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A stress-induced mRNA was identified in the phytopathogenic fungus Fusarium oxysporum f. sp. cucumer-
inum. Treatment of the fungus with ethanol resulted in the induction of a major mRNA species encoding a
protein of approximate M, 37,000. A full-length cDNA clone of the induced message was obtained. RNA blot
analysis indicated that the mRNA was induced by various other stresses, including treatment with copper(Il)
chloride and heat (37°C). However, it was not greatly induced by treatment with phaseollinisoflavan, an
antifungal isoflavonoid produced by Phaseolus vulgaris (French bean). In contrast, phaseollinisoflavan induced
the homologous mRNA in the related bean pathogen Fusarium solani f. sp. phaseoli. A genomic clone of the F.
solani f. sp. phaseoli gene was obtained, and both this and the cDNA clone from F. oxysporum f. sp.
cucumerinum were sequenced. The latter indicated an open reading frame of 320 codons encoding a
34,556-dalton polypeptide. The corresponding reading frame in F. solani f. sp. phaseoli was 324 codons, 89%
identical to the F. oxysporum f. sp. cucumerinum sequence, and was interrupted by a short intron. The gene
was designated sti35 (stress-inducible mRNA). Although computer homology searches were negative, the
cloned gene was observed to cross-hybridize to DNAs of other filamentous fungi, Saccharomyces cerevisiae, and

soybean. Thus, sti35 appears to be a common gene among a variety of eucaryotes.

Stress-responsive genes have been identified in eucaryotes
and bacteria, commonly on the basis of their inducibility by
heat treatment. In eucaryotes, several classes of heat shock
and related proteins are known, including the hsp70, hsp60,
and hsp82 families, and a heterogeneous set of smaller
(<30,000 daltons [Da]) heat shock proteins (19). Consider-
able study has been made of their expression, inducibility by
stress, associated regulatory sequences, and localization of
the protein products. Recent work has indicated that several
of these proteins serve important or essential roles in cellular
function. For example, proteins of the hsp70 family may be
involved in protein translocation into the endoplasmic retic-
ulum. Two 70-kDa heat shock-related proteins of Saccharo-
myces cerevisiae (yeast) have been purified and shown to
stimulate translocation of in vitro-synthesized prepro-a-
factor into isolated microsomes (5). Yeast hsp60 is required
for assembly of multisubunit proteins in mitochondria (3).
Another yeast stress-induced gene, stil, was shown to be
necessary for growth at elevated temperatures (23).

We are investigating the biochemical interactions of plants
and phytopathogenic fungi. Plant tissues can constitute
stressful environments for most fungi, replete as these
tissues may be with various physical and chemical barriers.
Among the barriers to infection are the phytoalexins, plant
secondary compounds which exhibit antibiotic activity. The
phytoalexin biosynthetic pathways are induced by infection
and by various abiotic stresses (33). Although some fungi are
capable of enzymatically detoxifying the phytoalexins char-
acteristic of their particular hosts, even these organisms
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exhibit some sensitivity to the compounds (32). Thus, it is
likely that both host and pathogen are subjected to stresses
in the infection court. The mechanisms by which they
respond to, avoid, and ameliorate the effects of those
stresses may be important in the survival of both plant and
microbe and in the progress of disease.

We have begun a systematic investigation to identify
genes in Fusarium species that are induced by phytoalexins
and other stresses. It is expected that phytoalexins may
induce a variety of genes, some of which are determinants of
pathogenicity. An example is the gene encoding pisatin
demethylase in Nectria haematococca (the perfect stage of
Fusarium solani f. sp. pisi) (40). This enzyme catalyzes the
enzymatic detoxification of pisatin, the major isoflavonoid
compound produced by the plant host Pisum sativum (pea)
in response to infection. The product of this reaction is much
less fungitoxic than is the substrate, so the enzyme is
thought to ameliorate one of the plant defenses. The related
pathogen F. solani f. sp. phaseoli, one of the subjects of this
report, is known to enzymatically detoxify four phytoalexins
of its host, Phaseolus vulgaris (French bean) (33). It is also
possible that some of the genes induced by phytoalexins are
not involved in phytoalexin detoxification but are involved in
other aspects of pathogenicity. Still other phytoalexin-re-
sponsive genes may not be determinants of pathogenicity per
se. Rather, their induction may be part of a response that is
initiated by a number of stresses, including exposure to the
antibiotic products of their plant hosts.

This report describes stress-responsive genes identified in
two phytopathogenic Fusarium species, F. solani f. sp.
phaseoli and Fusarium oxysporum f. sp. cucumerinum. The
closely related genes were designated szi35 because they
encoded stress-inducible mRNAs for 35-kDa polypeptides.
Homologous sequences were not present in sequence data
bases. However, cross-hybridizing sequences were ob-
served in a number of fungi and plants. Thus, sti35 appears
to be a common eucaryotic gene and may serve a basic
biological function.
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MATERIALS AND METHODS

Biological materials. F. oxysporum Schl. f. sp. cucumeri-
num Owen, isolate B1-GK, was a gift from J. Kuc’ (Univer-
sity of Kentucky). F. solani (Mart.) Sacc. f. sp. phaseoli
(Burk.) Snyd. and Hans. (ATCC 60860), a pathogen of P.
vulgaris (French bean), has been used for studies on phy-
toalexin metabolism for several years (34, 42). F. solani
isolate X was described previously (34, 6). Nectria haema-
tococca T9 (the perfect form of F. solani f. sp. pisi) was from
H. D. VanEtten (Cornell University). Emericella (Aspergil-
lus) nidulans UCD-1 was from W. E. Timberlake (University
of Georgia). DNAs from Acremonium coenophialum (a
fungal endophytic symbiont of the grass Festuca arundina-
cea), S. cerevisiae, and Glycine max (soybean) were from
K. L. Mogen, R. C. Dickson, and D. F. Hildebrand,
respectively (University of Kentucky). Media and mainte-
nance and growth conditions of the fungi were as described
previously (6, 27).

Plasmids and bacteriophage. The plasmid vector pIBI76
and the phage vector M13um20 were from International
Biotechnologies, Inc. (New Haven, Conn.). Plasmid Blue-
script KS(—) was from Stratagene Cloning Systems (La
Jolla, Calif.). The cosmid vector pKBY2 (41) was from
K.-M. Weltring (Cornell University). The pKAES plasmids
were developed in this work. pKAES010 contains the full-
length s5ti35 cDNA from F. oxysporum f. sp. cucumerinum:
PKAESO018 is a cosmid clone containing the F. solani f. sp.
phaseoli sti35 gene; pKAES052 is a pIBI76 subclone of the
5.5 kilobase-pair (kb) Kpnl fragment containing F. solani f.
sp. phaseoli sti35. Plasmid KAES066 contains an 859-base-
pair (bp) fragment from pKAES052, which includes the F.
solani f. sp. phaseoli sti35 sequence from nucleotide 251
(BamHI) of the reading frame to nucleotide 1080 (EcoRI), 60
bases 3’ to the presumed translation termination codon (see
Fig. 4). This fragment is ligated into pBluescript KS(—).

Chemicals. The phytoalexin phaseollinisoflavan was from
the laboratory stocks. Enzymes were obtained from Be-
thesda Research Laboratories, Inc. (Gaithersburg, Md.) or
New England BioLabs, Inc. (Beverly, Mass.). Agarose HGT
was from FMC Bioproducts (Rockland, Maine). Other elec-
trophoresis chemicals and supplies were from Bio-Rad Lab-
oratories (Richmond, Calif.) or Sigma Chemical Co. (St.
Louis, Mo.). Other chemicals were from Aldrich Chemical
Co. (Milwaukee, Wis.) or Sigma.

RNA isolation. Total RNA was isolated by a modification
of the methods of Chirgwin et al. (4) and Turpen and Griffith
(38). Mycelia were flash-frozen in liquid nitrogen in a mortar
on dry ice and ground to a fine powder. The powder was
wetted with homogenization buffer containing 4.5 M guani-
dine isothiocyanate, S0 mM EDTA (pH 8.0), 100 mM 2-
mercaptoethanol, 25 mM sodium citrate (pH 7.0), and 2%
sodium lauroyl sarcosine. The homogenate was then thawed
at room temperature with stirring. Debris was removed by
centrifugation at 8,000 x g for 10 min at 4°C. Thereafter, 0.2
g of CsCl was dissolved in each 1 ml of supernatant; then the
homogenate was layered onto a cushion of 5.7 M CsCl in 50
mM EDTA (pH 7.3) and centrifuged at 150,000 x g for 16 h
at 20°C. Each pellet was dissolved in 10 mM Tris hydrochlo-
ride (pH 7.42 mM EDTA-1% sodium dodecyl sulfate
(SDS), extracted with phenol-chloroform (1:1), and precip-
itated with 2.5 volumes of ethanol. Poly(A)* RNA was
prepared by the method of Aviv and Leder (2).

c¢DNA cloning and screening. Poly(A)* RNAs isolated
from ethanol-treated F. oxysporum f. Sp. cucumerinum
mycelia were used for cDNA synthesis by the method of
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Gubler and Hoffman (10). After second-strand synthesis,
oligo-d(G) tails were added with terminal deoxynucleotide
transferase. The tailed cDNA was annealed to Kpnl-cleaved
pIBI76, tailed with oligo-d(C). Escherichia coli TB-1 was
transformed, and transformants were screened by standard
differential colony hybridization (21).

Radioactively labeled cDNA probes were prepared from
mRNA, using avian myeloblastosis virus reverse tran-
scriptase (Life Sciences, Inc., St. Petersburg, Fla.). The
reaction was performed in 50 mM KC1-100 mM Tris hydro-
chloride (pH 8.3)-10 mM MgCl,~10 mM dithiothreitol-2 mM
sodium pyrophosphate—0.2 mM dATP-0.2 mM dTTP-0.2
mM dGTP-50 uCi of [a->’P]dCTP (>3,000 Ci/mmol; ICN
Radiochemicals, Irvine, Calif.), with random hexamer nu-
cleotides (Pharmacia, Inc., Piscataway, N.J.) used as prim-
ers. After 40 min at 37°C, the reaction was stopped by
phenol-chloroform (1:1) extraction, and then the RNA-DNA
hybrids were precipitated with ethanol. The nucleic acids
were redissolved in water, made 0.3 N in NaOH, and
incubated for 40 min at 37°C to hydrolyze RNA. Labeled
DNA was boiled for 2 min and used to probe colony lifts.

Genomic DNA isolation and cloning. Isolation of genomic
DNA from F. oxysporum f. sp. cucumerinum was done by
the method of Turgeon et al. (37), with modifications.
Briefly, 5 g of fresh mycelia was frozen with liquid nitrogen
in a mortar on dry ice, ground to fine powder, and suspended
in 150 mM EDTA-50 mM Tris hydrochloride (pH 8.0)-1%
sodium lauroyl sarcosine-proteinase K (2 mg/ml). After
centrifugation at 2,000 X g for 10 min at 4°C, the supernatant
was incubated at 37°C for 20 min and then extracted succes-
sively with phenol, phenol-chloroform-isoamyl alcohol (25:
24:1), and chloroform-isoamyl alcohol (24:1). The aqueous
phase was centrifuged once at 25,000 X g for 20 min at 4°C
to remove the bulk of polysaccharides. One volume of
isopropanol was added to the supernatant, and the nucleic
acids were pelleted at 8,000 X g for 10 min at 4°C. The pellet
was redissolved in TE buffer (10 mM Tris hydrochloride [pH
7.5], 1 mM EDTA) and banded in a CsCl-ethidium bromide
buoyant density gradient (21). The UV-fluorescent band was
taken, and the dye was extracted with n-butanol. DNA that
was to be cloned was then twice centrifuged in CsCl-
bisbenzimide buoyant density gradients (9) to separate the
majority of nuclear DNA from satellite A- and T-rich DN As.
The bisbenzimide dye was extracted with water-saturated
isopropanol. DNA was dialyzed against TE buffer and
concentrated by precipitation with ammonium acetate and
ethanol (21).

A cosmid clone library of F. solani f. sp. phaseoli DNA
was prepared in the E. coli-Emericella nidulans shuttle
vector pPKBY2 (41) as described by Maniatis et al. (21), with
modifications previously described (30). After ligation of
fragments to the vector, the DNA was packaged in lambda
coat proteins, using Gigapack Gold (Stratagene), the result-
ing particles were used to infect E. coli VCS257 cells
(Stratagene), and the transductants were selected for ampi-
cillin resistance. Approximately 12,000 primary cosmid
clones were obtained.

DNA sequence determination. All DNA sequencing was
done by using the Sequenase kit from United States Bio-
chemicals Corp. (Cleveland, Ohio) according to recom-
mended protocols (36). Single-stranded DNA was obtained
from pIBI76 and pBluescript KS(—) subclones, using the
helper bacteriophage M13K07 (39). Sequencing primers
were synthesized by using a 330B DNA synthesizer (Applied
Biosystems, Foster City, Calif.). Nested unidirectional de-
letions were generated by the method of Henikoff (11), using
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exonuclease III and mung bean nuclease. All sequences
were determined on both strands of the DNA clones, and all
subcloning sites were crossed except for the BamHI site at
position 91 of the F. solani f. sp. phaseoli coding sequence
(see Fig. 4).

Miscellaneous procedures. RNA blots were by the method
of Thomas (35). Low-stringency hybridization was done at
42°C overnight in hybridization buffer (25% formamide, 5%
SSC [1x SSC is 0.15 M NaCl plus 0.15 M sodium citrate],
5x Denhardt solution [5X Denhardt solution is 0.1% Ficoll,
0.1% polyvinylpyrrolidone, and 0.1% bovine serum albu-
min], 0.1% SDS, sonicated, denatured salmon sperm DNA
[100 p.g/ml]). Membranes were washed at room temperature
twice with 2x SSC—0.1% SDS and then at 65°C with 0.5X
SSC-0.1% SDS. High-stringency hybridization was done in
essentially the same way except that the hybridization buffer
contained 50% formamide, and the final wash was 0.1X
SSC-0.1% SDS at 65°C. To quantitate the levels of hybrid-
izing RNA, a low-exposure autoradiograph was analyzed by
laser densitometry, using an Ultroscan XL (LKB, Bromma,
Sweden).

DNA blots and DNA-DNA hybridization were performed
by standard methods (21). DNA probes were labeled by the
method of Feinberg and Vogelstein (7). RNA slot blots were
performed by using GeneScreen Plus positive nylon filters
(Dupont, NEN Research Products, Boston, Mass.) as in-
structed by the manufacturer. Restriction endonuclease di-
gestions were performed as previously described (29).

Hybrid selection was performed by the method of Jagus
(12). In vitro transcription of the cloned cDNA was done by
the method of Melton et al. (22). The transcripts generated
with T7 or SP6 RNA polymerase were used for in vitro
translation without prior addition of cap analogs. In vitro
translation was done with use of a rabbit reticulocyte lysate
system (Bethesda Research Laboratories) as instructed by
the manufacturer but without addition of KCl. An equal
amount of trichloroacetic acid-precipitable, [*>SImethionine-
labeled product was applied to each lane of an SDS-poly-
acrylamide gel and subjected to electrophoresis (18) and
fluorography (31).

RESULTS

Alterations in mRNA expression. Figures 1A and 1B illus-
trate in vitro translation analysis of mRNA from mycelia of
F. oxysporum f.sp. cucumerinum and F. solani f. sp. phase-
oli, respectively, and alterations in profiles of the translation
products associated with treatment of the fungal cultures
with ethanol and with phaseollinisoflavan plus ethanol. One
species, encoding a polypeptide of estimated M, 37,000, was
observed at a high level among the products of mRNA from
ethanol-treated F. oxysporum f. sp. cucumerinum. Since a
corresponding minor band could be observed in the control
lane, it was possible that this represented a species that was
expressed at a significant basal level and was induced to very
high levels by ethanol. A product of similar size was also
observed among the translation products of ethanol-induced
F. solani f. sp. phaseoli mRNA (Fig. 1B), but the level of
expression after ethanol induction was much lower than in
F. oxysporum f. sp. cucumerinum.

To examine the effects of another stress factor, both
organisms were treated with phaseollinisoflavan. This com-
pound is one of the major antifungal products from P.
vulgaris, the plant host of F. solani f. sp. phaseoli. In these
experiments, the isoflavonoid was added as an ethanol
solution. Treatment of F. solani f. sp. phaseoli with the
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FIG. 1. In vitro translation of poly(A)* RNAs from F. oxyspo-
rum f. sp. cucumerinum (A) and F. solani f. sp. phaseoli (B).
Mycelia were treated for 12 h with 70 uM phaseollinisoflavan in
ethanol (1.5%, vol/vol) (lanes P) or with ethanol alone (1.5%,
vol/vol) (lanes E). Control lanes (C) represent mRNAs from non-
treated mycelia. The location of the product from the major induced
mRNA is indicated by arrows.

isoflavonoid resulted in a very high level of the M,-37,000
translation product over that in the ethanol control (Fig. 1B).
In F. oxysporum f. sp. cucumerinum, which already showed
a high level of this species in response to ethanol, little or no
additional increase resulted from treatment with phaseollin-
isoflavan (Fig. 1A). Although there were several lesser
changes also observed among the translation products from
both Fusarium species, the majority of translatable mRNAs
apparently remained unaffected by the chemical treatments.

cDNA clone of an ethanol-induced mRNA. Approximately
600 cDNA clones of mRNA from ethanol-treated F. oxys-
porum f. sp. cucumerinum were screened by differential
hybridization. Three clones gave stronger signals when
hybridized with [*?PlcDNA made from ethanol-induced
poly(A)* RNAs. The cDNA inserts in the three clones
shared sequence homology (data not shown). One of those
identified, designated pKAES010, had a cDNA insert of 1.2
kb.

The cDNA clone pKAES010 was used for hybrid selection
of complementary mRNA from ethanol-treated F. oxyspo-
rum f. sp. cucumerinum mycelia. pKAES010-selected
mRNA gave a translation product of estimated M, 37,000
(Fig. 2A). This product comigrated with the major band
previously identified and associated with ethanol induction
in total mRNA translations. To determine whether the
cDNA insert in pPKAES010 encoded the entire open reading
frame, transcripts of the cDNA were generated in vitro,
using T7 and SP6 RNA polymerases, and in vitro transla-
tions of the transcripts were performed (Fig. 2B). Since their
respective promoters flank the cloning sites, the T7 and SP6
polymerases generate transcripts of complementary strands
of the cDNA. Among the translation products of the T7
RNA polymerase-generated transcripts, the strongest band
comigrated with the major product associated with ethanol
induction. In contrast, there was no detectable translation
product from the SP6 RNA polymerase-generated tran-
scripts. The results served to determine the orientation of
the cDNA insert and indicated that the cDNA insert repre-
sented a near-full-length clone of the message. Since the
cDNA sequence (see below) indicated an open reading frame
encoding a polypeptide of 34,556 Da, the gene for this
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FIG. 2. In vitro translation of pKAES010-selected mRNA from
F. oxysporum £. sp. cucumerinum (A) and RNA synthesized in vitro
by transcription of pKAES010 (B). (A) No RNA added to the in
vitro translation reaction (lane 1), mock selection using the cloning
vector pIBI76 (lane 2), mRNA selected with pPKAES010 (lane 3),
total mRNAs from ethanol-treated F. oxysporum (lane 4), and total
mRNAs from untreated F. oxysporum (lane 5). (B) No RNA added
to the in vitro translation reaction (lane 1), transcripts from an SP6
RNA polymerase reaction using pKAES010 (lane 2), transcripts
from a T7 RNA polymerase reaction (lane 3), and total mRNAs from
ethanol-treated (lane 4) and untreated (lane 5) F. oxysporum myce-
lia.

mRNA was designated sti35 (stress-inducible mRNA, 35-
kDa protein) on the basis of its response to ethanol and other
stresses.

The enhancement of the M,-37,000 in vitro translation
products indicated that ethanol induction and, in the case of
F. solani f. sp. phaseoli, phaseollinisoflavan induction were
causing increased accumulation of the corresponding
mRNAs. This was confirmed by Northern (RNA) blot anal-
ysis of poly(A)* RNAs from the two Fusarium species (Fig.
3). In each, a 1.2-kb mRNA was detected by hybridization
with the pKAESO010 insert (Fig. 3). In F. solani f. sp.
phaseoli, this mRNA was induced by ethanol and further
induced by phaseollinisoflavan. Additional tests (data not
shown) indicated that the levels of s#i35 RNA were increased
by treatment with copper(Il) chloride or dimethyl sulfoxide
and that the F. oxysporum gene but not the F. solani gene
was heat induced (37°C, 12 h).

sti35 sequences. The sequence of the entire F. oxysporum
f. sp. cucumerinum sti35 cDNA is presented in Fig. 4. This
sequence includes a 960-nucleotide major open reading
frame, and the predicted amino acid sequence (assuming the
universal genetic code) is also shown. The molecular size of
the predicted polypeptide is 34,556 Da.

Cosmid clone pKAES018, containing the homologous F.
solani f. sp. phaseoli gene, was identified by hybridization
with the s#i35 cDNA isolated from pKAES010. The restric-
tion endonuclease-cleavage fragments containing the gene
were identified by DNA hybridization, and a 5.5-kb Kpnl
fragment was subcloned into pIBI76 to give pKAES052.
Further subclones were generated and sequenced. The sti35
coding sequence was identified by comparison with that of
the F. oxysporum cDNA (Fig. 4). A likely intron was
identified which divided codon 294 and contained sequences
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FIG. 3. Northern blot analysis of mRNAs from F. oxysporum f.
sp. cucumerinum and F. solani f. sp. phaseoli. (A) Size determina-
tion of 5735 mRNA of F. oxysporum. Markers were the RNAs of
peanut stunt virus and its satellite virus (from S. Ghabrial, Univer-
sity of Kentucky). (B) Each of lanes 1, 2, and 3 contains 5 pg of
poly(A)* RNA from F. solani mycelia which were untreated (lane
1), ethanol treated (lane 2), or phaseollinisoflavan (in ethanol)
treated (lane 3). Each of lanes 4 and 5 contains 1 g of F. oxysporum
mRNAs from mycelia untreated (lane 4) or ethanol treated (lane 5).
The membranes were probed with the 972-bp Pstl-to-EcoRI frag-
ment of the pKAES010 cDNA insert under high (A)- or low
(B)-stringency conditions.

similar to the introns of Neurospora crassa (24). These
sequences were canonical 5'(GTGAGT) and 3'(CAG) splice
sites and a possible branch site (GCTAACT). The deduced
amino acid sequences were highly homologous from resi-
dues 1 to 17 and from residues 37 to 322 of the 324-codon
sequence of the F. solani gene. Predicted amino acid resi-
dues 18 to 36 were divergent in both sequence and length (19
residues in F. solani; 15 in F. oxysporum).

Computer searches of nucleic acid and protein data bases
(GenBank and EMBL) failed to find any sequence signifi-
cantly homologous to the cloned sti35 genes or to the
deduced polypeptide products. Restriction endonuclease
mapping and genomic DNA blot hybridization to fragments
of the pKAES010 and pKAES052 inserts (data not shown)
indicated that s#i35 was a single-copy gene in both Fusarium
species.

sti35 homologies in other species. DNA hybridization anal-
ysis (Fig. 5) was undertaken to determine whether sti35
sequences were common to other eucaryotes. Total DNAs
from a number of fungal species were cleaved with EcoRlI,
electrophoresed, and blotted onto a positive nylon filter. The
filter was hybridized at low stringency with a radiolabeled
probe consisting of the cloned 859-bp BamHI-to-EcoRI
fragment of the F. solani f. sp. phaseoli sti35 gene. DNA
from each organism exhibited at least one EcoRI fragment
which hybridized to the probe, demonstrating that the sti35
gene probe contained sequences commonly present in these
eucaryotic genomes. These sequences do not appear to be
highly repetitive and may be single copy in some or all of the
genomes analyzed.

DISCUSSION

This report describes the identification and sequence
analysis of homologous stress genes from two phytopatho-
genic Fusarium species. The sti35 genes contain open read-
ing frames for polypeptide products of approximately 35,000
Da. Levels of sti35 mRNAs were increased by treatment of
cultures with ethanol and, in the case of F.solani f. sp.
Phaseoli, phaseollinisoflavan. Furthermore, DNA hybridiza-
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ACA CACTCTCTGT TGACGCATCC TCAGACTCGG AAATACATTT CGTTGGCCGA TATCGCGGGT — Fsp-sti35
TACTCCATCA TGATATCAGE CATCCATTAC ATCGTTACCC CTCATCTGCG GTATAAAAGC CAGCCATIGT CTCCTGCTGC TTGA T Fsp-st135
CTTCATCAAC TCATCAACAA CTTGAACCAA AACCCTTATC AAGACTCAAG GTTTGTACTC GAGGTGAGAG GTGATGAACT GGTCTGACAC Fsp-st135
CTAGATATCA TCACTTCCGG TACGGATCCT CCGTCGAGGA ATCTGCAGCC ATGGAGTACC TTTTTGCGGG TAGTTGTCCG AACCTGAGGT 1 Fsp-st135
CAGGTAAAGC ATCATGCATG AGCCGGTGCC CGTTCTTCCC TTCTTGGCCA TTGTCTGTAC TCCTGTGTAC ATCAATGTCA AGAAGAGGAG meuooc'rcl Fsp-sti35
AGATTATACG GCGAAACTTG ATCTGGATAA TACCAGCGAR AGGATCATGC TCTCCTCCCC CCATTGACCC CAATCCCCTA ACACAACCCC AGGCCCAACA — Fsp-sti35
mn?cnmm's Foc-cDNA
ATG TCT CCT CCC GCT GCC GTC TCC CCC CCT GCC CGC TCT GCT GAG CTC GCC TCC GCC CCC GCC GIC AAG CTC CCC Fsp-st135
1 M S P P A A V S P R S A E L A S A P A V K L P
ATG GCC CCT CCC GCT GCT GTC TCC CCT CCC TCT CGC TCT GCA GAG CTT GCT ACA TCT ACC AAG CTC CCA Foc—cDNA
M A - . 3 . 3 . . . . . [ . . . T S T . . .
150
GTC GGC CTG AGC AAG AAC AGC GCT GCT GCC ACC ACC GTC GAG GAG ATG GAG GGC AAG TGG GAC GAC TTC AAG TIT Fsp-st135
26 V G L S K M S A A A T V E E M E G K WM D D F K F
GTC ATG AGC AAG AAC ATC AAC ACC AAG ACC GTT GAG GAG ATG CTC GGT CAG TGG GAT GAT TTC AAG TTT Foc-cDNA
. M . . . 1 N T K . . . . . L . o . . . . . 2.5
GCC CCC ATC CGC GAG AGC CAG GTC TCC CGG GCC ATG ACC CGC CGC TAC TTIC CAG GAC CTC GAC AAC TAC GCC GAG Fsp-st135
s1 A P 1 R E S Q V S R A M T R R Y F Q D L D N Y A E
GCT CCC ATC CGC GAG AGC CAG GTC TCC CGC GCC ATG ACT CGC CGC TAC TTC CAG GAC CTT GAT AAC TAT GCC GAG Foc-cDNA
. L] . . L] . . L] . . L] L] L] L] . . L] L] L] L] L] L] . L] .
300
TCC GAC ATT GTC ATT GTC GGC GCG GGA TCC TGC GGT CTT AGC ACC CGC TAC ATC CTC GGC AAG AAG AGG CCC GAC Fsp-st135
76 s D 1 vV 1 V 6 A 6 S € 6 L s T R Y I L G K K R P D
TCT GAC ATT GTT ATC ATC GGT GCT GGT TCG TGC GGT CTG AGC GCC GCG TAC ATT CTT GGC AAG AAG CGT CCT GAT Foc—cDNA
. . . . 3 1 . . . . . . . . A A . . . . . . . . ]
375
CTC AAG ATC GCC ATC ATC GAG GCT TCT GIG TCT CCT GGT GGT GGT GCC TGG CTC GGT GGC CAG CTC TTC TCG GCC Fsp-st135
100 L X I A I I E A S V P G G G A W L 6 G Q L F S A
CTC AAG ATC GCC ATC ATT GAG GCT TCT GTG TCT CCT GGT GGT GGT GCT TGG CTT GGT GGA CAG CTC TTC TCC GCC Foc-cDNA
TC AAG ATC GCC ATC ATT GRG GLT 2T BOF I0% MoF Fo7 707 707 707 797 707 a0 7am Tam 7T a7 TeT e
450
ATG GTG ATG CGC AAG CCC GCC GAT GCC TTC CTC CGC GAA GTC GGC GTC CCT TAC GAG GAC GAG GGC AAC TAT GIC Fsp-st135
126 M V M R X P A D A F L R E V G V P Y E D E G N Y V
ATG ATC ATG CGC CCT GCT GAT GCT TTC CTC CGC GAG GTC GGT GTT CCT TAT GAA GAT GAG GGT AAC TAC GIC Foc-cDNA
. I ] . . . . . . . . . . . . . . . . . . . . . .
525
GTC GTC AAG CAC GCT GCC CTC TTC ACC TCG ACC ATC ATG TCC AAG GTG CTC CAG CTC CCC AAC TGC AAG CTC TIC Fsp-st135
59 V vV XK H A A L F T S T I M S K V L Q P N C K L F
GTT GTC AAG CAC GCC GCT CTC TTC ACC TCG ACC ATC ATG TCC AAG GTT CTT CAG ATG CCC AAC ATC AAG CTC TIC Foc-cDNA
. . . . . . . . 3 . . . . . . . . . . . I . . .
600
AAC GCC ACC TGC GTC GAG GAC CTC ATC ACC CGA CCT TCC AAG GAG GGA GIC CGC ATC TCT GGT GTC GIC ACC AAC Fsp-st135
176 T E D L 1 T R P & K E G V R 1 S8 G V V T K
AAT GCC ACT TGT GTT GAG GAT CTC ATC ACC CGA CCT TCC GAG GAG GGA GTC CGC ATT GCC GGT GTT GTC ACC AAC Foc-cDNA
. . . [ . (] . . . . . L) . B . L[] . . . A . . . . (]
675
TGG ACC CTC GTG TCG ATG CAC CAC GAC GAC CAG TCC TGC ATG GAC CCC AAC ACC ATC AAC GCG CCC CTC GIC AIC Fsp-st135
200 W T L V S M H H D s C M D P N T 1 N A P L V 1
GG ACT CTT GTT TCC ATG CAC CAC GAT GAC CAG TCT TGC ATG GAC CCC AAC ACT ATT AAC GCT CCT TTG ATC ATC Foc-cDNA
. . ] . ] 0 . ] . . . . L] ] . . . . . . . . L) I .
750
TCC ACC ACC GGC CAC GAC GCC CCC ATG GGT GCC TTT TGC GTC AAG CGT CTC GTC AGC ATG GGA CGC ATC GAG AAG Fsp-st135
226 s T T 6 H D A P M G A F C V K R L vV S M G R I E K
TCC ACC ACC GGC CAC GAT GGC CCG ATG GGA GCT TTC TGT GTC AAG CGC CTT GTC AGC ATG CAG CGC ATT GAG AAG Foc-CDNA
. . . . . . G . . . . . . . . . . . . . . . . [ .
825
CTC GGC GGC ATG CGT GGT CTC GAC ATG AAC GTG GCC GAG GAT GCC ATC GIC AAG GGA ACC CGT GAG ATT GIC CCT Fsp-st135
251 L 6 6 M R G L D M N V A E D A I Vv K G T R E I V P
CTC GGT GGT ATG CGT GGT CTT GAC ATG AAC CTC GCC GAG GAT GCC ATT GTC AAG GGA ACC CGT GAG ATT GTT CCT Foc-cDNA
. . [ . . . . . . . L . . . . . . . . 3 . . . . 3
910
GGT CTG ATT GTC GGA GGA ATG CTT TCC GAG GTT GAC GGA GCC AAC CGA ATG G GTGAGTTTCT CGACACGAGT ATCAATAACT Fsp-sti35
276 6 L I V G G M L' S E V D G A N R M ——
GGT CTT ATT GTT GGT GGA ATG GAA CTT TCC GAG GTT GAC GGT GCC AAC CGC ATG G Foc-cDNA
. L] . L] L] L] . . Ll L] L] . . L] L] L] .
990
GGTTGCTAAC TCGACTAG GC CCT ACT TTC GGT GCC ATG GTT CTG AGC GGT CTC AAG GCT GCC GAG GAG GCC CTC AAG GIC Fsp-st135
294 —¢ B T F G A M V L S G L K A A E E A K
GT CCT ACC TTC GGT GCC ATG GCT CTC AGT GGT CTC AAG GCT GCC GAG GAA GCT CTC AAG ATC Foc-cDNA
. . . . . . - A ] . . . L . . . . . . . I
1080
a8 A‘{T cacb x{c cc;cR cas mx cmo nc’ rcss 'r;c TAAGCGAGTT GACGTACAAG AAGAACATGG ACTGGGAAAC ACGATGATTC AGGAAACATG Fsp-sti35
TIC GAC AcT cac AkG MAG CAG AAC GAT €16 TAAGCGAGAT CATCAAAGAA GGTCATAGTT GGGAAACGGA ACATGTGAAT TCAGGATCCT Foc-cDNA
A . e e e
1180
AATTCAGGAG CCAGGACCTC GICTCTCTTT CGAGGCATGG ATCCTTGTCG CTCATTAGGC CCTTTCAGAG AATGAAATTG GATATCAAAA CTGCTGAATT  Fsp-sti35
GGACCTCGTC TCTCATTCGA GGCATGGAAC CTTGTCATTC ATTTAGTCTG AGCGACTCAA GTTTGGAAAA CATGAACCCA AAGTCGGATG ccmcﬁu.\s Foc-cDNA
GCTCATACTT TCTCGATATA AAACTTGACG TACAATGTGC AACTCCAAGA ACTTTACTCA TCCTCCATCT CCTTCCCCTT TGGCTTCTCG GGCGGAAACT — Fap-stils
GAGACGCCAA ATAAAGCAAT ACTAAATTG (A) 41 Foc—cDNA

FIG. 4. Sequences of the F. solani f. sp. phaseoli genomic DNA clone of sti35 (Fsp-sti35) (GenBank accession number M33642) and the
cloned F. oxysporum f. sp. cucumerinum sti35 cDNA sense strand (Foc-cDNA) (GenBank accession number M33643). The predicted
polypeptide sequences are indicated by their single-letter amino acid codes beneath the nucleotide sequences. Numbers above the F. solani
gene sequence indicate nucleotide positions relative to the presumed translation start codon. Numbers to the left indicate codons of the F.

solani gene. Dots indicate identical predicted amino acids. Underlined
the two polyadenylation sites identified from three independent clones.

bases in the 3’ untranslated F. oxysporum cDNA sequence indicate
Overlined sequences indicate dyad symmetries, frequently occurring

motifs (TTC and CCATT), and a TATA-box-like sequence at —447. Double-underlined sequences match consensus sequences of nuclear

introns.

tion analysis suggested that homologous genes are present in
other fungi and in plants. Therefore, it is possible that s#35,
like other known eucaryotic stress-responsive genes, may
serve an essential cellular function.

Although sti35 was characterized as a stess-responsive
gene, it did not show similar responses to every stress. For
example, ethanol was a potent inducer of the mRNA in F.

oxysporum f. sp. cucumerinum, but phaseollinisoflavan had
little effect. In contrast, the F. solani f. sp. phaseoli homolog
was induced somewhat by ethanol and further induced by
phaseollinisoflavan. This difference in response to phase-
ollinisoflavan is of interest because the compound is an
antifungal phytoalexin produced by the host plant of F.
solani f. sp. phaseoli, P. vulgaris (34). It is possible that the
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FIG. 5. Hybridization of EcoRI-cleaved eucaryotic genomic
DNAs to the F. solani f. sp. phaseoli sti35 gene sequence. DNAs
were from F. solani f. sp. phaseoli (Fsp), F. oxysporum f. sp.
cucumerinum (Foc), F. solani isolate X (FsX), S. cerevisiae (Sce),
A. coenophialum (Aco), N. haematococca T9 (Nha), E. nidulans
(Eni), and G. max (soybean). Samples of DNA (5 pg each) were
cleaved with EcoRl, electrophoresed, blotted, and probed with the
859-bp insert from pKAES066 (see Materials and Methods). Molec-
ular sizes of HindIll fragments of phage lambda are indicated in
kilobase pairs.

difference in response to the phytoalexin is one manifesta-
tion of the adaptation of F. solani f. sp. phaseoli but not F.
oxysporum f. sp. cucumerinum to this particular host. The
results did not indicate whether the different responses were
due to differences in the induction mechanisms.

Analysis of the F. oxysporum sti35 cDNA sequence (see
Fig. 4) revealed features common to other fungal genes. The
context of the first ATG (ATCAAAATGG) is characteristic
of efficiently translated eucaryotic mRNAs (16), which most
often possess purines at positions —3 and +4 (A in ATG is
+1). This context also matches the N. crassa consensus
translation initiation sites (A/G)TCA(A/C)AATGG (28). The
corresponding positions of the F. solani gene also contained
an A at —3, but the +4 nucleotide was T, not G. Overall
codon usage of s#i35 is much like that of highly expressed
fungal genes, such as the am (15) or tub-2 (24) genes of N.
crassa. For example, inspection of the F. oxysporum cDNA
sequence reveals a strong preference (91%) for pyrimidines
at the third position in four or six codon families. In a
majority of families, C or G was found more often in the third
position than was T or A. Glycine codon usage, however,
showed a very strong preference for T or A in the third
position. Codon usage in the F. solani gene was similar, with
a slightly greater tendency for G or C to occur in the third
position.

Gene bank searches for nucleic acid and protein homolo-
gies were negative. Detailed comparisons were directed to
known stress- and ethanol-regulated genes from other organ-
isms. For example, in E. nidulans, ethanol induces mRNAs
for alcohol dehydrogenase I and aldehyde dehydrogenase
(20, 25). However, no homology was found to strictly
conserved amino acid residues in characterized alcohol-
polyol dehydrogenases (13). There was also no significant
homology to the 35-kDa enzyme glyceraldehyde-3-phos-
phate dehydrogenase, which is heat inducible in yeast cells
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(19). In hamsters, ethanol induces expression of mRNA
encoding cytochrome P-450-Ilel (17). Furthermore, cy-
tochromes P-450 are responsible for metabolism of a wide
variety of endogenous and exogenous substances (17), and at
least one is involved in phytoalexin detoxification (40).
Although cytochromes P-450 are not highly conserved,
residues of the heme-binding domain, including an essential
cysteine, are invariant (1, 14). No such residues were
identified from analysis of the F. oxysporum and F. solani
sti35 reading frames.

Sequences homologous to sti35 were identified in a variety
of eucaryotes, including S. cerevisiae and soybean. Freeman
et al. (8) recently observed an M,-35,000 protein that was
induced by heat treatment of F. oxysporum f. sp. niveum.
Similar-sized proteins are also induced in N. crassa (26) but
have not been commonly observed as heat shock proteins in
plants (19). However, it is certainly possible that s#i35-
related genes are present in plants and other eucaryotes but,
like many heat shock-related genes, are not heat inducible.
In fact, the s#i35 mRNA was not heat inducible in F. solani
f. sp. phaseoli (data not shown). The commonality of sti35-
homologous sequences may indicate that the gene serves a
basic biological function that remains to be explored. Fur-
thermore, since no homologous sequences were identified in
the data bases, it appears that sti35 represents the first
sequenced member of this stress gene family.
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