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Abstract

Head blight or scab disease caused by Fusarium graminearum poses a major threat to wheat and barley production in North America
and other countries. To better understand the molecular mechanisms of F. graminearum pathogenesis, we have generated a collection of
random insertional mutants. In mutant 222, one of the transformants significantly reduced in virulence, the transforming vector was
inserted at amino acid 269 of the hydroxymethyl-glutaryl CoA reductase gene (HMRI) that encodes a key enzyme in sterol and isopren-
oid biosynthesis. The N-terminal transmembrane domains of HMRI were disrupted, but the C-terminal catalytic domain was intact in
mutant 222. We failed to isolate mutants deleted of the HMRI gene, suggesting that HMRI is an essential gene. Mutants deleted of the N-
terminal 254 amino acids of HMRI were viable and phenotypically similar to mutant 222. In both mutant 222 and the Amr/*** mutants,
a 3-kb truncated HMRI transcript was detectable by northern blot analyses. In the wild-type strain, only the 5-kb messenger was
observed. The initiation site of truncated HMRI transcripts was determined by 5'-RACE to be 507 bp upstream from the catalytic sub-
unit. When a HMRI fragment corresponding to the DNA sequence of HMRI**° %! was translationally fused to a promoter-less GFP
construct, green fluorescent signals were detectable in vegetative hyphae of the resulting transformants. These data indicate that this
region of HMRI ORF has cryptic promoter activity and can express the catalytic domain in /smrl mutants deleted of its N-terminal
portion. Our results also illustrate the importance of the HMRI gene and the function of its transmembrane domains in F. graminearum.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction

During the past decade, Fusarium head blight or scab
has emerged as the plant disease with the greatest impact
on wheat and barley (Bai and Shaner, 2004; Goswami and
Kistler, 2004). The disease, caused by the filamentous fun-
gus Fusarium graminearum (teleomorph Gibberella zeae),
has reached epidemic proportions in the United States and
across the world (De Wolf et al., 2003; O’Donnell et al.,
2004). In addition to causing yield losses, Fusarium head
blight can reduce grain quality and result in price discounts
(McMullen et al., 1997). Infested cereals are often contami-
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nated with trichothecene and estrogenic mycotoxins that
are harmful to humans and animals (Desjardins et al., 1996;
McMullen et al, 1997). Moreover, F. graminearum also
causes stalk and ear rots of maize and infects other small
grains (McMullen et al, 1997; Parry etal.,, 1995; White
et al., 2003). Although it is naturally a haploid homothallic
ascomycete, heterothallic F. graminearum strains have been
generated by deleting the MATI-1 or MATI-2 mating type
locus (Lee et al., 2003). Thousands of ESTs (Trail et al,,
2003) and the genome sequence of F. graminearum are now
available (www.broad.mit.edu/annotation/fungi/fusarium).
Fusarium graminearum infects wheat spikes from anthe-
sis through soft dough stages of kernel development. Spik-
elets are primarily infected when ascospores or conidia
(macroconidia) are deposited on or inside flowering spik-
elets. The infection pathway on wheat spikes is complex as
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the fungus penetrates through stomata or, more commonly,
directly through floral bracts (Pritsch et al., 2000). From the
infected floret, the fungus can spread up and down the
spike and cause severe damage at conducive temperatures
and humidity. Trichothecene mycotoxins are known to
inhibit protein synthesis in eukaryotes and contribute to
fungal virulence (Desjardins et al., 1996; Proctor et al.,
2002). Mutants carrying loss-of-function mutations that
prevent trichothecene biosynthesis are normal in growth
and development but reduced in virulence on seedlings of
Wheaten wheat, common winter rye, and maize (Desjardins
et al., 1996, 2000; Harris et al., 1999). Further studies indi-
cated that deoxynivalenol (DON) production is not neces-
sary for initial infection facilitates spread of the fungus
within colonized spikes (Bai et al., 2002).

Although F. graminearum is amenable to classical and
molecular genetic manipulations (Bowden and Leslie, 1999;
Proctor et al., 1995), there are only a limited number of vir-
ulence factors in addition to trichothecenes have been iden-
tified (Cumagun etal, 2004). Two mitogen-activated
protein (MAP) kinase genes, MGVI, and GPMKI, are
essential for pathogenicity in F. graminearum (Hou et al.,
2002; Jenczmionka et al, 2003; Urban et al, 2003). The
gpmkl mutants are defective in colonization of flowering
wheat heads and in spreading from inoculated florets to
neighboring spikelets (Jenczmionka et al, 2003; Urban
et al., 2003). Further analysis indicated that Gpmkl regu-
lates the early induction of extracellular endoglucanase,
xylanolytic, and proteolytic activities and is responsible for
the overall induction of secreted lipolytic activities (Jen-
czmionka and Schafer, 2005). The mgvl deletion mutants
are substantially reduced in virulence and DON produc-
tion, and rarely spread beyond the inoculated floret (Hou
et al,, 2002). Disruption of the homolog of Cochliobolus het-
erostrophus CPS1, which represents a novel virulence factor
in fungal pathogens, also causes reduced virulence in
F. graminearum (Lu et al., 2003).

To better understand the molecular mechanisms of F.
graminearum pathogenesis, we have generated a collection
of REMI (Restriction-Enzyme Mediated Integration)
transformants and isolated 11 mutants reduced in viru-
lence (Seong et al., 2005). In this study, we identified and
characterized the HMG-CoA-reductase gene (HMRI)
disrupted in one of these pathogenicity mutants, mutant
222. HMG-CoA reductase converts HMG-CoA to meva-
lonate and is a key enzyme of the mevalonate pathway
involved in the synthesis of many primary and secondary
metabolites, such as sterols, carotenoids, trichothecenes,
and gibberellins (Woitek et al., 1997). We found that
HMRI is an essential gene in F. graminearum. The inser-
tion of the transforming vector in mutant 222 disrupted
the N-terminal transmembrane domains of HMRI, but
the C-terminal catalytic domain was intact. The DNA
sequence corresponding to amino acid residues of 269—
641 of HMRI possessed cryptic promoter activity and
was sufficient for transcription of the catalytic domain in
hmrl mutants.

2. Materials and methods
2.1. Culture conditions and fungal transformation

Fusarium graminearum wild-type strain PH-1 (NRRL
31084) and the transformants generated in this study were
cultured at 25°C on V8 juice agar or minimal medium
(MM) plates (Hou et al., 2002; Trail et al., 2003). Protoplast
preparation and fungal transformation were performed as
described previously (Proctor etal, 1995). Complete
medium (CM) supplemented with 250 pg/ml hygromycin B
(Calbiochem, La Jolla, CA) or 200 pg/ml neomycin (Amre-
sco, Solon, OH) was used for selecting transformants. For
complementation assays, a cosmid clone (4D13) containing
the full-length HMRI gene was isolated from the pMO-
cosX library of PH-1 and introduced into mutant 222 and
ND3 by co-transformation with pSM334 (kindly provided
by Dr. Seogchan Kang), a vector containing the neomycin
phosphotransferase (Hou et al., 2002). Cracked corn cul-
tures of F. graminearum (Hou et al., 2002) were used to
measure DON and ergosterol production as previously
described (Goswami and Kister, 2005). Genetic crosses and
isolation of random ascospore progeny were performed as
described (Bowden and Leslie, 1999; Cumagun et al., 2004).
Approximately, six-week-old plants of wheat cultivar norm
were used in infection assays with conidia collected from 7-
to 10-day-old mung bean cultures (Gale et al., 2002).

2.2. Molecular manipulation

Standard molecular biology procedures were followed
for Southern and Northern blot analyses and enzymatic
manipulations of DNA (Sambrook et al., 1989). Proteins
were extracted from mycelia collected from 2-day-old CM
cultures as described (Bruno et al., 2004). Total proteins
(=20 pg) were separated on a 12% SDS-PAGE gel and
transferred to nitrocellulose membranes. Antigen-antibody
detection was performed with the ECL Supersignal System
(Pierce, Rockford, IL) following the instructions provided
by the manufacturer. A monoclonal anti-GFP antibody
(Sigma, St. Louis, MO) and a monoclonal anti-actin anti-
body (Sigma) were used to detect GFP fusion and actin
proteins, respectively. The BD SMART RACE cDNA
amplification kit (Clontech, Palo Alto, CA) was used to
determine the transcription initiation site in mutant 222
and ND3 with primer REl(TGGATCCTTGATACCCCA
GCGGGCGACG) by 5'-RACE.

2.3. The HMRI gene replacement constructs

The HMRI gene replacement vector pKY42 was con-
structed by the ligation-PCR approach (Zhao et al., 2004).
Briefly, a 0.8-kb upstream fragment and a 0.8-kb down-
stream fragment were amplified with primers HI(ATCGAA
TTCAGCGCTCGGTTTTATTGTCC)/H2( AAGGTT GG
CCGGCCCGGTGTCGTTTACCACATTG) and primers
H3(AAGGTTGGCGCGCCGGAGCTCTCCAAATCTC
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TGT)/H4ATCGGATCCGAGGGATATTCGACATGG
AT) and digested with Fsel and Ascl, respectively. After
ligating these PCR products with the Ascl-Fsel hph frag-
ment, a 3.0-kb HMRI gene replacement construct was
amplified with primers H1 and H4 and cloned into pGEM-T
easy (Promega, Madison, WI) as pHY42. After digestion
with BamHI, pKY42 was transformed into protoplasts of
PH-1. Hygromycin-resistant transformants were screened by
PCR with primers H5 (ACCTTGAAAGTGGGAACGCT)
and H6 (TGTTCCCATCAGCGTTATCC) that amplified a
0.5-kb fragment in PH-1. To delete the first 269 amino acid
residues of HMRI, another gene replacement vector pK'Y48
(Fig. 2B) was generated with a similar approach. A 0.78-kb
upstream flanking sequence of HMRI was amplified with
primers R1 (TGCTCTAGATGATAAGGCAGACGGCA
AAG) and R2 (AAGGTTGGCGCGCCAGGACAATAA
AACCGAGCGC) and digested with Ascl. A 0.67-kb down-
stream fragment was amplified with primers R3 (AAGGT-
TGGCCGGCCTGTTCCTCGGTTACATTGCC) and R4
(AAACTGCAGAAAGAGAAGAGTCGCCCTTG) and
digested with Fsel. The 2.8-kb gene replacement construct
was amplified with primers R1 and R4 after ligating these
PCR products with the iph fragment, and subcloned into
pGEM-T easy as pKY48 (Fig. 2B).

2.4. The GFP reporter construct pKY60

The construct for expressing GFP with the cryptic pro-
moter of the HMRI ORF was generated by the yeast GAP-
repair method (Bourett et al, 2002; Raymond et al., 1999,
2002). In brief, a 1.2-kb fragment of HMRI (Fig. 5A) was
amplified with primers FP1 (GCGAATTGGGTACTCAAA
TTGGTGGATTCAAGTTCTGGCTCGGT) and FP 2(GA
ACAGCTCCTCGCCCTTGCTGTTTCGGTCGATGTT
GTGCTC) and co-transformed with Xhol-digested pDL2
(Bourett et al., 2002) into Saccharomyces cerevisiae XK1-25
(Bruno et al., 2004). Plasmid pKY60 (Fig. SA) was rescued
from the resulting Trp* yeast transformant and confirmed by
sequence analysis to carry the HMRI*® %_-GFP construct
and transformed into PH-1 by selecting for hygromycin-resis-
tant transformants.

3. Results

3.1. Mutant 222 was disrupted in the HMG-CoA reductase
gene

Mutant 222 was generated by transforming BamHI-
digested pCB1003 into the wild-type stain PH-1 (Seong
et al., 2005). It had a reduced growth rate on V8 juice agar
plates and was significantly reduced in virulence (Table 1).
On V8 juice agar plates, mutant 222 produced short and
compact aerial hyphae. While the wild-type PH-1 produced
fluffy colonies, colonies formed by mutant 222 had granular
surface appearance (Fig. 1A). The conventional plasmid
rescue approach was used to identify the gene disrupted in
mutant 222 by self-ligation of Kpnl-digested genomic

Table 1
Mutant 222 was reduced in vegetative growth and virulence

Strain Growth rate (cm/day) Disease index®
(means £+ SD)

PH-1 1.9+0.1 19+0.1 84+14

222 0.6+0.1 0.7+0.1 0.7+0.3

222C 1.7£02 24+0.1 7.6+£0.7

ND3 0.7+£0.1 0.7+£0.2 14+£05

ND4 09+0.0 0.6+0.1 1.0£0.0

% Mean and standard deviation of numbers of symptomatic spikelets at
14 days after inoculation in four independent infection assays.

A PH-1 222

B PH-1
C

Insertion site

* Catalytic domain
——HTHH T —— -
TMs

Fig. 1. Mutant 222 had distinct colony morphologies. (A) Colonies of the
wild-type PH-1, REMI mutant 222, complemented strain 222C, and a
HMRI*** deletion mutant ND3 grown on V8 juice agar plates. Typical
colonies were photographed after incubation at 25°C for 4 days. (B)
Hyphal tips of PH-1 and mutant 222 cultures grown on complete medium.
Vegetative hyphae of mutant 222 tended to have short branching distance.
(C) The HMRI gene contains eight transmembrane domains (TMs, open
boxes) and a C-terminal cytosolic catalytic domain (filled box). In mutant
222, the transforming vector was integrated at the 269 amino acid residue
(marked with a vertical arrow) in the fourth transmembrane domain.

222C

ND3

222

HMRI

DNA. In three independent plasmid rescue attempts, only
one identical clone pMT25 was isolated. Sequence analysis
of the rescued 1.5-kb fragment in pMT25 indicated that
pCB1003 was inserted at amino acid residue 269 (BamHI
site) of the HMG-CoA-reductase gene HMRI (GenBank
Accession No. XP389373). The Hmrl protein has eight
transmembrane (TM) domains and a C-terminal catalytic
domain (Fig. 1B). The transforming vector was inserted in
the fourth TM domain of HMRI in mutant 222 (Fig. 1B).
To determine whether the phenotypes of mutant 222
were directly caused by the disruption of the HMRI gene,
we isolated a cosmid (4D13) containing the wild-type
HMRI gene and introduced it into mutant 222 by co-trans-
formation with pSM334. One of the resulting geneticin-resis-
tant transformants, 222C, displayed a normal vegetative
growth rate and virulence on flowering wheat heads
(Table 1). Southern blot analysis confirmed that 222C
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harbored the wild-type HMRI gene carried on cosmid
4D13 (data not shown). In addition, we conducted co-seg-
regation analysis by isolating 30 progeny from a cross
between mutant 222 and a nit] mutant 11622 of PH-1. Sim-
ilar to mutant 222, all 15 hygromycin-resistant progeny
analyzed were significantly reduced in growth and viru-
lence. In contrast, all 15 hygromycin-sensitive progeny were
phenotypically similar to PH-1. These data indicate that the
disruption of the HMRI gene was responsible for the
reduction of virulence and growth rate in mutant 222.

3.2. HMRI is essential for fungal growth

We constructed an HMRI gene replacement construct
pKY42 (Fig. 2A) and attempted to delete the HMRI gene.

A 1kb
pMT25 —_
Hl H2 hph H3 H4pKY42
// // \\ \\
/ ’ 5 \ HMR?
pihr Ty B ko
I ] — 7
] I i ! *
P Ky
> - > -
R1 R2 R3 R4
Ho HS5
- -
BZI 5 8 5 3
~ 4 Z Z Z
—4.5kb
—3.6kb

C PHI

Fig. 2. Deletion of the N-terminal region of the HMRI gene. (A) Gene
replacement constructs pKY42 and pKY48 were generated by ligation-
PCR. The thick arrows indicated the directions of the HMRI and hph
genes. The majority of HMRI ORF was replaced by /ph in pYK42, but
only the promoter region and the first 254 amino acids of HMRI were
deleted in pK'Y48. PCR primers H1, H2, H3, H4, H5, H6, R1, R2, R3, and
R4 were used in constructing pK'Y42 and pKY48 and mutant screenings.
B: BamHI; K: Kpnl; P: Pstl; B*: the insertion site in mutant 222; P*: Ps¢I
site derived from the cloning vector. (B) Southern blot of genomic DNAs
from the wild-type strain (PH-1), ectopic transformants (ND1 and ND2),
and hmr12%* deletion mutants (ND3 and ND4) were hybridized with a
probe amplified with primers R3 and R4. All DNA samples were digested
with Pstl. (C) Scab disease developed on flowering wheat heads inocu-
lated with conidia PH-1, mutant 222, complemented strain 222C, ND3,
and ND4. Photos were taken 2 weeks after inoculation.

Over 357 transformants isolated in three independent
transformations were screened with PCR primers H5 and
H6 (Fig.2A), but none of them was an /Amrl deletion
mutant. We then generated an additional 210 hygromycin-
resistant transformants with 5 mg/ml mevalonic acid added
to the regeneration medium but again failed to identify any
putative hmrl deletion mutants in these transformants.
These data suggest that HMRI is an essential gene in F.
graminearum. It is likely that the insertion of pCB1003 in
the N-terminal region of HMRI ORF in mutant 222 did
not generate a null allele.

To determine whether the N-terminal portion disrupted
in mutant 222 was essential for HMRI function, we gener-
ated a gene replacement construct pKY48 (Fig.2A) to
delete the first 254 amino acids of the HMRI gene. After
transforming PH-1, twelve hygromycin-resistant transfor-
mants were isolated. Two of them, ND3 and ND4, were
confirmed to have the first 254 amino acids of HMRI
replaced by the Aph gene (Fig.2B). On Southern blots
probed with a fragment amplified with R3 and R4, a 3.6-kb
Pstl band was observed in the wild-type strain PH-1 and a
randomly selected ectopic transformant RDI. In the
hmr1** deletion mutants RD4 and RD5, a 4.5-kb Pstl
band was detected with the same probe (Fig. 2B), indicating
that a gene replacement event had occurred in these two
transformants. Transformant RD2 had the 4.5-kb PstI
band, but it also contained the 2.5-kb band derived from
the ectopic integration of pKY48 (Fig. 2B). The /mri*?*
mutants ND3 and ND4 were reduced in the growth rate
and produced small compact colonies on V8 juice agar
plates (Fig. 1A). Similar to mutant 222, ND3 and ND4 also
were significantly reduced in virulence on flowering wheat
heads and failed to cause necrosis beyond the point of inoc-
ulation (Fig. 2C). When the wild-type HMRI allele carried
on cosmid 4D13 was introduced into ND3, all the defects
associated with the fmr12?3* mutation were complemented
(data not shown).

3.3. The catalytic domain of HMRI was transcribed in
mutant 222 and ND3

Since the carboxyl catalytic domain of HMRI was intact
in mutant 222 and ND3, it might be still expressed and
functional. To determine whether the catalytic domain of
HMRI was transcribed in mutant 222, we isolated RNA
samples from mycelia grown in CM for three days. When
probed with a fragment amplified with primers H3 and H4
(Fig. 2A), a 3-kb band was detected in mutant 222. The 5-
kb band observed in the wild-type strain PH-1 was absent
in mutant 222. In the complemented strain 222C, both 3-kb
and 5-kb transcripts were detected (Fig. 3A). These data
indicated that the C-terminal portion of the HMRI gene
was still transcribed in mutant 222. In mutants ND3 and
ND4, the truncated 3-kb HMRI transcript also was
detected (data not shown).

To determine the transcription initiation site in mutant
222 and ND3, we performed 5'-RACE with primer RE1
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Fig. 3. Truncated HMRI transcripts. (A) Northern blot analysis of RNAs
isolated from the wild-type strain PH-1, mutant 222, its complemented
strain 222C, and Amr®?** mutant ND3. When hybridized with a PCR
fragment amplified with primer H3 and H4, mutant 222 and ND3 had a
3.0-kb band but not the 5.0-kb band present in PH-1. In 222C, both 5.0
and 3.0-kb bands were detected. The bottom panel was the RNA gel
stained with ethidium bromide. (B) Primer RE1 was used in the 5'-RACE
reactions to identify the initiation site of the truncated HMRI transcript
(marked with a vertical arrow) in mutants 222 and ND3. The triangle
indicated the position of the ATG codon M560 of HMRI. The predicted
truncated Hmrl protein in mutants 222 and ND3 has the entire catalytic
domain (filled box) and one transmembrane domain (empty box). Restric-
tion enzymes are: B: BamHI; K: Kpnl; P: Pstl.

(Fig. 3B) and isolated a 210-bp fragment. Sequence analysis
of this fragment indicated that transcription of the trun-
cated HMRI transcript was initiated 1763 bp downstream
from the start codon of the native HM RI ORF and 454 bp
upstream from the catalytic domain (Fig. 3B). We identified
five in-frame ATG codons between this transcription initia-
tion site and the catalytic domain of HMRI. Only the ATG
codon (Hmr1™® Fig 3B) located 141 amino acids
upstream from the catalytic domain was conserved in
HMRI homologs from Magnaporthe grisea and Neuros-
pora crassa. A putative Kozak sequence (Bruchez et al.,
1993) also was identified in front of Hmr1™>¢°, Therefore, it
is likely that the entire catalytic domain was transcribed
and translated in mutant 222 and ND3. The eighth trans-
membrane domain of HMRI (amino acid residues 575-
592) also might be expressed in mutants 222 and ND3
(Fig. 3B).

3.4. The catalytic domain of HM RI was functional in mutant
222 and ND3

To determine whether mutants 222 and ND3 could grow
without a sterol source, we assayed their growth on mini-
mal medium (MM). Similar to their growth on V8 juice
agar, both 222 and ND3 formed compact colonies on MM
(Fig. 4A) with a reduced growth rate (Table 1). These
mutants also produced morphologically normal conidia on
MM (data not shown). Therefore, vegetative growth and
asexual reproduction in mutant 222 and ND3 did not
require supplemental sterol source. Mutant 222 and ND3
were female sterile but fertile when out-crossing with the
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PH-1 222 ND3 222C PH-1 222 ND3 222C

Fig. 4. Growth and mycotoxin production in mutants 222 and ND?3. (A)
Colonies formed by the wild-type strains PH-1, mutant 222, its comple-
mented strain 222C, and the hmri®?* mutant ND3 on the minimal
medium (MM). Photos were taken after incubation at 25 °C for 2 days.
(B) Production of deoxynivalenol (DON, left panel) and ergosterol (right
panel) by PH-1, 222, ND3, and 222C on cracked corn seeds. Mean and
standard errors were calculated from three independent experiments.

nit] mutant 11622 as the male (data not shown). Since
trichothecene mycotoxins are derived from the mevalonate
pathway (Kimura et al., 2003; Sweeney and Dobson, 1999),
we assayed the production of DON in mutants 222 and
ND3. In cracked corn cultures (Fig. 4B) and infected wheat
spikelets (data not shown), mutants 222 and ND3 still pro-
duced DON, although at reduced levels in comparison with
those of PH-1. These data suggest that the catalytic domain
of HMRI may be partially functional in mutant 222 and
produce a residual HMG-CoA reductase activity. Since the
production of ergosterol also was reduced in cracked corn
cultures inoculated with mutant 222 and ND3, it is likely
that reduction of DON production is related with reduced
fungal growth in these imrl mutants.

3.5. The N-terminal portion of the HMRI gene has promoter
activity

Since mutants 222 and ND3 had similar phenotypes and
shared the same initiation site for transcription of the cata-
lytic domain of HMRI, it is likely that the N-terminal por-
tion of the HMRI gene had promoter activity in F.
graminearum. To test this hypothesis, a 1.2-kb fragment
containing the nucleotide sequence between amino acid res-
idue 269 (the insertion site of pCB1003 in 222) and 641 of
HMRI was amplified with primers FP1 and FP2 (Fig. 5A).
This fragment was cloned into vector pDL2 in front of the
GFP ORF followed by the TrpC terminator by the yeast
in vivo recombination approach (Bourett etal, 2002;
Raymond et al., 2002). The resulting HMRI***.GFP
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Fig. 5. Expression of GFP with a portion of the HMRI coding region. (A)
The HMRI*®*.GFP reporter construct pK'Y60 was generated by clon-
ing a DNA fragment amplified with primers FP1 and FP2 (corresponding
to the region between amino acid residue 269 and 641) in front of the pro-
moter-less GFP. (B) Vegetative hyphae of transformant HG1 were exam-
ined under DIC (left panel) and epifluorescence microscopy (right panel).
GFP signal was observed in the cytoplasm without any special distribu-
tion patterns.

construct pKY60 (Fig. 5A) was transformed into PH-1. All
20 hygromycin-resistant transformants examined had GFP
signals (data not shown). Transformants HG1 and HG2
contained a single copy of pKY60 based on Southern anal-
yses (data not shown). GFP signals were observed in the
cytoplasm of vegetative hyphae of transformants HG1 and
HG?2 (Fig. 5B). No special cellular localization patterns of
GFP signals were observed. No GFP signal was detected in
conidia and young germ tubes (data not shown), indicating
that HMRI is not expressed or expressed at a relatively low
level.

4. Discussion

HMG-CoA is converted to mevalonate and then isopen-
tenyl diphosphate, which serves as a precursor for isopren-
oid and sterol biosynthesis (Parrish et al, 1995; Woitek
et al,, 1997). As the key enzyme of the mevalonate pathway,
HMG-CoA reductase is the rate limiting enzyme of choles-
terol biosynthesis in humans (Goldstein and Brown, 1990).
In REMI mutant 222, the transforming vector was inserted
in the HM G-CoA-reductase gene HMRI. Since we failed to
isolate an hmrl deletion mutant, it is likely that HMRI is
an essential gene in F. graminearum. HMG-CoA reductase
is encoded by a single copy essential gene in the fission
yeast Schizosaccharomyces pombe (Lum et al., 1996), many
mammals, and bacterial pathogens (Lum et al., 1996; Wil-
ding et al., 2000a,b). The budding yeast S. cerevisiae has
two HMG-CoA-reductase genes, HMGI and HMG?2 (Bas-
son and Rine, 1986). Although deletion of any one of them
is not lethal, the hmgl and hmg2 double mutant is not via-
ble. There is only a single copy of the HMG-CoA-reductase
gene in the F. graminearum, N. crassa, Aspergillus nidulans,
and M. grisea genomes. In some eubacteria and plants,

there is an alternative pathway for isopentenyl diphosphate
biosynthesis independent of mevalonate (Dubey et al.,
2003; Eisenreich et al, 2004). However, none of the key
enzymes involved in the non-mevalonate terpenoid biosyn-
thesis were found in the F. graminearum genome.

In eukaryotic cells, HMG-CoA reductase has a complex
transmembrane region and a cytosolic catalytic domain at
the C-terminus (Liscum et al., 1985; Roitelman et al., 1991).
The hydrophilic catalytic domain responsible for conver-
sion of HMG-CoA to mevalonate is highly conserved
(Frimpong and Rodwell, 1994). In contrast, the hydropho-
bic N-terminal region has various numbers of transmem-
brane segments, and the sequences are relatively divergent
in different eukaryotes (Hampton et al., 1996). The trans-
membrane domains direct the localization of the HMG-
CoA reductase to the endoplasmic reticulum (Gil et al.,
1985; Parrish et al., 1995) and are also involved in its degra-
dation (Hampton et al., 1996). In REMI mutant 222, the
catalytic domain was intact and a 3-kb transcript was
detectable. Without the transmembrane domains, the car-
boxyl catalytic domain of the HMRI gene may be defective
in sub-cellular localization but partially functional in the
cytoplasm. In bacteria, the HMG-CoA reductase has no
transmembrane domains. It is likely that one of the HMRI
transmembrane domains (Fig. 5B) was expressed together
with the catalytic domain in mutants 222 and ND3. Inter-
estingly, when a C-terminal-truncated fragment of the Usti-
lago maydis HMG-CoA-reductase gene was expressed in
Escherichia coli, it was in a catalytically active form (Cro-
xen et al.,, 1994). Similarly, the 1658-bp region of the yeast
HMG]I gene encoding the catalytic domain had the HMG-
CoA-reductase activities when expressed under control of
strong constitutive or inducible promoters and increased
carotenoid biosynthesis in N. crassa (Wang and Keasling,
2002). Therefore, it is not surprising that the truncated
Hmrl without the transmembrane domains still has HMR-
CoA reductase activities in F. graminearum mutants. We
attempted to detect HMG-CoA reductase with an anti-
human HMG-CoA reductase antibody (Upstate Cell
Signaling Solutions, Lake Placid, NY) in the wild-type
PH-1 and Amrl mutants. Unfortunately, this antibody did
not react to the Hmrl1 protein in F. graminearum.

The mevalonate pathway is involved in the biosynthesis
of many primary and secondary metabolites (Holstein and
Hohl, 2004; Woitek et al., 1997). While sterols are essential
components of cytoplasm membranes, some secondary
metabolites derived from the mevalonate pathway may be
involved in fungal-plant interactions, such as isoprenoids
and gibberellins (Tudzynski, 2005). In F. graminearum,
trichothecene DON has been shown to be a virulence factor
on spreading within colonized spikes (Bai et al., 2002; Des-
jardins et al., 1996). It is also possible that HMRI, as the
key enzyme of the mevalonate pathway, is involved in the
biosynthesis of other un-identified phytotoxic compounds
in F. graminearum. Therefore, HMRI may be important for
plant infection. In filamentous fungi, no HMG-CoA reduc-
tase has been functionally characterized. However, HMRI
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appears to be an essential housekeeping gene in F. grami-
nearum. Mutants 222 and ND3 were significantly reduced
in vegetative growth. The defect of these iimrl mutants in
plant infection could be directly related with their reduced
growth rate. Therefore, further studies are necessary to
clarify the role of HMRI and the mevalonate pathway in
fungal pathogenesis.

Our data suggested that the N-terminal portion of the
HMRI coding region (807-1714bp) has cryptic promoter
activity and is responsible for transcription of the catalytic
domain of HMRI in mutant 222 and ND3. Since the trun-
cated HMRI transcript was not observed in the wild-type
strain, this promoter activity must be inactive and probably
suppressed by transcription of HMRI from its native pro-
moter. However, this suppression is likely to be cis-active
because when pYK60 was integrated ectopically in PH-1
transformants, the wild-type HMRI had no effect on the
expression of GFP by this cryptic promoter carried on
pKY60 (ectopically integrated). Cryptic promoter activities
in 5-UTR, introns or intergenic sequences have been
reported in plants and animals (Fobert et al, 1994; Han
and Zhang, 2002; Terrinoni et al., 2001; Wu et al., 2003). In
S. cerevisiae, the single intron of the ACTI actin gene con-
tains a cryptic promoter (Irniger et al., 1992), which is inac-
tive due to the transcriptional interference posed by the
native promoter of the wild-type ACTI gene. When the
native promoter is deleted, the second exon of ACTI is
transcribed by this cryptic promoter but its biological func-
tion is not clear (Irniger et al, 1992). To our knowledge,
cryptic promoters inside the coding sequences have not
been reported in filamentous fungi. Interestingly, the DNA
sequence corresponding to HMRI** %! is well conserved
among the HMRI homologs from N. crassa and M. grisea
(79 and 80% identity, respectively).
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