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Abstract 18 

Filamentous fungi form multicellular hyphae, which generally form pellets in liquid 19 

shake cultures, during the vegetative growth stage. Because of these characteristics, 20 

growth-monitoring methods commonly used in bacteria and yeast have not been applied 21 

to filamentous fungi. We have recently revealed that the cell wall polysaccharide 22 

α-1,3-glucan and extracellular polysaccharide galactosaminogalactan (GAG) contribute 23 

to hyphal aggregation in Aspergillus oryzae. Here, we tested whether Aspergillus 24 

fumigatus shows dispersed growth in liquid media that can be quantitatively monitored, 25 

similar to that of yeasts. We constructed a double disruptant mutant of both the primary 26 

α-1,3-glucan synthase gene ags1 and the putative GAG synthase gene gtb3 in A. 27 

fumigatus AfS35, and found that the hyphae of this mutant were fully dispersed. 28 

Although the mutant completely lost α-1,3-glucan and GAG, its growth and 29 

susceptibility to antifungal agents were not significantly different from those of the 30 

parental strain. Biomass of the mutant in shake-flask cultures was proportional to 31 

optical density for at least 18 h. We were also able to quantify the dose response of 32 

hyphal growth to antifungal agents by measuring optical density. Overall, here we 33 

established a convenient strategy to monitor A. fumigatus hyphal growth. Our method 34 

can be directly used for screening for novel antifungals against Aspergillus species. 35 

36 
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Introduction 37 

Growth of bacteria or yeast can be easily quantified and their cultures can be used for 38 

susceptibility testing. However, because filamentous fungi form mycelia, limited 39 

methods have been developed to monitor their growth. Conventionally, growth of 40 

filamentous fungi has been assessed by measuring dry or wet biomass (1). The former 41 

approach is very accurate but time consuming because it requires tens of milligrams of 42 

dried fungi (1). The latter approach is fast, but results in considerable variation for 43 

samples of the same dry weight (1). To precisely quantify fungal mass, several direct or 44 

indirect measurement methods have been developed. The mass of fungi grown in wood 45 

is quantified by chitin content (2). The amount of ergosterol, a unique component of 46 

fungal cells, is also useful (3, 4). Quantitative PCR can be used to quantify fungal cells 47 

in soil and infected hosts. Banerjee et al. have measured turbidity of ground hyphal cells 48 

(5). A method for measurement of fluorescence of formazan produced by living cells 49 

from 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-tetrazolium-5-carboxanilide (XTT) has 50 

been developed (6). Recently, several methods based on image analysis have been 51 

reported (7-10). 52 

In filamentous fungi, the surface structure differs between conidia and hyphae. 53 

The outer layer of conidia, termed the rodlet layer, is composed of polymerized 54 
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hydrophobin (11, 12) and is underlaid by melanin (13). Below the melanin is the cell 55 

wall composed mainly of polysaccharides, i.e. glucan, chitin, and mannan (13, 14). 56 

When hyphae extend from conidia, the polysaccharide layer is exposed to the surface, 57 

and the structure of the polysaccharide network is continuously modified (15). In 58 

Aspergillus species, hyphae have α-glucan in the outermost layer, which covers the 59 

β-1,3-glucan and chitin layers (16). In the hyphal growth stage, filamentous fungi 60 

secrete extracellular matrix (ECM) composed mainly of polysaccharides, proteins, and 61 

lipids (13, 17). In Aspergillus species, the main ECM polysaccharides are 62 

galactosaminogalactan (GAG), α-glucan, and galactomannan (18). 63 

In shake-flask cultures, extended hyphae of filamentous fungi sometimes form 64 

pellets, which compromise the accuracy of growth monitoring. During hyphal growth, 65 

specific interactions of conidial wall components have been thought to be the primary 66 

cause of aggregation (19, 20), but the specific component has been revealed only 67 

recently. Fontaine et al. have reported that α-1,3-glucan directly contributes to 68 

aggregation of germinating conidia in Aspergillus fumigatus (21). We have reported that 69 

α-1,3-glucan is an adhesive factor for hyphae in the model fungus Aspergillus nidulans 70 

and the industrial fungus Aspergillus oryzae (22-24). He et al. have also reported 71 

α-1,3-glucan as a hyphal adhesive factor in A. nidulans (25). We have revealed that 72 
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GAG contributes to hyphal aggregation in A. oryzae, and that the hyphae of a strain 73 

deficient in both α-1,3-glucan and GAG are dispersed in shake-flask cultures (26). In 74 

the present study, we studied aggregation of A. fumigatus, a conditional pathogen of 75 

medical importance. We constructed a double disruptant of ags1 and gtb3, which 76 

encode putative primary α-1,3-glucan and GAG synthases, respectively, in A. fumigatus, 77 

and observed that the hyphae of the mutant were dispersed. We monitored the growth of 78 

the mutant by measuring optical density at 600 nm (OD600) and assessed whether the 79 

value of OD600 is directly proportional to the biomass. We compared MICs determined 80 

by OD600 measurements and by the standard Clinical and Laboratory Standards Institute 81 

(CLSI) antifungal susceptibility testing. 82 

  83 
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Materials and Methods 84 

Strains and growth media 85 

Strains used in this study are listed in Table 1. The nonhomologous end-joining 86 

deficient strain of A. fumigatus, AfS35, was used for all genetic manipulations (27). 87 

Aspergillus minimal medium (AMM) (28) was used for harvesting conidia and liquid 88 

cultivation of A. fumigatus strains. Czapek–Dox (CD) medium (Becton Dickinson and 89 

Company, Sparks, NV, USA) was used for transformation of A. fumigatus. YG medium 90 

(29) was used for liquid cultivation in some experiments. RPMI 1640 buffered with 91 

morpholinepropanesulfonic acid (MOPS; 0.165 M; pH 7.0) was used for shake-flask 92 

and plate cultures to evaluate susceptibility to antifungal agents. 93 

 94 

Construction of plasmids and strains 95 

The sequences of all primers are listed in Table S1. Transformation of A. fumigatus was 96 

performed as described previously (30) with some modifications. Briefly, conidia were 97 

inoculated into YG medium (10 mL) and incubated at 37°C with shaking at 150 rpm. 98 

Conidial suspension was mixed with 10 mL of KCl–citric acid solution (1.1 M KCl, 100 99 

mM potassium citrate buffer, pH 5.8) containing 0.4 g of VinoTaste Pro (Novozymes, 100 

Bagsværd, Denmark) and incubated for 1 h at 30°C with gentle shaking. Generated 101 
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protoplasts were transformed with 2–5 µg of DNA cassettes, plated onto CD medium 102 

supplemented with 1 M sucrose, and incubated for 15 h at 37°C. Then CD medium 103 

containing 0.35% Bacto Agar and 400 µg/mL hygromycin was overlaid onto the CD 104 

plate. 105 

 106 

Construction of the Δags1 strain: The first round of PCR amplified gene fragments 107 

containing the 5′ non-coding region (amplicon 1) and the coding region (amplicon 2) of 108 

ags1 from AfS35 genomic DNA, and the hph gene (amplicon 3) from pSK397 (27) (Fig. 109 

S1A). Amplicon 1 was amplified with primers Afags1-LU and Afags1-LL, amplicon 2 110 

with primers Afags1-RU and Afags1-RL, and amplicon 3 with primers 397-5 and 397-3. 111 

The three resulting PCR products were gel-purified and fused into a disruption cassette 112 

in the second round of PCR. The resulting PCR product was gel-purified and 113 

transformed into the AfS35 strain (Fig. S1B). Replacement of the ags1 gene was 114 

confirmed by PCR (Fig. S1C). 115 

 116 

Construction of the Δags1 (loxP) strain: The ags1 gene was disrupted by using the 117 

Cre/loxP marker recycling system (31). The plasmid pAH-Cre was first constructed (Fig. 118 

S2A) as follows. The hph marker (amplicon 1) was amplified from pSK397. A fragment 119 
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containing the lox71, xynG2 promoter (PxynG2), and Cre (amplicon 2) was amplified 120 

from the plasmid pAAG-Cre (31). A fragment containing ampR and ori (amplicon 3) 121 

was amplified from pUC19. Amplicon 1 was amplified with primers IF1-lox66-hph-Fw 122 

and 397-5, amplicon 2 with primers IF2-PxynG2-Fw and IF2-lox71-TagdA-Rv, and 123 

amplicon 3 with primers IF3-lox71-pUC19 and IF3-lox66-pUC19. The three amplicons 124 

were fused by using a NEBuilder HiFi DNA Assembly kit (New England Biolabs, 125 

Ipswich, MA, USA). The pAH-Cre plasmid was used as a template for PCR with 126 

primers M13-47 and RV-M, resulting in amplicon C. PCR was performed to amplify 127 

gene fragments containing the 5′ non-coding region (amplicon L) and the coding region 128 

(amplicon R) of ags1 from AfS35 genomic DNA. Amplicon L was amplified with 129 

primers Afags1-LU and Afags1-LL-M13, and amplicon R with primers 130 

Afags1-RU-M13 and Afags1-RL. Amplicons C, L, and R were gel-purified and fused 131 

into a disruption cassette by PCR (Fig. S2B). The resulting PCR product was 132 

gel-purified and transformed into the AfS35 strain (Fig. S2C). Candidate strains were 133 

selected on AMM medium containing 400 µg/mL hygromycin and then cultured on 134 

AMM medium without hygromycin containing 1% xylose to induce Cre expression (Fig. 135 

S2C). Strains sensitive to hygromycin were isolated by culture on AMM plates with or 136 

without hygromycin. Replacement of the ags1 gene was confirmed by PCR (Fig. S2D).  137 
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 138 

Disruption of the gtb3 gene to generate single (Δgtb3) and double (Δags1Δgtb3) 139 

mutants: The first round of PCR amplified gene fragments containing the 5′ non-coding 140 

region (amplicon 1) and the coding region (amplicon 2) of gtb3 from AfS35 genomic 141 

DNA, and the hph gene (amplicon 3) from pSK397 (Fig. S3A). Amplicon 1 was 142 

amplified with primers Afgtb3-LU and Afgtb3-LL, amplicon 2 with primers Afgtb3-RU 143 

and Afgtb3-RL, and amplicon 3 with primers 397-5 and 397-3. The three resulting PCR 144 

products were gel-purified and fused into a disruption cassette in the second round of 145 

PCR. The resulting PCR product was gel-purified and transformed into the AfS35 strain 146 

to generate Δgtb3 or into the Δags1 (loxP) strain to generate Δags1Δgtb3 (Fig. S3B). 147 

Replacement of the gtb3 gene was confirmed by PCR (Fig. S3C). 148 

 149 

Biofilm visualization 150 

Conidia (final concentration, 1 × 106/mL) of the AfS35, Δags1, Δgtb3, and Δags1Δgtb3 151 

strains were inoculated into 1 mL of AMM medium in a polystyrene 24-well plate and 152 

incubated for 24 h at 37°C. Culture medium was removed, the plate was washed twice 153 

with PBS, and 0.5 mL of 0.5% (w/v) crystal violet solution was added. The plate was 154 

incubated at room temperature for 5 min. Excess stain was removed, and the plate was 155 
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washed twice with water. The biofilm was imaged with a flatbed scanner (GT-X970; 156 

Seiko Epson Corp., Nagano, Japan). 157 

 158 

Determination of cell wall components 159 

Mycelia were cultured for 24 h in AMM medium, collected by filtering through 160 

Miracloth (Merck Millipore, Darmstadt, Germany), washed twice with water, and 161 

freeze-dried. Cell wall components were fractionated as described previously with some 162 

modifications (22). The mycelia were ground with a mortar and pestle, and the powder 163 

(1 g) was suspended in 40 mL of 0.1 M sodium phosphate buffer (pH 7.0). The mycelial 164 

suspension was autoclaved at 121°C for 60 min and centrifuged at 10,000 × g for 10 165 

min. The supernatant was retained, and the pellet was resuspended in 40 mL of 0.1 M 166 

phosphate buffer (pH 7.0), autoclaved, and centrifuged again at 10,000 × g for 10 min. 167 

The supernatants from the first two centrifugations were combined, dialyzed against 168 

water, and lyophilized, resulting in the hot-water soluble (HW) fraction. The pellet was 169 

suspended in 50 mL of 0.1 M NaOH for 6 h at 4°C. The suspension was centrifuged at 170 

10,000 × g for 10 min, and the pellet was suspended in 50 mL of 0.1 M NaOH and 171 

centrifuged again at 10,000 × g for 10 min. The supernatant was designated as the 172 

diluted-alkali-soluble fraction. The pellet was suspended in 50 mL of 2 M NaOH for 24 173 
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h at 4°C and centrifuged as above. The supernatant and the pellet were designated as the 174 

alkali-soluble (AS) and alkali-insoluble (AI) fractions, respectively. These fractions 175 

were neutralized with acetic acid, dialyzed against water, and the AS fraction was 176 

centrifuged. The supernatant was designated as AS1, and the precipitate as AS2. All the 177 

fractions were freeze-dried and weighed. Monosaccharide composition of the HW, AS2, 178 

and AI fractions was quantified according to Yoshimi et al. (22). 179 

 180 

In vitro antifungal susceptibility testing 181 

MICs and Minimal effective concentrations (MECs) of AfS35 and Δags1Δgtb3 strains 182 

against micafungin (MCFG), caspofungin (CPFG), amphotericin B (AMB), flucytosine 183 

(5FC), fluconazole (FLC), itraconazole (ITC), voriconazole (VRC), and miconazole 184 

(MCZ) were evaluated using Frozen Plate for Antifungal Susceptibility Testing of 185 

Yeasts (Eiken Chemicals, Tokyo, Japan) according to the method for CLSI M38-A2 186 

(32). 187 

 188 

Measurement of optical density 189 

To measure the turbidity of conidia and mycelia in shake-flask culture, conidia (final 190 

concentration, 1.0 × 107/mL) of AfS35 or Δags1Δgtb3 strain were inoculated into 50 191 
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mL of AMM, YG, or RPMI medium in a 200-mL Erlenmeyer flask and rotated at 160 192 

rpm at 37°C. The culture broth (2 mL) was withdrawn at each sampling point, and 100 193 

µL was mixed with 100 µL of 100 mM sodium phosphate buffer (pH 7.0) containing 194 

4% paraformaldehyde in a 96-well plate. OD600 was measured in a microplate reader 195 

(Synergy LX, BioTek, Winooski, VT, USA). The morphology of conidia and mycelia 196 

was observed under an IX81 inverted fluorescence microscope (Olympus, Tokyo, 197 

Japan). 198 

To measure the turbidity of the dilution series of mycelial suspensions, conidia 199 

(final concentration, 1.0 × 107/mL) of the Δags1Δgtb3 strain were inoculated into 50 200 

mL of AMM medium in a 200-mL Erlenmeyer flask and rotated at 160 rpm at 37°C for 201 

18 h. The culture broth was filtered through Miracloth, and the mycelia were 202 

resuspended in 10 mL of water; 5 mL of the suspension was mixed with 5 mL of water 203 

(2-fold dilution). By repeating this procedure, the dilution series were prepared; 200 µL 204 

of each dilution was dispensed into 5 wells of a 96-well plate, and OD600 was measured. 205 

The remaining mycelial suspension (4 mL) was freeze-dried and weighed. 206 

 207 

Evaluation of antifungal susceptibility of the Δags1Δgtb3 strain by optical density 208 

To evaluate the susceptibility of the Δags1Δgtb3 strain to MCFG, AMB, 5FC, ITC and 209 
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VRC, conidia (final concentration, 5.0 × 106/mL) were inoculated into 500 µL of RPMI 210 

medium containing an antifungal agent in a 48-well plate and rotated at 300 rpm using 211 

MicroMixer E-36 (Taitec, Koshigaya, Japan) at 35°C for 15 h, and OD600 was measured 212 

in triplicate. Each test was performed in triplicate, and standard deviations were 213 

determined. Relative growth rate was calculated as the percentage of OD600 at each drug 214 

concentration relative to the mean OD600 in the absence of the drug. 215 

 MCFG, AMB, 5FC, ITC and VRC were prepared according to CLSI M38-A2 216 

(32). Briefly, water-insoluble AMB, VRC, and ITC were dissolved in DMSO, and then 217 

the dilution series were prepared by mixing with DMSO. Water-soluble MCFG and 5FC 218 

were dissolved in RPMI medium and the dilution series were prepared by mixing with 219 

RPMI. 220 

 221 

  222 
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Results 223 

The double disruptant of ags1 and gtb3 of A. fumigatus growth in in shake-flask 224 

culture 225 

Aspergillus fumigatus possesses three α-1,3-glucan synthase genes, ags1–3, and ags1 226 

has a primary role in α-1,3-glucan biosynthesis (33-35). Here, we constructed an ags1 227 

disrupted strain of A. fumigatus and examined its macromorphology in shake-flask 228 

culture. Hyphal pellets were smaller in the Δags1 strain than in the AfS35 strain (Fig. 229 

1A), suggesting that α-1,3-glucan contributes to hyphal aggregation in A. fumigatus; this 230 

result was consistent with the phenotypes of α-1,3-glucan-deficient strains of A. oryzae, 231 

A. nidulans, and A. niger (22, 23, 25, 36, 37). We also constructed a strain with 232 

disrupted   gtb3 gene, which encodes putative GAG synthase (38). Although the pellet 233 

morphology of the Δgtb3 strain was similar to that of AfS35 (Fig. 1A), it did not form a 234 

biofilm (Fig. S4A). To generate a double mutant, the ags1 and gtb3 genes were 235 

sequentially disrupted (Δags1Δgtb3); the hyphae of the Δags1Δgtb3 strain were 236 

completely dispersed in shake-flask culture (Fig. 1A), consistent with the A. oryzae 237 

mutant deficient in α-1,3-glucan and GAG (26). All the mutants constructed here 238 

showed similar radial growth and conidiation on agar plates (Fig. S4B). Antifungal 239 

susceptibilities of Δags1Δgtb3 and AfS35 were similar (Table 2). 240 
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To validate that the hyphal dispersion of Δags1Δgtb3 was caused by a lack of 241 

α-1,3-glucan and GAG, we analyzed the cell wall components. The AS2 fraction mainly 242 

contains α-1,3-glucan with a small amount of galactomannan, and the AI fraction 243 

contains β-1,3-glucan, chitin, and galactomannan (35, 39). The AS2 fraction from the 244 

AfS35 strain contained 5.2% of glucose (AS2-Glc), and the AI fraction contained 1.7% 245 

of glucosamine (AI-GlcN) and 7.5% of glucose (AI-Glc) (Fig. 1B). The minor 246 

components (<1% each) were galactose (AS2-Gal and AI-Gal) and mannose (AI-Man) 247 

(Fig. 1B). Galactosamine was scarcely detected in the AS2 and AI fractions from the 248 

AfS35 strain. The Δags1Δgtb3 strain contained only 0.1% of AS2-Glc, which was 249 

significantly less than in AfS35 (P < 0.05; Fig. 1B), suggesting that α-1,3-glucan was 250 

almost abolished by disruption of the ags1 gene. The HW fraction from AfS35 251 

contained 0.019% of galactosamine, whereas galactosamine was scarcely detected in the 252 

HW fraction from the Δags1Δgtb3 strain (Fig. 1C), suggesting that disruption of the 253 

gtb3 gene resulted in a complete loss of GAG. The contents of AI-GlcN, AI-Gal, AI-Glc, 254 

and AI-Man were slightly higher in the Δags1Δgtb3 strain than in AfS35 (Fig. 1B), 255 

which might be attributable to compensation of the defect in α-1,3-glucan and/or GAG 256 

in the Δags1Δgtb3 strain. 257 

 258 
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Growth of the Δags1Δgtb3 strain can be monitored by optical density at 600 nm 259 

Dispersed hyphal morphology of the Δags1Δgtb3 strain prompted us to try to monitor 260 

its growth by turbidity. Conidia of the AfS35 and Δags1Δgtb3 strains were inoculated 261 

into 50 mL of AMM liquid medium and cultured with shaking at 37°C for up to 24 h. At 262 

the indicated time points, the culture was dispensed into a 96-well plate and fixed, and 263 

OD600 was measured (Fig. 2A). Pellets became visible in AfS35 from 9 h and their size 264 

increased with time, whereas the Δags1Δgtb3 hyphae were continuously dispersed (Fig. 265 

2B). The OD600 measurements of AfS35 showed that, for example, the first and third 266 

quartiles from 12 measurements were 0.894 and 0.337, respectively, at 15 h (Fig. 2C), 267 

suggesting no correlation between apparent AfS35 growth and OD600. In the 268 

Δags1Δgtb3 strain, the first and third quartiles were 0.633 and 0.595 at 15 h (Fig. 2C), 269 

suggesting that measurement of OD600 is suitable for monitoring the growth of the 270 

mutant. The OD600 measurements seemed to be reproducible at least until 18 h in the 271 

Δags1Δgtb3 strain (Fig. 2C). Microscopic observations showed that AfS35 formed 272 

aggregates as early as during conidial swelling at 6 h, whereas pellet formation was 273 

scarce in the Δags1Δgtb3 strain up to 24 h (Fig. 2D). Although the growth rate differed 274 

in RPMI and YG media, the growth of the Δags1Δgtb3 strain could also be monitored 275 

by OD600 values (Fig. S5A, B). 276 
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To evaluate the linearity of OD600 values versus biomass, a dilution series of 277 

Δags1Δgtb3 culture was prepared, and OD600 was measured. A plot of biomass versus 278 

the reciprocal of dilution rate showed that the dilution was performed accurately (Fig. 279 

S6A). The relationship between OD600 values and the reciprocal of dilution rate was 280 

linear below OD600 = 0.75 (Fig. S6B). Using a standard curve, biomass could be 281 

determined from OD600 values (Fig. S6C). Overall, growth of the Δags1Δgtb3 strain in 282 

shake-flask culture could be easily and precisely monitored by measuring culture 283 

turbidity. 284 

 285 

Antifungal susceptibility of the Δags1Δgtb3 strain evaluated from turbidity 286 

measurements 287 

As an application of the monitoring method, we evaluated the dose response of growth 288 

to the presence of antifungal agents: AMB, 5FC, ITC, VRC, and MCFG. The 289 

Δags1Δgtb3 strain was grown in RPMI medium containing an antifungal agent for 15 h 290 

in a 48-well plate, and then OD600 was measured. Growth was repressed in the presence 291 

of the ITC and VRC in a dose-dependent manner (Fig. 3). Relative growth rate was 292 

around 10% in spite of high drug concentrations because of the presence of conidia in 293 

each well. Conidia were swollen but did not germinate in the presence of high 294 
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concentrations of the drugs (data not shown). Drug concentrations that caused 50% 295 

inhibition of growth were 0.125 µg/mL for VRC and 0.0313 µg/mL for ITC (Fig. 3). 296 

Growth was completely inhibited at 2 µg/mL of VRC and 1 µg/mL of ITC (Fig. 3), 297 

which was in agreement with MICs determined by CLSI M38-A2 (Table 2). The 298 

concentrations that caused 50% growth inhibition were 0.0625 µg/mL for AMB and 4 299 

µg/mL for 5FC (Fig. 3). Growth was completely inhibited at 0.5 µg/mL of AMB and 300 

256 µg/mL of 5FC (Fig. 3). Growth inhibition by MCFG was hard to evaluate (Fig. 3) 301 

because this drug had a limited effect in the early stage of germination. Overall, the 302 

growth of the Δags1Δgtb3 strains could be quantified by turbidity in a 48-well plate in 303 

the presence of the antifungal agents tested except for MCFG. 304 

 305 

  306 
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Discussion 307 

In the present study, we constructed a double disruptant of the ags1 and gtb3 genes, 308 

which have roles in α-1,3-glucan and GAG biosynthesis, respectively, and observed that 309 

the hyphae of the mutant were fully dispersed in shake-flask culture (Fig. 1A). Using 310 

this mutant, we accurately monitored hyphal growth by measuring turbidity for the first 311 

time in filamentous fungi (Fig. 2) and evaluated dose-dependent growth in the presence 312 

of antifungal agents (Fig. 3). 313 

Unlike in unicellular microorganisms including yeasts, the colony forming unit 314 

values in filamentous fungi cannot be determined from turbidity. Growth of filamentous 315 

fungi is conventionally monitored using methods that have limitations such as 316 

measurement of dry mass (1). The dry mass method is easy and precise, but it requires 317 

tens of milligrams of material and is time consuming (1). Because of the biomass 318 

requirement, precise quantification of cells during the early stage of germination is 319 

particularly difficult. Here, we used turbidity to quantify a limited amount of cells of a 320 

filamentous fungus. In AMM, biomass started increasing at 9–12 h and this increase 321 

flattened out at 18–24 h, and the increase per unit time (i.e., slope of the line connecting 322 

data points) was greatest at 12–15 h (Fig. 2C). 323 

Biosynthesis of GAG is thought to be regulated by a cluster of five genes (uge3, 324 
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sph3, ega3, agd3, and gtb3 in A. fumigatus) (40). Disruption of the uge3 and sph3 genes 325 

results in the absence of GAG in A. fumigatus (41, 42). The gtb3 disruptant constructed 326 

here showed no biofilm formation (Fig. S4A). GalN was hardly detected in the gtb3 327 

disruptant (Fig. 1C), suggesting that Gtb3 is essential for GAG biosynthesis. Although 328 

Gtb3 seems to be involved in synthesizing polymers of galactose and 329 

N-acetylgalactosamine from UDP-galactose and UDP-N-acetylgalactosamine (38, 43), 330 

direct biochemical evidence has not been reported. To unveil the mechanism of GAG 331 

biosynthesis, further biochemical analyses are needed. 332 

Here, we quantified the growth of A. fumigatus in the presence of antifungal 333 

agents by OD600 using the strain with dispersed hyphae. This strain could be used as a 334 

model for the high-throughput screening of antifungal compounds. However, our study 335 

has a limitation that has to use of a gene-deletion strain. The decrease in growth in the 336 

presence of an antifungal agent depended on its type, but the mutant hyphae remained 337 

dispersed in spite of the agent. These results suggest that the gene expression alteration 338 

induced by antifungal agents should be more clearly observed in the mutant than in the 339 

parental strain, which forms hyphal pellets. Genome-editing can accelerate generation 340 

of a strain that deficient in α-1,3-glucan and GAG from clinically isolated strain. Cell 341 

sorting might be used to isolate single germinating conidia of A. fumigatus that are 342 
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resistant to some antifungal agents. We believe that dispersion of cells could 343 

dramatically extend the applicability of the analytical methods for filamentous fungi. 344 

 345 

Acknowledgements 346 

This work was supported by JSPS KAKENHI Grant Numbers JP20K22773, 347 

JP20H02895, and JP20K08834. This study was partly supported by the Joint 348 

Usage/Research Program of Medical Mycology Research Center, Chiba University 349 

(20-5), and by AMED under Grant Numbers JP21fk0108135 and JP21fk0108094. 350 

  351 



22 
 

References 352 

1. Calam CT. 1969. The evaluation of mycelial growth, p 567-591. In Norris JR, Ribbons DW (ed), 353 

Methods in Microbiology, vol 1. Academic Press, Cambridge. 354 

2. Chen GC, Johnson BR. 1983. Improved colorimetric determination of cell wall chitin in wood 355 

decay fungi. Appl Environ Microbiol 46:13-16. 356 

3. Mille-Lindblom C, von Wachenfeldt E, Tranvik LJ. 2004. Ergosterol as a measure of living 357 

fungal biomass: persistence in environmental samples after fungal death. J Microbiol Methods 358 

59:253-262. 359 

4. Desgranges C, Vergoignan C, Georges M, Durand A. 1991. Biomass estimation in solid state 360 

fermentation I. Manual biochemical methods. Appl Microbiol Biotechnol 35:200-205. 361 

5. Banerjee UC, Chisti Y, Moo-Young M. 1993. Spectrophotometric determination of mycelial 362 

biomass. Biotechnol Tech 7:313-6. 363 

6. Loures FV, Levitz SM. 2015. XTT assay of antifungal activity. Bio-protocol 5:e1543. 364 

7. Wurster S, Kumaresan PR, Albert ND, Hauser PJ, Lewis RE, Kontoyiannis DP. 2019. Live 365 

monitoring and analysis of fungal growth, viability, and mycelial morphology using the 366 

IncuCyte NeuroTrack processing module. mBio 10:e00673-19. 367 

8. Cairns TC, Feurstein C, Zheng X, Zheng P, Sun J, Meyer V. 2019. A quantitative image analysis 368 

pipeline for the characterization of filamentous fungal morphologies as a tool to uncover targets 369 

for morphology engineering: a case study using aplD in Aspergillus niger. Biotechnol Biofuels 370 

12:149. 371 

9. Schmideder S, Barthel L, Friedrich T, Thalhammer M, Kovačević T, Niessen L, Meyer V, 372 

Briesen H. 2019. An X‐ray microtomography‐based method for detailed analysis of the 373 

three‐dimensional morphology of fungal pellets. Biotechnol Bioeng 116:1355-1365. 374 

10. Papagianni M. 2006. Quantification of the fractal nature of mycelial aggregation in Aspergillus 375 

niger submerged cultures. Microb Cell Fact 5:5. 376 

11. Carrion Sde J, Leal SM, Jr., Ghannoum MA, Aimanianda V, Latge JP, Pearlman E. 2013. The 377 

RodA hydrophobin on Aspergillus fumigatus spores masks dectin-1- and dectin-2-dependent 378 

responses and enhances fungal survival in vivo. J Immunol 191:2581-8. 379 

12. Terauchi Y, Tanaka T, Mitsuishi M, Yabu H, Yoshimi A, Nantani K, Abe K. 2020. Analysis of the 380 

self-assembly process of Aspergillus oryzae hydrophobin RolA by Langmuir–Blodgett method. 381 

Biosci, Biotechnol, Biochem 84:678-85. 382 

13. Gow NAR, Latge JP, Munro CA. 2017. The fungal cell wall: structure, biosynthesis, and 383 

function. Microbiol Spectr 5:FUNK-0035-2016. 384 

14. Lee MJ, Sheppard DC. 2016. Recent advances in the understanding of the Aspergillus fumigatus 385 

cell wall. Journal of Microbiology 54:232-242. 386 



23 
 

15. Riquelme M, Aguirre J, Bartnicki-Garcia S, Braus GH, Feldbrugge M, Fleig U, Hansberg W, 387 

Herrera-Estrella A, Kamper J, Kuck U, Mourino-Perez RR, Takeshita N, Fischer R. 2018. Fungal 388 

morphogenesis, from the polarized growth of hyphae to complex reproduction and infection 389 

structures. Microbiol Mol Biol Rev 82:e00068-17. 390 

16. Yoshimi A, Miyazawa K, Abe K. 2016. Cell wall structure and biogenesis in Aspergillus species. 391 

Biosci Biotechnol Biochem 80:1700-11. 392 

17. Sheppard DC, Howell PL. 2016. Biofilm exopolysaccharides of pathogenic fungi: lessons from 393 

bacteria. J Biol Chem 291:12529-37. 394 

18. Loussert C, Schmitt C, Prevost MC, Balloy V, Fadel E, Philippe B, Kauffmann-Lacroix C, Latge 395 

JP, Beauvais A. 2010. In vivo biofilm composition of Aspergillus fumigatus. Cell Microbiol 396 

12:405-10. 397 

19. Zhang J, Zhang J. 2016. The filamentous fungal pellet and forces driving its formation. Crit Rev 398 

Biotechnol 36:1066-77. 399 

20. Vechtlifshitz SE, Magdassi S, Braun S. 1990. Pellet formation and cellular aggregation in 400 

Streptmyces tendae. Biotechnol Bioeng 35:890-896. 401 

21. Fontaine T, Beauvais A, Loussert C, Thevenard B, Fulgsang CC, Ohno N, Clavaud C, Prevost 402 

MC, Latgè JP. 2010. Cell wall α1-3glucans induce the aggregation of germinating conidia of 403 

Aspergillus fumigatus. Fungal Genet Biol 47:707-12. 404 

22. Yoshimi A, Sano M, Inaba A, Kokubun Y, Fujioka T, Mizutani O, Hagiwara D, Fujikawa T, 405 

Nishimura M, Yano S, Kasahara S, Shimizu K, Yamaguchi M, Kawakami K, Abe K. 2013. 406 

Functional analysis of the α-1,3-glucan synthase genes agsA and agsB in Aspergillus nidulans: 407 

AgsB is the major α-1,3-glucan synthase in this fungus. PLoS One 8:e54893. 408 

23. Miyazawa K, Yoshimi A, Zhang S, Sano M, Nakayama M, Gomi K, Abe K. 2016. Increased 409 

enzyme production under liquid culture conditions in the industrial fungus Aspergillus oryzae by 410 

disruption of the genes encoding cell wall α-1,3-glucan synthase. Biosci Biotechnol Biochem 411 

80:1853-63. 412 

24. Miyazawa K, Yoshimi A, Kasahara S, Sugahara A, Koizumi A, Yano S, Kimura S, Iwata T, Sano 413 

M, Abe K. 2018. Molecular mass and localization of α-1,3-glucan in cell wall control the degree 414 

of hyphal aggregation in liquid culture of Aspergillus nidulans. Front Microbiol 9:2623. 415 

25. He XX, Li SN, Kaminskyj SGW. 2014. Characterization of Aspergillus nidulans α-glucan 416 

synthesis: roles for two synthases and two amylases. Mol Microbiol 91:579-95. 417 

26. Miyazawa K, Yoshimi A, Sano M, Tabata F, Sugahara A, Kasahara S, Koizumi A, Yano S, 418 

Nakajima T, Abe K. 2019. Both galactosaminogalactan and α-1,3-glucan contribute to 419 

aggregation of Aspergillus oryzae hyphae in liquid culture. Fronti Microbiol 10:2090. 420 

27. Krappmann S, Sasse C, Braus GH. 2006. Gene targeting in Aspergillus fumigatus by 421 

homologous recombination is facilitated in a nonhomologous end- joining-deficient genetic 422 



24 
 

background. Eukaryot Cell 5:212-5. 423 

28. Hill TW, Kafer E. 2001. Improved protocols for Aspergillus minimal medium: trace element and 424 

minimal medium salt stock solutions. Fungal Genetics Reports 48:20-21. 425 

29. Szewczyk E, Nayak T, Oakley CE, Edgerton H, Xiong Y, Taheri-Talesh N, Osmani SA, Oakley 426 

B. 2006. Fusion PCR and gene targeting in Aspergillus nidulans. Nature Protocols 1:3111-20. 427 

30. Umeyama T, Hayashi Y, Shimosaka H, Inukai T, Yamagoe S, Takatsuka S, Hoshino Y, Nagi M, 428 

Nakamura S, Kamei K, Ogawa K, Miyazaki Y. 2018. CRISPR/Cas9 genome editing to 429 

demonstrate the contribution of Cyp51A Gly138Ser to azole resistance in Aspergillus fumigatus. 430 

Antimicrob Agents Chemother 62:e00894-18. 431 

31. Zhang S, Ban A, Ebara N, Mizutani O, Tanaka M, Shintani T, Gomi K. 2017. Self-excising 432 

Cre/mutant lox marker recycling system for multiple gene integrations and consecutive gene 433 

deletions in Aspergillus oryzae. J Biosci Bioeng 123:403-11. 434 

32. Clinical and Laboratory Standards Institute. 2008. Reference method for broth dilution 435 

antifungal susceptibility testing of filamentous fungi; approved standard, 2nd ed. Clinical and 436 

Laboratory Standards Institute, Wayne, PA. 437 

33. Beauvais A, Maubon D, Park S, Morelle W, Tanguy M, Huerre M, Perlin DS, Latge JP. 2005. 438 

Two α(1-3) glucan synthases with different functions in Aspergillus fumigatus. Appl Environ 439 

Microbiol 71:1531-8. 440 

34. Maubon D, Park S, Tanguy M, Huerre M, Schmitt C, Prevost MC, Perlin DS, Latgè JP, Beauvais 441 

A. 2006. AGS3, an α(1-3)glucan synthase gene family member of Aspergillus fumigatus, 442 

modulates mycelium growth in the lung of experimentally infected mice. Fungal Genet Biol 443 

43:366-75. 444 

35. Henry C, Latgè JP, Beauvais A. 2012. α1,3 Glucans are dispensable in Aspergillus fumigatus. 445 

Eukaryot Cell 11:26-9. 446 

36. Zhang S, Sato H, Ichinose S, Tanaka M, Miyazawa K, Yoshimi A, Abe K, Shintani T, Gomi K. 447 

2017. Cell wall α-1,3-glucan prevents α-amylase adsorption onto fungal cell in submerged 448 

culture of Aspergillus oryzae. J Biosci Bioeng 124:47-53. 449 

37. Tokashiki J, Hayashi R, Yano S, Watanabe T, Yamada O, Toyama H, Mizutani O. 2019. 450 

Influence of α-1,3-glucan synthase gene agsE on protoplast formation for transformation of 451 

Aspergillus luchuensis. J Biosci Bioeng 128:129-34. 452 

38. Speth C, Rambach G, Lass-Flörl C, Howell PL, Sheppard DC. 2019. Galactosaminogalactan 453 

(GAG) and its multiple roles in Aspergillus pathogenesis. Virulence 10:976-83. 454 

39. Fontaine T, Simenel C, Dubreucq G, Adam O, Delepierre M, Lemoine J, Vorgias CE, Diaquin M, 455 

Latgè JP. 2000. Molecular organization of the alkali-insoluble fraction of Aspergillus fumigatus 456 

cell wall. J Biol Chem 275:27594-607. 457 

40. Lee MJ, Geller AM, Bamford NC, Liu H, Gravelat FN, Snarr BD, Le Mauff F, Chabot J, Ralph 458 



25 
 

B, Ostapska H, Lehoux M, Cerone RP, Baptista SD, Vinogradov E, Stajich JE, Filler SG, Howell 459 

PL, Sheppard DC. 2016. Deacetylation of fungal exopolysaccharide mediates adhesion and 460 

biofilm formation. mBio 7:e00252-16. 461 

41. Lee MJ, Gravelat FN, Cerone RP, Baptista SD, Campoli PV, Choe SI, Kravtsov I, Vinogradov E, 462 

Creuzenet C, Liu H, Berghuis AM, Latge JP, Filler SG, Fontaine T, Sheppard DC. 2014. 463 

Overlapping and distinct roles of Aspergillus fumigatus UDP-glucose 4-epimerases in galactose 464 

metabolism and the synthesis of galactose-containing cell wall polysaccharides. J Biol Chem 465 

289:1243-56. 466 

42. Bamford NC, Snarr BD, Gravelat FN, Little DJ, Lee MJ, Zacharias CA, Chabot JC, Geller AM, 467 

Baptista SD, Baker P, Robinson H, Howell PL, Sheppard DC. 2015. Sph3 is a glycoside 468 

hydrolase required for the biosynthesis of galactosaminogalactan in Aspergillus fumigatus. J Biol 469 

Chem 290:27438-50. 470 

43. Miyazawa K, Yoshimi A, Abe K. 2020. The mechanisms of hyphal pellet formation mediated by 471 

polysaccharides, α-1,3-glucan and galactosaminogalactan, in Aspergillus species. Fungal 472 

Biology and Biotechnology 7:10. 473 

  474 



26 
 

Figure Legends 475 

Figure 1. Characterization of the Δags1, Δgtb3, and double-disruptant strains of A. 476 

fumigatus. (A) Growth characteristics of each strain. Conidia (5.0 × 105/mL) of AfS35 477 

(control) or mutant strains were inoculated into AMM liquid medium and rotated at 160 478 

rpm at 37°C for 24 h. (B) Monosaccharide composition of cell wall AS2 and AI 479 

fractions from the AfS35 and Δags1Δgtb3 strains. Error bars are standard deviation 480 

from three replicates. *P < 0.05 (Student’s t-test). (C) Galactosamine content in the HW 481 

fraction from the AfS35 and Δags1Δgtb3 strains. 482 

Figure 2. Evaluation of growth of the AfS35 and Δags1Δgtb3 strains by turbidity. 483 

(A) Scheme of the experiment. Conidia were inoculated into AMM liquid medium and 484 

aliquots were withdrawn at the indicated time points. The culture broth was mixed with 485 

4% paraformaldehyde (PFA) in a 96-well plate, and the OD600 values were measured 486 

with a microplate reader. (B) Growth of the AfS35 and Δags1Δgtb3 strains. (C) Time 487 

course of OD600. The OD600 values were calculated from 12 measurements per time 488 

point and are shown as box plots. Lines in boxes indicate medians, and crosses indicate 489 

averages. Circles indicate outliers. (D) Time course of hyphal morphology of the AfS35 490 

and Δags1Δgtb3 strains. 491 

Figure 3. Growth of the Δags1Δgtb3 strain in the presence of antifungal agents 492 
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monitored by OD600. Conidia (5.0 × 106/mL) were inoculated into 500 µL of RPMI 493 

liquid medium containing the indicated antifungal agent in a 48-well plate and rotated at 494 

300 rpm at 35°C for 15 h. The OD600 values were measured with a microplate reader. 495 

Error bars are standard deviations from three biological replicates. 496 

 497 



Responses to Reviewers 

Reviewer #1 

In this manuscript, Ken and colleagues constructed a mutant strain of A. fumigatus that 

lacks the alpha-glucan and galactosaminogalactan in the cell wall. Based on this mutant 

strain, they developed a strategy to assess the cell growth by measuring optical density. 

As the authors proposed, this new strain may be applied for high throughput anti-fungal 

drug screening in shaken liquid growth condition. However, there are several concerns 

for the high throughput screening strategy. Substantially more experiment should be 

performed before it could be validated strategy. 

 

Major points: 

1, Growth of unicellular organism and filamentous fungi (multicellular) are 

fundamentally different. Use of optical density for measuring the growth of unicellular 

organism is based on their uniform distribution. In contrast, filamentous fungi grow in a 

way to elongate the existing mycelia, as the authors show in Fig. 2D. The conidia and 

mycelia of filamentous fungi tend to cluster together and form pellets in a shaken liquid 

culture. Even the Δags1Δgtb3 mutant strain, the mycelia were not totally separated from 

each other. They still form small but visible pellets in the shaken liquid medium, 

especially in the YG medium. If so, it is hard to agree with the concept that a simple 

measurement of optical density could faithfully represent the cell density.  

Our experiments suggest that AMM and RPMI medium are suitable for the evaluation 

of the growth of the A. fumigatusΔags1Δgtb3 strain by optical density. To gain insight 

into why small but visible pellets were formed in YG medium, we labelled the 

Δags1Δgtb3 mutant grown in YG medium for 24 h with alpha-1,3-glucanase 



alpha-1,3-glucan–binding domain (AGBD) fused with GFP (AGBD-GFP), and 

observed clear labelling of the septa and the outline of the cell. As A. fumigatus has 

three alpha-1,3-glucan synthase genes (ags1—3), alpha-1,3-glucan in labeled hyphae of 

the Δags1Δgtb3 mutant was likely synthesized by Ags2 and/or Ags3. In A. oryzae 

ΔagsAΔagsBΔagsCΔsphZΔugeZ (AGΔ-GAGΔ) all the three genes encoding 

alpha-1,3-glucan synthases were disrupted, and this mutant had fully dispersed hyphae 

in all the media tested including YG medium. Although the data on A. oryzae 

AGΔ-GAGΔ are consistent with the above data on A. fumigatus Δags1Δgtb3, further 

experiments are needed to prove the effect of alpha-1,3-glucan on pellet formation in 

the Δags1Δgtb3 mutant. We have revised the manuscript in lines 354—370.  

2, Materials and Methods section. For the measurement of optical density, authors 

described that "100µL was mixed with 100 µL of 100 mM sodium phosphate buffer (pH 

7.0) containing 4% paraformaldehyde in a 96-well plate". However, this statement was 

not clear. Especially when the pellets of the colonies become larger in late time points, 

the transfer of such colony suspension cannot be performed by simple pipetting (not 

sure if it is a problem for Δags1Δgtb3 mutant strain, but it must be a problem for a 

wildtype strain). Authors should add more details for these steps. Otherwise the result 

could be quite inconsistent due to different operations.  

We have added more details as follows. 

Line 196—199: The culture (2 mL) was withdrawn with wide-bore tips at each 

sampling point, and 100 µL of the culture was mixed by pipetting with wide-bore tips 

with 100 µL of 100 mM sodium phosphate buffer (pH 7.0) containing 4% 

paraformaldehyde in a 96-well plate. 

3, Regarding to the data consistency, optical density measurements were performed in 



different medium cultures, such as AMM, YG and RPMI. The time course of OD600 

results were shown in Fig2C and FigS5B. Comparing these data, the growth rate was 

different in each medium and data reproducibility was also quite different. Especially in 

YG medium the data reproducibility was the worst. As Fig. S5A showed, Δags1Δgtb3 

mutant strain formed more visible pellets in YG medium than that in RPMI and AMM. 

Authors should compare such data and draw a conclusion for the best growth condition 

(medium selection and time for growth) of the proposed strategy. Otherwise, such 

variations will greatly limit the use of this strategy. 

We have revised the text to describe the best conditions for the proposed strategy in 

lines 354—376. 

 

4, The strategy that described in this manuscript based on a Δags1Δgtb3 mutant strain. 

As the authors and many other publications noted, such mutant strain has very different 

cell wall architecture, which means it responds differently as a wildtype strain. In 

addition, mutant A. fumigatus strains that lack alpha-glucan and GAG are both less 

virulent. Therefore, it would be hard to tell if the outcomes from this strategy could also 

be useful for the clinical important strains, which should not be alpha-glucan and GAG 

defective strains. 

We have explained the outcomes of this strategy as follows. 

Line 390—399: Fungi, especially filamentous fungi, are phenotypically heterogeneous 

in their growth. When filamentous fungi form pellets in liquid culture, oxygen reaches 

only 200 µm from the pellet surface. Therefore, cellular conditions seem to differ 

considerably between the surface and the interior of the pellet. The hyphae of 

Δags1Δgtb3 are easily dispersed in liquid culture and thus seem to have relatively 



constant cellular metabolism, although metabolic differences between apical and 

subapical cells of hyphae are hardly avoidable. Dispersed hyphae of Δags1Δgtb3 in 

culture could be useful to analyze cellular responses such as autophagy, metabolic 

changes in the presence of antifungal agents, and responses to alteration of growth 

conditions.   

At present, we are investigating culture conditions that prevent pellet formation in the 

parental strain, which would be useful for testing clinical isolates. The perspectives are 

described in the manuscript as follows. 

Line 407—410: Establishing culture conditions that prevent pellet formation of a strain 

with an intact cell wall structure could expand the application of growth monitoring by 

optical density. Understanding the biochemical and physicochemical properties of 

α-1,3-glucan and GAG will contribute to finding suitable culture conditions. 

5 Other strategies have also be used for testing drug sensitivity of filamentous fungi, 

such as testing colony growth on drug containing solid medium, or testing the pellets 

diameter in a shaken liquid culture. To validate the application of the proposed strategy 

in this manuscript, authors should compare these different methods and discuss how the 

proposed method may overwhelm other methods. 

We have revised the manuscript to compare our method with conventional methods as 

follows. 

Line 377—389: Monitoring growth by optical density is superior to that by 

conventional methods for several reasons: 1) growth monitoring is quantitative and 

continuous. During drug testing based on CLSI M38-A2, growth has to be observed 

visually. The mutant with dispersed hyphae would allow establishment of automated 

drug screening for Aspergillus. 2) Fungicidal and fungistatic drugs could be selected 



using our strategy. We propose to screen anti-Aspergillus drugs from a drug library, 

although drugs that do not inhibit germination but disorder hyphal extension, such as 

echinocandin, might be hard to select using our method. Recently, Beattie and Krysan 

reported that the release of intracellular adenylate kinase from hyphal cells is a sensitive 

readout to detect cell lysis and is useful for screening antifungal reagents against A. 

fumigatus. In combination with the adenylate kinase method, our strategy may allow 

selection of anti-Aspergillus drugs with various spectra by monitoring optical density of 

fungal culture. 

 

Minor point: 

1 The title of the manuscript was not straightforward to represent the work in this study. 

We have changed the title as follows:  

Quantitative monitoring of mycelial growth of Aspergillus fumigatus in liquid culture by 

optical density 

2 line 208, gene names are not italic 

Plain text is correct in this case because the whole heading is in italics. 

3 there is a typo in line 322, "he" should be "the" 

Corrected. 

4 Did author test the GAG content in gtb3 single deletion strain? It would be very 

helpful to show that gtb3 directly regulated GAG formation in A. fumigatus. 

We have added the data on GalN content of Δgtb3 to Fig. 1C.  

5 In their previous work, authors have generated other alpha-glucan and GAG defective 

A nidulans and A oryzae strains. Authors may consider to test their strategy with more 

strains to validate this idea. 



We have monitored the growth of the Aspergillus oryzae mutant lacking both 

alpha-1,3-glucan and GAG, and added Figure S7. As expected, our strategy was 

applicable to this A. oryzae mutant. We have revised the text (lines 202–205 in the 

Materials and Methods, lines 292–297 in the Results, and Table 1). Unfortunately, the 

Aspergillus nidulans mutant is not available to me at my current institute. 

 

Reviewer #2 

Incorporate all the comments indicated in the manuscript. 

 

Line 92: The abbreviation should be indicated in bracket as it is for the 1
st
 time. 

We have added the names of YG and RPMI media in full on lines 92–94.  

Line 100: Why 37
0
? 

To simply quantify growth, we cultured the fungi at 37°C. To evaluate drug sensitivity, 

we cultured them at 35°C according to the protocols of CLSI M38-A2. 

Line 233: Why here? This should be in the discussion part unless otherwise the Results 

and Discussion parts merged together. 

We have moved the sentence to the Discussion section (lines 340–343). 

Line 256—259: More evidences from previous researchers that support the current 

finding should be required in the discussion part. 

We have explained the supposed mechanism of the increase in AI-Glc and AI-GlcN in 

Δags1Δgtb3 and cited appropriate references (lines 347–353). 

Line 314: The discussion part is very short and not well expressed. In paragraph 1, 2 

and 4 you only present the finding and not well interpreted and do not compared with 

previous findings. Generally the discussion part require major revision 



We have substantially revised the Discussion. 



October 4,
2021

1st Revision - Editorial Decision

October 4, 2021 

Dr. Yoshitsugu Miyazaki
National Institute of Infectious Diseases
Department of Chemotherapy and Mycoses
Tokyo 162-8640
Japan

Re: Spectrum00063-21R1 (Quantitative monitoring of mycelial growth of Aspergillus fumigatus in liquid culture by optical density)

Dear Dr. Yoshitsugu Miyazaki: 

Cell wall rearrangements were shown to lead to differences in antifungal susceptibility. Both reviewers suggested to perform
additional tests using common cell wall stress agents and conditions (T, pH, etc.) or different medium. Furthermore, the a-1,3
beta glucan labeling with GFP should be added to the manuscript, as suggested by reviewer 1. Visualization of the labeling
under different conditions (different medium or cell wall stress) would further strengthen the manuscript findings. Please include
the requested modifications to the revised version.

Thank you for submitting your manuscript to Microbiology Spectrum. When submitting the revised version of your paper, please
provide (1) point-by-point responses to the issues raised by the reviewers as file type "Response to Reviewers," not in your
cover letter, and (2) a PDF file that indicates the changes from the original submission (by highlighting or underlining the
changes) as file type "Marked Up Manuscript - For Review Only". Please use this link to submit your revised manuscript - we
strongly recommend that you submit your paper within the next 60 days or reach out to me. Detailed information on submitting
your revised paper are below.

Link Not Available

Thank you for the privilege of reviewing your work. Below you will find instructions from the Microbiology Spectrum editorial
office and comments generated during the review. 

The ASM Journals program strives for constant improvement in our submission and publication process. Please tell us how we
can improve your experience by taking this quick Author Survey.

Sincerely,

Slavena Vylkova

Editor, Microbiology Spectrum

Journals Department
American Society for Microbiology
1752 N St., NW
Washington, DC 20036
E-mail: spectrum@asmusa.org

Reviewer comments:

Reviewer #1 (Comments for the Author):

The authors have addressed most of my concerns during the revision. Especially the elaborated Discussion pointed out the
potential advantages and drawbacks of the proposed strategy. I have only one concern left regarding the α-1,3-glucan
compensation in YG medium. It is unclear why the result of α-1,3-glucan labeling with GFP was not shown in the manuscript.
Author should add such data in the revised manuscript. 
Moreover, if re-formation of α-1,3-glucan was the reason for the pellet in YG medium. This result suggested that other factors,
especially the medium composition, may challenge the proposed strategy. Beauvais has previously generated a triple A.
fumigatus deletion stain that had no α-1,3-glucan at all. And there should be no compensation of α-1,3-glucan in this strain. I
would suggest the authors to further construct a new mutant stain based on this triple deletion strain. This would further warranty
the compatibility of the proposed strategy.

https://www.surveymonkey.com/r/ASMJournalAuthors


Reviewer #3 (Comments for the Author):

First, I am an additional reviewer after the first review. The manuscript entitled "Quantitative monitoring of the mycelial growth of
Aspergillus fumigatus in liquid culture by optical density" written by Miyazawa K et al. describes a method to monitor hyphal
growth of pathogenic filamentous fungus, A. fumigatus, showing age1 and gtb3 double mutant using absorbance OD600 as an
indicator. This is also the first study to demonstrate that Gtb3 is involved in biosynthesizing glycosaminoglycans (GAGs). The
method was used to assess the effects of antifungal drugs used in clinical treatment, and the results were consistent with those
based on the method described in CLSI M38-A2. Monitoring growth by absorbance allows for rapid screening of antifungal
drugs. Additionally, this study was robustly conducted and had no technical problems. However, I think this study needs to be
revised on several points before publication.

1. I feel uncomfortable with the choice of the word "biomass." I think the term is inappropriate to describe the tiny weight of
fungus.
2. The cell wall of age1 and bgtb3 double mutant may be thinner than the parental strain, making it easier for antifungal agents to
penetrate it. Considering such influence, I think the number of antifungal agents' examples in the experiment is too small.
Therefore, please present additional data that have been widely verified, such as the effects of chemical compounds (except the
antifungal agents shown here) and the effects of some stress conditions (temperature, osmotic pressure and pH etc).
3. In the discussion section (line 407), you have said that "establishing culture conditions that prevent pellet formation helps
screen antifungal drugs using clinical isolate strain," but this has nothing to do with your findings. Rather, if inhibitors of alpha-
glucan and GAG biosynthesis are discovered, you could perform the similar experiment with the inhibitor on a clinical strain.
Therefore, I think you should discuss this point.

Staff Comments:

Preparing Revision Guidelines
To submit your modified manuscript, log onto the eJP submission site at https://spectrum.msubmit.net/cgi-bin/main.plex. Go to
Author Tasks and click the appropriate manuscript title to begin the revision process. The information that you entered when you
first submitted the paper will be displayed. Please update the information as necessary. Here are a few examples of required
updates that authors must address: 

• Point-by-point responses to the issues raised by the reviewers in a file named "Response to Reviewers," NOT IN YOUR
COVER LETTER. 
• Upload a compare copy of the manuscript (without figures) as a "Marked-Up Manuscript" file. 
• Each figure must be uploaded as a separate file, and any multipanel figures must be assembled into one file.
• Manuscript: A .DOC version of the revised manuscript 
• Figures: Editable, high-resolution, individual figure files are required at revision, TIFF or EPS files are preferred

For complete guidelines on revision requirements, please see the journal Submission and Review Process requirements at
https://journals.asm.org/journal/Spectrum/submission-review-process. Submissions of a paper that does not conform to
Microbiology Spectrum guidelines will delay acceptance of your manuscript. "

Please return the manuscript within 60 days; if you cannot complete the modification within this time period, please contact me. If
you do not wish to modify the manuscript and prefer to submit it to another journal, please notify me of your decision
immediately so that the manuscript may be formally withdrawn from consideration by Microbiology Spectrum. 

If your manuscript is accepted for publication, you will be contacted separately about payment when the proofs are issued;
please follow the instructions in that e-mail. Arrangements for payment must be made before your article is published. For a
complete list of Publication Fees, including supplemental material costs, please visit our website.

Corresponding authors may join or renew ASM membership to obtain discounts on publication fees. Need to upgrade your
membership level? Please contact Customer Service at Service@asmusa.org.

Thank you for submitting your paper to Microbiology Spectrum.

https://www.asmscience.org/Microbiology-Spectrum-FAQ
https://www.asm.org/membership


The authors have addressed most of my concerns during the revision. Especially the elaborated 

Discussion pointed out the potential advantages and drawbacks of the proposed strategy. I have 

only one concern left regarding the α-1,3-glucan compensation in YG medium. It is unclear why 

the result of α-1,3-glucan labeling with GFP was not shown in the manuscript. Author should add 

such data in the revised manuscript.  

Moreover, if re-formation of α-1,3-glucan was the reason for the pellet in YG medium. This result 

suggested that other factors, especially the medium composition, may challenge the proposed 

strategy. Beauvais has previously generated a triple A. fumigatus deletion stain that had no 

α-1,3-glucan at all. And there should be no compensation of α-1,3-glucan in this strain. I would 

suggest the authors to further construct a new mutant stain based on this triple deletion strain. This 

would further warranty the compatibility of the proposed strategy. 
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Response to reviewers 

 

Reviewer #1 (Comments for the Author): 

 

The authors have addressed most of my concerns during the revision. 

Especially the elaborated Discussion pointed out the potential advantages and 

drawbacks of the proposed strategy. I have only one concern left regarding the 

α-1,3-glucan compensation in YG medium. It is unclear why the result of 

α-1,3-glucan labeling with GFP was not shown in the manuscript. Author should 

add such data in the revised manuscript.  

Moreover, if re-formation of α-1,3-glucan was the reason for the pellet in YG 

medium. This result suggested that other factors, especially the medium 

composition, may challenge the proposed strategy. Beauvais has previously 

generated a triple A. fumigatus deletion stain that had no α-1,3-glucan at all. And 

there should be no compensation of α-1,3-glucan in this strain. I would suggest 

the authors to further construct a new mutant stain based on this triple deletion 

strain. This would further warranty the compatibility of the proposed strategy. 

We have added images of mycelial cells labeled with AGBD–GFP. The AfS35 

strain was clearly labeled with AGBD–GFP along the outline of the cells. The 

Δags1Δgtb3 strain cultured in YG medium (pellet formed) was clearly labeled 

with AGBD–GFP in the septa and along the hyphal outline. These results 

suggest that hyphal pellet formation in Δags1Δgtb3 cultured in YG medium 

depended on α-1,3-glucan synthesized by ags2 and/or ags3. We regret not 

having constructed the mutant with a triple deletion of α-1,3-glucan synthase 

genes because of the need for several transformations and the tight revision 

schedule, but we have labeled the Aspergillus oryzae 

ΔagsAΔagsBΔagsCΔsphZΔugeZ (AGΔ-GAGΔ) strain with AGBD–GFP. Both 

the YG- and AMM-cultured AGΔ-GAGΔ cells were scarcely labeled. In both 

media, AGΔ-GAGΔ hyphae were dispersed. These results support the 

assumption that the induction of α-1,3-glucan synthesis contributes to pellet 

formation in YG medium. We have revised the text in lines 220—223 in the 
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Materials and Methods, lines 318—325 in the Results, and lines 386—390 in the 

Discussion, and added Figure S9.  

 

 

Reviewer #3 (Comments for the Author): 

 

First, I am an additional reviewer after the first review. The manuscript entitled 

"Quantitative monitoring of the mycelial growth of Aspergillus fumigatus in liquid 

culture by optical density" written by Miyazawa K et al. describes a method to 

monitor hyphal growth of pathogenic filamentous fungus, A. fumigatus, showing 

age1 and gtb3 double mutant using absorbance OD600 as an indicator. This is 

also the first study to demonstrate that Gtb3 is involved in biosynthesizing 

glycosaminoglycans (GAGs). The method was used to assess the effects of 

antifungal drugs used in clinical treatment, and the results were consistent with 

those based on the method described in CLSI M38-A2. Monitoring growth by 

absorbance allows for rapid screening of antifungal drugs. Additionally, this study 

was robustly conducted and had no technical problems. However, I think this 

study needs to be revised on several points before publication. 

 

1. I feel uncomfortable with the choice of the word "biomass." I think the term is 

inappropriate to describe the tiny weight of fungus. 

In response to your suggestion, we have replaced “biomass” with “mycelial 

weight” (lines 30, 80, 304, 305, 308, and 381). 

2. The cell wall of age1 and gtb3 double mutant may be thinner than the parental 

strain, making it easier for antifungal agents to penetrate it. Considering such 

influence, I think the number of antifungal agents' examples in the experiment is 

too small. Therefore, please present additional data that have been widely 

verified, such as the effects of chemical compounds (except the antifungal 

agents shown here) and the effects of some stress conditions (temperature, 

osmotic pressure and pH etc). 

We have evaluated the growth of the A. fumigatus AfS35, Δags1, Δgtb3, and 



3 

 

Δags1Δgtb3 strains under stress. The growth was similar among the four strains 

under several temperature, osmotic stress, and pH conditions. Congo red and 

calcofluor white are effective inhibitors of the growth of α-1,3-glucan- and/or 

GAG-deficient strains, which are consistent with our previous reports in A. 

nidulans and A. oryzae (Yoshimi et al., PloS One, 2013, 

doi:10.1371/journal.pone.0054893; Yoshimi et al., J. Appl. Glycobiol., 2017, 

doi:10.5458/jag.jag.JAG-2017_004; Miyazawa et al., Front. Microbiol., 2019, 

doi:10.3389/fmicb.2019.02090). We have added these results as Figure S5 and 

revised the text (lines 97—104 in the Materials and Methods and lines 256—267 in 

the Results). 

3. In the discussion section (line 407), you have said that "establishing culture 

conditions that prevent pellet formation helps screen antifungal drugs using 

clinical isolate strain," but this has nothing to do with your findings. Rather, if 

inhibitors of alpha-glucan and GAG biosynthesis are discovered, you could 

perform the similar experiment with the inhibitor on a clinical strain. Therefore, I 

think you should discuss this point. 

We have revised the text (lines 430—433 in the Discussion). 



November 17, 20212nd Revision - Editorial Decision

November 17, 2021 

Dr. Yoshitsugu Miyazaki
National Institute of Infectious Diseases
Department of Chemotherapy and Mycoses
Tokyo 162-8640
Japan

Re: Spectrum00063-21R2 (Quantitative monitoring of mycelial growth of Aspergillus fumigatus in liquid culture by optical density)

Dear Dr. Yoshitsugu Miyazaki: 

Your manuscript has been accepted, and I am forwarding it to the ASM Journals Department for publication. You will be notified
when your proofs are ready to be viewed.

The ASM Journals program strives for constant improvement in our submission and publication process. Please tell us how we
can improve your experience by taking this quick Author Survey.

As an open-access publication, Spectrum receives no financial support from paid subscriptions and depends on authors' prompt
payment of publication fees as soon as their articles are accepted. You will be contacted separately about payment when the
proofs are issued; please follow the instructions in that e-mail. Arrangements for payment must be made before your article is
published. For a complete list of Publication Fees, including supplemental material costs, please visit our website. 

Corresponding authors may join or renew ASM membership to obtain discounts on publication fees. Need to upgrade your
membership level? Please contact Customer Service at Service@asmusa.org. 

Thank you for submitting your paper to Spectrum.

Sincerely,

Slavena Vylkova
Editor, Microbiology Spectrum

Journals Department
American Society for Microbiology
1752 N St., NW
Washington, DC 20036
E-mail: spectrum@asmusa.org

Supplemental Material: Accept

https://www.surveymonkey.com/r/ASMJournalAuthors
https://journals.asm.org/publication-fees
https://www.asm.org/membership
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