molecule 15-hydroxygeldanamycin (B). Organic culture extracts were
prepared from plate cultures of 11-1-2 grown for 14 days on YMS and mMYM supplemented with
different concentrations of NAG. The extracts were evaluated using LC-MS (nigericin and abierixin)
and RP-HPLC (geldanamycin and 15-hydroxygeldanamycin). The areas of the nigericin/abierixin and
geldanamycin/15-hydroxygeldanamycin peaks were obtained using MestReNova and Chemstation,
respectively, and were transformed using the log10 function. An ANOVA paired with Dunnett’s test
was performed in Minitab, and media without NAG were used as control treatments for statistical
analysis. Data boxes showing an asterisk (*) are statistically different from their respective control
(P , 0.05). Each box represents the average peak area of three extracts plus or minus one standard
deviation. The RP-HPLC analysis did not show a peak for 15-hydroxygeldanamcyin in extracts from
YMS (0 mM NAG); thus, no statistical analysis was performed. A peak for 15-hydroxygeldanamycin
was not observed for any of the mMYM with/without NAG extracts, and thus this graph was not
included.
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This result is in contrast to a previous study that reported that geldanamycin and nigericin
have additive effects on the radicle length of different plant species, though this study did
not test the effects of these compounds on radish seedlings (49). Notably, neither com-
pound could cause the same degree of seedling stunting as similar amounts of thaxtomin
A, indicating that they are less toxic than thaxtomin A against radish seedlings.

The appearance of the seedlings treated with the pure nigericin was notably dis-
tinct from that of seedlings subjected to the other treatments. The seedlings exhibited
areas of distinct red pigmentation, especially along the edges of the cotyledons. As red
pigmentation is an indicator of anthocyanin accumulation (77), we evaluated the levels
of anthocyanins in the seedlings subjected to the different treatments. Interestingly,
only nigericin caused a significant increase in the level of anthocyanins in the radish
seedlings at both test concentrations, while geldanamycin and thaxtomin A did not have
a significant effect (Fig. 10B). Treatment with both nigericin and geldanamycin caused the
accumulation of an even greater number of anthocyanins, though the level was not signifi-
cantly different from that resulting from treatment with nigericin alone. To the best of our
knowledge, this is the first report of nigericin affecting anthocyanin accumulation in plants,
and further work will be required to determine how nigericin and anthocyanin accumula-

FIG 9 Phytotoxic effects of pure geldanamycin, nigericin, and thaxtomin A on potato tuber tissue.
Each tuber slice contained four disks inoculated with 0 (control), 5, 10, and 20 nmol of the respective
compound in a fixed volume of 20 mL. For the combination of geldanamycin with nigericin, each
compound provided half of the amount reported, i.e., 5, 10, and 20 nmol had 2.5, 5, and 10 nmol of
each compound. The assay was performed twice with three biological replicates per treatment in
each assay, with similar results obtained each time.

TABLE 2 Quantification of nigericin and geldanamycin obtained from organic culture
extracts

Medium NAG (mM) Nigericin (mM)a Geldanamycin (mM)a

mMYM 0 11.906 0.58 0.256 0.09
10 13.006 1.92 0.056 0.01
20 14.026 0.88 0.016 0.00
50 3.886 3.42 0.076 0.09
100 1.026 0.31 0.016 0.00

YMS 0 33.446 8.81 0.196 0.06
10 25.286 3.71 0.086 0.03
20 17.406 4.46 0.026 0.01
50 15.986 3.25 0.036 0.00
100 7.076 2.14 0.066 0.02

aThe values correspond to the average of three replicates plus or minus one standard deviation.
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tion are connected. Overall, our results demonstrate both that nigericin and geldanamycin
display toxic effects against potato tuber tissue and radish seedlings in low amounts and
that their effects are distinct from those of thaxtomin A.

Conclusions. This study demonstrated for the first time that nigericin and geldana-
mycin are biosynthesized by the plant pathogen Streptomyces sp. 11-1-2, which is
closely related to strains within the S. violaceusniger subclade. The production of these

FIG 10 (A) Phytotoxic effect of pure nigericin (NGN), geldanamycin (GDM), and thaxtomin A (ThxtA)
on the growth of radish seedlings. Seedlings were treated with 10 or 20 nmol of each compound, or
a combination of 10 nmol of each compound. Each box represents the average length of four
seedlings plus or minus one standard deviation. (B) Relative quantification of anthocyanin
accumulation in radish seedlings treated with nigericin, geldanamycin, and thaxtomin A. Seedlings
were treated with 10 or 20 nmol of each compound or a combination of 10 nmol of each
compound. Each box represents the average anthocyanin amount from three pairs of seedlings plus
or minus one standard deviation. For both experiments, the treatments were analyzed using an
ANOVA with Tukey’s test. Values with different letter are statistically different (P , 0.05). Each assay
was performed three times with similar results.
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metabolites was shown to be influenced by the amino sugar NAG, and both com-
pounds were phytotoxic at low quantities against both potato tubers and radish seed-
lings. Other related compounds were also predicted to be produced by the 11-1-2
strain under the culturing conditions used. The biosynthetic pathways for nigericin and
geldanamycin are rich in intermediates and naturally occurring analogues that have
been shown to retain or enhance the biological activity of the final products (28, 78).
Under this context, we hypothesize that the spectrum of molecules closely related to
nigericin and geldanamycin play a role in enhancing the pathogenicity of 11-1-2.
Geldanamycin is a benzoquinone ansamycin that acts as an inhibitor of the heat shock
protein 90 (HSP90) chaperone (79), and nigericin is a polyether ionophore that facili-
tates the transport of different ions across membranes (80). Importantly, HSP90 plays a
critical role in different plant mechanisms, including resistance to diseases and abiotic
disorders (81), and this protein is known to serve as a target for the HopBF1 virulence
effector produced by the plant pathogen Pseudomonas syringae pv. syringae (82).
Nigericin has been shown to disrupt different mechanisms in plants, including the
uncoupling of photophosphorylation in the presence of K1 ions (83, 84), redirecting of
vicilin in pea cotyledons (85), inhibition of protein import into the chloroplast (86), and
reduction of photosynthesis (87). Thus, these molecules may contribute to the patho-
genicity of Streptomyces sp. 11-1-2 by affecting different plant targets and processes.
Future work will focus on the construction of geldanamycin and nigericin biosynthetic
mutants of Streptomyces sp. 11-1-2 so that the role of each compound in plant-patho-
gen interactions can be further assessed. Given that strains of S. violaceusniger and S.
hygroscopicus have been reported by others as potential biological control agents for
the management of fungal plant diseases and potato common scab (88–90), our study
additionally highlights the need for potential biological control agents to undergo a
thorough assessment for the presence of BGCs that could produce highly phytotoxic
compounds.

MATERIALS ANDMETHODS
Bacterial strains and cultivation. Streptomyces sp. strain 11-1-2 was previously isolated from a scab-

diseased potato in Newfoundland, Canada (26). The strain was revived from glycerol spore stocks stored at
280°C and was routinely cultivated on potato mash agar (PMA) at 28°C. To evaluate specialized metabolite
production, 11-1-2 spores were spread-plated onto OBA (57), mMYM (55), YMS (56), and MMM (58), with and
without the addition of N-acetylglucosamine (NAG; Sigma-Aldrich Canada) to a final concentration of 50 mM.
The plates were then incubated at 28°C for 14 days. To investigate the effects of different concentrations of
NAG on specialized metabolite production, the 11-1-2 strain was cultured on plates of mMYM and YMS agar
media containing NAG at a final concentration of 10, 20, 50, and 100 mM.

Bioinformatics analysis. The genome of 11-1-2 was sequenced previously (38). To characterize its
phylogenetic placement, we created an automated multilocus species tree by submitting the genome
sequence to the autoMLST website (27). Following the de novo workflow, a concatenated alignment was
built using the Fast alignment mode (MAFFT FFT-NS-2) with 100 genes (Table S5), followed by an IQ-
TREE ultrafast bootstrap analysis (1,000 replicates). The alignment was manually edited to include the
most relevant plant-pathogenic Streptomyces species and visualized using the R package ggtree v2.2.4
(91). To identify specialized metabolite biosynthetic gene clusters in 11-1-2 and other Streptomyces spe-
cies included in the phylogenetic analysis, we analyzed the genome sequences of these strains using
antiSMASH 6.0 (39) with the default parameters.

For the large-scale network and phylogenetic analysis of the nigericin and geldanamycin BGCs, a total of
2,136 Streptomycetales genomes (as of May 2021) were downloaded from the National Center for
Biotechnology Information (NCBI) and were processed using the command-line version of antiSMASH 5.1.2
with the bacterial setting and otherwise default parameters. Sequence similarity networks and phylogenetic
relationships for the nigericin and geldanamycin BGCs were generated using the BiG-SCAPE workflow with
the default parameters (https://git.wur.nl/medema-group/BiG-SCAPE) (50). Network files were visualized using
Cytoscape version 3.8.2 (92), and the BGCs present within each network were retrieved and compared using
Clinker with default parameters (93). Clustermap.js was used to visualize the BGC alignment results (93).

Organic extraction. We prepared metabolite extracts used for bioassays from whole plate cultures
of 11-1-2 by cutting the agar into pieces and transferring the pieces into a clean flask. Ethyl acetate
(20 mL) was added to each flask, and the contents were mixed and left to incubate at room temperature
overnight. The extracts were then filtered using Whatman #1 filter paper (GE Healthcare Life Sciences)
and transferred into clean flasks. The remaining agar pieces were rinsed with 10 mL of fresh ethyl ace-
tate, which was subsequently filtered and combined with the corresponding extract. The solvent was
evaporated overnight, and the dried extracts were resuspended in 1 mL of 100% vol/vol LC-grade meth-
anol and were stored at 220°C.
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For the metabolomic analysis of 11-1-2, organic extractions were carried out as described above
except that the solvent was removed by rotary evaporation, and the dried extracts were redissolved in
1 mL of 100% vol/vol LC-MS-grade methanol. A 500-mL aliquot of each extract was then transferred into
a 96-well plate and used for LC-MS/MS analysis.

Phytotoxic activity assays. To evaluate the production of phytotoxic compounds, we performed a
potato tuber slice bioassay as described before (94) with some modifications. Briefly, whole potatoes
were peeled, disinfected in a 15% vol/vol bleach (Chlorox) solution, and then rinsed using sterile distilled
water and cut into 1- to 2-cm-thick slices. Then, four slices were placed into each of three sterile glass
petri dishes (150 mm diameter) containing filter paper prewetted with sterile water. Agar cores (8 mm
diameter) from OBA, mMYM, YMS, and MMM (with or without NAG) plate cultures of 11-1-2 were placed
on top of each slice, and cores from noninoculated media were used as controls. When testing organic
culture extracts, sterile, 6-mm Whatman filter disks (GE Healthcare Life Sciences) were placed onto the
tuber slices, and then 20 mL of each extract (or 100% methanol) was added to the center of the disk. The
plates were sealed with parafilm and incubated in the dark at room temperature for 7 to 10 days, and
then the slices were photographed. The assay was performed twice.

Organic culture extracts were also evaluated for phytotoxicity using a radish seedling bioassay.
Radish seeds (cv. Cherry Belle) were disinfected with 70% vol/vol ethanol for 5 min and then with 15%
vol/vol of bleach for 10 min, after which the seeds were rinsed 10 times with sterile water. The seeds
were then placed into a petri dish with prewetted sterile filter paper and were incubated in the dark at
22 to 25°C for 24 h. Germinated seeds showing good development were selected and placed into wells
of a 6-well tissue culture plate (two seeds per well). Each well contained 5 mL of sterile water, and 5 mL
of each culture extract was added to three separate wells, while control wells were treated with 5 mL of
100% vol/vol methanol or sterile water. The tissue culture plates were wrapped with parafilm and were
incubated with shaking (100 rpm) at room temperature (21 to 23°C) under a 16-h photoperiod for 5
days. The total seedling length was determined for each treatment, and the outliers (namely, highest
and lowest recorded length per treatment) were removed, resulting in four data points per treatment.
The assay was performed three times in total.

The radish seedling bioassay and potato tuber slice bioassay were also performed using solutions of
pure nigericin sodium salt (dissolved in 100% vol/vol methanol) and geldanamycin (dissolved in 100%
vol/vol dimethyl sulfoxide [DMSO]) (Cayman Chemicals, USA). Radish seedlings were treated with 10 and
20 nmol of each compound, while potato tuber tissue was treated with 5, 10, and 20 nmol of each com-
pound. Additionally, a combination treatment was performed in each assay in which the seedlings or
tuber tissue were inoculated with both nigericin and geldanamycin (10 nmol of each compound for the
radish bioassay; 2.5, 5, and 10 nmol of each compound for the tuber bioassay). As a positive control for
the assays, pure thaxtomin A (dissolved in methanol; Sigma-Aldrich, Canada) at the same test concentra-
tions used for the other compounds was included, while water, methanol, and DMSO were used as neg-
ative controls. In addition to measuring the total radish seedling length, the anthocyanin content of the
seedlings was evaluated as described by Uppalapati and collaborators (95) with some modifications.
Briefly, two representative seedlings per replicate were dried using paper towel, weighted, and then
transferred into a 2-mL tube. Then, 1 mL of 3M HCl:H2O:methanol (1:3:16) was added to each tube, and the
tubes were sealed with parafilm and covered with foil. The tubes were incubated at 15°C and 110 rpm for
24 h, after which the solutions were transferred into fresh tubes. An aliquot of 200 mL of each replicate was
transferred into a well of a 96-well plate, and absorbances at 530 and 653 nm (A530 and A653) were measured
using a Synergy H1 hybrid reader (BIOTEK, Winooski, VT, USA). The anthocyanin content was calculated for
each extract using the formula (A530 – 0.24A653)/fresh weight (g). The assay was performed twice.

LC-MS/MS analysis and molecular networking. LC-MS/MS analysis of culture extracts was performed
as described before (55) using a Thermo Fisher Scientific Vanquish ultra high performance LC system coupled
to a Thermo Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer. Metabolite separation was carried
out using a Scherzo SM-C18 column (2 by 250 mm, 3 mm, 130 Å; Imtakt, United States) maintained at 40°C
and utilizing a mobile phase gradient of water/acetonitrile with 0.1% vol/vol formic acid. Mass spectra were
recorded in mixed mode following the MS settings. Then, the raw LC-MS/MS data files were converted into
mzXML format using MSConvert for further analysis. Both the raw and the converted files are available in the
Mass Spectrometry Interactive Virtual Environment (MassIVE) data repository (https://massive.ucsd.edu/
ProteoSAFe/static/massive.jsp) under the accession number MSV000086628.

The spectral data obtained were analyzed using the IIMN complement of FBMN (60, 61, 62). For this,
the mzXML files were imported and analyzed using MZmine (version 2.37.corr17.7). The parameters
used for the analysis are detailed in Table S6. The peak area of each ion in the feature quantification ta-
ble was adjusted by subtracting the area of the corresponding control medium. The spectral summary
files (.mgf files), edited feature quantification tables (.csv files), and supplementary edge files (.csv files)
were then processed using the FBMN workflow (61) within the GNPS web platform (https://gnps.ucsd
.edu) (62, 96). The parameters of the FBMN analysis are detailed in Table S7. The networks generated
were visualized using Cytoscape (92). To further characterize the results in each network, the spectra of
compounds without matches to the GNPS reference libraries were analyzed using MetFrag (65) and
SIRIUS, including the CSI:fingerID option (63, 64).

RP-HPLC and LC-MS analysis of organic extracts. Detection of geldanamycin in culture extracts
was completed by reverse-phase high performance liquid chromatography (RP-HPLC) using an Agilent
1260 Infinity Quaternary LC system (Agilent Technologies Canada Inc., Mississauga, ON). Extracts (5 mL)
prepared from triplicate cultures were loaded onto a Poroshell 120 EC-C18 column (4.6 by 50 mm,
2.7 mm particle size; Agilent Technologies Canada Inc.) held at 40°C. Metabolites were eluted using a lin-
ear gradient of acetonitrile and water, each containing 0.1% vol/vol formic acid. The initial mobile phase
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consisted of 90% water/10% acetonitrile, and this was held constant for 0.2 min before increasing to 0%
water/100% acetonitrile over a period of 5.8 min. The mobile phase was maintained at this concentra-
tion for 0.4 min and was then returned to 90% water/10% acetonitrile over 0.6 min. The flow rate was
held constant at 1 mL/min. Geldanamycin was monitored using a detection wavelength of 308 nm, and
the ChemStation software version B.04.03 (Agilent Technologies Canada Inc.) was used for data acquisi-
tion. A standard curve was generated using known amounts of a pure geldanamycin standard (Cayman
Chemicals, USA) and was used for metabolite quantification. To confirm the presence of geldanamycin,
LC-MS analysis of mMYM and YMS (with or without 50 mM NAG) culture extracts was performed using
an Agilent 1260 Infinity LC-6230 TOF LC-MS system (Agilent Technologies Canada Inc.) with the same
column and separation method as that described above. Mass spectra were recorded in negative mode
between 100 and 3,200 m/z. Data acquisition was performed using Agilent MassHunter version B.08.00
(Agilent Technologies Canada Inc.), and MestReNova version 14.1.2 (Mestrelab Research S.L.) was used
for data analysis.

Nigericin was detected using a modified version of the protocol by Harvey et al. (68). Culture extracts
were analyzed using an Agilent 1260 Infinity LC-6230 TOF LC-MS system. Extracts (5 mL) from triplicate
cultures were loaded onto a Poroshell 120 EC-C18 column (4.6 by 50 mm, 2.7 mm particle size) held at
22°C. The column was equilibrated in 12% 20 mM ammonium acetate buffer/88% methanol, and com-
pounds were eluted using a linear gradient to 100% methanol over 17 min at a constant flow rate of
1 mL/min. Mass spectra were recorded in positive mode between 100 and 3,200 m/z. Data acquisition
was performed using Agilent MassHunter version B.08.00 (Agilent Technologies Canada Inc.), and
MestReNova version 14.1.2 (Mestrelab Research S.L.) was used for data analysis. Quantification of nigeri-
cin was achieved by generating a standard curve using known amounts of a pure nigericin sodium salt
standard (Cayman Chemicals, USA).

Statistical analyses. The results of the radish seedling bioassays with the organic culture extracts were
analyzed using the Student’s t test function in Microsoft Excel 365. The effects of the culture extracts from
the media containing NAG were compared to those of the extracts from the corresponding media lacking
NAG, while the water and methanol controls were paired together. For the radish seedling bioassays with
the pure compounds, as well as the anthocyanin accumulation assays, the data were analyzed with an analy-
sis of variance and Tukey’s test using the R package “agricolae” and visualized using “ggplot2” and “ggsignif”
(97–100). The peak areas of geldanamycin and nigericin, as well as related molecules 15-hydroxygeldanamy-
cin and abierixin, were transformed using the log10 function and analyzed using an analysis of variance
(ANOVA) paired with Dunnett’s test in Minitab version 20.4. The results were visualized using R packages
“ggplot2,” “ggsignif,” and “patchwork” (99–101).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.1 MB.

ACKNOWLEDGMENTS
This work was supported by a Natural Sciences and Engineering Research Council of

Canada Discovery Grant to D.R.D.B. (RGPIN-2018-05155) and to K.T. (RGPIN-2018-05949).
G.A.D-C. was supported in part by funding from the Department of Biology and the School
of Graduate Studies at Memorial University of Newfoundland. We thank Arshad Ali Shaikh
(Memorial University of Newfoundland) for technical assistance with the FBMN analysis and
Stefana Egli (Memorial University Centre for Chemical Analysis, Research and Training;
C-CART) for assistance with the nigericin detection and quantification.

REFERENCES
1. Bakker MG, Glover JD, Mai JG, Kinkel LL. 2010. Plant community effects on

the diversity and pathogen suppressive activity of soil streptomycetes. Appl
Soil Ecol 46:35–42. https://doi.org/10.1016/j.apsoil.2010.06.003.

2. Rey T, Dumas B. 2017. Plenty is no plague: Streptomyces symbiosis with crops.
Trends Plant Sci 22:30–37. https://doi.org/10.1016/j.tplants.2016.10.008.

3. Viaene T, Langendries S, Beirinckx S, Maes M, Goormachtig S. 2016. Strep-
tomyces as a plant’s best friend? FEMS Microbiol Ecol 92:fiw119. https://
doi.org/10.1093/femsec/fiw119.

4. Kinkel LL, Schlatter DC, Bakker MG, Arenz BE. 2012. Streptomyces compe-
tition and co-evolution in relation to plant disease suppression. Res
Microbiol 163:490–499. https://doi.org/10.1016/j.resmic.2012.07.005.

5. Wanner LA, Kirk WW. 2015. Streptomyces – from basic microbiology to
role as a plant pathogen. Am J Potato Res 92:236–242. https://doi.org/10
.1007/s12230-015-9449-5.

6. Charkowski A, Sharma K, Parker ML, Secor GA, Elphinstone J. 2020. Bacte-
rial diseases of potato, p 351–388. In Campos H, Ortiz O (ed), The potato
crop: its agricultural, nutritional and social contribution to humankind.
Springer International Publishing, Cham, Cham, Switzerland.

7. Li Y, Liu J, Díaz-Cruz G, Cheng Z, Bignell DRD. 2019. Virulence mechanisms
of plant-pathogenic Streptomyces species: an updated review. Microbiology
(Reading) 165:1025–1040. https://doi.org/10.1099/mic.0.000818.

8. Lawrence CH, Clark MC, King RR. 1990. Induction of common scab symp-
toms in aseptically cultured potato tubers by the vivotoxin, thaxtomin.
Phytopathology 80:606. https://doi.org/10.1094/Phyto-80-606.

9. Goyer C, Vachon J, Beaulieu C. 1998. Pathogenicity of Streptomyces sca-
bies mutants altered in thaxtomin a production. Phytopathology 88:
442–445. https://doi.org/10.1094/PHYTO.1998.88.5.442.

10. Healy FG, Wach M, Krasnoff SB, Gibson DM, Loria R. 2000. The txtAB
genes of the plant pathogen Streptomyces acidiscabies encode a peptide
synthetase required for phytotoxin thaxtomin A production and patho-
genicity. Mol Microbiol 38:794–804. https://doi.org/10.1046/j.1365-2958
.2000.02170.x.

11. Healy FG, Krasnoff SB, Wach M, Gibson DM, Loria R. 2002. Involvement of
a cytochrome P450 monooxygenase in thaxtomin A biosynthesis by
Streptomyces acidiscabies. J Bacteriol 184:2019–2029. https://doi.org/10
.1128/JB.184.7.2019-2029.2002.

Phytotoxins Produced by Streptomyces sp. 11-1-2 Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.02314-21 18

https://doi.org/10.1016/j.apsoil.2010.06.003
https://doi.org/10.1016/j.tplants.2016.10.008
https://doi.org/10.1093/femsec/fiw119
https://doi.org/10.1093/femsec/fiw119
https://doi.org/10.1016/j.resmic.2012.07.005
https://doi.org/10.1007/s12230-015-9449-5
https://doi.org/10.1007/s12230-015-9449-5
https://doi.org/10.1099/mic.0.000818
https://doi.org/10.1094/Phyto-80-606
https://doi.org/10.1094/PHYTO.1998.88.5.442
https://doi.org/10.1046/j.1365-2958.2000.02170.x
https://doi.org/10.1046/j.1365-2958.2000.02170.x
https://doi.org/10.1128/JB.184.7.2019-2029.2002
https://doi.org/10.1128/JB.184.7.2019-2029.2002
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02314-21


12. Barry SM, Kers JA, Johnson EG, Song L, Aston PR, Patel B, Krasnoff SB,
Crane BR, Gibson DM, Loria R, Challis GL. 2012. Cytochrome P450-cata-
lyzed L-tryptophan nitration in thaxtomin phytotoxin biosynthesis. Nat
Chem Biol 8:814–816. https://doi.org/10.1038/nchembio.1048.

13. Li Y, Liu J, Adekunle D, Bown L, Tahlan K, Bignell DRD. 2019. TxtH is a key
component of the thaxtomin biosynthetic machinery in the potato com-
mon scab pathogen Streptomyces scabies. Mol Plant Pathol 20:1379–1393.
https://doi.org/10.1111/mpp.12843.

14. Joshi MV, Bignell DRD, Johnson EG, Sparks JP, Gibson DM, Loria R. 2007.
The AraC/XylS regulator TxtR modulates thaxtomin biosynthesis and vir-
ulence in Streptomyces scabies. Mol Microbiol 66:633–642. https://doi
.org/10.1111/j.1365-2958.2007.05942.x.

15. Zhang Y, Bignell DRD, Zuo R, Fan Q, Huguet-Tapia JC, Ding Y, Loria R.
2016. Promiscuous pathogenicity islands and phylogeny of pathogenic
Streptomyces spp. Mol Plant Microbe Interact 29:640–650. https://doi
.org/10.1094/MPMI-04-16-0068-R.

16. Huguet-Tapia JC, Lefebure T, Badger JH, Guan D, Pettis GS, Stanhope MJ,
Loria R. 2016. Genome content and phylogenomics reveal both ancestral
and lateral evolutionary pathways in plant-pathogenic Streptomyces spe-
cies. Appl Environ Microbiol 82:2146–2155. https://doi.org/10.1128/AEM
.03504-15.

17. Wang A, Lazarovits G. 2004. Enumeration of plant pathogenic Streptomy-
ces on postharvest potato tubers under storage conditions. Can J Plant
Pathol 26:563–572. https://doi.org/10.1080/07060660409507177.

18. Wanner LA. 2006. A survey of genetic variation in Streptomyces isolates
causing potato common scab in the United States. Phytopathology 96:
1363–1371. https://doi.org/10.1094/PHYTO-96-1363.

19. Wanner LA. 2007. High proportions of nonpathogenic Streptomyces are
associated with common scab-resistant potato lines and less severe dis-
ease. Can J Microbiol 53:1062–1075. https://doi.org/10.1139/W07-061.

20. St-Onge R, Goyer C, Coffin R, Filion M. 2008. Genetic diversity of Strepto-
myces spp. causing common scab of potato in eastern Canada. Syst Appl
Microbiol 31:474–484. https://doi.org/10.1016/j.syapm.2008.09.002.

21. Qu X, Wanner LA, Christ BJ. 2008. Using the TxtAB operon to quantify
pathogenic Streptomyces in potato tubers and soil. Phytopathology 98:
405–412. https://doi.org/10.1094/PHYTO-98-4-0405.

22. Cao Z, Khodakaramian G, Arakawa K, Kinashi H. 2012. Isolation of Borreli-
din as a phytotoxic compound from a potato pathogenic Streptomyces
strain. Biosci Biotechnol Biochem 76:353–357. https://doi.org/10.1271/
bbb.110799.

23. Lapaz MI, López A, Huguet-Tapia JC, Pérez-Baldassari MF, Iglesias C, Loria
R, Moyna G, Pianzzola MJ. 2018. Isolation and structural characterization
of a non-diketopiperazine phytotoxin from a potato pathogenic Strepto-
myces strain. Nat Prod Res 33:2951–2957. https://doi.org/10.1080/
14786419.2018.1511554.

24. Lapaz MI, Huguet-Tapia JC, Siri MI, Verdier E, Loria R, Pianzzola MJ. 2017.
Genotypic and phenotypic characterization of Streptomyces species
causing potato common scab in Uruguay. Plant Dis 101:1362–1372.
https://doi.org/10.1094/PDIS-09-16-1348-RE.

25. Pánková I, Sedláková V, Sedlák P, Krejzar V. 2012. The occurrence of plant
pathogenic Streptomyces spp. in potato-growing regions in Central Europe.
Am J Pot Res 89:207–215. https://doi.org/10.1007/s12230-012-9245-4.

26. Fyans JK, Bown L, Bignell DRD. 2016. Isolation and characterization of
plant pathogenic Streptomyces species associated with common scab -
infected potato tubers in Newfoundland. Phytopathology 106:123–131.
https://doi.org/10.1094/PHYTO-05-15-0125-R.

27. Alanjary M, Steinke K, Ziemert N. 2019. AutoMLST: An automated web server
for generating multi-locus species trees highlighting natural product poten-
tial. Nucleic Acids Res 47:W276–W282. https://doi.org/10.1093/nar/gkz282.

28. Wu Z, Bai L, Wang M, Shen Y, Science BL, Soedinenii P, June M. 2009.
Structure – antibacterial relationship of nigericin derivatives. Chem Nat
Compd 45:333–337. https://doi.org/10.1007/s10600-009-9350-x.

29. Wang X, Ning X, Zhao Q, Kang Q, Bai L. 2017. Improved PKS gene expression
with strong endogenous promoter resulted in geldanamycin yield increase.
Biotechnol J 12:1700321. https://doi.org/10.1002/biot.201700321.

30. Meng S, Wu H, Wang L, Zhang B, Bai L. 2017. Enhancement of antibiotic pro-
ductions by engineered nitrate utilization in actinomycetes. Appl Microbiol
Biotechnol 101:5341–5352. https://doi.org/10.1007/s00253-017-8292-7.

31. Höltzel A, Kempter C, Metzger JW, Jung G, Groth I, Fritz T, Fiedler HP. 1998. Spi-
rofungin, a new antifungal antibiotic from Streptomyces violaceusniger Tu 4113.
J Antibiot (Tokyo) 51:699–707. https://doi.org/10.7164/antibiotics.51.699.

32. Rong X, Huang Y. 2012. Taxonomic evaluation of the Streptomyces hygrosco-
picus clade using multilocus sequence analysis and DNA-DNA hybridization,

validating the MLSA scheme for systematics of the whole genus. Syst Appl
Microbiol 35:7–18. https://doi.org/10.1016/j.syapm.2011.10.004.

33. Rong X, Huang Y. 2014. Multi-locus sequence analysis. Taking prokary-
otic systematics to the next level, p 221–251. In Goodfellow M, Sutcliffe I,
Chun J ( ed) Methods in microbiology, 1st ed. Elsevier Ltd, London, UK.

34. Caicedo-Montoya C, Manzo-Ruiz M, Ríos-Estepa R. 2021. Pan-genome of
the genus Streptomyces and prioritization of biosynthetic gene clusters
with potential to produce antibiotic compounds. Front Microbiol 12:
677558. https://doi.org/10.3389/fmicb.2021.677558.

35. Labeda DP. 2011. Multilocus sequence analysis of phytopathogenic spe-
cies of the genus Streptomyces. Int J Syst Evol Microbiol 61:2525–2531.
https://doi.org/10.1099/ijs.0.028514-0.

36. Labeda DP, Goodfellow M, Brown R, Ward AC, Lanoot B, Vanncanneyt M,
Swings J, Kim S-B, Liu Z, Chun J, Tamura T, Oguchi A, Kikuchi T, Kikuchi H,
Nishii T, Tsuji K, Yamaguchi Y, Tase A, Takahashi M, Sakane T, Suzuki KI,
Hatano K. 2012. Phylogenetic study of the species within the family
Streptomycetaceae. Antonie Van Leeuwenhoek 101:73–104. https://doi
.org/10.1007/s10482-011-9656-0.

37. Labeda DP. 2016. Taxonomic evaluation of putative Streptomyces scabiei
strains held in the ARS Culture Collection (NRRL) using multi-locus
sequence analysis. Antonie Van Leeuwenhoek 109:349–356. https://doi
.org/10.1007/s10482-015-0637-6.

38. Bown L, Bignell DRD. 2017. Draft genome sequence of the plant patho-
gen Streptomyces sp. strain 11–1-2. Genome Announc 5:14–16. https://
doi.org/10.1128/genomeA.00968-17.

39. Blin K, Shaw S, Kloosterman AM, Charlop-Powers Z, Van Wezel GP,
Medema MH, Weber T. 2021. AntiSMASH 6.0: improving cluster detec-
tion and comparison capabilities. Nucleic Acids Res 49:W29–W35.
https://doi.org/10.1093/nar/gkab335.

40. BeBoer C, Dietz A. 1976. The description and antibiotic production of
Streptomyces hygroscopicus var. geldanus. J Antibiot (Tokyo) 29:
1182–1188. https://doi.org/10.7164/antibiotics.29.1182.

41. Heisey RM, Putnam AR. 1986. Herbicidal effects of geldanamycin and
nigericin, antibiotics from Streptomyces hygroscopicus. J Nat Prod 49:
859–865. https://doi.org/10.1021/np50047a016.

42. Grabley S, Hammann P, Raether W,Wink J, Zeeck A. 1990. Secondarymetab-
olites by chemical screening: II. Amycins a and b, two novel niphimycin ana-
logs isolated from a high producer strain of elaiophylin and nigericin. J Anti-
biot 43:639–647. https://doi.org/10.7164/antibiotics.43.639.

43. Allen IW, Ritchie DA. 1994. Cloning and analysis of DNA sequences from
Streptomyces hygroscopicus encoding geldanamycin biosynthesis. Mol
Gen Genet 243:593–599. https://doi.org/10.1007/BF00284208.

44. Trejo-Estrada SR, Paszczynski A, Crawford DL. 1998. Antibiotics and enzymes
produced by the biocontrol agent Streptomyces violaceusniger YCED-9. J Ind
Microbiol Biotechnol 21:81–90. https://doi.org/10.1038/sj.jim.2900549.

45. Fang A, Wong GK, Demain AL. 2000. Enhancement of the antifungal ac-
tivity of rapamycin by the coproduced elaiophylin and nigericin. J Anti-
biot 53:158–162. https://doi.org/10.7164/antibiotics.53.158.

46. Cai P, Kong F, Fink P, Ruppen ME, Williamson RT, Keiko T. 2007. Polyene
antibiotics from Streptomyces mediocidicus. J Nat Prod 70:215–219.
https://doi.org/10.1021/np060542f.

47. Zhu J, Chen W, Li YY, Deng JJ, Zhu DY, Duan J, Liu Y, Shi GY, Xie C, Wang
HX, Shen YM. 2014. Identification and catalytic characterization of a non-
ribosomal peptide synthetase-like (NRPS-like) enzyme involved in the
biosynthesis of echosides from Streptomyces sp. LZ35. Gene 546:
352–358. https://doi.org/10.1016/j.gene.2014.05.053.

48. Deng J, Lu C, Li S, Hao H, Li Z, Zhu J, Li Y, Shen Y. 2014. P-Terphenyl O-
b-glucuronides, DNA topoisomerase inhibitors from Streptomyces sp.
LZ35DgdmAI. Bioorg Med Chem Lett 24:1362–1365. https://doi.org/10
.1016/j.bmcl.2014.01.037.

49. Heisey RM, Putnam AR. 1990. Herbicidal activity of the antibiotics gelda-
namycin and nigericin. J Plant Growth Regul 9:19–25. https://doi.org/10
.1007/BF02041937.

50. Navarro-Muñoz JC, Selem-Mojica N, Mullowney MW, Kautsar SA, Tryon JH,
Parkinson EI, De Los Santos ELC, Yeong M, Cruz-Morales P, Abubucker S,
Roeters A, Lokhorst W, Fernandez-Guerra A, Cappelini LTD, Goering AW,
Thomson RJ, Metcalf WW, Kelleher NL, Barona-Gomez F, MedemaMH. 2020.
A computational framework to explore large-scale biosynthetic diversity.
Nat Chem Biol 16:60–68. https://doi.org/10.1038/s41589-019-0400-9.

51. Rascher A, Hu Z, Buchanan GO, Reid R, Hutchinson CR. 2005. Insights into
the biosynthesis of the benzoquinone ansamycins geldanamycin and herbi-
mycin, obtained by gene sequencing and disruption. Appl Environ Micro-
biol 71:4862–4871. https://doi.org/10.1128/AEM.71.8.4862-4871.2005.

Phytotoxins Produced by Streptomyces sp. 11-1-2 Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.02314-21 19

https://doi.org/10.1038/nchembio.1048
https://doi.org/10.1111/mpp.12843
https://doi.org/10.1111/j.1365-2958.2007.05942.x
https://doi.org/10.1111/j.1365-2958.2007.05942.x
https://doi.org/10.1094/MPMI-04-16-0068-R
https://doi.org/10.1094/MPMI-04-16-0068-R
https://doi.org/10.1128/AEM.03504-15
https://doi.org/10.1128/AEM.03504-15
https://doi.org/10.1080/07060660409507177
https://doi.org/10.1094/PHYTO-96-1363
https://doi.org/10.1139/W07-061
https://doi.org/10.1016/j.syapm.2008.09.002
https://doi.org/10.1094/PHYTO-98-4-0405
https://doi.org/10.1271/bbb.110799
https://doi.org/10.1271/bbb.110799
https://doi.org/10.1080/14786419.2018.1511554
https://doi.org/10.1080/14786419.2018.1511554
https://doi.org/10.1094/PDIS-09-16-1348-RE
https://doi.org/10.1007/s12230-012-9245-4
https://doi.org/10.1094/PHYTO-05-15-0125-R
https://doi.org/10.1093/nar/gkz282
https://doi.org/10.1007/s10600-009-9350-x
https://doi.org/10.1002/biot.201700321
https://doi.org/10.1007/s00253-017-8292-7
https://doi.org/10.7164/antibiotics.51.699
https://doi.org/10.1016/j.syapm.2011.10.004
https://doi.org/10.3389/fmicb.2021.677558
https://doi.org/10.1099/ijs.0.028514-0
https://doi.org/10.1007/s10482-011-9656-0
https://doi.org/10.1007/s10482-011-9656-0
https://doi.org/10.1007/s10482-015-0637-6
https://doi.org/10.1007/s10482-015-0637-6
https://doi.org/10.1128/genomeA.00968-17
https://doi.org/10.1128/genomeA.00968-17
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.7164/antibiotics.29.1182
https://doi.org/10.1021/np50047a016
https://doi.org/10.7164/antibiotics.43.639
https://doi.org/10.1007/BF00284208
https://doi.org/10.1038/sj.jim.2900549
https://doi.org/10.7164/antibiotics.53.158
https://doi.org/10.1021/np060542f
https://doi.org/10.1016/j.gene.2014.05.053
https://doi.org/10.1016/j.bmcl.2014.01.037
https://doi.org/10.1016/j.bmcl.2014.01.037
https://doi.org/10.1007/BF02041937
https://doi.org/10.1007/BF02041937
https://doi.org/10.1038/s41589-019-0400-9
https://doi.org/10.1128/AEM.71.8.4862-4871.2005
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02314-21


52. Rigali S, Titgemeyer F, Barends S, Mulder S, Thomae AW, Hopwood DA,
van Wezel GP. 2008. Feast or famine: the global regulator DasR links nu-
trient stress to antibiotic production by Streptomyces. EMBO Rep 9:
670–675. https://doi.org/10.1038/embor.2008.83.

53. Zhang Y, Lin CY, Li XM, Tang ZK, Qiao J, Zhao GR. 2016. DasR positively
controls monensin production at two-level regulation in Streptomyces
cinnamonensis. J Ind Microbiol Biotechnol 43:1681–1692. https://doi.org/
10.1007/s10295-016-1845-4.

54. Rigali S, Nothaft H, Noens EEE, Schlicht M, Colson S, Müller M, Joris B,
Koerten HK, Hopwood DA, Titgemeyer F, Van Wezel GP. 2006. The sugar
phosphotransferase system of Streptomyces coelicolor is regulated by
the GntR-family regulator DasR and links N-acetylglucosamine metabo-
lism to the control of development. Mol Microbiol 61:1237–1251.
https://doi.org/10.1111/j.1365-2958.2006.05319.x.

55. Liu J, Nothias L-F, Dorrestein PC, Tahlan K, Bignell DRD. 2021. Genomic and
metabolomic analysis of the potato common scab pathogen Streptomyces sca-
biei. ACS Omega 6:11474–11487. https://doi.org/10.1021/acsomega.1c00526.

56. Ikeda H, Kotaki H, Tanaka H, Omura S. 1988. Involvement of glucose catabo-
lism in avermectin production by Streptomyces avermitilis. Antimicrob
Agents Chemother 32:282–284. https://doi.org/10.1128/AAC.32.2.282.

57. Johnson EG, Joshi MV, Gibson DM, Loria R. 2007. Cello-oligosaccharides
released from host plants induce pathogenicity in scab-causing Strepto-
myces species. Physiol Mol Plant Pathol 71:18–25. https://doi.org/10
.1016/j.pmpp.2007.09.003.

58. Kieser T, Bibb MJ, Buttner MJ, Chater KF, Hopwood DA. 2000. Practical
Streptomyces genetics. The John Innes Foundation, Norwich, UK.

59. Colson S, Stephan J, Hertrich T, Saito A, Van Wezel GP, Titgemeyer F,
Rigali S. 2007. Conserved cis-acting elements upstream of genes com-
posing the chitinolytic system of Streptomycetes are DasR-responsive
elements. J Mol Microbiol Biotechnol 12:60–66. https://doi.org/10.1159/
000096460.

60. Schmid R, Petras D, Nothias LF, Wang M, Aron AT, Jagels A, Tsugawa H,
Rainer J, Garcia-Aloy M, Dührkop K, Korf A, Pluskal T, Kameník Z,
Jarmusch AK, Caraballo-Rodríguez AM, Weldon KC, Nothias-Esposito M,
Aksenov AA, Bauermeister A, Albarracin Orio A, Grundmann CO, Vargas
F, Koester I, Gauglitz JM, Gentry EC, Hövelmann Y, Kalinina SA,
Pendergraft MA, Panitchpakdi M, Tehan R, Le Gouellec A, Aleti G,
Mannochio Russo H, Arndt B, Hübner F, Hayen H, Zhi H, Raffatellu M,
Prather KA, Aluwihare LI, Böcker S, McPhail KL, Humpf HU, Karst U,
Dorrestein PC. 2021. Ion identity molecular networking for mass spec-
trometry-based metabolomics in the GNPS environment. Nat Commun
12. https://doi.org/10.1038/s41467-021-23953-9.

61. Nothias LF, Petras D, Schmid R, Dührkop K, Rainer J, Sarvepalli A,
Protsyuk I, Ernst M, Tsugawa H, Fleischauer M, Aicheler F, Aksenov AA,
Alka O, Allard PM, Barsch A, Cachet X, Caraballo-Rodriguez AM, Da Silva
RR, Dang T, Garg N, Gauglitz JM, Gurevich A, Isaac G, Jarmusch AK,
Kameník Z, Bin KK, Kessler N, Koester I, Korf A, Le Gouellec A, Ludwig M,
Martin H C, McCall LI, McSayles J, Meyer SW, Mohimani H, Morsy M,
Moyne O, Neumann S, Neuweger H, Nguyen NH, Nothias-Esposito M,
Paolini J, Phelan VV, Pluskal T, Quinn RA, Rogers S, Shrestha B, Tripathi A,
van der Hooft JJJ, et al. 2020. Feature-based molecular networking in the
GNPS analysis environment. Nat Methods 17:905–908. https://doi.org/10
.1038/s41592-020-0933-6.

62. Wang M, Carver JJ, Phelan VV, Sanchez LM, Garg N, Peng Y, Nguyen DD,
Watrous J, Kapono CA, Luzzatto-Knaan T, Porto C, Bouslimani A, Melnik
AV, Meehan MJ, Liu WT, Crüsemann M, Boudreau PD, Esquenazi E,
Sandoval-Calderón M, Kersten RD, Pace LA, Quinn RA, Duncan KR, Hsu
CC, Floros DJ, Gavilan RG, Kleigrewe K, Northen T, Dutton RJ, Parrot D,
Carlson EE, Aigle B, Michelsen CF, Jelsbak L, Sohlenkamp C, Pevzner P,
Edlund A, McLean J, Piel J, Murphy BT, Gerwick L, Liaw CC, Yang YL,
Humpf HU, Maansson M, Keyzers RA, Sims AC, Johnson AR, Sidebottom
AM, Sedio BE, Klitgaard A, Larson CB, Boya CAP, Torres-Mendoza D,
Gonzalez DJ, et al. 2016. Sharing and community curation of mass spec-
trometry data with global natural products social molecular networking.
Nat Biotechnol 34:828–837. https://doi.org/10.1038/nbt.3597.

63. Dührkop K, Fleischauer M, Ludwig M, Aksenov AA, Melnik AV, Meusel M,
Dorrestein PC, Rousu J, Böcker S. 2019. SIRIUS 4: a rapid tool for turning
tandem mass spectra into metabolite structure information. Nat Meth-
ods 16:299–302. https://doi.org/10.1038/s41592-019-0344-8.

64. Dührkop K, Shen H, Meusel M, Rousu J, Böcker S. 2015. Searching molec-
ular structure databases with tandem mass spectra using CSI:FingerID.
Proc Natl Acad Sci U S A 112:12580–12585. https://doi.org/10.1073/pnas
.1509788112.

65. Ruttkies C, Schymanski EL, Wolf S, Hollender J, Neumann S. 2016. Met-
Frag relaunched: incorporating strategies beyond in silico fragmenta-
tion. J Cheminform 8:3. https://doi.org/10.1186/s13321-016-0115-9.

66. Oikawa H, Aihara Y, Ichihara A, Sakamura S. 1992. Accumulation of grisorixin
caused by treating a nigericin-producing strain with a P-450 inhibitor. Biosci
Biotechnol Biochem 56:684. https://doi.org/10.1271/bbb.56.684.

67. Mouslim J, Cuer A, David L, Tabet JC. 1995. Biosynthetic study on the poly-
ether carboxylic antibiotic, nigericin production and biohydroxylation of gri-
sorixin by nigericin-producing Streptomyces hygroscopicus NRRL B-1865. J
Antibiot (Tokyo) 48:1011–1014. https://doi.org/10.7164/antibiotics.48.1011.

68. Harvey BM, Mironenko T, Sun Y, Hong H, Deng Z, Leadlay PF, Weissman
KJ, Haydock SF. 2007. Insights into polyether biosynthesis from analysis
of the nigericin biosynthetic gene cluster in Streptomyces sp. DSM4137.
Chem Biol 14:703–714. https://doi.org/10.1016/j.chembiol.2007.05.011.

69. Kim YH, Yoo JS, Lee CH, Goo YM, Kim MS. 1996. Application of fast atom
bombardment combined with tandem mass spectrometry to the structural
elucidation of O-demethylabierixin and related polyether antibiotics. J Mass
Spectrom 31:855–860. https://doi.org/10.1002/(SICI)1096-9888(199608)31:8
%3C855::AID-JMS363%3E3.0.CO;2-U.

70. Fehr T, King HD, Kuhn M. 1977. Mutalomycin, a new polyether antibiotic:
taxonomy, fermentation, isolation and characterization. J Antibiot (To-
kyo) 30:903–907. https://doi.org/10.7164/antibiotics.30.903.

71. Tanida S, Muroi M, Hasegawa T. 1983. Antibiotic TAN-420, its production
and producer. US patent EP0110710.

72. Kitson RRA, Chang C-H, Xiong R, Williams HEL, Davis AL, Lewis W, Dehn
DL, Siegel D, Roe SM, Prodromou C, Ross D, Moody CJ. 2013. Synthesis of
19-substituted geldanamycins with altered conformations and their
binding to heat shock protein Hsp90. Nat Chem 5:307–314. https://doi
.org/10.1038/nchem.1596.

73. Liu X, Li J, Ni S, Wu L, Wang H, Lin L, He W, Wang Y. 2011. A pair of sulfur-
containing geldanamycin analogs, 19-S-methylgeldanamycin and 4,5-dihy-
dro-19-S-methylgeldanamycin, from Streptomyces hygroscopicus 17997. J
Antibiot (Tokyo) 64:519–522. https://doi.org/10.1038/ja.2011.39.

74. Ni S, Jiang B, Wu L, Wang Y, Zhou H, He W, Wang H, Zhu J, Li S, Li T,
Zhang K. 2014. Identification of 6-demethoxy-6-methylgeldanamycin
and its implication of geldanamycin biosynthesis. J Antibiot (Tokyo) 67:
183–185. https://doi.org/10.1038/ja.2013.94.

75. Hu Z, Liu Y, Tian ZQ, Ma W, Starks CM, Regentin R, Licari P, Myles DC,
Hutchinson CR. 2004. Isolation and characterization of novel geldanamy-
cin analogues. J Antibiot (Tokyo) 57:421–428. https://doi.org/10.7164/
antibiotics.57.421.

76. Onodera H, Kaneko M, Takahashi Y, Uochi Y, Funahashi J, Nakashima T,
Soga S, Suzuki M, Ikeda S, Yamashita Y, Rahayu ES, Kanda Y, Ichimura M.
2008. Conformational significance of EH21A1-A4, phenolic derivatives of
geldanamycin, for Hsp90 inhibitory activity. Bioorg Med Chem Lett 18:
1588–1591. https://doi.org/10.1016/j.bmcl.2008.01.072.

77. Grotewold E. 2006. The genetics and biochemistry of floral pigments.
Annu Rev Plant Biol 57:761–780. https://doi.org/10.1146/annurev
.arplant.57.032905.105248.

78. Lee JK, Jang JH, Park DJ, Kim CJ, Ahn JS, Hwang BY, Hong YS. 2017. Iden-
tification of new geldanamycin derivatives from unexplored microbial
culture extracts using a MS/MS library. J Antibiot (Tokyo) 70:323–327.
https://doi.org/10.1038/ja.2016.143.

79. Stebbins CE, Russo AA, Schneider C, Rosen N, Hartl FU, Pavletich NP.
1997. Crystal structure of an Hsp90-geldanamycin complex: targeting of
a protein chaperone by an antitumor agent. Cell 89:239–250. https://doi
.org/10.1016/s0092-8674(00)80203-2.

80. Kevin Ii DA, Meujo DA, Hamann MT. 2009. Polyether ionophores: broad-
spectrum and promising biologically active molecules for the control of
drug-resistant bacteria and parasites. Expert Opin Drug Discov 4:
109–146. https://doi.org/10.1517/17460440802661443.

81. Kadota Y, Shirasu K. 2012. The HSP90 complex of plants. Biochim Bio-
phys Acta 1823:689–697. https://doi.org/10.1016/j.bbamcr.2011.09.016.

82. Lopez VA, Park BC, Nowak D, Sreelatha A, Zembek P, Fernandez J,
Servage KA, Gradowski M, Hennig J, Tomchick DR, Pawłowski K,
Krzymowska M, Tagliabracci VS. 2019. A bacterial effector mimics a host
HSP90 client to undermine immunity. Cell 179:205–218.e21. https://doi
.org/10.1016/j.cell.2019.08.020.

83. Shavit N, San Pietro A. 1967. K1 - Dependent uncoupling of photophos-
phorylation by nigericin. Biochem Biophys Res Commun 28:277–283.
https://doi.org/10.1016/0006-291x(67)90441-x.

84. Shavit N, Dilley RA, Pietro AS. 1968. Ion translocation in isolated chloro-
plasts. uncoupling of photophosphorylation and translocation of K1

Phytotoxins Produced by Streptomyces sp. 11-1-2 Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.02314-21 20

https://doi.org/10.1038/embor.2008.83
https://doi.org/10.1007/s10295-016-1845-4
https://doi.org/10.1007/s10295-016-1845-4
https://doi.org/10.1111/j.1365-2958.2006.05319.x
https://doi.org/10.1021/acsomega.1c00526
https://doi.org/10.1128/AAC.32.2.282
https://doi.org/10.1016/j.pmpp.2007.09.003
https://doi.org/10.1016/j.pmpp.2007.09.003
https://doi.org/10.1159/000096460
https://doi.org/10.1159/000096460
https://doi.org/10.1038/s41467-021-23953-9
https://doi.org/10.1038/s41592-020-0933-6
https://doi.org/10.1038/s41592-020-0933-6
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1038/s41592-019-0344-8
https://doi.org/10.1073/pnas.1509788112
https://doi.org/10.1073/pnas.1509788112
https://doi.org/10.1186/s13321-016-0115-9
https://doi.org/10.1271/bbb.56.684
https://doi.org/10.7164/antibiotics.48.1011
https://doi.org/10.1016/j.chembiol.2007.05.011
https://doi.org/10.1002/(SICI)1096-9888(199608)31:8%3C855::AID-JMS363%3E3.0.CO;2-U
https://doi.org/10.1002/(SICI)1096-9888(199608)31:8%3C855::AID-JMS363%3E3.0.CO;2-U
https://doi.org/10.7164/antibiotics.30.903
https://doi.org/10.1038/nchem.1596
https://doi.org/10.1038/nchem.1596
https://doi.org/10.1038/ja.2011.39
https://doi.org/10.1038/ja.2013.94
https://doi.org/10.7164/antibiotics.57.421
https://doi.org/10.7164/antibiotics.57.421
https://doi.org/10.1016/j.bmcl.2008.01.072
https://doi.org/10.1146/annurev.arplant.57.032905.105248
https://doi.org/10.1146/annurev.arplant.57.032905.105248
https://doi.org/10.1038/ja.2016.143
https://doi.org/10.1016/s0092-8674(00)80203-2
https://doi.org/10.1016/s0092-8674(00)80203-2
https://doi.org/10.1517/17460440802661443
https://doi.org/10.1016/j.bbamcr.2011.09.016
https://doi.org/10.1016/j.cell.2019.08.020
https://doi.org/10.1016/j.cell.2019.08.020
https://doi.org/10.1016/0006-291x(67)90441-x
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02314-21


and H1 ions induced by nigericin. Biochemistry 7:2356–2363. https://
doi.org/10.1021/bi00846a043.

85. Craig S, Goodchild DJ. 1984. Golgi-mediated vicilin accumulation in pea
cotyledon cells is re-directed by monensin and nigericin. Protoplasma
122:91–97. https://doi.org/10.1007/BF01279441.

86. Cline K, Werner-Washburne M, Lubben TH, Keegstra K. 1985. Precursors
to two nuclear-encoded chloroplast proteins bind to the outer envelope
membrane before being imported into chloroplasts. J Biol Chem 260:
3691–3696. https://doi.org/10.1016/S0021-9258(19)83678-5.

87. Quick P, Scheibe R, Stitt M. 1989. Use of tentoxin and nigericin to investi-
gate the possible contribution of DpH to energy dissipation and the con-
trol of electron transport in spinach leaves. Biochim Biophys Acta - Bio-
energ 974:282–288. https://doi.org/10.1016/S0005-2728(89)80245-2.

88. Sarwar A, Latif Z, Zhang S, Bechthold A, Hao J. 2019. A potential biocontrol
agent Streptomyces violaceusniger AC12AB for managing potato common
scab. Front Microbiol 10:1–10. https://doi.org/10.3389/fmicb.2019.00202.

89. Xu T, Cao L, Zeng J, Franco CMM, Yang Y, Hu X, Liu Y, Wang X, Gao Y, Bu
Z, Shi L, Zhou G, Zhou Q, Liu X, Zhu Y. 2019. The antifungal action mode
of the rice endophyte Streptomyces hygroscopicus OsiSh-2 as a potential
biocontrol agent against the rice blast pathogen. Pestic Biochem Physiol
160:58–69. https://doi.org/10.1016/j.pestbp.2019.06.015.

90. Mitrovi�c I, Grahovac J, Hrusti�c J, Joki�c A, Dodi�c J, Mihajlovi�c M,
Grahovac M. 2021. Utilization of waste glycerol for the production of
biocontrol agents nigericin and niphimycin by Streptomyces hygro-
scopicus: bioprocess development. Environ Technol: 1–14. https://doi
.org/10.1080/09593330.2021.1913241.

91. Yu G, Smith DK, Zhu H, Guan Y, Lam TT. 2017. ggtree: an R package for
visualization and annotation of phylogenetic trees with their covariates
and other associated data. Methods Ecol Evol 8:28–36. https://doi.org/10
.1111/2041-210X.12628.

92. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T. 2003. Cytoscape: a software environment for

integrated models of biomolecular interaction networks. Genome Res
13:2498–2504. https://doi.org/10.1101/gr.1239303.

93. Gilchrist CLM, Chooi Y-H. 2021. Clinker & Clustermap.Js: automatic generation
of gene cluster comparison figures. Bioinformatics 37:2473–2475. https://doi
.org/10.1093/bioinformatics/btab007.

94. Loria R, Bukhalid RA, Creath RA, Leiner RH, Olivier M, Steffens JC. 1995.
Differential production of thaxtomins by pathogenic Streptomyces spe-
cies in vitro. Phytopathology 85:537–541. https://doi.org/10.1094/Phyto
-85-537.

95. Uppalapati SR, Ayoubi P, Weng H, Palmer DA, Mitchell RE, Jones W,
Bender CL. 2005. The phytotoxin coronatine and methyl jasmonate
impact multiple phytohormone pathways in tomato. Plant J 42:201–217.
https://doi.org/10.1111/j.1365-313X.2005.02366.x.

96. Horai H, Arita M, Kanaya S, Nihei Y, Ikeda T, Suwa K, Ojima Y, Tanaka K,
Tanaka S, Aoshima K, Oda Y, Kakazu Y, Kusano M, Tohge T, Matsuda F,
Sawada Y, Hirai MY, Nakanishi H, Ikeda K, Akimoto N, Maoka T, Takahashi
H, Ara T, Sakurai N, Suzuki H, Shibata D, Neumann S, Iida T, Tanaka K,
Funatsu K, Matsuura F, Soga T, Taguchi R, Saito K, Nishioka T. 2010. Mass-
Bank: a public repository for sharing mass spectral data for life sciences.
J Mass Spectrom 45:703–714. https://doi.org/10.1002/jms.1777.

97. R Core Team. 2020. R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.

98. de Mendiburu F. 2020. agricolae: statistical procedures for agricultural
research. R Foundation for Statistical Computing, Vienna, Austria. R pack-
age version 1.3–3.

99. Wickham H. 2016. ggplot2: elegant graphics for data analysis. Springer-
Verlag, New York, NY.

100. Ahlmann-Eltze C. 2019. ggsignif: significance brackets for “ggplot2”. R
Foundation for Statistical Computing, Vienna, Austria. R package version
0.6.0.

101. Pedersen TL. 2020. patchwork: the composer of plots. R Foundation for
Statistical Computing, Vienna, Austria. R package version 1.1.1.

Phytotoxins Produced by Streptomyces sp. 11-1-2 Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.02314-21 21

https://doi.org/10.1021/bi00846a043
https://doi.org/10.1021/bi00846a043
https://doi.org/10.1007/BF01279441
https://doi.org/10.1016/S0021-9258(19)83678-5
https://doi.org/10.1016/S0005-2728(89)80245-2
https://doi.org/10.3389/fmicb.2019.00202
https://doi.org/10.1016/j.pestbp.2019.06.015
https://doi.org/10.1080/09593330.2021.1913241
https://doi.org/10.1080/09593330.2021.1913241
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/bioinformatics/btab007
https://doi.org/10.1093/bioinformatics/btab007
https://doi.org/10.1094/Phyto-85-537
https://doi.org/10.1094/Phyto-85-537
https://doi.org/10.1111/j.1365-313X.2005.02366.x
https://doi.org/10.1002/jms.1777
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02314-21

	RESULTS AND DISCUSSION
	Streptomyces sp. 11-1-2 is phylogenetically and metabolically distinct from other plant-pathogenic Streptomyces spp.
	The production of phytotoxic compounds by Streptomyces sp. 11-1-2 is dependent on medium composition.
	Streptomyces sp. 11-1-2 produces the herbicidal compounds geldanamycin and nigericin.
	Geldanamycin and nigericin exhibit phytotoxic activity against potato tissue and radish seedlings.
	Conclusions.

	MATERIALS AND METHODS
	Bacterial strains and cultivation.
	Bioinformatics analysis.
	Organic extraction.
	Phytotoxic activity assays.
	LC-MS/MS analysis and molecular networking.
	RP-HPLC and LC-MS analysis of organic extracts.
	Statistical analyses.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

