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Abstract A novel compound CF66I produced by Burk-
holeria cepacia was investigated for its antifungal effects
against Fusarium solani by three different fluorescent dyes.
Dual staining with propidium iodide (PI) and fluorescein
diacetate (FDA) demonstrated high doses of CF66I
(120.0 pg m1~") killed the fungi by acting primarily on the
cell membrane. However, at fungistatic concentration
(20.0 pg ml™") of this compound, microscopic observa-
tions revealed swelling hyphae with abnormal -chitin
deposition, as determined by Calcofluor white (CFW)
staining, which was indicative of the alterations in cell wall
structure. In addition, inhibition of intracellular esterases
activity was observed. These results led us to conclude that
low doses of CF66I probably inhibited the fungal growth
by interfering with the cell metabolic pathways.
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Introduction

As well-known plant pathogens and food contaminants, the
fungi belonging to the genus Fusarium are also causative
agents of superficial and systemic infections in humans, such
as onychomycosis and keratomycosis (Nelson et al. 1994).
Among the Fusarium species, F. solani, the most pathogenic
species of the genus, accounts for nearly half of the cases of
invasive infections (Guarro and Gene 1995; Ponton et al.
2000; Torres and Kontoyiannis 2003). Many studies have been
conducted to investigate the activities of currently used anti-
fungal agents against Fusarium spp. both in vitro and in animal
models (Pujol et al. 1997; Guarro et al. 1999). However, few
data are available, and as a result, the treatment of choice for
Fusarium infections remains to be determined. Therefore, the
introduction of new and more effective antifungal substances
with therapeutic activity is urgently required.

The novel compound CF66I produced by Burkholde-
ria cepacia, is an antifungal agent that is active against a
broad spectrum of pathogenic fungi (Quan et al. 2006; Li
et al. 2007). Therefore, CF66I was considered to be an
appropriate candidate for the development of a novel
antibiotic. Previous studies reported its strong inhibitory
effects against Fusarium species; however, it was not clear
whether the compound could kill the fungi, and meanwhile,
the mechanisms underlying the aforementioned activities
was little known. In the present study, by using specific
fluorescent dyes, we attempted to elucidate the antifungal
effects of CF66I against F. solani.

Materials and methods

The antifungal compound CF66I was obtained by three-
step gel chromatography as previously described (Quan
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et al. 2006). F. solani (Mart.) Sacc (MIC of CF66lI,
20.0 pg ml™") was subcultured twice on potato dextrose
agar (PDA; Oxiod, Basingstoke, UK) at 28°C prior to
testing.

Antifungal susceptibility tests were carried out in potato
dextrose broth (PDB; Oxiod, Basingstoke, UK). Briefly,
precultures of hyphal suspensions (107 cfu mI™") of
F. solani were incubated with 20.0 pgml™' and
120.0 pg ml~" of CF66I at 28°C for 12 h, respectively.
Hyphae were harvested by centrifugation, and stained with
100 ug ml~" of fluorescein diacetate (FDA; Sigma-
Aldrich) and 0.1% (wt/vol) propidium iodide (PI, Sigma-
Aldrich), then incubated in the dark for 10 min. To
examine the effect of CF66I on the localization of skeletal
polysaccharides constituting the cell wall of F. solani,
Calcofluor white (CFW, Fluorescent Brightener 28; Sigma-
Aldrich) staining was performed on the same samples by
adding CFW to a final concentration of 50 pg ml~', and
then incubated in the dark for 30 min. Each sample was
washed three times with distilled water, and then examined
under an Olympus light microscopy equipped with differ-
ential interference contrast (Nomarski) and fluorescence
capabilities (IX-71, Olympus). Micrographs that exhibited
typical morphology of F. solani were shown for each
condition.

After incubation with CF66I for 12 h, Intracellular K+
released from the fungi (extracelluar K*) was determined

Fig. 1 Fluorescent Nomarski
photomicrographs of untreated
and CF66I-treated F. solani.
Hyphal cells (10 cfu ml™")
from an untreated culture (a) or
from cultures treated with
CFo661 at the concentrations of
20 ug ml~' (d) and

120 pg ml~! (g) were harvested
after 12 h, and stained with
FDA (b, e, h) and PI (¢, f, i)
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by using a K'-specific electrode as previously described
(Sud and Feingold 1982). Total cellular K* was measured
after a cell suspension was incubated for 30 min in a
boiling water bath. The K' released was calculated in
terms of percentage of total cellular K* by using the for-
mula: K* release (%) = (extracelluar K* in sample —
extracelluar KT in control)/(total cellular K™) x 100.

Results and discussion

Control hyphae of F. solani were well extended, as shown
in Figs. la and 2a. FDA is a fluorescent dye that can per-
meate into the cytoplasm through cell membrane and is
hydrolyzed to the fluorescent carboxy fluorescein in live
cells by intracellular esterases, which was used to detect
cell metabolic activity (Breeuwer et al. 1995). PI is used
for rapid viability assessment for various cells. The mem-
brane-impermeable fluorochrome can only pass through the
membrane of injured or dead cells, which has already been
used widely as a good marker for cell death associated with
membrane alterations (Pore 1990). Microscopic observa-
tions indicated that all hyphae from CF66I-free cultures
were well stained with FDA (Fig. 1b) and scarcely stained
with PI (Fig. 1c). The dye CFW, a compound which was
specific for chitin binding (Pringle 1991; Watanabe et al.
2005), was used on the same samples and showed a normal
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Fig. 2 CFW staining of untreated and CF66l-treated F. solani.
Hyphal cells (107 cfu ml™!) were incubated at 28°C without (a) or
with CF66I at the concentrations of 20 pg ml~" (¢) and 120 ne ml™!
(e). After incubation for 12 h, samples were stained with CFW.
Corresponding fluorescent images were shown in the left panels (b, d,

f)

deposition of chitin, with prevalent staining of hyphal tips
and visualization of septa separating cells at regular dis-
tance in the hyphae (Fig. 2b).

Incubation with 120.0 pg ml~" of CF66I revealed col-
lapsed hyphae with visualizations of PI and FDA staining,
indicating extensive cell death and membrane permeation
(Fig. 1h, i). At this high CF66I concentration, no marked
alterations in hyphae morphology and chitin deposition
were observed (Figs. 1g and 2e, f). These findings led us to
hypothesize that high doses of CF661 might kill F. solani
by acting primarily on the cell membrane. In accordance
with our hypothesis, over 90% of intracellular K* from
hyphal cells was observed be leaked out after CF66I
treatment (Fig. 3).

However, after exposure to 20.0 pg ml~' of CF66I
(MIC), fungal growth of F. solani was completely inhib-
ited, and profound morphological changes were observed.
Hyphae grew abnormally and became swelling, and large
amounts of balloon-shaped cells were formed (Figs. 1d, 2c¢).
With this treatment, most cells remained impermeable to PI
(Fig. 1f) and the leakage of intracellular K™ was minimal
(Fig. 3), indicating the maintenance of cell viability asso-
ciated with membrane integrity. But interestingly, our
results showed that the compound significantly impaired the
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Fig. 3 CF66l-induced K* from F. solani. Hyphal cell suspensions
(107 cfu ml™!) were incubated with CF66I for 12 h, and then the
intracellular K™ released from the fungi was determined as described
in ‘Materials and methods’

intracellular esterases activity of F. solani, as the treated
hyphae were not stained with FDA (Fig. le). In addition,
abnormal chitin deposition of the hyphae was observed, as
determined by CFW staining. Chitin was not concentrated
in regions of high chitin content (as shown in control cells),
but instead, occurred preferentially on balloon-shaped cells
located in the middle of hyphae (Fig. 2d). Similar findings
were described by Muiioz et al. (2006), which demonstrated
that this phenomenon was due to the alterations in cell wall
structure. These results indicated that CF661 might be
translocated across the cell membranes and located inside
the cells, wherein they induced a diversity of inhibitory
activities that disrupted normal cell functions, which
included the alterations of cell wall synthesis and inhibition
of intracellular esterases activities. As we all know, intra-
cellular enzyme activity is often used as an indicator of cell
metabolic activity. Therefore, these findings led us to con-
clude that CF66I inhibited the growth of F. solani by
interfering with cell metabolic pathways, rather than
membrane permeation. This action pattern was similar to
those of some lipophilic antimicrobial agents, such as bu-
tenafine and ibupropen (Iwatani et al. 1993; Pina-Vaz et al.
2000), which were reported to inhibit the fungal growth by
interfering with cell metabolic pathways. Likewise, Brog-
den (2005) demonstrated that several antimicrobial peptides
acted in this mode against pathogenic fungi and bacteria.

Results from the present study indicated that high doses
of CF66I (120.0 pg ml™") were fungicidal, whereas low
doses (20.0 pg ml™") were fungistatic. Different morpho-
logical effects, as well as modes of action, of CF66I against
F. solani at different concentrations were revealed, which
probably related with its complicated structural character-
istics (Quan et al. 2006). Therefore, further studies on this
compound might be useful for us to develop a novel class
of antifungal agents.
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