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Abstract Differential cDNA screening was used to iden-
tify genes expressed during the colonisation of rice leaves
by the pathogenic fungus Magnaporthe grisea. Thisled to
the identification of a gene, called UEP1, which encodes
aubiquitin extension protein. UEP1 was highly expressed
48 h after initial fungal infection of rice leaves when
M. grisea is proliferating in the leaf epidermis but not yet
causing disease symptoms. UEP1 appeared to be down-
regulated after this time despite further extensive growth
of the fungus throughout the leaf tissue. To investigate the
potential role of ubiquitin in fungal pathogenesis we sub-
sequently isolated UEP3 and PUBA4, encoding a second
ubiquitin extension protein and a polyubiquitin respec-
tively. UEP1 was expressed abundantly during active
growth of M. grisea in axenic culture but was down-regu-
lated by starvation-stress. UEP3 showed a similar pattern
of expression to UEP1 during the growth of M. grisea in
culture and after environmental stress, but was not highly
expressed during plant colonisation. PUB4 was highly ex-
pressed after environmental stress, but was not highly ex-
pressed during plant colonisation. UEP1 was found to be
present in amuch-higher copy number per haploid genome
compared to UEP3 and PUB4. The restricted high-level
expression of UEP1 suggests that M. grisea undergoes
rapid ribosomal biogenesisand protein turnover during in-
itial plant-tissue colonisation, which isregulated by a spe-
cific UEP1-encoded component of the M. grisea ubiquitin
gene family.
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Introduction

Magnaporthe grisea (Hebert) Barr isan ascomycete plant
pathogen capable of infecting more than 50 grass species
(Ou 1985; Rossman et al. 1990). These include a large
number of forage grasses and important food crops such
as wheat, barley and rice. M. grisea is best known as the
causal agent of rice blast, the most serious disease of cul-
tivated rice. Rice blast routinely causes between 11 and
30% losses to the world rice harvest and is responsible
for sporadic recurrent epidemics throughout South East
Asia and South America (Baker et al. 1997). The fungus
has therefore been intensively studied and has become a
tractable organism for classical and molecular genetic
analysis. These efforts have led to rapid progressin stud-
ying the fundamental basis of fungal infection by M. gri-
sea (for reviews see Talbot 1995; Howard and Valent
1996).

Infection of rice by M. grisea begins when a conidium
carried by a dew drop, lands on a leaf, and attaches itself
to the leaf surface with an adhesive released from the co-
nidial apex (Hamer et a. 1988). Once attached, the spore
germinates by producing agerm tube which growsparallel
totheleaf surface, beforeforming aterminal differentiated
cell, the appressorium, in response to the leaf-surface en-
vironment (Hamer et al. 1988; Lee and Dean 1994). The
appressorium is a heavily melanised cell which allowsthe
fungus to penetrate the rice leaf epidermis directly (Ho-
ward and Ferrari 1989). To do this the appressorium gen-
erates enormous turgor pressure (Howard et al. 1991) due
to the accumulation of high concentrations of glycerol
within the cell (de Jong et al. 1997). This draws water into
the appressorium devel oping a hydrostatic turgor which is
focused and translated into a mechanical force, allowing a
narrow penetration peg to rupture the leaf cuticle. Oncein
the plant, infection hyphae ramify through the underlying
epidermal and mesophyll cellsand about 72 hlater necrotic
lesions become visible on the surface of rice leaves.
Between 5 and 7 days following rice infection, aerial co-
nidiophores differentiate from within the coalescing le-



sions rel easing thousands of new conidiato perpetuate the
cycle (Ou 1985).

Progress in understanding the genetic basis of pathog-
enicity in M. grisea has been made predominantly by in-
vestigating the early stages of plant infection and, in par-
ticular, appressorium formation (Howard and Valent
1996). A number of genes, for example, are now known to
be required for appressorium elaboration and function, in-
cluding PMK1, encoding a MAP kinase required for ap-
pressorium development (Xu and Hamer 1996), and
CPKA, encoding a cAMP-dependent protein kinase re-
quired for appressorium function (Mitchell and Dean 1995;
Xu et a. 1997). Other genes, meanwhile, are required for
efficient appressorium elaboration, such as MPG1, encod-
ing a cell-wall hydrophobin involved in |leaf-surface per-
ception (Talbot et a. 1993, 1996), and NPR1 and NPR2,
which regulate this function (Lau and Hamer 1996).

Studies aimed at understanding the |l ater stages of path-
ogenesis have, however, been largely at the cytological
level (Heathet al. 1990) and, asaresult, very littleisknown
about the physiology and underlying molecular biology of
plant tissue-colonisation. This means that a number of im-
portant questions regarding the ability of M.grisea to pro-
liferate within living plant tissue, and bring about disease,
remain unanswered. To address these questions we have
employed adifferential cDNA screening approach to iden-
tify M. grisea genes expressed during growth in planta. In
this study we report the identification of anovel ubiquitin-
encoding gene, UEPL, which is highly expressed during
theinitial stages of plant-tissue colonisation by M. grisea.
In awider investigation, to determine the role of ubiquitin
in plant colonisation, we also report theisolation and char-
acterisation of two other ubiquitin-encoding genes desig-
nated UEP3 and PUB4. UEP3 shows a similar pattern of
expression to UEP1 during growth of M. grisea in axenic
culture, while PUB4 has a distinct expression pattern; but
neither gene is highly expressed during pathogenesis.

Materials and methods

Fungal material and infection assays. All fungal isolatesused inthis
study are stored in the laboratory of N. J. T. (University of Exeter),
and the fertile rice pathogenic strain Guy-11 was employed (Valent
et al. 1991). Thefunguswas grown in complete medium (CM) asde-
scribed by Talbot et al. (1993a). For experiments where nutritional
conditions were altered, the fungus was grown in minimal medium
with either no added nitrate (—N) or glucose (-C). Rice infections
were performed using cultivar CO-39, adwarf rice cultivar whichis
very susceptibleto blast (Valent et al. 1991). Plants were maintained
inacontrolled environment chamber (Conviron, Whatman lab. Sales
Ltd., Kent) with 14 h light (27°C, 85% relative humidity) and 10 h
dark (21°C, 85% relative humidity) according to Valent et al. (1991).
Plants were infected using an artist’s airbrush (Badger airbrush,
Franklin Park, lllinois, USA). A conidia suspension (10° conidia
ml~1) was produced by flooding agar plates with 0.2% (v/v) gelatin
sol ution and the suspension was sprayed evenly onto rice plants. The
plants were placed in plastic bags for 24 h, well-watered, and incu-
bated until disease symptoms were apparent 96-144 h |ater.

Differential cDNA screening. A A-Gem 4 (Promega) directional
cDNA library constructed from blast-infected rice-leaf mRNA (Tal-

353

bot et al. 1993a) was screened at high density with radiolabelled
cDNA probes derived from infected rice-leaf RNA (+) and M. gri-
sea mycelium RNA (-). Plaques showing stronger hybridisation to
the infected rice-leaf cDNA probe were picked and single-plague
purified. Hybridisation conditions and high-stringency washes were
as previously described (Talbot et al. 1993b). Plagues selected from
the differential cDNA screen were Southern blotted to subtract any
rice cDNAsinadvertently selected. M. grisea cDNAs were screened
by Northern blots and a sub-set chosen for further analysis. The
pHM8 cDNA was selected from this collection for characterisation.
Isolation of other members of the ubiquitin gene family was carried
out by screening aM. grisea conidiospore cDNA library (kindly ob-
tained from JinRong Xu and John Hamer, Purdue University) with
pHM8 at low stringency (42°C). One-hundred plaques were select-
ed showing various levels of hybridisation to pHM8 and classified
by high-stringency hybridisations and genomic Southern blots into
three groups. DNA sequence analysis of a subset of cDNAs identi-
fied pHM 300 representing UEP3 and pHM 400 representing PUB4,
in addition to cDNASs representing UEP1.

Nucleic acid analysis. RNA was extracted from M. grisea according
to the method of Timberlake (1980). Total RNA was extracted from
rice tissue using a guanidine thiocyanate method (Sambrook et al.
1989). Poly (A)* enrichment was carried out by oligo-dT cellulose
chromatography (Pharmacia) according to the manufacturer’s in-
structions. For RNA gel-blots, 5 pg of total RNA wasroutinely frac-
tionated in 1.2% MOPS-formaldehyde gels and transferred to Hy-
bond-N (Amersham). Gel-electrophoresis, digestion with restriction
enzymes and Southern-hybridisations were all carried out using
standard procedures (Sambrook et al. 1989). DNA hybridisation
probes were labelled by the random primer method (Feinberg and
Vogelstein 1983) using a Prime-It kit (Stratagene) according to the
manufacturer’s instructions. Genomic reconstruction experiments
were performed using genomic sub-clones of UEP1, UEP3 and
PUB4. The genome size of M. grisea was assumed to be 38 Mb
(Skinner et al. 1993; Talbot et a. 1993b; Orbach et al. 1996). The
pHM8 (UEP1) cDNA hybridised to a4.4-kb EcoRI fragment of ge-
nomic DNA. Therefore, assuming agenome size of 38 Mb, thisrep-
resents 1.16x10~* of thehaploid genome. Thus 1 g of genomic DNA
will contain 0.116 ng of this EcoRI fragment if UEP1 is present as
one copy per haploid genome. A 4.4-kb genomic sub-clone of UEP1,
designated pHM G-1, was sel ected and a Southern blot prepared with
EcoRI-digested pHMG-1 in concentrations equivalent to 1, 2, 3, 4,
5, 10, and 20 copies of UEP1. This was hybridised with a 4.4-kb
EcoRI fragment of pHMG-1. The resulting hybridisation signal was
compared to that obtained with 1 pg of genomic DNA included on
the same gel. The same procedure was repeated for UEP3 and PUB4.
For UEP3 a6.5-kb Sall genomic DNA fragment was sub-cloned to
create pHMG-U3, while for PUB4 a 9.0-kb EcoRI genomic DNA
fragment was sub-cloned to create pHM G-U4. DNA sequence anal-
ysiswas carried out using the dideoxy chain-termination method of
Sanger etal. (1977) withaSequenase2.0kit (Amersham-USB). Man-
ual and automated DNA sequencing was carried out from both sin-
gle- and double-stranded DNA templates. Automated segquencing
was carried out using dye-labelled terminator cycle sequencing with
the Thermo-sequenase kit (Amersham-USB). Samples were pro-
cessed using aPerkin Elmer ABI 377 (Royal Devon and Exeter NHS
Trust, Exeter, Devon, UK). Isolated cDNAs were routinely sub-
cloned from pGEM-1 to pBluescript (Stratagene) and nested dele-
tions made using Exonuclease 11 (Promega). Genomic clones of the
ubiquitin-encoding genes were isolated by screening a Guy-11 ge-
nomic library constructed from strain Guy-11 in A GEM11 (Talbot
et al. 1993a). Densitometric analysis of autoradiographs was per-
formed on scanned images with a Power Macintosh 8200/120 com-
puter using the public domain NIH Image programme (devel oped at
the U. S. National Institutes of Health and available on the Internet
as http://rsb.info.nih.gov/nih-image/).

Exposure of M. grisea to environmental stress. Procedures were
adapted from the experiments to examine cellular stress and ubiqui-
tin gene expression of Finley et al. (1987). Guy-11 mycelium was
grown for 2 daysat 25°C and then subjected to: (1) exposureto ultra-
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violet radiation (302 nm), without maintaining the temperature, for
6 min followed by a 15-min recovery time at 25°C (total UV inten-
sity of 0.09 Jcm™), (2) cold shock by incubation at 4°C for 20 min
and then recovery at 25°C for 15 min, (3) heat shock by incubation
at 42°C for 20 min, (4) heat shock by incubation at 42°C for 20 min

36 48 72 96

24

Fig. 1 Temporal analysis of UEP1 expression during colonisation
of rice tissue by M. grisea. Total RNA (5 pg per lane) was extract-
ed from infected rice leaves at selected times following infection:
24 h, 36 h, 48 h, 72 hand 96 h. The RNA was fractionated under de-
naturing conditionsand bl otted onto Hybond-N membranes. (a) RNA
gel-blot probed with pHM8 cDNA (UEP1). (b) RNA gel-blot probed
with an 8-kb fragment of pMG-1 containing the cytoplasmic rRNA-
encoding repeat unit (rDNA) as aloading control
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et al. 1987). b The predicted

with a 15-min recovery time at 25°C, and (5) heat shock by incuba-
tion at 42°C for 20 min with a 30-min recovery time at 25°C. Total
RNA was extracted from the mycelium and an equally loaded RNA
gel-blot prepared. This blot was hybridised with pHM8, pHM 300,
pHM 400, and pMG-1 (rDNA) to ensure equal loading and transfer
of RNA.

Results

Identification of UEPL, a gene expressed
during the pathogenesis of M. grisea

A cDNA library constructed from blast-infected riceleaves
wasdifferentially screened to identify genes preferentially
expressed during in planta growth (Talbot et al. 1993a).
One of theidentified cDNAS, designated pHM 8, was char-
acterisedin detail . Examination of the expression of pHM8
in planta was first undertaken using RNA gel-blot analy-
sis. Total RNA was extracted from rice leaves at five time
points following the infection of plants with a compatible
M. griseaisolate. Thetimesselected were 24 h, 36 h, 48 h,
72 h and 96 h subseguent to the initial inoculation of rice
leaves with conidial suspensions of the fungus. A 600-bp

TTC GTG AAG ACT CTG ACT GGC 39
F v K T L T G 10
GTC GAG TCC TCG GAC ACG ATC 78
v E s s D T I 23
ATT CAG GAC AAG GAG GGA ATT 117
I Q D K E G I 36
CTT ATC TTT GCT GGC AAG CAG 156
L I F A G K Q 49
CTC TCC GAC TAC AAC ATC CAG 195
L S D Y N I Q 62
TTG GTC CTC CGC CTG CGT GGT 234
L v L R L R G 75
TTG AAA GCT CTG GCC AGC AAG 273
L K A L A S K 88
ATT TGC CGC AAG TGC TAC GCT 312
I c R K (o] Y A 101
ACA AAC TGC AGG AAG AGA AAG 351

T N c R K R K 114

aminoacid sequence of UEP1 352 TGT GGA CAC ACG AAC CAG CTT CGC CCC AAG AAG AAG CTC 390
was aligned with known ubi- 15 ¢ ¢ H T N @ L R P K K K L 127
quitin carboxy extension pro- 391 AAA TAA ACGATTTCACCCTCATCACGGTCTTTGGCGTCACGTTTTTCGG 439
teins (CEP52) from a number 128 K -
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<) CCARAGAGCCTCAGAACATGATTCCATGAATTTTTTCATCAARATACCTGA 592
thamoeba castellanii (630455), TACCTTGAAAAAARAAARAAAARAAAAA 37 620

Drosophila melanogaster
(103436), Caenorhabditis ele-
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(485518), Nicotiana tabacum
(83594) and Saccharomyces ce-
revisiae (A29456). The se-
guence shows 97% identity to
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the Genbank accession number
AF056623 indicates identical
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D.melanogaster
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N.tabacum
S.cerevisiae
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sequence UEP1
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b S.cerevisiae = . ........... ... Y
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erate mature Ub'Q“'“qand this 196 AAG GAG AGC ACC CTC CAC CTC GTG CTG CGT CTG CGT GGT 234
position is shown by ~. A puta- 63 X E § T L H L VvV L R L R G 75
tive nuclear localisation signal 235 GGT GGT AAG AAG AGG AAG AAG AAG GTC TAC ACC ACC CCC 273
isunderlined. A putative zinc- 7 ¢ 6 K. K R K K.K V Y T T P 88
finger RNA-binding siteisin- 274 AAG AAG ATC AAG CAC AAG CAC AAG AAG GTC AAG TTG GCT 312
dicated in bold by C...C at co- 8 X K I K H K H K K VvV K L a 101
dons 121, 126, 141, and 144 313 GTG CTA AGT ACT ACA AGG TCG ACG GTG ACG GAA AGA TTG 351
(Ozkaynak et al. 1987). b The 02 v L 8 T T R S8 T V T E R L 114
predicted amino-acid sequence 352 AGC GCT TCC GCC GCG AGT TGC CCA AAC GAG ACC TGC GGT 390
Of UEP3 Wasallgned Wlth 115 s A S A A s c P N B T c G 127
known ubiquitin carboxy exten- 391 GCC GGT ATC TTC ATG GCT GCC ATG CAG GAC CGC CAG TAC 429
sion proteins (CEP76) from a 1286 4 ¢ 1 F M A A M o D R Q ¥ 140
number of organisms: Drosoph- 430 TGC GGC CGT TGC CAC CTG ACC TAC GIC TTT GAC AAG AAG 468
ila I’T‘IelanOgaS[er (823988) 141 ¢ G R o] H L T Y v F D K K 153
Oryza sativa (485519), Saccha- 469 GAC TAA GCTGCTTGATTGCAAAGGATGACGAACTTGTTTATGGGAGAAA 517
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romyces cerevisiae (70658),
Neurospora crassa (U01220),
Arabidopsis thaliana (99772).

The predicted UEP3 amino-ac- @
id sequence is 56% identical to
UBI3 of S. cerevisiae. UEP3

has the Genbank accession

number AF056624 indicates
identical sequence

AAAA

UEP3
S.cerevisiae
D.melanogaster
A.thaliana
O.sativa
N.crassa

UEP3
S.cerevisiae

AAAATGGGATGGGCACGGATACCTTCGGGGCAGGCACAGACTGCCGCCCTT
TCGTTACTGGCGTTTGTAGCATAGGCCTCTTTTTCTTCATTGGGGCTCTGA
CTGGCAATCAATACGGATTGGGATCTTGATGAGATATGAAAAAAAAARAAA

568
619
670
674
3

MQIFVKTLTGKTITLEVESSDTIDNVKSKIQDKEGI PPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRL

RGGGKKRKKKVYTTPKKIKHKHKKVKLAVLSTTRSTVTERLSASAASCPNETCGAG IFMAAMQDRQYCGR
................ YY .VDAEGKVTKLRR . CSNPTCGAGVFLANHKDRLYCGKCHSV . KVNA

D melanogaster LA N. P S KYYKVDENGKIHRLRRE..G.N....V....HE. .H...G-
A.thaliana A...... T..Ko...... H.o....... QFYKVDGSGKVQRLRKE. . .A. .. .. T...SHF..H...-K--
0O.sativa A...... T..K.o...t. Hooooooos QFYKVDDATGKVTRLRKECPNHD - -CGAGTFM.NHFDRHYC. ~
N.cragsa = ....... Voo R..T..... KYYKVDSDGKIERLRRE......... Voo, ———
UEP3 CHLTYVFDKKD
D.melanogaster KCNLTFVFSKPEEK
A.thaliana .G....YQ.EGAQE
O.sativa KCRLTYVYNQKA

b N.crassa = ....... E.SS

transcript was identified by the hybridisation of pHM8 to
total RNA and was most abundant 48 h following plant in-
oculation (Fig. 1a). The transcript was only barely visible
subsequent to thistime, despite there being a much greater
biomass of M. grisea present as the infection proceeded
(Talbot et al. 19934). This pattern of expression was ob-
served in an RNA gel-blot analysis of two independent pa-
thogenicity assays. The time of maximal accumulation of
the pHM 8 transcript corresponds to a period of rapid plant
colonisation by M. grisea, but is prior to symptom devel-
opment (Talbot 1995). During this stage of pathogenesis
thefungusproliferatesrapidly throughthefirst twotothree
epidermal cells encountered after appressorial penetration
and is characterised by abulbous, determinate, growth pat-
tern (Heath et al. 1990) Subsequent to this stage of devel-
opment, the hyphae narrow and extend through the leaf
epidermis and mesophyll before lesions develop 96 h af-
ter initial plant infection.

DNA sequence analysis of pHM8 revealed an open
reading frame (ORF) putatively encoding a128 amino-acid

protein of 14.6 kDa. This ORF was followed by a 3' un-
translated region of 173 bases and a 21-nucleotide poly-
(A) tal (Fig. 2a). Based on amino-acid sequence align-
ment, the translational product was predicted to be a ubi-
quitin fusion gene showing 97% amino-acid identity to the
UBI 1 gene of Saccharomyces cerevisiae (Fig. 2b). Thisis
a highly conserved gene encoding a ubiquitin extension
proteininwhich a76 amino-acid ubiquitin peptideisjoined
to a 52 amino-acid carboxy extension protein (CEP-52).
The gene corresponding to the pHM-8 cDNA clone en-
codes a ubiquitin extension protein and was therefore des-
ignated UEP1. The 52-residue tail of the fusion proteinis
basic in nature, containing 31% glycine and arginine resi-
dues. The carboxy terminus consists of a stretch of highly
basic amino acids (Fig. 2b) which strongly resembles a
motif known to be required for localisation of proteins to
the nucleus (Dingwall and L askey 1986). The carboxy ter-
minus also contains a cysteine-rich zinc-finger motif orig-
inally identified withina5 SRNA gene-specific transcrip-
tion factor TFIIA in Xenopus oocytes (Miller et al. 1985)
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which may be involved in nucleic acid binding (Vincent
1986).

Ubiquitin normally functions by being covalently at-
tached to other proteins and targeting them for proteoly-
sis. Its main and best known function is, indeed, as an es-
sential component of the proteasome pathway (Hilt and
Wolf 1996). Ubiquitin has, however, also been implicated
inanumber of essential processesincluding cell-cyclereg-
ulation, ribosomal biogenesis, DNA repair, and the re-
sponse of cellsto extracellular stress (Hershko et al. 1983;
Finley and Varshavsky 1985; Finley and Chau 1991; Rech-
steiner 1991). In order to investigate the potential role of
ubiquitin in the pathogenesis of M. grisea and the specific
function of UEPL, two strategies were adopted. First, a
search was undertaken to identify other ubiquitin-encod-
ing genes with potentially complementary functions. Sec-
ondly, regulation of the ubiquitin gene family in response
to environmental factors was studied.

I dentification of the ubiquitin gene family of M. grisea

Ubiquitin is encoded by three types of genesin most eu-
karyotes studied so far (Jentsch 1992). In S. cerevisiae the
first type is represented by UBI1, UBI2 and UBI3 which
each encode a single copy of ubiquitin fused to an un-re-
lated tail protein. These are known as ubiquitin carboxy
extension proteins (CEP) and UEP1 clearly belongsto this
group. Secondly, there are poly-ubiquitin genes which en-
code multiple copies of ubiquitin fused together in a head-
to-tail configuration. In S. cerevisiaethisfunctionisserved
by UBI4 (Finley et al. 1987). Finally, athird type of gene
has been identified in certain mammalian and viral
systems, but is absent from S. cerevisiae. These genes en-
code anumber of ubiquitin-like proteins of unknown func-
tion (Jentsch 1992; Casteels et al. 1996).

Using the S. cerevisiae ubiquitin genes as a guide to
the likely organisation of the M. grisea gene family, we
carried out a search for other ubiquitin-encoding genes
of M. grisea. Low-stringency Southern hybridisation
with pHM 8wasused toidentify ubiquitin-encoding genes
from a M. grisea conidiospore cDNA library plated at
high density. Using this method, M. grisea sequence-ho-
mologues of the UBI3 and UBI4 genes of S. cerevisiae
wereidentified based on the high conservation of the ubi-
quitin-sequence components of these genes. The identi-
fied cDNAs were designated UEP3 and PUB4 (for Ubi-
quitin Extension Protein and Poly Ubiquitin, respec-
tively).

UEP3 putatively encodesa 17.3-kDaprotein consisting
of two parts; a 76-amino-acid ubiquitin protein and a 76-
amino-acid carboxy terminal fusion protein (Fig. 3). UEP3
showed strong homology to UBI3 of S. cerevisiae and the
ubi/crp-6 gene of Neurospora crassa. The ubiquitin com-
ponent was found to be 100% identical at the amino-acid
level to that of S. cerevisiae UBI3. The fusion protein con-
tained a putative nuclear localisation signal in the C-ter-
minal CEP76 domain (amino acids 79-84) and a putative
zinc-finger domain (Fig. 3). The C-termina sequences

wereinitially highly homologous, but in al cases diverged
significantly after amino acid 96 (Fig. 3).

PUB4 putatively encodes a 42.5-kDa protein and, in
common with the other polyubiquitin-encoding genes, this
iscomposed of five copies of ubiquitin linked head-to-tail
in a spacerless configuration (Fig. 4). Very strong homol-
ogy was found between PUB4 and the S. cerevisiae UBI 4,
the maize polyubiquitin gene MubC5, and the polyubiqui-
tin gene from N. crassa.

The expression of M. grisea ubiquitin-encoding genes
isinfluenced by environmental stress

Recently it has become apparent that a number of M. gri-
sea genes expressed during pathogenesisare al so regul ated
by nutrient starvation (Talbot et a. 1993; Lau and Hamer
1996). Nutrient deprivation may, therefore, be one of the
environmental cues for fungal development, both during
the pre-penetration phase of development —when conidia
germinate in dew drops on the plant surface (Talbot et al.
19934a; Jellitto et al. 1994) — and much later during dis-
ease-symptom outbreak (Talbot et al. 1997). To determine
whether expression of the ubiquitin genes is regulated by
nutrient starvation, total RNA was extracted fromaM. gri-
sea mycelium exposed to nitrogen-starvation stress for
48 h, as well as M. grisea mycelium exposed to glucose
starvation for 48 h, and an RNA gel-blot analysiswas car-
ried out. The UEP1 transcript was most abundant when the
fungus was maintained under high nutrient conditions,
whereas starvation for either glucose or nitrate caused a
decrease in transcript abundance (Fig. 5a). UEP3 showed
asimilar decrease in transcript abundance following star-
vation stress. In contrast, PUB4 was constitutively ex-
pressed with only a very slight increase in expression af-
ter starvation stress. A control hybridisation experiment
was carried out using the MPGL1 gene (Fig. 5a) which
showed expression only after starvation for either glucose
or nitrate (Talbot et al. 1993a). We conclude that UEP1
and UEP3 are most highly expressed, under conditions of
nutrient availability, while PUB4 is constitutively ex-
pressed.

Toinvestigatetheregulation of UEP1, UEP3 and PUB4
in greater detail, M. grisea mycelium was also subjected
to anumber of treatments known to induce stress proteins
(Finley et al. 1987), and an RNA gel-blot analysis was
carried out. M. grisea was subjected to three environmen-
tal stresses; heat shock, UV shock and cold shock. A con-
trol experiment was carried out by extracting RNA from
M. grisea grown in complete medium, which was not sub-
jected to any stress treatment, for 2 days. All three ubiqui-
tin genes were highly expressed in axenic culture and only
small differencesin expression were observed after stress
exposure. UEP1 and UEP3 expression decreased very
slightly after exposure of M. griseato ultraviolet radiation
(UV), cold stress and heat shock, and increased slightly
upon recovery from stress treatment (Fig. 5b). PUB4 was
also highly expressed during the growth of M. grisea in
culture, although the transcript was most abundant follow-



ing exposure of the fungus to environmental stress. Expo-
sureto UV, heat, and cold stressall caused aslight increase
in PUB4 transcript abundance and a 15-30 min recovery
time after heat stress led to a further slight increase. We
found that starvation stress has a greater effect on M. gri-
sea ubiquitin gene expression than the other environmen-
tal stresses tested.

Strikingly, we also found that, although expression of
UEP1, UEP3 and PUB4 was easily detected during fungal
growth in culture, the UEP3 and PUB4 transcripts were
not detected in planta by RNA gel-blot analysis even af-
ter overloading the RNA gels (data not shown). This sug-
geststhat either UEP3 and PUB4 are not expressed during
in planta growth or, more likely, that their expression is at
too low alevel to be detected by RNA gel-blot hybridisa-
tion with total rice-leaf RNA.

UEP1 is present at more than one copy
per haploid genome

To determine whether all members of the M. grisea ubi-
quitin gene family are present in asingle copy per haploid
genome, reconstruction experiments were carried out to
determine the gene copy number for UEP1, UEP3 and
PUBA4 (Fig. 6). UEP3 and PUB4 both hybridised weakly
to genomic DNA, suggesting that they are present at a
lower copy number (1-2 copies per haploid genome). The
UEP1 gene, however, hybridised with equal intensity to
M. grisea genomic DNA and to a genomic sub-clone of
UEP1 which was adjusted in concentration to represent ten
copies of the gene per haploid genome. Thisindicates that
UEP1 is present at a much higher copy number than the
other ubiquitin-encoding genes. The simple hybridisation
pattern observed suggests that UEPL is present at asingle
site and is tandemly repeated. Mapping of a UEP1-asso-
ciated RFL Pin 36 random ascospore progeny from across,
however, suggested that UEP1 may be present at morethan
one site in the genome. This is based on the fact that the
RFLP did not segregate as a single Mendelian marker and
showed linkage to RFLP markers on more than one link-
age group (data not shown). Based on thisanalysiswe con-
clude that UEP1 has been amplified in the M. grisea ge-
nome and is present at approximately ten copies per hap-
loid genome.

Discussion

The M. grisea UEP1 gene was identified by differential
cDNA screening and represents a gene abundantly ex-
pressed during plant colonisation by the fungus. The ex-
pression of this gene appeared to be highest during thein-
itial stages of plant infection at a stage prior to the appear-
ance of riceblast disease symptoms. During this period the
fungus proliferates rapidly through the leaf epidermisand
takes on a determinate growth pattern asit growsintracel-
lularly and from cell to cell (Heath et al. 1990). The fun-
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* ATG CAG ATC TTC GTG AAG ACT CTC ACT GGC AAG ACC ATC 39
1 M Q I F v K T L T G K T I 13
40 ACC CTC GAG GTG GAG TCT AGC GAT ACC ATC GAC AAC GTC 78
14 T L E v B S s D T I D N v 26
79 AAG TCG AAG ATC CAG GAC AAG GAG GGT ATC CCT CCG GAC 117
27 K s K I Q D K E G I P P D 39
118 CAA CAG CGT CTT ATT TTT GCC GGC AAG CAA CTC GAG GAC 156
40 Q Q R L I F A G K Q L E b 52
157 GGT CGG ACA CTT TCC GAC TAC AAC ATC CAG AAG GAG AGT 195
53 G R T L s D Y N I Q K E s 65
196 ACT CTC CAC CTC GTG CTC CGC CTC CGT GGT GGC! ATG CAG 234
66 T L H L v L R L R G G M Q 78
235 ATT TTC GTC AAA ACC CTC ACT GGC AAG ACG ATT ACC TTG 273
79 1 F v K T L T G K T I T L 91
274 GAG GTC GAG TCC TCC GAT ACC ATC GAC AAT GTA AAG TCG 312
92 E v E s s D T I D N v K S 104
313 AAG ATC CAG GAC AAG GAG GGT ATT CCT CCG GAC CAA CAA 351
105 K I Q D K E G I P P D Q Q 117
352 CGC CTT ATT TTC GCT GGA AAG CAG TTG GAG GAC GGT CGG 390
118 R L I F A G K Q L E D G R 130
391 ACC CTT TCC GAC TAC AAT ATC CAG AAG GAA ACG ACC CTC 429
131 T L s D Y N I Q K E S T L 143
430 CAT TTG GTC CTT CGT CTC CGT GGT GGC! ATG CAG ATT TTC 468
144 H L v L R L R G G M Q 1 F 156
469 GTC AAG ACT TTG ACG GGC AAG ACC ATC ACG TTG GAG GTC 507
157 v K T L T G K T I T L E v 169
508 GAG TCT TCA GAC ACG ATT GAC AAT GTT AAA TCC AAG ATC 546
170 E S s D T I D N A\ K S K I 182
547 CAA GAC AAG GAG GGT ATT CCT CCG GAC CAA CAG CGA CTG 585
183 Q D K E G I P P D Q Q R L 195
586 ATC TTC GCT GGA AAG CAG TTG GAG GAT GGA CGC ACG CTG 624
196 I F A G K Q L E D G R T L 208
625 TCC GAC TAC AAC ATC CAA AAG GAA TCT ACT CTG CAC TTG 663
209 8 D Y N I Q K E S T L H L 221
664 GTC CTG CGT GGT GGT® ATG CAA ATT TTC GTC AAG ACG CTT 702
222 v L R G G M Q I F v K T L 234
703 ACC GGC AAA ACC ATC ACA CTC GAA GTT GAA TCT TCA GAC 741
235 T G K T I T L E v E S S D 247
742 ACA ATC GAC AAC GTC AAA TCA AAG ATT CAA GAC AAG GAG 780
248 T I D N v K s K I Q D K E 260
781 GGT ATC CCG CCT GAC CAA CAA CGT TTG ATC TTT GCG GGC 819
261 G I P P D Q Q R L I F A G 273
820 AAG CAG CTG GAG GAT GGA AGA ACC CTG TCT GAT TAC AAT 858
274 K Q L E D G R T L s D Y N 286
859 ATT CAG AAG GAG TCG ACT CTG CAC CTT GTC CTT CGC CTC 897
287 I Q K E s T L H L v L R L 299
898 CGG GGT GGA! ATG CAA ATT TTT GTC AAG ACG CTA ACC GGC 936
300 R G G M Q I F v K T L T G 312
937 AAA ACC ATC ACA CTG GAA GTG GAA TCT TCA GAC ACA ATT 975
313 K T I T L E v E S S D T I 325
976 GAC AAT GTC AAA TCA AAG ATT CAA GAC AAG GAG GGT ATC 1014
326 D N v K s K I Q D K E G I 338
1015 CCG CCG GAC CAA CAA CGT TTG ATC TTT GCG GGC AAG CAG 1053
339 P P D Q Q R L I F A G K Q 351
1054 CTG GAG GAT GGA AGA ACC CTG TCT GAT TAC AAT ATT CAG 1092

352 L E D G R T L s D Y N I Q 364

1131
377

1093 AAG GAG TCG ACT CTG CAC CTT GTG CTT CGT CTT CGT GGC
365 K E S T L H L v L R L R G
1132 GGT CAG TAG ATAGACTTTGGCAAAGACACGTAGTCCTGATGACTTCGA 1179
378 G Q -

1230
1281
1326

CGTTGGGACATGCAATTGGTGTTTCTTTGGGTTTGGTCAGTCAGGAACGGG
ATGATATGAATGGATGTTAACTTTCTACTACACATACTTTGACACTAGCAT
a AGCGGTGTCAAAAATTCAACAATTTGAGT:

Fig. 4a

gusislikely to have spread only to three or four epidermal
cellsat each siteof infection at thistime (Heath et al. 1990),
and therefore only a small fraction of the leaf RNA sam-
pleused for RNA gel-blot analysisislikely to be composed
of M. grisea transcripts. This suggests that UEP1 is very
highly expressed at thistime. The reduction in UEPL1 tran-
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script levels after this coincides with further rapid growth
of the fungus which can represent up to 10% of the total
leaf biomass 72 h after plant inoculation (Talbot et al.
1993a). This indicates that UEPL is rapidly down-regu-
lated after this stage of development, 48 h before disease-
symptom outbreak.

AsUEP1 putatively encodes a ubiquitin-extension pro-
tein, we decided to investigate the ubiquitin-encoding
genes of M. grisea in more detail. The isolation of UEP1,
UEP3 and PUB4 allowed a comparative analysis of the
ubiquitin-encoding gene family of M. grisea to be carried
out. The organisation of the ubiquitin systemin M. grisea
appears similar to that of the budding yeast S. cerevisiae
where ubiquitin is encoded by a multigene family of nat-
ural gene fusions:UBI 1, UBI2 and UBI3 (Ozkaynak et al.
1984, 1987). Seguence homologues of two of these genes
(UBI1 and UB13) were identified in M. grisea. As multi-
ple copies of UEP1, UEP3 and PUB4 cDNAS were iso-
lated during the screen, it may be that no homologue of
UBI2 exists in M. grisea. This will require further analy-
sis but is feasible because UBI1 and UBI2 encode identi-
cal fusion proteins with completely redundant functions
(Finlay et al. 1989).

Therole of the S. cerevisiae ubiquitin fusion genes, to
which M. grisea UEP1 and UEP3 are homologous, is in
ribosomal biogenesis. The carboxy extension proteins of
UBI 1, UBI2 and UBI3 areribosomal proteins essential for
the assembly of translationally competent ribosomes (Fin-
ley et al. 1989). The 76 amino-acid tail of UBI3 (CEP-76)
isacomponent of the 40 S small subunit of the ribosome,
tightly associated with mature, translationally active, ribo-
somes. Theidentical 52 amino-acidtailsof UBI1and UBI2
(CEP-52), meanwhile, are components of the large 60 S
ribosomal subunit (Finley et al. 1989). The same function
has been shown for the Drosophila melanogaster homo-
logue of UBI1 (CEP-52) suggesting that this function is

MQIFVKTLTGKTITLEVESSDTIDNVKSKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

............ S T R T
............ S
........... T U

probably ubiquitous among eukaryotes (Redman 1994).
The ubiquitin component therefore acts as a molecular
chaperone facilitating the incorporation of the carboxy ex-
tension proteins into ribosomes (Finley et al. 1989). In
stressful conditions the S. cerevisiae UBI4 gene, of which
M. grisea PUB4 is a homologue, is highly expressed sup-
plying free ubiquitin to target damaged or abnormal pro-
teins for destruction by the proteasome pathway.

RNA gel-blot experimentswith the M. grisea genefam-
ily showed that UEP1 and UEP3 were most highly ex-
pressed in actively growing mycelium and were down-reg-
ulated by starvation. Thisis consistent with arolein ribo-
somal biogenesis. PUB4 was also highly expressed in ac-
tively growing mycelium but was further induced by en-
vironmental stresses. PUB4 peaked in expression during
cellular recovery from stress, consistent with afunction in
intracellular proteolysis.

It was striking that during pathogenesis only UEP1
showed high levels of expression whereas, in spite of ex-
tensive efforts, UEP3 and PUB4 transcripts were not de-
tected ininfected riceleavesby RNA gel-blots. Stage-spe-
cific expression of UEP1 during initial plant colonisation
is consistent with arolefor this genein ribosomal biogen-
esis and with its down-regulation by starvation stress.
However, if the role of UEP1 was solely to contribute to
the manufacture of ribosomes then it would be expected
that UEP3 would be similarly regulated, because these two
genes supply components of the 60 S and 40 S ribosomal
sub-units, respectively. Thisis, for example, the situation
in Dictyostelium discoideum where a UBI 3-like gene and
aUBI 1-like gene have been shown to be differentially reg-
ulated during spore formation and multicellular devel op-
ment, contributing to the extensive ribosomal biogenesis
required for cellular differentiation (Ohmachi et al. 1989).
Moreover, it is clear from previous investigations that
growth of M. grisea in rice leaves continues for 72-96 h
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before symptom development and subsequent conidiation
(Talbot et al. 19934a). This suggeststhat prolonged expres-
sion of both UEP1 and UEP3 would be required to facili-
tate ribosome biogenesis throughout fungal growth. It
seems very likely, therefore, that both genes are expressed
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Fig. 5a, b RNA gel blot analysis of UEP1 during environmental
stress. a RNA was extracted from M. grisea mycelium maintained
under high nutrient conditions (labelled CM), mycelium starved for
nitrate for 48 h (labelled -N), and mycelium starved for glucose
(labelled -C). Total RNA (5 g per lane) was fractionated under de-
naturing conditions, blotted onto Hybond-N membranes and probed
with the following: pHM8 cDNA (UEP1), pHM 300 cDNA (UEP3),
pHM400 cDNA (PUB4) and a 3.75-kb Xbal/Hindlll fragment of
pNT800 (MPGL1). The ethidium bromide-stained gel of the corre-
sponding RNA samples is shown below. b M. grisea was grown in
shake culture for 48 hin complete medium at 24°C and then subject-
ed to conditions known to induce stress-related proteins (Finley
et al. 1987). The stress treatments used were: cold shock at 4°C for
20 min, UV exposurefor 6 min, heat shock at 42°Cfor 20 min, 42°C
for 20 min, 15-minrecovery at 25°C, 42°C for 20 min, and a30-min
recovery at 25°C. RNA from an untreated mycelium used as a con-
trol. Total RNA (5 pug per lane) extracted from the fungal mycelium
after stress treatment was fractionated under denaturing conditions,
blotted onto Hybond-N and probed with the following: pHM8 cDNA
(UEP1); pHM300 (UEP3); pHM400 cDNA (PUB4); a 6.4-kb Sall
fragment of pCB573 (ILV1); an 8-kb fragment of pMG-1 containing
the cytoplasmic rRNA-encoding repeat unit (rDNA)
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Fig. 6 UEPL1is present in more than one copy in the M. grisea ge-
nome. For each member of the gene family agenomic sub-clone was
isolated (see Materials and methods) and the DNA concentration ad-
justed to correspond with the amount a single-copy gene would rep-
resent in 1 pg of M. grisea genomic DNA, assuming a genome size
of 38 Mb (Hamer et al. 1988). A DNA concentration series was pre-
pared to represent 1, 2, 3, 4, 5, 10 and 20 copies of the gene and the
DNA fractionated by electrophoresis and then Southern blotted. Hy-
bridisations were carried out with (a) a4.4-kb EcoRI fragment from
the UEP1 genomic sub-clone, pHMG-1 (b) a 6.5-kb Sall fragment
from the UEP3 genomic sub-clone, pHM G-U3 and (c) a9.0-kb Eco-
RI fragment from the PUB4 genomic sub-clone, pHM G-U4. Hybrid-
i sation signal swere compared with two control lanescontaining 1 pg
of EcoRlI-digested M. grisea genomic DNA from strain Guy-11

throughout pathogenesisto fulfil thisfunction, but perhaps
not at a high-enough level to be detected by RNA gel-blots
of infected plant material. The very high expression of
UEP1 during aparticular stage of plant colonisation, how-
ever, may suggest that UEP1 also has an alternate func-
tion.

Genomic reconstruction experiments imply that UEP1
ispresent at approximately ten copies per haploid genome.
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This differs markedly from S. cerevisiae where all four
members of the ubiquitin family are present as single-copy
genes (Ozkaynak et al. 1987). The fact that there are mul-
tiple copies of UEP1 in the genome may contribute agene-
dosage effect to allow for the extraordinarily high expres-
sion of UEP1 during pathogenesis.

To-date the only record of ubiquitin being expressed by
a plant pathogenic fungus is the expression of a polyubi-
quitin gene by the late blight pathogen Phytophthora infe-
stans during growth in potato |eaves (Pieterse et al. 1991).
The high-level expression of this stress-related ubiquitin
during pathogenesis suggested that P. infestans is subject
to starvation-related stress during in planta growth. This
is in marked contrast to the situation in M. grisea where
UEPL1 is highly expressed in planta but the polyubiquitin
gene, PUB4, is not. This suggests that M. grisea is not
subjected to starvation stress during initial plant colonisa-
tion when growth is rapid (Talbot et al. 19934). Perhaps
starvation-stress only influences gene expression subse-
guently, just prior to symptom outbreak (Talbot et al. 1993a
1997).

A consequence of the processing of the UEP1 gene
product during ribosome biogenesis is the release of free
ubiquitin. It may be that the assimilative stage of fungal
development (Heath et al. 1990), just after appressorium-
mediated infection and before rapid colonisation of leaf
tissue, requires extensive protein turnover as the fungus
adjusts to intracellular growth in living plant tissue. A re-
guirement for extra free ubiquitin during this assimilatory
stage of development may therefore explain why UEPL is
highly expressed at this time. Another potential role for
UEP1, however, may be in aregulatory capacity. Ubiqui-
tins have been implicated in the degradation of mitotic cy-
clins, as well as several cell-surface receptors and tran-
scriptional regulators (Ciechanover 1994). The morpho-
logical differentiation associated withthegrowth of M. gri-
seainrice-leaf tissue (Heath et a. 1990; Bourrett and Ho-
ward 1990; Talbot 1995) suggeststhat growth of the patho-
gen in living plant tissue may require a rapid adjustment
of metabolic activity in order for the fungusto survive and
proliferate. Consistent with a regulatory role, it has been
noted that ubiquitin fusions encoded by UBI1, UBI2 and
UBI 3 resembl e post-translationally formed ubiquitin-pro-
tein conjugates which are intermediates in ubiquitin-de-
pendent protein degradation (Finley et al. 1989). They may
therefore interact directly with components of the ubiqui-
tin proteolytic pathway, exerting a regulatory effect (Hilt
and Wolf 1996). It is possible that in M. grisea the defin-
itive ubiquitin pathway has been modified to accommo-
date pathogenic growth.

The restricted high-level expression of UEP1 suggests
that it has been co-opted by M. grisea into serving an im-
portant role in the early stages of pathogenesis. Although
normally considered to fulfil a ‘housekeeping’ function,
ubiquitin is intimately associated with the ability of cells
to respond to environmental change. Understanding the
function of UEP1 may therefore shed light on the adaptive
mechanisms employed by fungi in order to survive and
grow in living plant tissue.
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