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Abstract
Environmental isolates of the fungus Rhizopus have been shown to harbor a bacterial endosymbiont
(Burkholderia) that produces rhixozin, a plant mycotoxin. We sought to define the role of rhizoxin
production by endosymbionts in the pathogenesis of mucormycosis. Endosymbiotic bacteria were
identified by polymerase chain reaction in 15 (54%) of 28 clinical isolates of Zygomycetes, with
33% of the bacterial strains showing ≥87% identity to Burkholderia 16S rDNA. The presence of
rhizoxin in myclial extracts from fungi harboring bacteria was confirmed by high-performance liquid
chromatography analysis. However, fungal strains with or without endosymbionts did not differ in
their ability to cause endothelial cell injury in vitro, nor did antibiotic-mediated eradication of
endosymbionts and rhizoxin production decrease the virulence of fungal strains in mice or flies. In
summary, although bacterial endosymbiosis is widely detected in clinical isolates of Zygomycetes,
including Rhizopus oryzae strains, we found no evidence that bacterial endosymbionts and rhizoxin
contribute to the pathogenesis of mucormycosis in the models studied.

Mucormycoses are infections caused by fungi belonging to the order Mucorales of the class
Zygomycetes [1]. Rhizopus oryzae is the most common organism isolated from patients with
mucormycosis and is responsible for 60%–80% of all mucormycosis cases [2,3]. The standard
therapy for invasive mucormycosis includes reversal of predisposing factors (if possible),
widespread surgical debridement, and antifungal therapy [2,4,5]. In the absence of surgical
removal of the infected focus, antifungal therapy alone is rarely curative [2,5]. Even when
surgical debridement is combined with antifungal therapy, the mortality rate associated with
mucormycosis exceeds 50% [2]. In patients with prolonged neutropenia and in those with
disseminated disease, mortality approaches 90%–100% [6–8]. Equally alarming are recent data
demonstrating a striking increase in the incidence of mucormycosis [7–10]. Because of its
increasing incidence, unacceptably high mortality, and the extreme morbidity of highly
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disfiguring surgical therapy, it is imperative to look for new therapeutic modalities to treat
mucormycosis.

Some Rhizopus species, especially the plant pathogen R. microsporus [11] and R. chinensis
[12], are known for their ability to produce the mycotoxin rhizoxin, an antimitotic macrocyclic
polyketide metabolite. Recent studies have demonstrated that rhizoxin is not biosynthesized
by Rhizopus itself but rather by an intracellular, symbiotic bacterium of the genus
Burkholderia [13]. This bacterium is sensitive to antibiotics belonging to the fluoroquinolone
family. For example, production of rhizoxin was completely abrogated when Rhizopus was
grown in medium containing 40 µg/mL ciprofloxacin [13]. This novel finding raises the
possibility that Burkholderia may contribute to the pathogenesis of mucormycosis and that
fluoroquinolones might be beneficial in combination therapy of mucormycosis.

In the present study, we sought to define the role of bacterial endosymbionts in the pathogenesis
of mucormycosis. We screened for the presence of endosymbiotic bacteria in Zygomycetes
isolates from patients with mucormycosis and determined the effect of the endosymbiotic
bacteria on the pathogenesis of mucormycosis in vitro and in vivo.

METHODS
Organisms and culture conditions

Twenty-eight clinical isolates of Rhizopus or Mucor species were collected from a variety of
medical centers in the United States. Two positive control strains, including Rhizopus species
ATCC 20577 and R. microsporus ATCC 62417 (which has been previously reported to harbor
Burkholderia [13,14]), were obtained from the American Type Culture Collection. Organisms
were grown on potato dextrose agar (PDA) for 4 days at 37°C. To render the fungus free of
bacteria, isolates were grown on PDA containing 60 µg/mL ciprofloxacin. The sporangiospores
used for inoculations in virulence experiments were collected in endotoxin-free PBS containing
0.01% Tween 80, washed with PBS, and counted with a hemocytometer to prepare the final
inocula. The effect of ciprofloxacin treatment on fungal growth was determined by comparing
the radial growth of bacteria-free fungi to their corresponding parent strains after plating of 1
× 102 spores/5 µL on PDA plates.

Screening for bacterial endosymbionts
To detect the presence of bacterial endosymbionts, universal primers amplifying bacterial 16S
rDNA were used to amplify a 1.5-kb fragment from genomic DNA samples extracted from
Zygomycetes. DNA samples were obtained from 100–200 mg of filtered mycelium placed in
screw-cap tubes with glass beads (425–600 µm; Sigma) and 500 µL of Southern base (87.5 g/
L NaCl and 20 g/L NaOH). The mycelia were broken by use of a FastPrep device (Thermo
Scientific) for 30 s at speed 4.0 and were neutralized with 500 µL of Southern neutralizer (87.5
g/L NaCl and 121.1 g/L Tris base [pH 8.0]). The mixture was centrifuged for 10 min, and 250
µL of the supernatant was removed and added to 1.25 mL of binding (PB) buffer (QIAquick
PCR Purification Kit [Qaigen]) to purify the DNA of impurities, in accordance with the
manufacturer’s recommendation. The primers used to amplify the 16S rDNA were as follows:
forward primer, 5'-CCGAATTCGTCGACAACAGAGTTTGATCCTGGCTCAG-3'; and
reverse primer, 5'-CCCGGGATCCAAGCTTACGGCTACCTTGTTACGACTT- 3' [13].
Samples that were positive for 16S rDNA were further tested for the presence of the
ketosynthase (KS) domain present in polyketide synthase genes involved in the biosynthesis
of rhizoxin, using the following degenerate primers to amplify a 0.7-kb fragment: forward
primer, 5'-MGNGARGCNNWNSMNATGGAYCCNCARCANMG- 3'); and reverse primer,
5'-GGRTCNCCNARNSWNGTNCCNGTNCCRTG- 3' [15]. Finally, the following primers
amplifying the housekeeping gene actin (0.6 kb) were used as a control: forward primer, 5'-
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GTCTTTCCTTCTATTGTTGGTC-3'; and reverse primer, 5'-
CCATCAGGAAGTTCATAAGAC-3'. PCR conditions were 33 cycles at 96°C for 1 min, 52°
C for 1 min, and 72°C for 2 min, for both reactions. Representative PCR products of 16S rDNA
were purified using a Qiagen extraction kit and cloned into the pGEM-T easy vector (Promega)
for sequence verification.

High-performance liquid chromatography (HPLC) analysis of rhizoxin production
Rhizopus mycelia were grown in 100 mL of rhizoxin-inducing medium (1% corn starch, 0.5%
glycerol, 1% gluten meal, 1% dried yeast, 1% corn, and 1% CaCO3 at pH 6.5) [14] with or
without ciprofioxacin at 60 µg/mL for 4 days. Collected mycelia were extracted overnight with
ethyl acetate (1:1 vol/vol), and the organic phase was separated, dried with sodium sulphate
anhydrous, and concentrated under pressure [13]. The dried sample was redissolved in 250 µL
of methanol and analyzed by HPLC based on the method described by Graham et al [16]. Fifty
microliters of standard or sample was separated on a Gemini C18 column (150 × 4.6 mm, 5
µm; Phenomenex), using a mobile phase of 45% acetonitrile in 0.01 mol/L phosphate buffer
(pH 7.0) at a flow rate of 1 mL/min. The UV detector was set at 310 nm, and peaks were
identified on the basis of reference standards. Quanititation utilized peak area in comparison
to a known concentration of rhizoxin standard (Sigma). Samples were assayed in duplicate,
and the results averaged. The lower limit of detection was 0.2 µg rhizoxin/mL.

Endothelial cell injury assay
Endothelial cells were obtained from human umbilical cord veins and were maintained by a
modification of the method of Jaffe et al. [17]. The cells were harvested using collagenase and
were grown in M-199 medium (Gibco) enriched with 10% fetal bovine serum (Intergen), 10%
defined bovine calf serum (Hyclone), L-glutamine, penicillin, and streptomycin. Second-
passage cells were grown to confluency in 96-well tissue culture plates (Costar) on fibronectin
(Collaborative Biomedical Products). All incubations were done in 5% CO2 at 37°C. The
reagents were tested for endotoxin using a chromogenic limulus amebocyte lysate assay (Bio
Whittaker), and the endotoxin concentrations were <0.01 IU/mL. Endothelial cell collection
was approved by the Institutional Review Board at the Los Angeles Biomedical Research
Institute at the Harbor-UCLA Medical Center.

Endothelial cell injury was quantified using a chromium-release (51Cr) assay [18]. Briefly,
endothelial cells grown in 96-well tissue culture plates containing detachable wells were
incubated with Na2 51CrO4 (ICN) in M-199 medium (1 µCi/well) for 16 h. On the day of the
experiment, the unincorporated 51Cr was aspirated, and the wells were washed twice with
warmed Hanks’ balanced salt solution (Irvine Scientific). Endothelial cells were infected with
fungal spores (8 × 104) suspended in 150 µL of RPMI 1640 medium (Irvine Scientific)
supplemented with glutamine and 10% pooled human serum (PHS; Sigma).
Spontaneous 51Cr release was determined by incubating endothelial cells in RPMI 1640
medium supplemented with glutamine and 10% PHS without fungal spores. After 6 h of
incubation at 37°C in a 5% CO2 incubator, 50% of the medium was aspirated from each well
and transferred to glass tubes, and the cells were manually detached and placed into another
set of tubes. The amount of 51Cr in the aspirate and the detached well was determined by gamma
counting. The total amount of 51Cr incorporated by endothelial cells in each well equaled the
sum of the radioactive counts per minute of the aspirated medium plus the radioactive counts
of the corresponding detached wells. After the data were corrected for variations in the amount
of tracer incorporated in each well, the percentage of specific endothelial cell release of 51Cr
was calculated by the following formula: [(experimental release × 2) − (spontaneous release
× 2)]/[total incorporation − (spontaneous release × 2)]. Each experimental condition was tested
in triplicate with endothelial cells collected from different umbilical cords in 3 separate
experiments.
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Murine model
For in vivo infection, male BALB/c mice (≥20 g) were rendered diabetic by a single
intraperitoneal injection of 210 mg/kg streptozotocin in 0.2 mL of citrate buffer 10 days before
fungal challenge [19]. Glycosuria and ketonuria were confirmed in all mice 7 days after
streptozotocin treatment. Diabetic ketoacidotic mice were infected with fungal spores by tail
vein injection, with a target inoculum of 1 × 104 spores. To confirm the inoculum, dilutions
were streaked on PDA plates containing 0.1% Triton X-100, and colonies were counted after
a 24-h incubation period at 37°C. The primary efficacy end point was time to death.

To determine whether antibiotic treatment would alter the virulence of mucormycosis, diabetic
ketoacidotic mice infected with Rhizopus species ATCC 20577 (reported to harbor
Burkholderia [13]) were treated with intravenous liposomal amphotericin B (LAmB) at 5 mg/
kg/day in 5% dextrose water (the LAmB dose was chosen on the basis of previously established
low efficacy as monotherapy [20], thereby enabling statistical detection of the potentially
enhanced efficacy of combination therapy), ciprofloxacin (administered by oral gavage at 80
mg/kg twice a day in 5% dextrose water), or a combination of both drugs. Placebo mice received
5% dextrose water. Treatment began 24 h after infection and continued for 4 consecutive days.

All procedures involving mice were approved by the Institutional Animal Use and Care
Committee at the Los Angeles Biomedical Research Institute at the Harbor-UCLA Medical
Center, following the National Institutes of Health guidelines for animal housing and care.

Fly model
Wild-type (OregonR) fruit flies were infected with fungal spores by the method of Lemaitre
et al. [21]. Briefly, fruit flies were injected with a thin sterile needle previously dipped in a
concentrated solution of 5 × 107 spores of each Zygomycetes isolate. Flies that died within 3
h of infection ( <5%) as a result of complications from the injection procedure were excluded
from the survival analysis. After infection, flies were housed at 29°C and transferred daily into
fresh vials. For ciprofloxacin treatment, specific vials were prepared by mixing a standard
concentration (2 mg/mL) of ciprofloxacin with regular fly food, as described elsewhere [22].
In pilot experiments, ciprofloxacin was found to be nontoxic to the flies (data not shown). Flies
were housed in empty vials for 6–8 h to starve them and then transferred into vials containing
ciprofloxacin mixed fly food (2 mg/mL). After 24 h, the flies were infected with each
Zygomycetes isolate as described above and were transferred daily into fresh ciprofloxacin-
containing vials for 8 days at 29°C. Survival was assessed daily until day 8 after infection in
all experiments. Each experiment was performed at least in triplicate, using 25 female flies
that were 2–4 days old.

Statistical analysis
Endothelial cell injury was compared using the nonparametric Mann-Whitney U test. Kaplan-
Meier curves were compared pairwise by the log-rank test. Differences for which P ≤ .05 were
considered significant.

RESULTS
Wide association of bacterial endosymbionts with clinical isolates of Zygomycetes

We screened 28 clinical isolates of Zygomycetes as well as the 2 American Type Culture
Collection Rhizopus species previously reported to harbor Burkholderia (positive control)
[13] for the presence of bacterial endosymbionts by use of primers specific for 16S rDNA. The
expected 1.5-kb band representing the 16S rDNA fragment (figure 1A) was amplified from 15
isolates (54% of the total number of isolates). DNA sequencing of 3 representative PCR
amplification products from R. oryzae 99–1700, R. oryzae type I NRRL 10206, and
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Rhizopus species HUMC 1005 demonstrated 87%, 90%, and 93% homology, respectively, to
the published Burkholderia 16S rDNA sequence (figure 1B).

Harboring of rhizoxin-producing Burkholderia by R. oryzae
R. oryzae strains harboring Burkholderia were screened by PCR for the presence of the KS
gene involved in the synthesis of rhizoxin. Five of the 15 isolates that were positive for a 16S
rDNA band amplified a KS-specific band, including 4 R. oryzae strains and 1 unspeciated
Rhizopus strain. Furthermore, to confirm that these R. oryzae strains harbored rhizoxin-
producing Burkholderia, we grew these fungi in rhizoxin-inducing medium and analyzed
mycelial extracts using HPLC. Mycelial extracts of all R. oryzae strains from which a KS band
was amplified contained rhizoxin (figure 2). Indeed, among all samples tested, R. oryzae 99–
1700 had the highest concentration of rhizoxin, with almost a 30-fold increase compared with
the positive control strain, Rhizopus species ATCC 20577 (table 1). As expected, HPLC
analysis of mycelial extracts of R. oryzae 99–880 (a strain that amplified the 16S rDNA but
not the KS band) did not demonstrate the presence of rhizoxin (figure 2 and table 1).
Furthermore, addition of ciprofloxacin to the medium abrogated or significantly reduced
rhizoxin production by all fungi, indicating that the toxin was produced by the bacterial
symbiont (figure 2 and table 1). In addition to rhizoxin, the bacterial symbiont also produced
putative rhizoxin derivatives (e.g., 2,3-deoxyrhizoxin, seco-2,3-deoxyrhizoxin, and nor-2,3-
deoxyrhizoxin) that have been previously isolated from Rhizopus organisms [23].

No contribution of bacterial endosymbiosis to endothelial cell injury induced by
Zygomycetes

We confirmed that pure rhizoxin toxin at concentrations ≥50 nmol/L is capable of inducing
endothelial cell injury (figure 3A). However, we could not detect any difference in endothelial
cell injury caused by clinical isolates of Zygomycetes that harbored bacteria versus those that
did not (median damage, 12.2% for Zygomycetes that harbored bacteria vs. 15.5% for bacteria-
free isolates; P > .05) (figure 3B and 3C). Furthermore, eradication of bacteria by means of
ciprofloxacin, confirmed by the lack of 16S rDNA and KS bands after antibiotic exposure
(figure 3D), had no effect on the ability of selected Rhizopus isolates to cause endothelial cell
injury (figure 3E). Of note, ciprofloxacin treatment had no effect on the growth of the isolates
as determined by radial growth rate on PDA (data not shown). These data suggest that
endosymbiotic bacteria do not contribute to the pathogenesis of mucormycosis in vitro.

No contribution of bacterial endosymbiosis to mucormycosis pathogenesis in vivo
To investigate the contribution of bacterial symbiosis to the pathogenesis of mucormycosis in
vivo, we used our established diabetic ketoacidotic mouse model. The virulence of fungal
strains positive for 16S rDNA, including 2 rhizoxin producers (R. oryzae HUMC 1005 and
Rhizopus species ATCC 20577), was compared to the virulence of their corresponding
bacteria-free isolates after ciprofloxacin treatment. There was no difference in the survival of
mice infected with bacteria-free fungi or their corresponding parent strains (figure 4A). This
lack of difference in virulence cannot be attributed to the regrowth of the bacteria in vivo in
the mouse, because PCR of fungal colonies recovered from killed animals confirmed the lack
of bacterial endosymbionts in ciprofloxacin-treated strains (figure 4B).

Additionally, we infected diabetic ketoacidotic mice with Rhizopus species ATCC 20577
harboring Burkholderia [13,14] and treated with LAmB, ciprofloxacin, or a combination of
both drugs. Ciprofloxacin treatment did not enhance the survival of mice infected with R.
microsporus (figure 4C).

Finally, we compared the virulence of bacteria-free Zygomycetes to their corresponding parent
strains in a fly model of mucormycosis. Similar to our mouse data, there was no difference in
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survival time of flies infected with 3 independent bacteria-free fungal strains versus those
infected with the corresponding parent strains (figure 5). Furthermore, ciprofloxacin did not
affect the virulence of Rhizopus in flies.

DISCUSSION
A hallmark of mucormycosis infections is the virtually uniform presence of extensive
angioinvasion with subsequent vessel thrombosis and extensive tissue necrosis. It has been
hypothesized that the extensive tissue necrosis is related to the presence of toxin(s) in
Zygomycetes, such as rhizoxins and rhizonin A and B [11]. Indeed, plant-pathogenic fungi
have been reported to produce rhizoxins [11,12], and rhizoxin has been shown to inhibit the
proliferation of cultured human endothelial cells [24]. R. oryzae, which is responsible for the
majority of clinical cases of mucormycosis, has not previously been reported to produce
rhizoxins. However, recent reports of rhizoxin production by endosymbiotic Burkholderia
within R. microsporus [13,14], which is also a human pathogen, have suggested that rhizoxin
production might have clinical relevance.

Our results demonstrate that association with bacterial endosymbionts is widespread among
clinical isolates of Zygomycetes. Although we did not attempt to distinguish between
internalized bacteria and fungal-associated bacteria, previous reports have confirmed that
rhizoxin-producing Burkholderia are contained within the hyphae of Rhizopus species [13].
Furthermore, we found that rhizoxin-producing Burkholderia strains are frequently detected
in clinical isolates of R. oryzae and other Rhizopus species. Nevertheless, we found no evidence
that endosymbiotic bacteria and rhizoxin contribute to the pathogenesis of mucormycosis in
the models studied, because (1) in vitro endothelial cell injury did not differ between
ciprofloxacin-induced, bacteria-free Rhizopus species and their corresponding bacteria-
harboring parent strains; (2) bacteria-free Rhizopus species demonstrated similar virulence to
their corresponding bacteria-harboring parent strains in a diabetic ketoacidotic mouse model,
nor did ciprofloxacin treatment have any effect on murine mucormycosis caused by
Rhizopus species ATCC 20577, a positive control strain known to harbor endosymbionts that
produce rhizoxin [13]; and (3) bacteria-free Rhizopus species demonstrated similar virulence
to their corresponding bacteria-harboring parent strains in a fly model of mucormycosis.

We cannot rule out an effect of rhizoxin in a sinonasal model of infection. Furthermore, our
results do not preclude the possibility that the tissue necrosis seen in patients with
mucormycosis is caused by a toxin associated with the fungus. Indeed, in a previous study we
reported that clinical isolates of R. oryzae could injure human umbilical vein endothelial cells
in vitro irrespective of their viability and that the damage was caused by a cell-surface substance
[25].

Rhizoxin exerts its effect by binding to β-tubulin, which results in inhibition of mitosis and
causes cell cycle arrest [11,14]. In addition to being responsible for the abnormal swelling of
rice seedling roots in rice seedling blight disease [13], rhizoxin has been found to arrest mitosis
in many other eukaryotic cells, including solid and hematologic tumors [26,27]. Because of its
potent antimitotic effect, rhizoxin has undergone extensive clinical trails as a potential
antitumor drug candidate [28,29]. In the present study, we found that one of the R. oryzae
clinical isolates that harbors Burkholderia, strain 99–1700, had an almost 30-fold increase in
rhizoxin production compared with the control strain, Rhizopus species ATCC 20577, which
was originally used for isolating the rhizoxin-producing Burkholderia [13]. Additionally, the
recent finding that production of rhizoxin from a pure culture of an endosymbiotic
Burkholderia rhizoxina was elevated by >10-fold [30] raises the possibility of further
increasing the production of rhizoxin from the bacterium endosymbiotically associated with
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strain 99–1700. This enhanced secretion of rhizoxin could be used for the sustainable
production of rhizoxin for commercial purposes.

In summary, we have demonstrated that R. oryzae clinical isolates harbor endosymbiotic
Burkholderia, which produce the toxin rhizoxin. We have also found no evidence that bacterial
endosymbiosis and, in particular, rhizoxin secretion contribute to the pathogenesis of
mucormycosis in the models studied.
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Figure 1.
Wide presence of bacterial symbiosis in Zygomycetes. A, Polymerase chain reaction of
genomic DNA extracted from Zygomycetes, demonstrating the presence of bacterial
endosymbionts. B, Dendrogram showing the close homology of 16S bacterial rDNA extracted
from multiple Rhizopus species with 16S rDNA of Burkholderia.
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Figure 2.
High-performance liquid chromatography profiles of representative culture extracts monitored
for the detection of rhizoxin. The rhizoxin peak is marked with 1. Other peaks likely represent
putative rhizoxin derivatives [13]. “Plus cipro” denotes treatment of the culture with 60 µg/
mL ciprofloxacin to eliminate the symbiotic bacteria.
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Figure 3.
Results of endothelial cell injury experiments. Although rhizoxin causes damage to endothelial
cells, endothelial cell injury caused by agents of mucormycosis was neither affected by the
presence of bacterial endosymbionts nor altered by bacterial eradication with ciprofloxacin
treatment. A, Demonstration that pure rhizoxin toxin at concentrations ≥50 nmol/L is capable
of inducing endothelial cell injury. Purified rhizoxin (Sigma) was incubated with endothelial
cells for 6 h, and injury to endothelial cells was measured using our 51Cr-release assay on a
96-well plate [18]. B, Polymerase chain reaction of genomic DNA extracted from
Zygomycetes, demonstrating the presence of rhizoxin-producing bacterial endosymbionts in
some Rhizopus isolates but not others. C, Pooled results for endothelial cell injury caused by
Rhizopus that harbor bacteria (+ bacteria) and bacteria-free Rhizopus (n = 8 in each arm). D,
Eradication of bacteria by means of ciprofloxacin. Bacteria-harboring Rhizopus strains were
rendered free of bacteria by treating the fungus with ciprofloxacin at 60 µg/mL, and the absence
of bacteria was verified by a lack of amplificatio of 1.6 kb of 16S rDNA. E, No effect of
ciprofloxacin treatment on the ability of selected Rhizopus isolates to cause endothelial cell
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injury. The bacteria-free organisms generated in panel D were compared with their
corresponding parent strains that harbored bacteria with respect to their ability to cause
endothelial cell injury (n = 8). Data are displayed as medians plus interquartile ranges. *P > .
05, compared with Rhizopus-harboring bacteria.
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Figure 4.
No effect of the eradication of bacteria from Rhizopus by ciprofloxacin treatment on fungal
virulence in diabetic ketoacidotic mice. A, Survival of mice (n = 8 per group) infected with 1
of 3 bacteria-free Rhizopus strains or their corresponding parent strains at 1 × 104 spores per
mouse. B, Polymerase chain reaction demonstrating the presence of bacteria in non–
ciprofloxacin-treated Rhizopus and the absence of bacteria in ciprofloxacin-treated Rhizopus,
both before infection and after fungal strains were retrieved from expired mice. C, Survival of
mice (n = 8 per group) infected with 1 × 104 spores of Rhizopus species ATCC 20577 and
treated with liposomal amphotericin B (LAmB) at 5 mg/kg/day, ciprofloxacin at 80 mg/kg
twice a day, or a combination of both drugs. Treatment began 24 h after infection and continued
for 4 consecutive days.
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Figure 5.
No effect of the eradication of bacteria from Rhizopus by ciprofloxacin treatment on fungal
virulence in a fly model of infection. Shown is the survival of Drosophila flies infected with
1 of 3 bacteria-free Rhizopus strains (as proved by lack of amplification of rDNA) or their
corresponding parent strains. Each experiment was conducted at least in triplicate, using 25
female flies.
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Table 1
Concentrations of rhizoxin extracted from Rhizopus mycelia growing in rhizoxin-inducing medium.

Rhizoxin concentration, µg/mL

Sample Without
ciprofloxacin

With
ciprofloxacina

R. oryzae 99–1700 73.3 1.7

R. oryzae type I NRRL 10206 6.7 ND

R. oryzae 99–880 ND ND

Rhizopus species HUMC 1005 4.0 ND

Rhizopus species ATCC 20577 2.5 0.4

NOTE. Rhizoxin concentration was measured by high-performance liquid chromatography analysis. The lower limit of detection of this assay is 0.2 µg/
mL rhizoxin. ND, none detected.

a
Ciprofloxacin (60 µg/mL) was included in the culture supernatant to eliminate bacterial symbionts.
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