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Summary

We describe the isolation and characterization of ICL1
from the rice blast fungus Magnaporthe grisea, a gene
that encodes isocitrate lyase, one of the principal
enzymes of the glyoxylate cycle. ICL1 shows elevated
expression during development of infection struc-
tures and cuticle penetration, and a targeted gene
replacement showed that the gene is required for full
virulence by M. grisea. In particular, we found that the
prepenetration stage of development, before entry
into plant tissue, is affected by loss of the glyoxylate
cycle. There is a delay in germination, infection-
related development and cuticle penetration in Aicl1
mutants. Recent reports have shown the importance
of the glyoxylate cycle in the virulence of the human
pathogenic fungus Candida albicans and the bacterial
pathogen Mycobacterium tuberculosis. Our results
indicate that the glyoxylate cycle is also impor-
tant in this plant pathogenic fungus, demonstrating
the widespread utility of the pathway in microbial
pathogenesis.

Introduction

The majority of fungi exist as benign saprotrophic degrad-
ers of plant and animal material. A small number of spe-
cies, however, have evolved the ability to invade and
colonize living tissue and are the causal agents of a wide
variety of diseases in animals and plants. The mecha-
nisms by which fungi bring about diseases in plants and
animals are very diverse; animal pathogens invade tis-
sues directly or move within the host via its circulatory
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system and, once established in the host, they need to
proliferate while contending with both innate immunity and
the adaptive immune response. In contrast, plant patho-
genic fungi have evolved distinct developmental pro-
cesses in order to breach tough plant cuticles and invade
underlying tissues, and to withstand the extensive battery
of chemical and physical defence mechanisms deployed
by plants.

Magnaporthe grisea is the causal agent of rice blast,
the most serious disease of cultivated rice (Howard and
Valent, 1996; Talbot and Foster, 2001), and is typical of
many cereal pathogens in infecting its host by means of
a specialized infection structure called an appressorium.
Appressoria are dome-shaped, melanin-pigmented cells,
which develop enormous turgor (Howard et al., 1991) in
order to generate an invasive force to rupture the rice leaf
cuticle. Having gained entry to the plant tissue, the fungus
then grows rapidly, invading plant cells and bringing about
observable disease symptoms within 3 days. In heavy
infections, disease symptoms can be so severe that whole
seedlings will die, whereas in older plants, the fungus can
prevent grain-filling or destroy the grain-bearing structures
of the plant (Howard and Valent, 1996; Tucker and Talbot,
2001).

The enormous turgor in appressoria is a consequence
of the accumulation of very large quantities of glycerol in
the cell (de Jong et al., 1997). Glycerol acts as a highly
soluble osmolyte, causing rapid influx of water into the
appressorium to generate hydrostatic turgor. The biosyn-
thesis of glycerol occurs rapidly during appressorium
morphogenesis and involves mobilization of storage
reserves from the conidium (Thines et al., 2000). Lipid
bodies have been shown to move to the appressorium
and undergo aggregation and take-up by vacuoles,
before lipolysis at the onset of appressorium maturation
(Thines et al., 2000). These observations suggest that
glycerol is synthesized predominantly via triacylglycerol
lipase activity, which is abundant in mature appressoria,
using lipid reserves mobilized from the conidium. One
consequence of such rapid lipolysis in M. grisea is likely
to be the generation of fatty acids, and subsequently,
after B-oxidation, of acetyl CoA. We reasoned that M.
grisea may therefore require a mechanism for using
acetyl CoA in order to allow subsequent development of
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the pathogen after plant infection. This has prompted us
to investigate the role of the glyoxylate cycle in appresso-
rium development.

Here, we report that M. grisea ICL 1, encoding isocitrate
lyase, is highly expressed during appressorium develop-
ment, and especially within mature appressoria and inva-
sive hyphae. Targeted mutation of /CL 1 led to mutants that
showed a significant delay in spore germination and dis-
ease symptom expression. When considered in conjunc-
tion with recent studies showing the significance of
isocitrate lyase in two distinct microbial pathogens of
human hosts (McKinney et al.,, 2000; Lorenz and Fink,
2001), our results indicate that the glyoxylate cycle may
be of widespread importance to fungal pathogens in both
animals and plants.

Results

Magnaporthe grisea ICL1 is highly expressed during
appressorium-mediated plant infection

In order to investigate the role of the glyoxylate cycle in
appressorium-mediated plant infection by M. grisea, we
identified and characterized a putative isocitrate lyase
gene. Isocitrate lyase catalyses the production of glyoxy-
late from isocitrate and is the first step in the glyoxylate
pathway that allows acetyl CoA to be converted to pyru-
vate and, subsequently, via gluconeogenesis, to glucose.
M. grisea ICL1 was initially recognized from a collection
of expressed sequence tags (ESTs) derived from cDNA
clones of an appressorium-stage cDNA library (Rauyaree
etal, 2001). The EST sequence was used to design
ICL 1-specific DNA primers, and a 240 bp fragment of the
gene was amplified and used to identify a corresponding
cDNA and genomic clone spanning the gene locus. DNA
sequencing revealed a 1970 bp coding region interrupted
by four introns (verified by sequencing of genomic and
cDNA clones), which was capable of encoding a 547-
amino-acid protein of 60 kDa. The putative /ICL1 gene
product showed 85.5% amino acid identity to the isoci-
trate lyase gene acu3 of Neurospora crassa and 76.3%
identify to acuD of Aspergillus nidulans (Gainey et al.,
1992), as shown in Fig.1. In order to investigate the
temporal and spatial pattern of /CL1 expression during
infection-related development, a 1.5 kb promoter frag-
ment upstream of the ICL1 protein-coding sequence was
fused to the green fluorescent protein-encoding gene
SGFP (Chiu etal., 1996). The ICL1(p):sGFP promoter
fusion was introduced into a wild-type strain of M. grisea,
Guy 11, and transformants with a single integration of the
plasmid were selected by DNA gel blot analysis (data not
shown). Three independent transformants were used to
investigate gene expression patterns. Conidia, harvested
from plate cultures of a ICL1(p):sGFP transformant,

exhibited high levels of GFP fluorescence (Fig.2A
and B). Expression declined initially during germ tube
emergence and elongation, before appressorium deve-
lopment (Fig.2C and D). Once formed, appressoria of
ICL1(p):sGFP transformants were highly fluorescent, par-
ticularly at the onset of turgor generation, 24—-48 h after
spore germination (Fig.2E and F). When conidia were
incubated on a surface that can be breached by M. grisea
appressoria, such as sterile onion epidermis, the expres-
sion of ICL1(p):sGFP was followed throughout the infec-
tion process. Appressoria were highly fluorescent during
turgor generation (Fig. 21 and J), and emerging penetra-
tion pegs also fluoresced brightly (Fig.2M and N). After
cuticle penetration, M. grisea formed highly vacuolated,
bulbous, branched infection hyphae, which also showed a
high level of ICL1(p):sGFP expression (Fig.20 and P).
An M. grisea transformant expressing sGFP under the
control of the A. nidulans glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) promoter, which gives constitu-
tive expression in most ascomycete fungi (Punt etal,
1987), showed very low levels of sGFP fluorescence
throughout appressorium formation and invasive growth
(Fig. 2G and H).

High levels of ICL1(p):sGFP expression were also
observed when mycelial cultures were incubated with
sodium acetate or olive oil as sole carbon source (Fig. 3).
In contrast, no expression was observed when mycelium
was grown in glucose-rich medium. In order to measure
the induction of ICL1 expression in response to acetate,
an enzyme-linked immunosorbent assay (ELISA) was
used to quantify GFP abundance in M. grisea transfor-
mants. A calibration curve was first generated using puri-
fied recombinant GFP to allow subsequent quantification
of GFP within mycelial extracts of ICL1(p):sGFP transfor-
mants (Fig. 3E). Cultures of Guy11 and ICL1(p):sGFP
transformant ZWI1-4 were then prepared in rich medium,
and mycelium was recovered and transferred to minimal
growth medium with either glucose or sodium acetate as
sole carbon source. Mycelium was removed at four inter-
vals after transfer to these growth conditions, and protein
extracts were made (see Experimental procedures). GFP
was then quantified by ELISA using a monoclonal anti-
GFP antibody (Fig. 3F and G). The antibody did not show
any cross-reaction with mycelial protein extracts from
Guy11 (Fig. 3F). Furthermore, we observed that the M.
grisea ICL1 promoter responded to the presence of ace-
tate very rapidly and led to abundant GFP production
within 24 h (Fig. 3G). All the observed expression patterns
were consistent with results from RNA gel blot analysis of
ICL1 expression (data not shown). We conclude that M.
grisea ICL1 is expressed in response to the presence of
two carbon compounds as a sole carbon source, and is
also highly expressed during appressorium morphogene-
sis and invasive growth by M. grisea.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1601-1612
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Fig. 1. Predicted amino acid sequence of the M. grisea ICL1 gene product. Sequences were aligned using the program CLUSTALW (Thompson
et al., 1994). Identical amino acids are highlighted on a black background and similar amino acids on a light grey background. Gaps in the
alignments are indicated by dashes. Sequences aligned were the predicted products of M. grisea ICL1 (GenBank accession AF540383),
Neurospora crassa acu3 (X62697) and Aspergillus nidulans acuD (X62696).

Targeted gene replacement of M. grisea ICL1

In order to determine whether ICL71 encodes isocitrate
lyase and to characterize its role in M. grisea, we car-
ried out a targeted gene replacement. A 5.3 kb EcoR1
fragment spanning the /ICL1 gene locus was selected,
and a 1.8 kb Xhol-Sall fragment containing the major-
ity of the protein-coding sequence was removed and
replaced with a hygromycin phosphotransferase gene
cassette (Carroll efal, 1994) bestowing resistance to
hygromycin B (Fig.4). The resulting construct was
introduced into the wild-type rice pathogenic strain of
M. grisea Guy 11 (Table 1). Transformants were
selected and analysed using DNA gel blots (Fig. 4C).
Three transformants were identified in which the pre-

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1601-1612

dicted gene replacement event had taken place. In
these transformants, I-7, 1-10 and I-11, a gene probe
derived from the protein-coding region of ICL1 failed to
hybridize (Fig.4C). In order to determine whether the
glyoxylate cycle was affected in these mutants, the
three Aicl1 transformants were cultured on media con-
taining either sodium acetate or olive oil as sole carbon
source, as shown in Fig. 5. In each case, Aic/lT mutants
I-7, 1-10 and I-11, failed to grow, whereas the wild-type
Guy 11 and two ectopic transformants, 1-6 and I-8,
grew normally. All strains grew normally on glucose
(Fig. 5). We conclude that M. grisea ICL1 encodes
isocitrate lyase, which is involved in the proliferation of
the fungus on two carbon compounds or after lipid
metabolism.
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Fig. 2. Expression of M. grisea ICL1 during conidial germination and appressorium development. A 1.5 kb promoter fragment of /CL1 was fused
to the sGFP green fluorescent protein-encoding allele (Chiu et al., 1996) and introduced into M. grisea strain Guy 11. Transformants ZWI-2, 1-4
and 1-6, carrying single-copy integrations of the /ICL1p:sGFP transgene, were identified, and appressorium development was analysed by

epifluorescence microscopy of germinating conidia on an unyielding surface (plastic coverslips, A—H) or a yielding surface (sterile onion epidermis,

I-P).

A and B. Three-celled pyriform conidia of ICL1p:sGFP transformant ZWI1-2, before germination on plastic coverslips (0 h).

C and D. Germ tubes extending from conidia and beginning to form appressoria, 6 h after germination.

E and F. Mature appressoria elaborated from ends of germ tubes, 24 h after germination.

G and H. Control experiment in which a transformant, MJK246, expressing sGFP under control of the A. nidulans GAPDH promoter was allowed

to undergo appressorium formation for 24 h.

I 'and J. Appressorium development of transformant ZWI-4 on onion epidermis, 10 h after spore germination.
K and L. Penetration peg formation of ZWI1-4, 16 h after spore germination.

M and N. Invasive hyphae formation after 24 h.
O and P. Invasive, secondary hyphae forming after 48 h.
Bar for all frames = 10 um.

Aicl1 mutants show reduced virulence and a delay in the
expression of rice blast symptoms

Targeted deletion of /CL 1 did not cause observable effects
on hyphal elongation or mycelial growth. There was, how-
ever, a reduction in conidiogenesis by Aic/1 mutants of
=50% compared with the isogenic wild type. To assess
the virulence of Aicl1 mutants, conidial suspensions of
uniform concentration were sprayed onto seedlings of a

susceptible rice cultivar, CO-39, and a susceptible barley
cultivar, Golden Promise, and the plants were allowed to
develop blast symptoms. We observed a reduction in
observable disease symptoms on all seedlings inoculated
with Aicl1 mutants |-7 or I-10 compared with plants inoc-
ulated with Guy 11 or transformants -8 or I-30, in which
the gene replacement vector had integrated at an ectopic
site in the genome (Fig. 6A). The mean lesion density on
leaves of rice seedlings inoculated with Guy 11 was

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1601-1612
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Fig. 3. Expression of M. grisea ICL1 in response to the presence of sodium acetate. The ICL1p:sGFP transformant ZWI-4 was incubated in a
rich growth medium for 48 h and then transferred to a minimal growth medium for a further 24 h with either glucose (A and B) or sodium acetate
(C and D) as sole carbon source. Mycelium was isolated and visualized by epifluorescence microscopy. Bar for all frames = 10 um. Quantitative
analysis of ICL1p:sGFP expression was carried out using an enzyme -linked immunosorbent assay (ELISA).

E. A calibration curve was established using a monoclonal anti-GFP antibody (Clontech) and a dilution series of purified recombinant GFP.
Cultures of Guy 11 and the ICL1p:sGFP transformant ZWI1-4 were prepared and transferred to either glucose- or sodium acetate-

containing medium for 24 h (see Experimental procedures). The concentration of GFP in mycelial extracts per mg of freeze-dried mycelium
[ug (mg FDM)™"] was calculated after 0, 2, 4, 8 and 24 h.

F. Graph of GFP concentration in M. grisea Guy 11 after transfer of mycelium to glucose (open squares) or sodium acetate (open circles).

G. Graph of GFP concentration in M. grisea ICL1p:sGFP transformant ZWI1-4 after transfer of mycelium to sodium acetate (black diamonds) or
glucose (black squares). Each data point represents the mean of three replications of the experiment. Error bar represents the standard error of
the mean.

47.45 + 3.13 compared with 22.23 +5.49 in seedlings
inoculated with Aic/1 mutant I-11 (P < 0.001), with a sim-
ilar reduction observed in barley infections. The most strik-
ing difference observed was in the progression of disease
symptoms (Fig. 6B—-E). In rice seedlings inoculated with
Guy 11, rice blast disease symptoms began to appear as

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1601-1612

early as 48 h after inoculation with spore suspensions,
and they were very obvious after 72 h. In contrast, seed-
lings inoculated with Aic/1 mutants did not exhibit rice blast
symptoms until 96 h after inoculation (Fig. 6D). To inves-
tigate the reasons why plant infection might be delayed
and result in less acute disease symptoms, we measured
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Fig. 4. Organization of the /CL1 locus and targeted gene
replacement.

A. Restriction map of the wild-type /CL1 locus showing orientation of
the coding region (arrow).

B. Targeted gene replacement vector pAJF14 showing mechanism of
insertion by homologous recombination and generation of null allele.
A, Apal; B, BamHl; E, EcoRl; H, Hindlll; P, Pstl; S, Sall; Xh, Xhol.
C. DNA gel blot analysis of M. grisea pAicl1 transformants. DNA was
digested with EcoRl, fractionated, blotted and probed with a 0.8 kb
Xhol-Sall fragment of ICL1 deleted by the gene replacement or the
1.4 kb Hph cassette. Lane 1, Guy 11; lane 2, Aic/1 mutant I-11; lane
3, Aicl1 mutant I-10; lane 4, Aicl1 mutant I-8; lane 5, Aicl1 mutant
|-7; lane 6, Aicl1 mutant I-5; lane 7, Aic/1 mutant |-1.

Table 1. Recombinant M. grisea strains used in this study.

the ability of Aic/l1 mutants to perform a number of viru-
lence-associated functions, including completion of the
prepenetration stage of development (see Table 2). We
found that the emergence of germ tubes after conidial
germination was delayed in Aic/1T mutants. In Guy 11,
96.19 £ 1.06% conidia had formed a germ tube 2h
after inoculation onto plastic surfaces compared with
29.06 £ 16.25% in the Aic/1 mutant I-10. By 4 h after inoc-
ulation, the rates of germ tube emergence were, however,
very similar (Table 2). The formation of appressoria was
also substantially delayed in Aic/1 mutants compared with
Guy 11, which formed appressoria from 74.17 + 18.64%
of germ tubes within 8 h of germination, compared with
only 1.67 £ 2.89% by Aicl1. The rate of successful appres-
sorium-mediated penetration of plants was determined by
allowing conidia to germinate on onion epidermis and
form appressoria. The emergence of a penetration hypha
at the base of the appressorium and rupture of the epi-
dermis was then assayed by light microscopy (Chida and
Sisler, 1987). In Guy 11, 70.5 + 3.28% of appressoria had
successfully penetrated epidermal layers after 24 h,
whereas 44.7 £ 6.36% of appressoria had completed
infection in Aic/1 mutant I-11. Consistent with the reduc-
tion in cuticle penetration, we observed a delay in turgor
generation by appressoria when assayed using an incip-
ient cytorrhysis test. This assay measures the number of
cells collapsing after exposure to solute of varying con-
centrations. Hyperosmotic solutions cause the cells to
collapse allowing an assessment of their internal turgor.
In 24-h-old appressoria, there was a significant difference
in the number of appressoria that were collapsed after
incubation in 1 M glycerol between Guy 11 (19.9 + 8.6)
and Aicl1 (30.3 £ 9.4). This indicates that appressoria of
Aicl1 mutants do not develop turgor as rapidly as wild-type
M. grisea (Table 2). Turgor levels after 48 h of appresso-
rium maturation were almost identical between the Aicl1
mutants and Guy 11. Taken together, our results indicate

Strain name Genotype/description Reference

Guy11 Wild-type rice pathogenic strain of M. grisea® Leung et al. (1988)
ZW1-4 ICL1(p):sGFP: ILV15U% This study

ZW1-2 ICL1(p):sGFP:ILV15YR This study

ZW1-6 ICL1(p):sGFP:ILV1SUR This study
MJK246 GAPDH(p):sGFP:Hph® Kershaw et al. (1998)
-7 Aicl1::Hph This study

1-10 Aicl1::Hph This study

1-11 Aicl1::Hph This study

1-6, 1-8, 1-30 pAICL1 transformants of Guy 11 with ectopic integration of vector This study

C-5, C-6, C-7, C-8 Aicl1::Hph:ILV 1597 This study

a. Guy 11 was used to generate all recombinant strains used in this study.

b. Sulphonylurea-resistant allele of the /ILV1 acetolactate synthase gene of M. grisea used as selectable marker for transformation (Sweigard

et al.,, 1997).

c. Transformant expressing sGFP under the control of a constitutive promoter, the glyceraldehyde-3-phosphate dehydrogenase promoter of A.

nidulans (Punt et al., 1987).
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Fig. 5. M. grisea Aicl1 mutants are unable to use acetate or lipids as
sole carbon source. Strains were cultured on minimal growth medium
with (A) glucose, (B) olive oil and (C) sodium acetate. Plate cultures
were grown for 10 days at 24°C. Top row plates are inoculated with
Guy 11 (left) and I-8 (right); middle row plates with I-6 (left) and Aicl1
mutant I-10 (right); bottom row plates with Aic/7T mutants I-7 and I-11.

that targeted deletion of ICL1 results in retardation and
impairment of a number of virulence-associated pro-
cesses in M. grisea.

Appressorium turgor generation in M. grisea is accom-
panied by movement of lipid droplets into developing
appressoria, the coalescence of droplets and take-up by

il

I-10 1-30
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vacuoles, followed by rapid lipolysis (Thines et al., 2000).
To determine whether these processes were affected in
Aicl1 mutants, conidia of Guy 11 and the Aic/1 mutant |-
10 were allowed to form appressoria, and Nile Red
staining of triacylglycerol was carried out. We observed
abundant lipid droplets in both strains, which degraded
during spore germination. Movement of lipid droplets to
developing appressoria occurred in the Aicl/1 mutant, but
was delayed compared with Guy 11 (Fig. 7). The degra-
dation of lipid was also somewhat delayed. By 8 h after
germination, appressoria of the Aic/T mutant 1-10 pos-
sessed abundant lipid bodies, which had already begun
to be degraded in Guy 11 (Fig. 7). By 24 h, however, lipid
was depleted in both Guy 11 and I-10. We conclude that
the absence of the ICL1 gene delays appressorium mat-
uration and turgor generation and may contribute to the
reduction and delay in disease symptom expression by
Aicl1 mutants.

Reintroduction of ICL1 into Aicl1 mutants restores
virulence

To ensure that the phenotypic differences observed in

I-10 1-30

Guytt |7 0 Guy11 Guy11
D E
Guy11 1-10 1-30 Guy1t 1-10 1-30

Fig. 6. Rice blast symptoms produced by Aic/1 mutants of M. grisea.

A. Leaves from barley plants of cultivar Golden Promise that were inoculated with suspensions of conidia from the strains indicated at a
concentration of 10* conidia ml™'. Disease symptoms were allowed to develop for 120 h.

B. Leaves from rice plants of cultivar CO-39 that were inoculated with suspensions of conidia from the strains indicated at a concentration of 10*
conidia ml™'. Rice blast symptoms were allowed to develop for 48 h, (C) 72 h, (D) 96 h and (E) 120 h.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1601-1612
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Table 2. Phenotypic analysis of Aic/1 mutants of M. grisea.

M. grisea strain Virulence-associated function

Conidial germination?

2h

Guy 11 96.19 + 1.06%a

1-30 94.28 + 0.25%a

Aicl11-10 29.06 + 16.25%b
Appressorium formation®
6h

Guy 11 16.42 £7.20%a

1-30 26.33 £9.33%a

Aicl11-10 0.00 + 0.00%b
Appressorium turgor generation (24 h)°
0.5 M glycerol

Guy 11 5.4 +2.0%a

1-30 5.6 £2.2%a

Aicl11-10 17.9 £7.8%b
Appressorium turgor generation (48 h)°
0.5 M glycerol

Guy 11 3.0 £1%a

1-30 2.0+1.0%a

Aicl11-10 6.7 £3.1%b
Appressorium-mediated cuticle penetration®

Guy 11 70.5 £ 3.3%a

1-30 69.8 £ 6.2%a

Aicl11-10 45.3+3.2%b

Aiclt 1-7 44.8 +3.9%b

Aicl1 1-11 44.7 £ 6.4%b

4h

98.75 + 0.94%a
97.53 £ 1.32%a
91.86 £ 3.31%b

8h

58.53 £ 5.40%a

7417 +18.64%a
1.67 £2.89%b

1 M glycerol
19.9 +8.6%a
20.1 £7.9%a
30.3 £9.4%b

1 M glycerol
9.1+1.3%a
5.6 £2.2%a

13.3 £6.6%a

12h

95.79 £ 0.46%a
94.58 + 0.92%a
10.17 £2.50%b

2 M glycerol
73.9 £ 15.4%a
70 +21.8%a
71.9£19.0%a

2 M glycerol
63.8+£9.9a
65.0 + 8.8%a
67.5 £ 8.6a%

24 h

97.67 £2.00%a
98.00 + 0.88%a
29.47 £ 32.79%b

3 M glycerol
91.1 £7.3%a
88.7 £ 8.5%a
92.8 £ 4.8%a

3 M glycerol
91.0 £ 4.7%a
86.1 £2.1%a
89.4+5.1a

4 M glycerol

96.8 +4.2%a
97.0 +2.3%a
98.2+2.2%a

4 M glycerol

97.2+2.3%a
95.8 +1.0%a
97.6 £1.3%a

a. The percentage of conidia that had elaborated a germ tube after incubation in water on plastic coverslips after 4 h or 6 h was recorded (n = 300).
For all tests, a different letter in the same column indicates that the difference is significant at P < 0.05.
b. The percentage of conidia that had formed an appressorium after incubation on hydrophobic plastic surfaces for the times indicated was

recorded (n = 300).

c. Turgor generation was assessed by incipient cytorrhysis (Howard et al., 1991). The percentage of appressoria that had collapsed after 10 min

in glycerol solution was recorded (n = 300).

d. The percentage of appressoria that had formed a penetration hypha and ruptured an onion epidermal layer was recorded after 24 h (n = 300).

Aicl1 mutants were all associated with the gene replace-
ment event, we reintroduced the ICL1 gene as a 5.3 kb
EcoRI fragment carried on a plasmid vector with a gene
cassette bestowing sulphonylurea resistance (Carroll
et al., 1994). We selected transformants and ensured that
they carried a single-copy integration of the ICL1 gene by
DNA gel blot analysis (data not shown). Aic/1:ICL1 trans-
formants were all able to grow on sodium acetate as sole
carbon source and exhibited full virulence, as shown in
Fig. 8. All other virulence-associated phenotypes in Aicl1
mutants were complemented by reintroduction of the gene
(data not shown). We conclude that ICL1 is necessary for
full virulence in M. grisea.

Discussion

The glyoxylate cycle provides a means for cells to assim-
ilate two-carbon compounds into the tricarboxylic acid
cycle (TCA cycle) and channel these via gluconeogenesis
to generate glucose. Normally, induction of the glyoxylate
cycle indicates that a cell is using lipid metabolism as
its predominant source for ATP generation, involving -
oxidation of fatty acids and the production of acetyl CoA.

The acetyl CoA is then channelled through the glyoxylate
cycle via isocitrate lyase-mediated production of glyoxy-
late and the production of malate by malate synthase.
Here, we have shown that the rice blast fungus M. grisea
requires the glyoxylate cycle enzyme isocitrate lyase in
order to be fully virulent and produce acute rice blast
symptoms.

We observed that Aic/1 mutants were less virulent than
an isogenic wild-type strain of M. grisea and were
impaired in virulence-associated functions such as germ
tube emergence, appressorium development and cuticle
penetration. Significantly, all these affected functions are
associated with the prepenetration stage of development
before the fungus has gained access to nutrients from the
host plant. Aic/1 mutants obviously retain the capacity to
cause disease because they appear to be unaffected in
their ability to invade and proliferate normally in plant
tissue. The virulence defect results instead from a delay
in completing the prepenetration stages of development,
leading to a lower frequency of appressorium-mediated
infection events.

During conidial germination and appressorium forma-
tion in M. grisea, which occur in a nutrient-free environ-
ment, lipid bodies are known to be mobilized from the
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Aiclt

Fig. 7. Cellular distribution of lipid droplets during appressorium morphogenesis by M. grisea. Conidia of Guy 11 and Aic/7 mutant 1-10 were
incubated in water drops on plastic coverslips and allowed to form appressoria. Samples were removed at 0 h, 4 h, 8 h and 24 h and stained
with Nile red for the presence of triacylglycerol. Lipid bodies were visualized by epifluorescence microscopy (right). Lipid bodies migrated to the
tips of germ tubes and coalesced within appressoria before disappearing during the onset of turgor generation. The Aic/7 mutants showed a

delay in lipid mobilization from the conidium.

conidium to the germ tube apex (Thines et al., 2000). At
the onset of turgor generation, lipid bodies coalesce and
are taken up by vacuoles, before rapid lipolysis. Thus, M.
grisea uses lipid metabolism extensively during appresso-
rium formation. Lipid metabolism may contribute to ATP
generation and fuel secondary metabolic pathways, such
as melanin biosynthesis, which are critical for appresso-
rium function. However, it also seems likely that lipolysis
is important for turgor generation in appressoria via the
synthesis of glycerol, which accumulates to very high
concentrations in appressoria (de Jong etal, 1997;
Thines et al., 2000). A consequence of reliance upon lipid
metabolism for turgor generation during the prepenetra-
tion stage of development may be induction of the glyox-
ylate cycle to provide a mechanism of generating glucose.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1601-1612

High-level expression of /CL1 during conidial germination
and appressorium formation indicates that the glyoxylate
cycle is stimulated at this time. Significantly, /CL1 is also
highly expressed during penetration peg formation and
during the generation of invasive hyphae. The initial
stages of plant infection, before glucose acquisition from
plant tissue, may therefore be a stage at which lipid
metabolism is very important for the proliferation of M.
grisea.

Recently, it has been shown that Candida albicans,
the most serious human pathogenic fungus, requires
isocitrate lyase in order to be fully virulent in a mouse
model of candidiasis (Lorenz and Fink, 2001). A similar
requirement was also observed in the pulmonary bacte-
rium Mycobacterium tuberculosis, in which isocitrate
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Guy11 C-5
I-10 C-6
Guy1it C-7
-10 C-8

lyase mutants show attenuation in virulence (McKinney
et al., 2000). Our observation highlights the potential sim-
ilarities in the metabolic processes required for virulence
in diverse microbial pathogens. Clearly, both M. grisea
and C. albicans have co-opted the glyoxylate cycle into
fulfilling a specific role in pathogenesis in response to a
glucose-deficient environment, the leaf surface in the case
of M. grisea, and the phagocytic macrophage invaded
by C. albicans. Isocitrate lyase is also highly expressed
during infection by the human pathogenic fungus Crypto-
coccus neoformans (although dispensable for patho-
genesis), and to support growth of the intracellular
pathogenic bacterium Rhodococcus equi on lipids, which
it uses in the phagolysosome (Kelly etal., 2002; Rude
etal., 2002).

Foliar pathogens of plants need a means of germinating
and developing on the leaf surface in the absence of
external nutrients, and many species carry out morpho-
genetic programmes resulting in the development of
specific infection structures in this environment. The gly-
oxylate cycle, which provides a means of coupling lipid
and carbon metabolism, may be fundamental to allowing
these development to proceed before host invasion. A
requirement for ICL in virulence has been observed very
recently based on the results of an insertional mutant
screen in the brassica pathogen Leptosphaeria maculans,
in which a virulence mutant was found to carry an inser-
tion in an ICL-encoding gene (Idnurm and Howlett, 2002).
This indicates the potential widespread utilization of this
pathway during plant infection by diverse pathogenic fungi
and the potential for developing the glyoxylate pathway as
a target for disease intervention.

C Fig. 8. Complementation of Aic/1 mutants of M.
grisea by reintroduction of /CL1.
A. M. grisea strains were cultured on minimal
medium with sodium acetate as sole carbon
source.
B. Leaf from rice plant of cultivar CO-39 that
was inoculated with a suspension of conidia
from Aicl1 mutant I-10 at a concentration of 10*
conidia ml~'.
C. Leaf from rice plant inoculated with a conidial
suspension of Aic/1::Hph:ICL1:ILVSY% transfor-
mant C-6 at the same concentration.

Experimental procedures
Fungal isolates and culture conditions

The wild-type rice pathogenic M. grisea strain Guy 11 was
used throughout this study. Media composition, fungal
growth, nucleic acid extraction and DNA-mediated transfor-
mation were all carried out as described previously (Talbot
etal., 1993). Restriction digests, gel electrophoresis and
DNA gel blot hybridizations were all carried out using stan-
dard procedures (Sambrook et al., 1989)

Identification and targeted gene replacement of
M. grisea ICL1

Genomic DNA from M. grisea Guy 11 was used for poly-
merase chain reaction (PCR) amplification with the primers
ZW-1 (5-ACTACCTGCGACCCATTATTGC-3") and ZW-2 (5-
GAGAAGGTCGACACCTGAGTC-3’), designed based on an
available M. grisea EST sequence (Rauyaree et al., 2001;
Soanes etal., 2002). The following PCR conditions were
used: 30 cycles of denaturation at 94°C for 10 s, annealing
at 58°C for 30 s and extension at 72°C for 3 min. An initial
denaturation step of 3 min at 94°C and a final elongation step
at 72°C for 10 min were performed. The amplicon was cloned
and sequenced and used to identify corresponding genomic
and cDNA clones (Talbot et al., 1993). For gene replacement,
a 5.3 kb EcoRI fragment spanning /CL1 was cloned into a
modified pBluescript vector (Stratagene) from which Xhol
and Sall sites had been removed from the multiple cloning
site. The resulting plasmid, pZWICL1, was digested with Xhol
and Sall releasing a 1.65 kb fragment containing the ICL1
protein-coding sequence. The linearized plasmid was ligated
to a 1.4 kb Xhol-Sall-linked hygromycin phosphotransferase
gene cassette to create the gene replacement vector pAICL1.
The EcoRI insert was liberated and transformed into M.
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grisea strain Guy 11. For construction of the ICL1p:sGFP
expression vector, a 1.5 kb promoter fragment from the 5
end of /ICL1 was amplified from pZWICL1 with the primers
T3 (5"-AAT TAA CCC TCA CTA AAG GG-3') and ICL1-N
(5"-CCATGT TTT TAG AAG CCA TGG CAC-3’), which intro-
duced an Ncol site at the 3’ end to allow fusion of the
promoter fragment to the start codon of sGFP. The amplified
DNA fragment was digested with EcoRI and Ncol and cloned
into pMJK80, which contains the sGFP allele (Chiu et al.,
1996; Kershaw et al., 1998) and A. nidulans trpC terminator
(Punt et al., 1987). The resulting ICL1(p):sGFP fusion was
excised as a EcoRl-Xhol fragment and cloned into an M.
grisea transformation vector pCB1532 (Sweigard etal.,
1997). For complementation of Aic/1 mutants, a 5.3 kb EcoRl
fragment spanning the /CL1 locus was cloned from pZWICL1
into pCB1532, which carries a selectable marker bestowing
resistance to sulphonylurea (Sweigard etal, 1997). The
resulting plasmid, pICL1532, was introduced into M. grisea
Aicl1 mutant |-10, and transformants were selected on
150 ug ml~" chlorimuron ethyl. For all M. grisea transfor-
mants, DNA gel blot analysis was carried out to ensure sin-
gle-copy integration of plasmid DNA. All strains used in the
study are given in Table 1.

Quantification of ICL1p:sGFP expression by ELISA

Magnaporthe grisea mycelium from Guy 11 and
ICL1(p):sGFP transformants ZWI1-2, 1-4 and 1-6 was grown
in complete medium (Talbot et al., 1993) for 48 h. Mycelium
was then removed by filtration and transferred to minimal
medium (Talbot et al., 1993) containing glucose or sodium
acetate (6 mM) as sole carbon source. Replicate samples of
mycelium were removed by filtration through Miracloth (Cal-
biochem), washed thoroughly with dH,O, snap frozen in liquid
nitrogen and lyophilized. Samples (1 mg) of freeze-dried
mycelium (FDM) were placed in Eppendorf tubes, and pro-
teins were extracted by maceration in 1 ml of bicarbonate
buffer (pH 9.6) using a hand-held homogenizer. Debris was
pelleted by centrifugation at 12 000 g for 5 min, and 100 pl
of supernatant containing solubilized proteins was trans-
ferred to wells of Immulon Il HB microtitre plates (95029370;
Thermo Labsystems). Extracts were double diluted into 50 pl
volume of fresh buffer, and the proteins were immobilized by
incubating the plates for 16 h at 4°C in sealed plastic bags.
The wells were washed four times with PBST [PBS + 0.05%
(v/v) Tween 20 (polyoxyethylene-sorbitan monolaurate); P-
1379; Sigma] and once each with PBS and dH,0 and air dried
at 23°C in a laminar flow hood. A standard calibration curve
of recombinant GFP protein (8360-2; Clontech) was prepared
in bicarbonate buffer in microtitre wells as described. For
enzyme-linked immunosorbent assays, wells containing
immobilized GFP were incubated with mouse anti-GFP mon-
oclonal antibody (mAb) ascites fluid (8371-1; Clontech),
diluted 1:2500 in PBST for 1 h followed by goat anti-mouse
polyvalent (immunoglobulin classes IgG, IgA and IgM) per-
oxidase conjugate (A-0412; Sigma) diluted 1:1000 for a fur-
ther hour. Bound antibody was visualized by incubating wells
with tetramethyl benzidine (TMB) substrate solution for
30 min, reactions were stopped by the addition of 3 M H,SO,,
and absorbance values were determined at 450 nm with an
MRX automated microplate reader (Dynex Technologies).
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Wells were given four 5 min rinses with PBST between incu-
bations. Working volumes were 50 ul per well, and incubation
steps were performed at 23°C in sealed plastic bags. Using
the calibration curve, absorbance values obtained from
ELISA of FDM extracts were converted into equivalents of
GFP (expressed as ug of protein mg™ FDM). Appropriate
absorbance values for conversion to GFP equivalents were
determined from each dilution series of extract and concen-
trations corrected according to dilution factor. This eliminated
bias resulting from steric hindrance in ELISA (Thornton,
2001). Each value was converted independently, and the
mean was then calculated for each set of replicate values for
each treatment at each sampling time.

Phenotypic analysis of Aicl1 mutants

Vegetative growth was assessed by measurement of colony
diameter on plate cultures of M. grisea grown on complete
medium (Talbot etal, 1993). Conidial development was
assessed by harvesting conidia from the surface of 12-day-
old plate cultures and determining the concentration of the
resulting conidial suspension using a haemocytometer
(Corning). To investigate the utilization of carbon sources by
Aiclt mutants, growth was measured after 12 days on mini-
mal medium agar with 6 mM glucose, sodium acetate or 2 g
I"" olive oil as sole carbon source. Appressorium development
was assessed by allowing conidia to germinate on hydropho-
bic plastic coverslips and incubating them in a humid
environment for 24 h at 24°C. The frequency of conidial ger-
mination and appressorium formation was determined at dif-
ferent time intervals by counting the number of germ tubes
and/or appressoria formed from 300 conidia. Each test was
repeated three times. Appressorium turgor was estimated
using an adaptation of the incipient cytorrhysis (cell collapse)
assay (Howard et al., 1991; Dixon et al., 1999). Appressoria
were allowed to form on plastic coverslips incubated in a
humid chamber for 24 or 48 h, and the surface water was
removed carefully with a pipette and replaced with an equal
volume of glycerol solution varying in concentration from 0.5
to 5.0 M. The number of appressoria that had collapsed after
10 min was recorded microscopically. The experiments were
replicated three times. Lipid mobilization during appresso-
rium development was assessed by Nile red staining, as
described previously (Thines et al.,, 2000). Cuticle penetra-
tion was assessed by recording the frequency of penetration
peg formation from appressoria on onion epidermis. A 50 pl
drop of conidial suspension at a concentration of 1 x 10*
conidia ml™* was placed on the surface of onion epidermis
and incubated in a humid environment at 24°C for 24 h. The
frequency of cuticle penetration was determined microscop-
ically by counting the penetration events from 100 appresso-
ria. The experiments were repeated three times.

Plant infections

Plant infections were performed using 14-day-old seedlings
of rice cultivar CO-39 or 10-day-old seedlings of barley culti-
var Golden Promise, both of which are very susceptible to
blast disease. An M. grisea conidial suspension containing
10* conidia mI~" was prepared in 0.2% (v/v) gelatin solution.
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The suspension was sprayed evenly onto rice plants as
described previously (Talbot et al., 1993), and seedlings were
incubated in a controlled environment chamber until disease
symptoms appeared. Disease lesion densities were recorded
from 20 to 30 infected leaves using a 5 cm section of each
leaf. Infection assays were carried out three times using 45
plants per assay.
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