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Relationship between the glycosphingolipids and phospholipids synthesis
and the mycelial growth in Neurospora crassa
Ryuta Tobe§, Yasushi Tani§, Miwa Kataoka§, Yasunori Yamashita, and Hisaaki Mihara†
Department of Biotechnology, College of Life Sciences, Ritsumeikan University＊

Summary
Fungi contain several types of glycosphingolipids (GSLs) in their cell membranes, which play important roles in
various biological processes. Recently, novel fungal neogala-series GSLs were identified in some fungal species, including Neurospora crassa. GSLs have also been implicated in mycelial synthesis. However, little is known about the
physiological functions, metabolic regulation, and biosynthetic pathway of GSLs. In this study, we demonstrated that
several N. crassa mutant strains that had a defect in a gene putatively involved in GSL biosynthesis were deficient
in mycelial growth in a temperature-dependent manner. In addition, results of the component analysis of phospholipids and GSLs from these strains suggested a novel relationship among phospholipids, GSLs, and mycelial growth.
Abbreviations: CL, cardiolipin; FNG-GSLs, fungal neogala-series glycosphingolipids; Gal-Cer, β-galactosylceramide;
GCLs, glycosphingolipids; Glc-Cer, β-glucosylceramide; GIPCs, glycosyl-inositol phosphoceramide; IPCs, inositol phosphoceramide; MIPCs, mannosyl-inositol phosphoceramide; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine.

Introduction

virulence7‒9）, whereas little is known about the function of
Gal-Cer in fungi. The third type of GSLs, acidic glycosyli-

Glycosphingolipids (GSLs), which consist of a hydrophilic

nositol phosphoceramides (GIPCs), contains a phytosphin-

carbohydrate chain of variable length and structure linked

goid base constituting the core structure of inositol phos-

to a hydrophobic ceramide (N-acylsphingosine) moiety, are

phoceramide (IPC), along with the addition of mannose,

1, 2）

essential membrane lipids of eukaryotic organisms

.

galactosamine, galactose, and/or xylose10, 11）. In general,

Among GSLs, β-glucosylceramide (Glc-Cer) is commonly

GIPCs are essential membrane components required for

found in plants, fungi, and animals3）, whereas β-galactosyl-

fungal growth12, 13）. In addition to the above well-known

ceramide

and

GSLs, the fourth type is neutral fungal neogala-series

animals3, 4）. On the other hand, inositol-containing glyco-

(Gal-Cer)

is

present

only

in

fungi

GSLs (FNG-GSLs), which contain a characteristic fungal

sphingolipids are restricted to plants and fungi . In mam-

neogala-series core structure, Galβ1-6Galβ1-Cer, with a

mals, Glc-Cer-type GSLs play pivotal roles in signaling,

phytosphingoid base in the ceramide moiety, and has been

development, and immunological responses1, 2）, are mainly

identified in several fungal species including Mucor hie-

distributed in neural tissues, and play an important role in

malis, Rhizopus microsporus, Rhizomucor pusillus,

maintaining the structure, function, and stability of my-

Absidia corymbifera14）, and Hirsutella rhossiliensis15）.

4）

elin .

FNG-GSLs have received considerable attention as a po-

5, 6）

In fungi, four types of GSLs have been known to date.

tential target for new antifungal agents16）. Though FNG-

Two of them are the main neutral GSLs, Glc-Cer and Gal-

GSLs are proposed to substitute for GIPCs in certain spe-

Cer, which are essentially similar to those found in mam-

cies of GIPC-lacking fungi14, 15）, their exact roles and their

mals. Glc-Cer functions during fungal growth and dimor-

synthetic pathway remain to be elucidated. Neurospora

phism, and is involved in lipid raft formation and

crassa has been widely investigated as a model organism,
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and its genomic sequence analysis was completed in

and 1.5 mL of distilled water were added and mixed. The

200317）. However, little is known about genes and proteins

mixture was centrifuged at 1,500 rpm at RT for 15 min,

involved in GSL metabolism. In this study, we investigated

and the lower organic solvent layer was obtained as total

the physiological functions and the putative biosynthetic

lipid fraction. The fraction was dried again and subjected

pathway of GSLs in N. crassa by using bioinformatics data

to mild alkaline hydrolysis in methanol-1 M potassium hy-

and gene-deletion mutants. Furthermore, the analysis of

droxide (95:5) at 37℃ for 12 hr. The hydrolysate was acid-

phospholipids and GSLs from the mutant strains by

ified to pH 1.0 with 12 M HCl and incubated at RT for 1 hr.

thin-layer chromatography (TLC) suggested that phospho-

After addition of chloroform-methanol-water (100:11:24),

lipids and GSLs might be correlated with the mycelial

followed by mixing and centrifugation at 1,500 rpm at RT

growth of N. crassa.

for 15 min, the lower layer was obtained as the GSL fraction.

Materials and Methods
Thin-layer chromatography (TLC) analysis
Materials

For the analysis of phospholipids, the total lipid fractions

Silica gel 60 thin-layer chromatography (TLC) plates

were

subjected

onto

TLC

and

separated

with

were purchased from Merck (Darmstadt, Germany).

chloroform-acetone-methanol-acetate-water

Phosphatidic acid (PA), phosphatidylcholine (PC), phospha-

Detection of phosphorus moieties was carried out using

tidylethanolamine (PE), phosphatidylserine (PS), and cardi-

the Harness reagent22）. Each spot was determined by

olipin (CL) were purchased from Avanti Polar Lipids Inc.

comparison with authentic reagent (PA, PC, PE, PS, and

(Alabama, USA). All other chemicals were purchased

CL). For the analysis of glycolipids, GSL fractions were

from Wako Pure Chemical Co. (Osaka, Japan) and Nacalai

subjected onto TLC, and were separated with chloro-

Tesque (Kyoto, Japan).

form-methanol

(95:5)

and

(5:2:1:1:0.5).

chloroform-methanol-water

(60:35:8). Sugar moieties were detected using an orciFungal strains and culture

nol-H 2 SO4 reagent23）.

A wild-type strain of N. crassa (DSM1257) was obtained

Results and Discussion

from the German Collection of Microorganisms and Cell
Cultures

(Leibniz

Institute

DSMZ,

Braunschweig,

Germany). Mutant strains of N. crassa (FGSC13263,

Candidate genes involved in GSL metabolism in N.

FGSC11790,

crassa

FGSC16215,

FGSC21512,

FGSC11881,

FGSC22132, and FGSC15707) were provided by the

To predict the genes involved in GSL metabolism in N.

Fungal Genetics Stock Center (Manhattan, Kansas City,

crassa, we used bioinformatics data from public gene da-

USA)18, 19）. N. crassa was cultured in Vogel’s medium20） at

tabases, including the KEGG pathway database (www.

normal (25℃ and 30℃) and at a high (40℃) temperature

genome.jp/kegg/pathway.html). Based on the annotation

for 2 days. The cultured hyphae were washed twice with

of each gene/protein in the database, putative biochemical

distilled water, collected by vacuum filtration, and stored

functions were assigned to the candidate genes/proteins.

at －80℃ before use.

In this study, we focused on the following seven genes/
proteins, which might be involved in GSL metabolism in

Measurement of hyphae diameter

N.

crassa:

acyl-CoA-dependent

ceramide

synthase

The spore suspension was diluted in water and incubat-

(NCU00008), glycosylhydrolase family 35-1 (NCU00642),

ed at 30℃ for 13 hr. The grown hyphae were observed by

aureobasidin-resistance protein (NCU02282), dihydrocera-

microscopy (Olympus BX50), and the diameters of hyphae

midase

were measured.

sphinganine

(NCU02969),

glucosylceramidase

C4-monooxygenase

(NCU04395),

protein

SUR2

(NCU06465), and sphingolipid δ-4 desaturase (NCU08927).
Extraction and purification of glycosphingolipids (GSLs)

N. crassa mutant strains (FGSC13263, FGSC11790,

Fungal strains were cultured in Vogel’s medium,

FGSC16215, FGSC21512, FGSC11881, FGSC22132, and

washed, and freeze-dried. GSLs were extracted by using

FGSC15707) with one of these genes knocked out were

the Bligh-Dyer method . Briefly, dried mycelia (100 mg)

used for further analyses (Table 1).

21）

were suspended with 5.7 ml of chloroform-methanol-water
(5:10:4) and mixed by vortexing for 30 sec. After incuba-

Temperature-dependent inhibition of mycelial growth

tion at room temperature (RT) for 2 min, 4.5 ml chloroform
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The mycelial fungus N. crassa grows well at 25-30℃,

Table 1 M
 utant strains and their mycelial growth at 25℃ and 40℃.
Strain
DSM1257
FGSC13263
FGSC11790
FGSC16215
FGSC21512
FGSC11881
FGSC22132
FGSC15707

Gene deleted

Mycelia**

Gene annotation*

None
(Wild-type)
NCU00008
NCU00642
NCU02282
NCU02969
NCU04395
NCU06465
NCU08927

−
Acyl-CoA-dependent ceramide synthase
Glycosylhydrolase family 35-1
Aureobasidin-resistance protein
Dihydroceramidase
Glucosylceramidase
Sphinganine C4-monooxygenase protein
Sphingolipid δ-4 desaturase

25℃

40℃

＋

＋

－
－
＋
＋
－
＋
－

＋
＋
＋
＋
＋
＋
－

*Gene annotations are from the KEGG database.
**The strains were cultured in Vogel’s liquid medium for 2 days. Plus (＋) and minus (－) signs indicate a normal
mycelial growth phenotype and an impaired mycelial growth phenotype, respectively.

but shows various heat shock responses under heat-stress
conditions (> 40℃)24）. Previous studies suggested that cer-

A

amide synthesis is related to stress-induced cell death24）

Wild-type

FGSC13263

25˚C

and that coordinated modulation of GSL, phospholipid, and
sterol content is involved in regulation of fluid properties
of plasma-membrane during temperature acclimatization
in N. crassa25）. To investigate the effect of deletion in each
of the 7 candidate genes of N. crassa on the growth phe-

40˚C

notype, the wild-type and mutant strains were grown in
Vogel’s liquid medium at normal (25℃ and 30℃) and at a
high (40℃) temperature respectively for 2 days. The mycelial growth in FGSC16215 (ΔNCU02282), FGSC21512
(ΔNCU02969), and FGSC22132 (ΔNCU06465) mutant
strains showed no significant changes at both the temperatures as compared with that of the wild-type. On the
other

hand,

the

mycelial

growth

of

B

FGSC13263

(ΔNCU00008), FGSC11790 (ΔNCU00642), FGSC11881

FGSC13263

(ΔNCU04395), and FGSC15707 (ΔNCU08927 ) mutant
strains was strongly inhibited at both 25℃ and 30℃ (Fig.
1A). Light microscopic analysis of these 4 mutant strains
grown at 25℃ showed a unicellular somatic growth of
these mutant cells without formation of the hyphae (Fig.
1B). There were no differences in the unicellular growth
rate of the 4 mutants (data not shown). However, the inhibition of mycelial growth in FGSC13263, FGSC11790, and
FGSC11881 strains was completely suppressed at 40℃
(Fig. 1A), whereas FGSC15707 exhibited impaired mycelial growth at 40℃ (data not shown).
Impaired mycelial growth was correlated with FNG-GSL

Fig. 1 Growth phenotypes of the wild-type and FGSC13263
mutant strains. (A) The strains were cultured in Vogel’s
liquid medium at 25℃ or 40℃ for 2 days. The result of
the FGSC13263 mutant is shown as representative of
those of FGSC11790, FGSC11881, and FGSC15707 mutant strains, which also showed the same phenotype as
FGSC13263 at 25℃. (B) The image shows light microscopic analysis of the FGSC13263 strain (scale
bar = 20.0 μm).

synthesis and phospholipid composition
Filamentous fungi grow by apical extension of their hy-

mains26, 27）. The polarization of sterol- and sphingolipid-en-

phal tip cells. Fungal hyphal growth requires complex

riched domains (lipid rafts) as well as phospholipid

mechanisms including Spitzenkörper, polarisome, endo-

asymmetry has also been linked to morphogenesis and

and exocytosis, and sterol-rich plasma membrane do-

biological activity in diverse cell types28, 29）. Therefore, we
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Figure

analyzed GSLs of the 7 mutant strains to examine if those

FGSC11881, and FGSC15707 mutant strains showed

mutations affect the membrane composition of the cells.

marked differences from those of the mycelia of the wild-

TLC analysis of GSL fractions isolated from the wild-type

type strain (Fig. 2B and Table 2). The mycelial growth-im-

and mutant strains grown in Vogel’s liquid medium at

paired strains frequently had an increased amount of

25℃ or 40℃ for 2 days demonstrated that no GSLs were

phosphatidylethanolamine (PE) and a decreased amount of

detected in FGSC13263, FGSC11790, FGSC11881, and

phosphatidic acid (PA) as compared with the wild-type

FGSC15707 when grown at 25℃ (Fig. 2A). The impaired

strain. When grown at 40℃, there were slight, but not

GSL production was suppressed when the mutant strains,

significant differences in the phospholipid compositions

except FGSC15707, were grown at 40℃. FGSC15707 did

among all the strains except FGSC15707. These data sug-

not produce GSLs at 25℃ and at 40℃. Alternatively,

gest that phospholipid composition is associated with my-

FGSC16215, FGSC21512, and FGSC22132 strains, which

celial growth phenotype and GSL synthesis in N. crassa.

formed mycelia in the liquid medium irrespective of the
growth temperature, produced GSLs at levels similar to

Mycelial growth on a solid agar medium

that produced by the wild-type strain at both 25℃ and

We tested if cultivation on a solid agar medium can af-

40℃. Therefore, the impaired mycelial growth in

fect mycelial growth in the mutant strains, FGSC13263,

FGSC13263, FGSC11790, FGSC11881, and FGSC15707

FGSC11790, FGSC11881, and FGSC15707. The wild-type

strains could be attributed to a defect in the GSL produc-

and the mutant strains were seeded on Vogel’s agar plate

tion.

and incubated at 30℃. Unlike the results of the liquid cul-

We also analyzed total lipid fractions from the 7 mutant

tivation experiment (Fig. 1), mycelial growth was observed

strains to examine changes in phospholipids composition

in FGSC13263, FGSC11790, FGSC11881, and FGSC15707

in the cell membrane. When grown at 25℃, there was no

mutant strains as well as in the wild-type strain (data not

significant change in the phospholipid compositions in the

shown). Light microscopic analysis revealed that the diam-

mycelial cells of FGSC16215, FGSC21512, and FGSC22132

eters of the hyphae of FGSC13263, FGSC11881, and

mutant strains as compared with that of the wild-type

FGSC15707 strains were smaller than those of the wild-

strain (Fig. 2B). In contrast, phospholipid compositions in

type strain (Fig. 3). TLC analysis of the mycelia of these 4

the

mutant strains harvested from the solid agar medium

unicellularly

grown

FGSC13263,

A

B

FGSC11790,

25℃

40℃

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7 8

25℃

40℃

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7 8

PA
CL
PE

PA
CL
PE

PC/PS

PC/PS

Fig. 2 TLC analysis of GSLs and phospholipids obtained from the wild-type and the mutant strains. The strains were cultured in
Vogel’s medium at 25℃ or 40℃ for 2 days, and GSLs (A) and phospholipids (B) were extracted and analyzed by TLC as described in Materials and Methods. Lane 1, wild-type; lane 2, FGSC16215; lane 3, FGSC22132; lane 4, FGSC21512; lane 5,
FGSC11790; lane 6, FGSC13263; lane 7, FGSC15707; and lane 8, FGSC11881. Arrows indicate the position of GSLs (A), and PA,
CL, PE, and PC/PS (B).
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Figure 2

Table 2 Changes in phospholipid composition in the mutant strains.
Mycelia*

GSLs**

PA**

CL**

PE**

PC/PS**

Strain
(FGSC)

25℃

40℃

25℃

40℃

25℃

40℃

25℃

40℃

25℃

40℃

25℃

40℃

13263
11790
11881
15707

－
－
－
－

＋
＋
＋
－

－
－
－
－

＋/－
＋/－
＋/－
－

－
－
－
－

＋/－
＋/－
＋/－
－

＋/－
＋/－
＋/－
＋/－

＋/－
＋/－
＋/－
＋/－

＋
＋
＋
＋

－
＋/－
＋/－
＋

－
－
－
－

－
＋/－
＋/－
－

*The strains were cultured in Vogel’s liquid medium at 25℃ or 40℃ for 2 days. Plus (＋) and minus (－) signs indicate
a normal mycelial growth phenotype and an impaired mycelial growth phenotype, respectively.
**(－), (＋), and (＋/－) indicate a decrease, an increase, and no significant change, respectively, in the amount of the
corresponding lipid component as compared to those of the wild-type strain. PA, CL, PE, PC, and PS represent
phosphatidic acid, cardiolipin, phosphatidylethanolamine, phosphatidylcholine, and phosphatidylserine, respectively.

100

WT
Wild-type

FGSC13263
1

Ratio (%)

80

2
FGSC11790

5FGSC11881

7
FGSC15707

60

40
20

12-14

10-12

6-8

8-10

4-6

2-4

0-2

12-14

10-12

6-8

8-10

4-6

2-4

0-2

12-14

10-12

6-8

8-10

4-6

2-4

0-2

12-14

10-12

6-8

8-10

4-6

2-4

0-2

12-14

10-12

6-8

8-10

4-6

2-4

0-2

0

Diameter of mycelia (mm)
Fig. 3 Diameters of the mycelia of N. crassa wild-type and FGSC13263, FGSC11790, FGSC11881, and FGSC15707 mutant strains. Each
strain was cultured on Vogel’s agar plate at 30℃ for 2 days. The diameters of 50 mycelia were measured by using microscopy
and their ratios (%) are shown.

showed that the GSL and phospholipids profiles were sim-

The NCU00008 protein is more similar to Lag1p, while

ilar to those with the wild-type strain (data not shown).

NCU02468 is relatively close to Lac1p. Because FGSC13263

Figure 3

formed mycelia at 40℃, but not at 25℃, NCU02468 might
Possible implication for the mechanism of mycelial

play a role in ceramide synthesis at a high temperature

growth

(40℃).

In this study, we found that FGSC13263, FGSC11790,

NCU00642, which is deleted in FGSC11790, codes for a

FGSC11881, and FGSC15707 strains, when cultivated at

putative β-galactosidase belonging to glycoside hydrolase

25-30℃, exhibited impaired mycelial growth phenotype

family 35 (GH35)32）. The function of fungal enzymes be-

that was associated with the significant loss of GSLs and

longing to GH35 is largely unknown. However, a study on

PA, along with the increased levels of PE in the membrane

mammalian enzyme suggested that it is potentially in-

fraction.

volved in the conversion of lactosylceramide to glucosylce-

FGSC13263 is deficient in NCU00008, which is similar

ramide33）. In addition to NCU00642, there are 3 paralo-

to the acyl-CoA-dependent ceramide synthase genes,

gous genes in the genome of N. crassa. Therefore, our data

30）

known as lag1 and lac1 of Saccharomyces cerevisiae

suggested that any of them could compensate for the loss

and Candida albicans . Lag1p and Lac1p have a redun-

of NCU00642 function in mycelial growth at a high tem-

dant function in S. cerevisiae. In case of C. albicans, its

perature.

31）

Among the four genes, only NCU04395 has been previ-

enzymes are functionally distinct: only the lack of Lag1p
causes severe defects in the growth and hyphal morpho-

ously cloned and characterized as endo-1,6-β-d -glucanase

genesis of C. albicans31）. N crassa also contains NCU02468,

gene (neg-1) in N. crassa IFO-606834, 35）. A mutant strain

which is a paralog of NCU00008, where the amino acid

with base changes in neg-1 showed no apparent phenotyp-

sequence identity between the gene products is only 21%.

ic changes under normal growth condition, but exhibited
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a marked inhibition of the hyphal growth in the presence

2）Pontier SM, Schweisguth F (2012) Glycosphingolipids

of Congo-red, SDS, and cetyltrimethyl ammonium bro-

in signaling and development: from liposomes to

mide, which affected the structural integrity of the fungal

model organisms. Dev Dyn 241: 92－106.

cell walls or membranes . In contrast, no difference was

3）Sabourdy F, Kedjouar B, Sorli SC, Colie S, Milhas

observed between the growth of the wild-type and mu-

D, Salma Y, Levade T (2008) Functions of sphingo-

tant strains when the cells were treated with neutral de-

lipid metabolism in mammals—lessons from genetic

34）

defects. Biochim Biophys Acta 1781: 145－183.

tergent, Tween 80, or grown under high osmotic stress in
0.4-1.0 M NaCl or 0.8-1.0 M sorbitol34）. These results sug-

4）Warnecke D, Heinz E (2003) Recently discovered

gest that neg-1 affects the cell wall β-glucan structure,

functions of glucosylceramides in plants and fungi.

which is consistent with our results that showed impaired

Cell Mol Life Sci 60: 919－941.

mycelial growth phenotype in FGSC11881. The loss of

5）Uemura S, Go S, Shishido F, Inokuchi J (2014)

NCU04395 may be complemented by a heat-inducible

Expression machinery of GM4: the excess amounts

gene that has function similar to that of NCU04395 under

of GM3/GM4S synthase (ST3GAL5) are necessary

high-temperature conditions.

for GM4 synthesis in mammalian cells. Glycoconj J
31: 101－108.

Interestingly, the NCU08927-deficient mutant did not
form mycelia at 25℃ and 40℃. NCU08927 is annotated as

6）Coetzee T, Fujita N, Dupree J, Shi R, Blight A,

a sphingolipid δ-4 desaturase gene, which encodes an inte-

Suzuki K, Suzuki K, Popko B (1996) Myelination in

gral membrane protein required for sphingosine biosyn-

the absence of galactocerebroside and sulfatide: nor-

thesis . This enzyme converts d -erythro-sphinganine to

mal structure with abnormal function and regional

36）

d -erythro-sphingosine

instability. Cell 86: 209－219.

and δ4-desaturated sphingolipids,

which provide an early signal that triggers their entry

7）Rodrigues ML, Travassos LR, Miranda KR, Franzen

into both meiotic and spermatid differentiation pathways

AJ, Rozental S, de Souza W, Alviano CS, Barreto-

during Drosophila spermatogenesis . In many eukary-

Bergter E (2000) Human antibodies against a puri-

otic organisms, sphingolipids desaturated at the δ4-posi-

fied glucosylceramide from Cryptococcus neoformans

tion serve as important signaling molecules for cellular

inhibit cell budding and fungal growth. Infect Immun

proliferation, differentiation, and motion37）, as well as cell

68: 7049－7060.

36）

cycle arrest and apoptosis . Therefore, the lack of

8）Nimrichter L, Cerqueira MD, Leitao EA, Miranda K,

NCU08927 may be critical for the life cycle processes, in-

Nakayasu ES, Almeida SR, Almeida IC, Alviano CS,

cluding mycelial growth of fungi.

Barreto-Bergter E, Rodrigues ML (2005) Structure,

38）

In view of the importance of GSLs in a wide variety of

cellular distribution, antigenicity, and biological func-

cellular process, identification of novel genes involved in

tions of Fonsecaea pedrosoi ceramide monohexosides.

the metabolism of those lipids may provide new insights

Infect Immun 73: 7860－7868.
9）Rhome R, Singh A, Kechichian T, Drago M, Morace

into function of GSLs in filamentous fungi.

G, Luberto C, Del Poeta M (2011) Surface localization
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