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ABSTRACT 

Nagilactones are norditerpene dilactones isolated from the root bark of Podocarpus nagi. 

Although nagilactone E has been reported to show antifungal activities, its activity is 

weaker than that of antifungals on the market. Nagilactone E enhances the antifungal 

activity of phenylpropanoids such as anethole and isosafrole against nonpathogenic 

Saccharomyces cerevisiae and pathogenic Candida albicans. However, the detailed 

mechanisms underlying the antifungal activity of nagilactone E itself have not yet been 

elucidated. Therefore, we investigated the antifungal mechanisms of nagilactone E using 

S. cerevisiae. Although nagilactone E induced lethality in vegetatively growing cells, it 

did not affect cell viability in non-growing cells. Nagilactone E-induced morphological 

changes in the cells, such as inhomogeneous thickness of the glucan layer and leakage of 

cytoplasm. Furthermore, a dose-dependent decrease in the amount of newly synthesized 

(1, 3)-β-glucan was detected in the membrane fractions of the yeast incubated with 

nagilactone E. These results suggest that nagilactone E exhibits an antifungal activity 

against S. cerevisiae by depending on cell wall fragility via the inhibition of (1, 3)-β-

glucan biosynthesis. Additionally, we confirmed nagilactone E-induced morphological 

changes of a human pathogenic fungus Aspergillus fumigatus. Therefore, nagilactone E 

is a potential antifungal drug candidate with fewer adverse effects. 

Key words: antifungal, Aspergillus fumigatus, (1, 3)-β-glucan, nagilactone E, 

Saccharomyces cerevisiae 

Abbreviations: amphotericin B (AmB), polyethylene glycol tert-octylphenyl ether 

(Triton X-100), micafungin (MCFG), minimum growth inhibitory concentration (MIC), 

malt extract (ME), colony forming unit (CFU). 
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1. Introduction 

Novel antifungal drugs with new modes of action are urgently required owing to 

an increase in opportunistic fungal infections in immunocompromised patients and the 

elderly [1]. Current targets of antifungals are limited to the functions and structures unique 

to fungi; for example, ergosterol, the cell wall and cytosine deaminase. Polyene macrolide 

antifungals typified by amphotericin B (AmB) directly bind ergosterol in the plasma 

membrane to form pores in the membrane [2]. These drugs have excellent antifungal 

potencies but can cause nephropathy. Azole antifungals such as miconazole, fluconazole, 

and itraconazole inhibit ergosterol biosynthesis [3]. However, clinical isolates have been 

reported to show resistance to azoles [4]. The most recently developed echinocandins, 

including micafungin, anidulafungin, and caspofungin, inhibit (1, 3)-β-glucan synthase, 

thereby weakening the fungal cell wall [5]. As the structure and biosynthesis of fungal 

cell wall are unique to fungi, it is an excellent target for the development of antifungal 

drugs [6, 7]. 

Nagilactones are norditerpene dilactones isolated from the root bark of Podocarpus 

nagi, an evergreen tree belonging to Podocarpaceae that grows mainly in western Japan. 

They exhibit biological activities such as plant growth inhibitory and antiherbivory effects 

[8, 9]. Among them, nagilactones C, D, and F show insect-feeding-deterrent activities 
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[10]. Nagilactone C also showed insecticidal [11] and potent antitumor activities [12]. In 

contrast, nagilactone E (Fig. 1) has been reported to show antifungal activities against a 

nonpathogenic budding yeast Saccharomyces cerevisiae and two human opportunistic 

fungal pathogens, Candida albicans and Pityrosporum ovale [13] in addition to potent 

cytotoxic activities against P388 murine leukemia cells [14]. The antifungal activity of 

nagilactone E is weaker than that of antifungal drugs on the market, but nagilactone E 

enhances the antifungal activity of phenylpropanoids such as anethole and isosafrole 

against S. cerevisiae and C. albicans [13, 15]. Thus, nagilactone E combined with other 

drugs has potential for clinical application with less severe adverse effects.  

The antifungal mechanisms of nagilactone E itself have not yet been reported. 

Concerning synergistic effects in combination of drugs, the action mode of one drug is 

prominently enhanced by another drug, which restricts drug resistance [16, 17]. In the 

case of nagilactone E, such a phenomenon possibly occurs. Therefore, to gain insight into 

the pharmacological application of nagilactone E with less severe adverse effects in 

combination with other drugs, analyzing the action mechanisms of nagilactone E alone is 

expected to provide beneficial cues. Herein, we investigated the antifungal mechanism of 

nagilactone E against S. cerevisiae, which is a model fungus, based on cell viability, 

changes in cell morphology, visualization of (1, 3)-β-glucan, and (1, 3)-β-glucan synthase 
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activity. In addition, we examined the effect of nagilactone E on a human pathogenic 

fungus Aspergillus fumigatus and its morphology.  

 

2. Materials and methods 

 

2.1 Chemicals 

Nagilactone E was from laboratory stock [13]. AmB was purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Polyethylene glycol tert-octylphenyl ether (Triton X-100) was 

obtained from Alfa Aesar (Lancashire, UK). Micafungin (MCFG) was a gift from 

Astellas Pharma Inc. (Tokyo, Japan). The drugs were dissolved in dimethyl sulfoxide 

(DMSO) prior to the following experiments. All other chemicals used were of analytical 

grade. 

 

2.2 Measurement of cell growth and viability 

The parent strain of S. cerevisiae BY4741 was obtained from the Yeast Knock Out 

Strain Collection (Thermo Scientific Open Biosystems, Waltham, MA, USA). The yeast 

cells were grown overnight at 30 ºC with vigorous shaking in YPD medium consisting 
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of 1% Bacto-yeast extract (Difco Laboratories, Detroit, MI, USA), 2% Bacto-peptone 

(Difco Laboratories), and 2% D-glucose prior to experiments unless stated otherwise. 

 A wild-type strain Aspergillus fumigatus NBRC 5840 was obtained from the 

Biological Resource Center, NITE (Tokyo, Japan). The fungus was maintained on 2.5% 

malt extract (ME; Oriental Yeast Co., Ltd, Tokyo, Japan) agar plates.  

The in vitro minimum growth inhibitory concentration (MIC) of nagilactone E 

against S. cerevisiae was determined by the two-fold broth dilution method described 

previously [18]. Cells were harvested, washed with 2.5% malt extract (ME; Oriental 

Yeast Co., Ltd, Tokyo, Japan) medium, diluted to 1 × 106 cells/mL in the same medium, 

and then incubated with various concentrations of nagilactone E at 30 ºC for 24 h in a 

96-well plate (the final volume of cell suspension at 100 µL). The MIC of nagilactone E 

was determined as the lowest concentration in which no visible growth was observed. 

All assays were repeated at least three times. 

The in vitro MIC of nagilactone E against A. fumigatus was determined as 

described above except that the fungus was directly suspended at 1 × 106 germinated 

spores/mL in ME medium prior to the MIC assay. 

For time-kill assay, the yeast cells were diluted to 1 × 107 cells/mL in ME medium 

containing 0, 100, or 200 μg/mL nagilactone E. Cell suspensions were incubated with 
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vigorous shaking at 30 ºC. Aliquots were withdrawn from the suspensions and then spread 

on YPD plates. The cell viability was determined as the number of colony forming units 

(CFUs). Data are means ± standard deviations of triplicate experiments. 

 

2.3 Leakage of potassium ions and 260 nm-absorbing materials 

The S. cerevisiae cells cultured overnight in YPD medium were harvested by 

centrifugation and washed with 50 mM sodium succinate buffer (S-buffer, pH 6.0). The 

yeast cells were then suspended at a cell density of 1 × 108 cells/mL in S-buffer containing 

0, 100, or 200 μg/mL nagilactone E. Cell suspensions were incubated with vigorous 

shaking at 30 ºC. The supernatants obtained after removal of the cells by centrifugation 

were used to quantify K+ ions released from the cells. The quantification was performed 

with a K+ ion assay kit based on the tetraphenylborate method [19, 20]. The supernatants 

were also used to measure leakage of 260-nm-absorbing materials as an index of 

nonspecific plasma membrane disruption, which represents the leakage of intracellular 

nucleosides, nucleotides, and other related compounds with absorption optima at around 

260 nm [20, 21]. AmB and Triton X-100 were used as positive controls of agents causing 

leakage of intracellular potassium ions and 260 nm-absorbing materials, respectively. 

Finally, the cell viability in S-buffer was also determined as CFUs after a 72-h incubation. 
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Data are means ± standard deviations of triplicate experiments. 

 

2.4 Cell wall chitin staining with calcofluor white 

Cell wall chitin staining with calcofluor white was performed according to the methods 

of Yutani et al. [22] with slight modifications. The cells of S. cerevisiae BY4741 (107 

cells/mL) were incubated with 0 and 200 μg/mL nagilactone E at 30ºC with vigorous 

shaking for 72 h. The cells were washed with deionized water and then incubated in 

deionized water at 25 ºC for 1 h. Calcofluor white (Sigma-Aldrich) at 1 mg/mL was added 

to the cell suspension. After incubation at 25 ºC for 5 min in the dark, chitin was visualized 

using a fluorescence microscope (excitation wavelength, 330 nm; emission wavelength, 

385 nm). 

 

2.5 Cell wall glucan staining with aniline blue dye 

The cells of S. cerevisiae BY4741 (107 cells/mL) were incubated with vigorous shaking 

in ME medium containing 0 and 200 μg/ml nagilactone E at 30ºC for 72 h. The cells 

were washed with deionized water and then incubated in deionized water at 25 ºC for 1 

h. Aniline blue dye (Wako Pure Chemicals Industries, Osaka, Japan) at 5 mg/mL was 

added to the cell suspension. After incubation at room temperature for 5 min in the dark, 
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(1, 3)-β-glucan of cell wall was visualized using a fluorescence microscope (excitation 

wavelength, 330 nm; emission wavelength, 385 nm). 

 

2.6 Antifungal assay under hyperosmotic conditions 

An antifungal assay under hyperosmotic conditions using sorbitol was performed 

according to the methods of Frost et al. [23] with slight modifications. Briefly, cells 

were suspended to 5 × 105 cells/mL in yeast nitrogen base (Difco Laboratories) 

containing 0.67% glucose, 3 mM leucine, 12 mM adenine, and 0.67 mM uracil. Sorbitol 

at 0.8 M was further added to the medium as an osmotic support. The culture was then 

incubated in the presence of various concentrations of nagilactone E at 30 ºC for 2 and 7 

days in a 48-well plate (the final volume at 500 µl) prior to MIC determination in 

treatment with or without 0.8 M sorbitol. All assays were repeated at least three times. 

 

2.7 Preparation of membrane fractions and assay for (1, 3)-β-glucan synthase 

An assay for (1, 3)-β-glucan synthase in S. cerevisiae cells was performed according to 

the methods of Shedletzky et al. [24] and Mizuhara et al. [25] with slight modifications. 

Briefly, S. cerevisiae BY4741 cells were grown at 30 ºC in YPD medium until mid-log 

phase. Exponentially growing cells were harvested and washed with a breakage buffer 
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(50 mM Tris/HCl (pH 7.5) with 1 mM EGTA). Dithiothreitol at 4 mM (Wako Pure 

Chemicals Industries) and 1.0% (v/v) of a protease inhibitor cocktail for fungi (Sigma-

Aldrich) were added to the suspension. The cells were broken by 12 cycles of 10 sec with 

0.5-mm acid-washed glass beads using a bead beater (Bio Medical Science, Tokyo, Japan). 

The crude homogenate was centrifuged at 3,000 × g at 4 ºC for 10 min, and the supernatant 

containing microsomes and membranes was gathered by centrifugation at 100,000 × g at 

4 ºC for 1 h. The pellet was resuspended in 1 mL of the breakage buffer, which contained 

33% (v/v) glycerol and 0.25% (v/v) of the protease inhibitor cocktail, and then stored at 

-80ºC as enzyme solutions until assay. Protein concentration was determined using the 

Bradford reagent (Sigma-Aldrich), and the protein content of the membrane fraction was 

approximately 1.12 mg/mL. 

For (1, 3)-β-glucan synthase assay, 90 μL of enzyme solutions was mixed with 78 

μL of Tris/HCl solution (50 mM Tris/HCl (pH 7.5), 8 mM EDTA-2Na, 4.3% (v/v) Tween 

20, 16.5% (v/v) glycerol), 10 μL of breakage buffer, 2 μL of 0.25 M GTP, and 20 μL of 

0.2 M UDP-glucose. After the addition of 2 μL drug solutions (0, 100, and 200 μg/mL 

nagilactone E, 10 μM MCFG as a positive control) to each sample, all the reaction 

mixtures were incubated for 30 min at 30 ºC and stopped by adding 40 μL of 6 M NaOH. 

Newly formed glucans were solubilized by incubating the reaction samples at 80 ºC for 



11 
 

30 min. Next, the samples were added to 840 μL of aniline blue solution (40:21:119 of 

0.2% aniline blue, 1 M HCl, and glycine/NaOH buffer (7:3 of 1 M glycine:1 M NaOH)). 

The reaction mixtures were further incubated at 50 ºC for 30 min and at 25 ºC in the dark 

for 30 min. Fluorescence derived from the glucan–aniline blue complex was quantified 

(excitation wavelength, 400 nm; emission wavelength, 460 nm) using the F-7000 

fluorescence spectrophotometer (Hitachi, Tokyo, Japan). The data are means ± standard 

deviations of triplicate experiments. 

 

2.8 Statistical methods 

Statistical evaluation was performed using Student’s t-test; P < 0.05 indicated significance. 

 

3 Results 

 

3.1 Effects of nagilactone E on cell viability 

MIC of nagilactone E was 25 μg/mL against S. cerevisiae. Moreover, cell viability was 

estimated based on CFU in cells treated with or without nagilactone E. As shown in Fig. 

2, cell viability significantly and gradually reduced over the time course of drug exposure, 

indicating the weak fungicidal effect of nagilactone E. Fungicidal action possibly depends 
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on disruption of the plasma membrane and/or cell wall, which are involved in 

maintenance of the fungal cell architecture, rather than metabolism such as protein 

synthesis, which is essential for vegetative proliferation [20]. However, when the S. 

cerevisiae cells were treated with 100 μg/mL of nagilactone E, cell viability was slightly 

restored after 48-h drug exposure. This possibly indicates the mobilization of the drug-

resistance mechanism. 

 

3.2 Effect of nagilactone E on plasma membrane permeability 

We measured leakage of intracellular potassium ions and 260 nm-absorbing materials 

from the yeast cells treated with or without nagilactone E in comparison with AmB- and 

Triton X-100-treated cells as positive controls of membrane-disordering agents. AmB 

induces the K+ ion efflux from cells by forming the corresponding ion channel across the 

plasma membrane (Figure 3a) [26, 27]. Triton X-100 induces rapid solubilization of 

phospholipids, resulting in a highly disordered spatial arrangement of phospholipids 

owing to the intramembrane assembly of the surfactant [20]. K+ ion efflux was not 

observed in the cells treated with nagilactone E even at 200 μg/ml after drug exposure for 

at least 4 h (Fig. 3a). In addition, the leakage of 260 nm-absorbing materials was not 

observed after drug exposure for 4 or 72 h (Fig. 3b). Although cell viability was reduced 
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in ME medium for such drug exposure (Fig. 2), cell viability was maintained at the control 

level when the cells were incubated in S-buffer, lacking energy sources (Fig. 3c). These 

results suggest that nagilactone E did not induce rapid plasma membrane-disruptive 

damage, unlike AmB and Triton X-100. 

 

3.3 Effect of hyperosmotic conditions on the antifungal activity of nagilactone E 

The presence of osmotic stabilizers such as sorbitol could restore cell proliferation 

following impairment of the cell wall by antifungal agents [23]. To analyze whether 

nagilactone E affects the fungal cell wall, the MIC of nagilactone E against S. cerevisiae 

cells was also determined under hyperosmotic conditions such as 0.8 M sorbitol. As 

shown in Table 1, the MIC of nagilactone E against S. cerevisiae cells in the presence of 

sorbitol increased by two-fold compared with that in the absence of sorbitol after drug 

exposure for not 2 but 7 days. This indicated the possibility of nagilactone E-induced 

fragility of fungal cell wall. 

 

3.4 Effect of nagilactone E on chitin distribution in cell wall 

Chitin is considered a relatively minor component (only 1–2% of the yeast cell by dry 

weight), yet structurally important [28]. In yeasts, chitin is localized at the bud tip during 
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polarized growth and the bud neck during cytokinesis [6]. Calcofluor white binds chitin 

and cellulose and is therefore used to visualize the cell walls of fungi and other 

microorganisms. As shown in Fig. 4a, calcofluor white-positive regions were not altered 

in the presence or absence of nagilactone E. These results indicated that nagilactone E did 

not affect the localization and biosynthesis of chitin. 

 

3.5 Effect of nagilactone E on glucan distribution in cell wall 

Glucan is the major structural component of the fungal cell wall, constituting 

approximately 50–60% of the wall by dry weight [6, 29]. Aniline blue dye specifically 

binds to glucan and is frequently used to visualize glucan of the fungal cell wall [24]. 

After cultivation with or without nagilactone E for 72 h, the cells were washed twice with 

deionized water. The washed cells stained with aniline blue dye were observed under 

fluorescence microscopy. The envelopes of control cells were stained uniformly, 

indicating that aniline blue-positive material, namely glucan, was localized only in the 

thick cell wall (Fig. 4b). The surfaces of nagilactone E-treated cells were not stained 

uniformly and intensely (Fig. 4b). Aniline blue-concentrated or -positive regions were 

also observed in the cytoplasm of treated cells, and materials leaked from cytoplasm were 

recognized under phase contrast microscopy (Fig. 4b, Phase contrast). These results 
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probably indicated that aberration in the cell walls and the succeeding physically 

disruption of cells were caused by fragile cell walls under hypoosmotic conditions. 

 

3.6 Effect of nagilactone E on (1, 3)-β-glucan synthase 

The increased MIC value of nagilactone E was observed under hyperosmotic conditions 

(Table 1). In addition, a change in materials stained with aniline blue dye was detected in 

the cells treated with nagilactone E (Fig. 4b). These results implied that one of the possible 

targets of nagilactone E was the cell wall in S. cerevisiae cells. Therefore, we examined 

whether nagilactone E inhibits the (1, 3)-β-glucan synthase of S. cerevisiae cells in an in 

vitro assay using membrane fractions derived from the cells as the enzyme sources and 

UDP-glucose as a substrate. As shown in Fig. 4c, 10 µM MCFG, as a potent inhibitor of 

(1, 3)-β-glucan synthase [30], expectedly restricted the newly synthesized amounts of (1, 

3)-β-glucan by 64% in the membrane fractions. On the other hand, the amounts of (1, 3)-

β-glucan decreased by 21% and 30% in the membrane fractions treated with 100 and 200 

µg/mL nagilactone E, respectively, as compared with that in cells treated without 

nagilactone E (Fig. 4c). These results indicate that the fragility of the cell wall could be 

partly explained by inhibition of the (1, 3)-β-glucan synthase.  
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3.7 Effect of nagilactone E on human pathogenic fungus A. fumigatus 

The fibrillar core of the A. fumigatus cell wall is composed of a branched β-(1,3)-glucan 

(with less than 4% of β-(1,6)-branch points) [31, 32] like as S. cerevisiae. Therefore, 

nagilactone E possibly shows an antifungal activity accompanying morphological 

changes of the hyphae. The MIC of nagilactone E was 50 μg/mL against A. fumigatus. 

Figure 5 indicates the hyphae treated with or without 200 μg/mL nagilactone E. In the 

treatment with the nagilactone E, the hyphae themselves and the tips of the hyphae were 

significantly swollen as compared with the hyphae treated without the drug probably 

indicating the fragility of the cell wall. 

 

4 Discussion 

Nagilactone E shows antifungal activities against nonpathogenic S. cerevisiae and 

human pathogenic C. albicans and P. ovale [13]. However, the detailed antifungal 

mechanisms of nagilactone E have not yet been elucidated. To investigate the mechanisms, 

S. cerevisiae was used as a test organism in this study. Cell viability in ME medium was 

significantly and gradually reduced over the time course of drug exposure (Fig. 2). 

Additionally, a decrease in cell turbidity was observed in exponentially growing cells of 

a nagilactone E-hypersensitive strain (data not shown), which lacks the 13 genes of major 



17 
 

multidrug pumps [33], indicating nagilactone E-induced cell lysis. However, in S-buffer, 

lacking energy sources, cell viability was maintained in cells treated with nagilactone E 

until 72-h drug exposure (Fig. 3c). These results indicate that nagilactone E only acted on 

yeast cells during proliferation. These phenomena were frequently observed in the case 

of cell wall-affecting antifungal drugs including mainly echinocandins [22, 25]. 

AmB induces K+ leakage from fungal cells via K+-specific pore formation because 

of direct interaction between AmB and ergosterol [34]. The conventionally used nonionic 

surfactant Triton X-100 induces leakage of 260 nm-absorbing materials including mainly 

nucleotides from cells due to non-specific disruption or solubilization of the plasma 

membrane phospholipids [22]. In addition, such membrane-affecting drugs often induce 

rapid lethality after drug exposure [35, 36]. Nagilactone E did not induce the leakage of 

K+ ions and 260-nm-absorbing materials (Fig. 3) and induced slower lethality than that 

of typical agents causing membrane injury, indicating that the primary action of 

nagilactone E was not membrane disruption.  

Phenomena such as the burst of cell walls and leakage of cytoplasmic constituents 

were observed when the yeast cells treated with nagilactone E were washed with a 

hypoosmotic solvent such as deionized water (Fig. 4b), indicating the fragility of cell 

walls induced by this compound. Hyperosmotic conditions such as 0.8 M sorbitol 
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weakened the antifungal effect of nagilactone E (Table 1). Therefore, nagilactone E 

probably affects a metabolic pathway associated with the cell wall. Mammalian cells do 

not contain the structure of fungal cell walls. Thus, the cell walls are considered a highly 

selective target of antifungal drugs [6, 7]. In fact, echinocandins, including MCFG, 

showing fewer adverse effects in humans were developed as specific inhibitors of fungal 

glucan synthase in human pathogenic C. albicans and Aspergillus spp. [30].  

A primary constituent of the fungal cell wall, (1, 3)-β-glucan, which consists long 

linear chains of (1, 3)-β-linked glucose, is synthesized from UDP-glucose via the addition 

of monomeric glucose by the membrane embedded protein complex (1, 3)-β-glucan 

synthase [31]. The uniform thickness of cell walls observed in non-treated cells 

disappeared in nagilactone E-treated cells (Fig. 4), indicating the possibility of an effect 

of nagilactone E on glucan biosynthesis. We also confirmed nagilactone E-induced 

morphological changes against A. fumigatus (Fig. 5) supporting the effect of nagilactone 

E on the fungal cell wall, especially (1, 3)-β-glucan. The amount of newly synthesized (1, 

3)-β-glucan in membrane fractions significantly and dose-dependently decreased in 

nagilactone E-treated cells (Fig. 4c). The inhibition of glucan production would probably 

depend on the inhibition of (1, 3)-β-glucan synthase by nagilactone E, thereby inducing 

morphological alterations of the cell wall of S. cerevisiae. Therefore, the antifungal 



19 
 

activity of nagilactone E could be partly explained by the inhibition of glucan production. 

However, the inhibition of glucan biosynthesis caused by nagilactone E was weaker than 

the inhibition caused by MCFG (Fig. 4c). This might be explained by the time required 

for nagilactone E to induce lethality in S. cerevisiae (Fig. 2).  

Cell wall glucan exists not only in S. cerevisiae but also in C. albicans and 

Aspergillus spp. [7], which are opportunistic fungal pathogens that cause candidiasis and 

aspergillosis, respectively, in immunocompromised patients. As glucan is unique to the 

fungi, it is one of the most attractive targets of antifungals with fewer adverse effects. The 

antifungal activity of nagilactone E might be relatively weaker than that of antibiotics 

currently on the market. However, nagilactone E in combination with other antifungals, 

e.g., anethole [13], would probably show a synergistic antifungal effect, indicating that 

nagilactone E may contribute to the development of drugs against mycosis.  

Other antifungal norditerpene dilactones, momilactones A and B, are 

allelochemicals produced by the roots of rice in response to infection by a blast fungus 

Pyricularia oryzae [37, 38]. Although, the induction of nagilactone’s production has not 

been reported by phytopathogenic fungal infections, nagilactones E and F were mainly 

contained in the root bark of P. nagi [39]. Therefore, nagilactone E possibly involves plant 

defense response against invasion of fungal pathogens into at least the roots in addition 
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to the case of momilactones. 
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Fig. 1. The structure of nagilactone E. 
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Fig. 2. Effects of nagilactone E on the cell viability of S. cerevisiae BY4741 cells. The 

cells (1×107 cells/mL) of S. cerevisiae BY4741 were incubated at 30 ºC in 2.5% ME broth 

with 0 (circle), 100 (triangle), and 200 (square) μg/mL nagilactone E. Data are means ± 

standard deviations of triplicate experiments.  
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Fig. 3. Effects of nagilactone E on the leakage of K+ ions (a) and 260-nm-absorbing 

materials (b) from cells and on the cell viability (c) in S-buffer. The S. cerevisiae BY4741 

cells were incubated at 30 ºC in S-buffer with or without nagilactone E prior to the 

following assays. In (a), after incubation for 4 h, the leakage of K+ ions from cells was 

measured in the supernatant. Amphotericin B (AmB) was used as a positive control. In 

(b), after incubation for 4 (black) and 72 (gray) h, the leakage of 260-nm-absorbing 
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materials from cells was estimated in the supernatant. Triton X-100 was used as a positive 

control. In (c), after incubation for 72 h, the cell viability was estimated based on CFU. 

Data are means ± standard deviations of triplicate experiments, and the asterisks indicate 

significant differences. 
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Fig. 4. Visualization of chitin and glucan in cell wall and effects of nagilactone E on 

increase in fluorescence derived from aniline blue–glucan complex in membrane 

fractions of yeast cells. In (a) and (b), the cells of S. cerevisiae BY4741 were incubated 

at 30 ºC for 72 h in 2.5% ME broth with 0 and 200 μg/mL nagilactone E and then 

stained with 1 mg/mL calcofluor white (a) and 5 mg/mL aniline blue (b) for chitin and 

glucan, respectively, at 25 ºC for 5 min. The cells were observed under a phase-contrast 

(left) and a fluorescence (right) microscope with Ex: 330 nm and Em: 385 nm. Bar = 10 

μm. In (c), reaction mixtures containing isolated membrane fractions were incubated 

with nagilactone E and micafungin (MCFG; as a positive control) at 30 ºC for 30 min. 

Fluorescence derived from aniline blue bound with (1, 3)-β-glucan was measured at 

excitation/emission=400/460 nm. The fluorescence shows the amount of newly 

synthesized (1, 3)-β-glucan. Data are means ± standard deviations of triplicate 

experiments, and the asterisks indicate significant differences. 
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Fig. 5. Effect of morphology on the hyphae of A. fumigatus. The spores of A. fumigatus 

IFO5840 were germinated and then incubated at 30 ºC for 24 h in 2.5% ME broth with 

0 and 200 μg/mL nagilactone E. The hyphae were washed and then incubated in 

deionized water at 25ºC for 1 h in prior to taking microphotographs. Bar = 10 μm. 
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Table 1 

Effect of sorbitol on the MIC of nagilactone E against S. cerevisiae BY4741 

0.8 M 

Sorbitol 

MIC (g/mL) 

After 2 days After 7 days 

No addition 25 50 

Addition 25 100 

 

 


