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Expression of the fis1 gene from flax (Linum usitatissimum) is induced by a compatible rust (Melampsora lini) infection.
Infection of transgenic plants containing a �-glucuronidase (GUS) reporter gene under the control of the fis1 promoter
showed that induction is highly localized to those leaf mesophyll cells within and immediately surrounding rust infection
sites. The level of induction reflects the extent of fungal growth. In a strong resistance reaction, such as the hypersensitive
fleck mediated by the L6 resistance gene, there is very little fungal growth and a microscopic level of GUS expression.
Partially resistant flax leaves show levels of GUS expression that were intermediate to the level observed in the fully
susceptible infection. Sequence and deletion analysis using both transient Agrobacterium tumefaciens expression and stable
transformation assays have shown that the rust-inducible fis1 promoter is contained within a 580-bp fragment. Homologs
of fis1 were identified in expressed sequence tag databases of a range of plant species including dicots, monocots, and a
gymnosperm. Homologous genes isolated from maize (Zea mays; mis1), barley (Hordeum vulgare; bis1), wheat (Triticum
aestivum; wis1), and Arabidopsis encode proteins that are highly similar (76%–82%) to the FIS1 protein. The Arabidopsis
homologue has been reported to encode a �1-pyrroline-5-carboxylate dehydrogenase that is involved in the catabolism of
proline to glutamate. RNA-blot analysis showed that mis1 in maize and the bis1 homolog in barley are both up-regulated by
a compatible infection with the corresponding species-specific rust. The rust-induced genes homologous to fis1 are present
in many plants. The promoters of these genes have potential roles for the engineering of synthetic rust resistance genes by
targeting transgene expression to the sites of rust infection.

For successful parasitism of plants by fungal patho-
gens, particularly in the case of obligate, biotrophic
phytopathogens such as rust fungi, it is apparent that
the pathogen has evolved strategies for manipulating
host cellular metabolism, morphology, and develop-
ment (Clancy and Coffey, 1980; Sutton and Shaw,
1982, 1986; Scholes, 1992; Roy, 1993; Chou et al., 2000;
Hall and Williams, 2000). Successful infection of the
host plant by the pathogen requires the induction of
a subset of pathogen genes that are essential for
pathogenicity (Pieterse et al., 1993; Talbot et al., 1993;
Rogers et al., 1994; Hwang et al., 1995; Hahn and
Mengden, 1997; Hahn et al., 1997). Less clear is the
role and expression of specific host genes that may be
required for successful pathogen infection of the
plant. Identification of host genes induced during a
successful pathogen infection may provide insight
into the compatible host/pathogen interaction at a
molecular level.

The fis1 gene of flax (Linum usitatissimum) was
identified as a host gene up-regulated during a suc-
cessful or compatible flax rust (Melampsora lini) infec-
tion (Roberts and Pryor, 1995). RNA-blot analysis of

fis1 demonstrated that this gene was induced during
a compatible flax rust infection, but its induction was
not detectable during an incompatible infection when
rust growth was halted by the action of the L6 resis-
tance gene. Homology searches suggested that the
fis1 gene encoded an aldehyde dehydrogenase en-
zyme of unknown substrate specificity (Roberts and
Pryor, 1995). Deuschle et al. (2001) recently have
isolated a gene from Arabidopsis, AtP5CDH, which
encodes a protein with 82% identity to the predicted
FIS1 protein. The AtP5CDH gene was isolated by
screening an Arabidopsis cDNA library in a yeast
(Saccharomyces cerevisiae) mutant deficient for the en-
zyme �1-pyrroline-5-carboxylate dehydrogenase.
The AtP5CDH enzyme catalyzes the second step in
the degradation of Pro to Glu, specifically the con-
version of pyrroline-5-carboxylate to Glu (Deuschle
et al., 2001). Pyrroline-5-carboxylate is potentially a
toxic intermediate and thus the �1-pyrroline-5-
carboxylate dehydrogenase enzyme may provide
protection from Pro toxicity (Deuschle et al., 2001).

In this report, we describe the characterization of
the promoter and expression pattern of the fis1 gene
in response to rust infection and the identification of
related genes in a diverse range of plant species.
Homologs of the fis1 gene in both maize (Zea mays)
and barley (Hordeum vulgare) are also shown to be
up-regulated in response to rust infection, demon-
strating the generality of this response. The highly
localized up-regulation of this promoter in response
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to a compatible rust infection makes it a candidate for
controlling the expression of synthetic rust disease
resistance genes. In addition, the similarity of the
protein products of these genes to �1-pyrroline-5-
carboxylate dehydrogenase suggests that Pro catab-
olism plays an as yet undefined role in the interaction
between rust fungi and the host plant.

RESULTS

Cellular Localization of the Rust-Dependent
Induction of the fis1 Promoter

Previous RNA-blot analysis had indicated that ex-
pression of the fis1 gene was induced in flax leaves in
response to infection with a compatible race of flax
rust (Roberts and Pryor, 1995). To determine the
cellular localization of the expression of this gene in
response to rust infection, the promoter of the fis1
gene was used to express a �-glucuronidase (GUS)
reporter gene in transgenic flax plants infected with
rust.

The promoter of the fis1 gene was obtained from a
lambda genomic clone of the fis1 gene. Partial se-
quence analysis of this clone identified a 2.5-kb
BamHI fragment that contained the 5�-flanking se-
quence and 5�-untranslated region of the gene, in
addition to encoding the first 33 amino acids of the
FIS1 protein. This BamHI fragment, called fis1-2.5P,
was used to produce a promoter-GUS fusion con-
struct (Fig. 1, construct 1). This construct encodes a
fusion protein of the first 33 amino acids of the FIS1
protein fused in frame to the GUS protein, expressed
by the putative fis1-2.5P promoter.

The fis1-2.5P-GUS construct (Fig. 1, construct 1)
was introduced into the flax varieties Hoshangabad
and Ward and plants containing the promoter-GUS
transgene inoculated with flax rust race CH5, which
established a compatible rust infection upon these
plants. Transgenic plants were stained for GUS ac-
tivity 6 d postinfection, by which time developing
rust pustules were clearly observed within the in-
fected leaf. A highly localized pattern of GUS expres-
sion in leaf mesophyll cells was observed around the
rust infection sites (Fig. 2A, lower leaf). Weaker GUS
expression was also present in the plant vascular
tissue (Fig. 2A, lower leaf) that was not observed in
untransformed plants (Fig. 2A, upper leaf). No GUS
expression was observed in untransformed flax
plants that had also been infected with flax rust strain
CH5, demonstrating that GUS activity was not de-
rived from the fungus (Fig. 2A, upper leaf). Plants
containing the fis1-2.5P-GUS transgene that were not
infected with rust showed the weaker GUS expres-
sion within the vascular tissue; however, no GUS
expression was observed elsewhere within the leaf
(not shown). It was concluded that the abundant and
highly localized host expression of the GUS reporter
gene around sites of rust infection was in response to
the rust pathogen.

Expression of the fis1 Gene in Response to
Incompatible Flax Rust Infections

To determine if the fis1 promoter up-regulates gene
expression during an incompatible flax rust infection,
a transgenic plant homozygous for the fis1-2.5P-GUS
construct was crossed to flax lines Birio and Leona,
which are homozygous for resistance genes L6 and
P3, respectively. Progeny derived from these crosses
were hemizygous for the fis1-2.5P-GUS transgene
and heterozygous for the indicated rust resistance
gene. The same fis1-2.5P-GUS line was used as a
parent for each cross, thereby eliminating potential
transgene position effects. Hybrid plants were chal-
lenged with rust race CH5, which is recognized by
each resistance gene and gives an incompatible rust
infection in each case. Infected plants were then an-
alyzed for GUS gene expression 8 d postinoculation.

The resistance response mediated by the L6 rust
resistance gene is a hypersensitive fleck that halts
fungal growth completely and prevents fungal
sporulation (Fig. 2B). Eight days after infection with
rust strain CH5, no clear GUS activity was observed
on plants containing the L6 resistance gene and con-
struct 1 (Fig. 2C). However, microscopic analysis
identified distinct small regions of GUS activity (Fig.
2D). Previous RNA-blot analysis of the fis1 gene
could not identify induction of the fis1 promoter in

Figure 1. Design of gene constructs used for flax transformation.
Construct 1, fis1-2.5P-GUS consists of a 2.5-kb DNA fragment that
contains the fis1 promoter and 5�-untranslated region (white box
underlined with an arrow), in addition to the first 33 codons of the
fis1 open reading frame (ORF; horizontally hatched box) fused in
frame to a GUS reporter gene (obtuse hatched box). Also encoded on
this 2.5-kb fragment is a tRNA-Ala gene depicted as a black box and
described in the text. An Agrobacterium tumefaciens nopaline syn-
thase (nos) 3� transcription terminator is present at the 3� end of this
construct (checkered box). Construct 2, fis1-0.6P-GUS differs from
fis1-2.5P-GUS in that 1,889 bp of extreme 5� sequence has been
deleted from the 2.5-kb fragment encoding the fis1 promoter. This
construct uses the first 580 bp of sequence immediately upstream of
the translation initiation site of the fis1 ORF for expression. On each
map, numbering refers to the distance in bp from the translation start
site of the fis1 ORF.
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the L6/A-L6-incompatible interaction (Roberts and
Pryor, 1995). This discrepancy is likely to reflect the
relative insensitivity of a total leaf RNA assay when

analyzing such a highly localized gene induction
event. When F1 plants derived from the same cross
were challenged with a rust race that is not recog-

Figure 2. Phenotypes of rust-infected fis1-GUS transgenic flax plants. A, Expression of the fis1-2.5P-GUS transgene in flax
plants infected with a compatible race of rust. Both leaves have been infected with flax rust for 6 d, stained for GUS activity,
and cleared. The upper leaf is derived from a nontransgenic control plant, whereas the lower leaf is from a flax plant
containing the fis1-2.5P-GUS transgene. Each GUS-staining spot on the lower leaf corresponds precisely to a rust infection
site. Small brown dots visible on the upper leaf were developing rust pustules. B through F, Expression of the fis1-2.5P-GUS
transgene in flax plants during a highly incompatible rust infection. B, Leaf from a flax plant containing an fis1-2.5P-GUS
transgene and an endogenous L6 resistance gene, 8 d after infection with rust strain CH5 that contains the corresponding
A-L6 avirulence gene. A second rust infected leaf from the same plant was GUS stained (C) and only a small amount of GUS
expression was detected around infection sites (D). The boxed region in C is enlarged in D. As a control, the same plant line
was infected with a fully compatible rust race (E) and abundant GUS expression was detected around infection sites (F). G
and H, Expression of the fis1-2.5P-GUS transgene during an intermediate resistance response. G, Leaf from a flax plant
containing an fis1-2.5P-GUS transgene and an endogenous P3 resistance gene, 8 d after infection with rust strain CH5 which
contains the corresponding A-P3 avirulence gene. A second rust infected leaf from this plant was GUS stained and is shown
in H. I, Two flax seedlings GUS stained and cleared, 3 d after infiltration with an A. tumefaciens strain containing a GUS
reporter gene under the control of a 35S promoter. An intron was incorporated into the GUS gene to prevent A. tumefaciens
expression of a functional GUS protein. J, Flax leaves that had been infected with flax rust for 5 d were vacuum infiltrated
with an A. tumefaciens strain containing the fis1-2.5P-GUS transgene. Three days postinfiltration leaves were stained for
GUS activity and cleared. GUS activity is observed exclusively around rust infection sites and orange rust pustules can be
seen inside these GUS-staining regions.
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nized by the L6 resistance gene, a compatible inter-
action was observed (Fig. 2E), which gave rise to a
highly localized induction of GUS gene expression
8 d postinoculation (Fig. 2F).

Unlike L6, the resistance response mediated by the
P3 resistance gene leads to partial resistance. Small
pustules surrounded by chlorotic cells develop on
plants carrying this resistance gene when challenged
with an avirulent race of flax rust containing the
corresponding A-P3 avirulence gene (Fig. 2G). Plants
carrying the P3 gene in addition to the fis1-2.5P-GUS
construct showed significant GUS activity surround-
ing the sites of rust infection 8 d postinoculation
when challenged with strain CH5, which carries the
A-P3 avirulence gene (Fig. 2H). This level of GUS
expression, however, was less than that observed
when plants were challenged with a fully virulent
race of rust (Fig. 2F). The amount of fis1 promoter
induction during incompatible interactions, there-
fore, appears to be correlated with the extent of
fungal growth permitted by the plant host.

Deletion Analysis of the fis1 Promoter Using a
Transient Expression Assay

To expedite analysis of the fis1 promoter, a tran-
sient expression assay was developed based upon
infiltration of A. tumefaciens cultures into rust-
infected flax plants. A number of plant species have
been shown to transiently express a 35S-intron-GUS
reporter gene when vacuum infiltrated with A. tume-
faciens strains carrying this reporter gene in a binary
transformation vector (Kapila et al., 1997). Substan-
tial transient GUS expression is also observed in flax
plants when infiltrated with an A. tumefaciens strain
carrying a 35S-intron-GUS reporter gene within a
binary vector (Fig. 2I).

Flax plants that been infected with a virulent rust
race were vacuum infiltrated with an A. tumefaciens
strain containing the fis1-2.5P-GUS construct (Fig. 1).
The pattern of transient GUS expression observed in
these plants 3 d postinfiltration was similar to that
observed for stably transformed flax plants contain-
ing the same gene construct (Fig. 2J). Transient ex-
pression of the fis1-2.5P-GUS reporter gene was spe-
cifically localized around the foci of flax rust
infection (Fig. 2J). Unlike stably transformed plants,
however, not all rust pustules were surrounded by
GUS activity, consistent with the patchy expression
typically observed in transient vacuum infiltration
assays (Kapila et al., 1997). In addition, vascular ex-
pression of the fis1 promoter was rarely observed,
presumably reflecting an inability of the A. tumefa-
ciens to successfully infect this tissue via the infiltra-
tion process. No GUS gene expression was observed
in A. tumefaciens-infiltrated plants that had not been
infected with flax rust (not shown). Therefore, this
transient expression assay parallels the expression of
the fis-2.5P-GUS construct in stably transformed flax

and provides a useful tool for the molecular analysis
of the fis1 promoter.

From the above analysis, it is apparent that the
2.5-kb BamHI fragment used in the fis1-2.5P-GUS
construct (Fig. 1) contains the rust-inducible fis1 pro-
moter. This BamHI fragment was subsequently se-
quenced (accession no. AF467540) and compared
with the GenBank and EMBL databases by a BLAST
search. A 76-bp sequence was identified 647 bp up-
stream of the translation start site of the FIS1 protein,
which shows 92% DNA sequence identity to tRNA-
Ala genes from both potato (Solanum tuberosum) and
Arabidopsis (accession nos. Z28961 and X17757; Fig.
1, construct 1). From these sequence data, it was
predicted that the fis1 promoter was contained
within the first 647 bp of DNA upstream from the
translation initiation site of the fis1 ORF.

To test this hypothesis, an fis1-2.5P-GUS deletion
construct (Fig. 1, construct 2) was made using a PstI
site located 580 bp upstream of the fis1 translation
start site. This generated a construct containing 580
bp of sequence 5� of the fis1 translation initiation site,
with the first 33 amino acids of the fis1 ORF fused in
frame to a GUS reporter gene. This construct was
named fis1-0.6P-GUS. An A. tumefaciens strain con-
taining fis1-0.6P-GUS was vacuum infiltrated into
mature flax plants that had established an 8-d-old
rust infection. Analysis of these plants 3 d postinfil-
tration identified a pattern of GUS expression indis-
tinguishable to that observed for transient expres-
sion of the fis1-2.5P-GUS construct (not shown). This
transient assay indicates that a functional fis1 pro-
moter lies within the first 580 bp of DNA sequence
that is upstream from the translation start site of the
fis1 ORF.

Isolation and Analysis of a Related fis1 Gene from
Maize, mis1

A previous database search identified some se-
quence similarity between the fis1 ORF and a number
of genes encoding aldehyde dehydrogenase enzymes
(Roberts and Pryor, 1995). Protein sequence align-
ment identified four amino acid motifs that are char-
acteristic of aldehyde dehydrogenase enzymes and
that occur within the FIS1 protein. These motifs have
been described previously as the GPL, GSG, GQC,
and EEP motifs, respectively (Roberts and Pryor,
1995). Degenerate PCR primers were designed based
upon the amino acid sequence of the GPL and GQC
motifs present in the FIS1 protein. These primers,
when used for reverse transcriptase (RT)-PCR of
maize leaf RNA amplified a 434-bp fragment that
was cloned and partially sequenced. This cloned
fragment showed 72% DNA sequence identity to the
flax fis1 cDNA sequence and encoded an ORF of 108
amino acids that is 87% identical and 94% similar to
the FIS1 protein. This cloned PCR fragment therefore
was derived from a maize gene related to the flax fis1
gene, which we have named mis1.

Ayliffe et al.

172 Plant Physiol. Vol. 129, 2002



A maize cDNA library derived from leaf tissue
infected with maize rust (Puccinia sorghi) was
screened with the cloned mis1 PCR product and a
number of cDNA clones identified, six of which were
subsequently sequenced. A maize genomic library
was also screened with the cloned mis1 PCR product
and a genomic clone of the mis1 gene isolated. From
a comparison between an 11.5-kb sequenced region
of this genomic clone and the isolated cDNA clones,
it was concluded that the mis1 gene contains 15 exons
and 14 introns (Fig. 3A) and is predicted to encode a
549-amino acid protein that is 77% identical and 82%
similar to the FIS1 protein (accession no. AF467541).

Sequence analysis of the genomic mis1 lambda
clone identified a second gene located 2.2 kb 5� of the
mis1 translation initiation site (Fig. 3A). Theoretical
translation of this region of sequence identifies five
potential exons that encode for a 138-amino acid
protein that shows 85% and 83% identity and 92%
and 91% similarity to the RAB7 proteins of Lotus
japonicus (accession no. CAA98168) and soybean
(Glycine max; accession no. Q43463), respectively. It is
not known if this region of the maize genome en-

codes a full-length RAB7 protein because the lambda
sequence analysis encompassed only the 5� end of
this gene. The Rab7 gene encodes a member of a
superfamily of small GTP-binding proteins that have
been implicated in targeting of membrane vesicles
(Nuoffer and Balch, 1994). Because the mis1 and
Rab7h genes are transcribed in opposite directions,
the promoter elements and 5�-untranslated regions of
both these genes presumably occur within the 2.2 kb
of intervening sequence (Fig. 3A).

fis1-/mis1-Related Genes Occur in a Range of Plant
Species, Including Wheat (Triticum aestivum) and Barley

DNA-blot analysis using the cloned 434-bp RT-
PCR product from the mis1 gene as a probe (Fig. 3A)
identifies related sequences in nine grass species ex-
amined, suggesting the presence of functional mis1
equivalents in these species (Fig. 4). BLAST searches
of expressed sequence tag (EST) databases with the
fis1 cDNA sequence identified highly homologous,
expressed genes in a range of plant species encom-
passing monocot, dicot, and gymnosperm taxa (Table
I). These EST sequences were derived from diverse
tissue sources including root nodules, fruits, flowers,
and xylem demonstrating a broad expression pattern
of these fis1/mis1 homologs (Table I). Maize ESTs of
the mis1 gene are also present in cDNA libraries
derived from ear tissue, leaf primordial, and early
embryo tissue (accession nos. AI691509, AI629459,
and AW225209). The identification of related fis1
transcripts in all of these tissues may simply parallel
the vascular expression of fis1 in flax or alternatively

Figure 3. Structure of the mis1 and AtP5CDH genes. A, Schematic
diagram (not to scale) of the mis1 gene and flanking sequence. The
15 exons of the mis1 gene (transcribed from left to right) are repre-
sented as gray boxes with the polyadenylation site positions indi-
cated with a vertical arrow. Upstream of the mis1 gene is part of a
second predicted gene encoding a maize Rab7 homolog, labeled
Rab7h. The first five exons of the predicted Rab7h gene are shown as
black boxes with the direction of transcription shown as a bent
arrow. The small line beneath the figure delineates the 434-bp
RT-PCR fragment from the mis1 gene (excluding the intervening
intron) used as a probe in Figures 4 and 6. Horizontal arrows indicate
distances in kb. B, Schematic diagram of the AtP5CDH gene and
flanking regions. The 16 exons of the gene, which are transcribed
from left to right, are shown as gray boxes. A second gene encoding
a 16-kD ubiquitin-conjugating enzyme (16 kD uce) is located 843 bp
5� of the first exon of the gene. The first exon and part of the second
exon of this gene are shown as black boxes. The direction of tran-
scription of the ubiquitin conjugating enzyme gene is shown as a
bent arrow. Horizontal arrows indicate distances in kb and bp.
Numbers beneath the figure refer to the nucleotide position of this
sequence on Arabidopsis bacterial artificial chromosome (BAC)
clone K19B1 (GenBank accession no. AB015469).

Figure 4. Grass species contain sequences homologous to mis1.
DNA blot showing hybridization of the 434-bp mis1 probe to NcoI-
digested total DNA isolated from pearl millet (Pennisetum glaucum),
panicum (Panicum miliaceum), maize, sugarcane (Saccharum offici-
narum), barley, wheat, oats (Avena sativa), Aegilops tauschii, sor-
ghum (Sorghum bicolor), and rice (Oryza sativa; lanes 1–10, respec-
tively). Mr sizes are indicated on the figure.
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may be a consequence of fis1-like gene expression in
other cell types in these species.

Wheat and barley EST clones homologous to mis1
were obtained as described in “Materials and Meth-
ods” and sequenced in full. From this sequence anal-
ysis, it was determined that a gene in wheat, wis1,
expresses a 2-kb transcript encoding a 551-amino
acid protein that is 76% and 91% identical and 81%
and 93% similar to the predicted FIS1 and MIS1
proteins, respectively (accession no. AF467542). A
homologous gene in barley, bis1, expresses a 2-kb
transcript encoding a 551-amino acid protein that is
76%, 90%, and 98% identical and 79%, 93%, and 99%
similar to FIS1, MIS1, and WIS1, respectively (acces-
sion no. AF467539).

Deuschle et al. (2001) have recently isolated an
Arabidopsis homologue of the flax fis1 gene and
shown that the protein encoded by this gene has
�1-pyrroline-5-carboxylate dehydrogenase activity.
Independently, we have also characterized the Ara-
bidopsis equivalent of the fis1 gene by sequencing
Arabidopsis EST clone 36F11T7 (accession no.
T04386), characterizing the 5� region of this mRNA
by RT-PCR and analyzing a genomic Arabidopsis
BAC clone homologous to this sequence (BAC clone
K19B1; accession no. AB015469). The cDNA sequence
determined from this analysis was identical to a pub-
lished Arabidopsis cDNA sequence (accession no.
AY065072). Our molecular analysis of this gene es-
sentially confirms that of Deuschle et al. (2001), al-
though 18 base differences were observed in the
ORFs of these genes. The predicted protein from our
cDNA analysis differs from Deuschle et al. (2001) in
that an S to A substitution occurs at amino acid 48
and a D to E substitution occurs at position 462. The
Columbia ecotype was used for our analysis,
whereas Landsberg was used by Deuschle et al.
(2001), which may explain these differences. The Ara-
bidopsis homolog of fis1, AtP5CDH, consists of 16
exons and 15 introns (Fig. 3B) and encodes a pre-
dicted 555-amino acid protein that is 82%, 77%, 76%,
and 77% identical and 86%, 81%, 81%, and 82% sim-

ilar to the FIS1, MIS1, BIS1, and WIS1 proteins, re-
spectively. A PileUp alignment between these pre-
dicted proteins shows that most of the sequence
differences between these conserved proteins resides
in the NH2 terminus (Fig. 5).

The AtP5CDH protein is targeted to the mitochon-
drion and probably localized in the mitochondrial
matrix (Deuschle et al., 2001). Analysis of the amino-
terminal 35 amino acids of the FIS1, MIS1, WIS1,
BIS1, and AtP5CDH proteins using programs Target
P, version 1.0, and PSORT predicted that all five
proteins were targeted to the mitochondrion and lo-
calized in either the mitochondrial matrix or inter-
membrane space. Thus, the FIS1, MIS1, WIS1, and
BIS1 proteins may also function as �1-pyrroline-5-
carboxylate dehydrogenases given their predicted
mitochondrial location and high similarity to the
AtP5CDH protein.

Comparison of the predicted intron/exon structure
of the AtP5CDH gene with the characterized mis1
gene also shows a high degree of similarity. Twelve
of the 16 exons of the AtP5CDH gene are identical in
size to the equivalent exons of the mis1 gene (Table
II). These two genes differ in that exon 8 of the mis1
gene, which encodes 73 amino acids, contains an
additional intron in the AtP5CDH gene, giving rise to
two exons that encode for 35 and 38 amino acids,
respectively. Exons 1 and 13 of mis1 and AtP5CDH
also differ in size (Table II). Whereas exon size and
intron position are conserved between mis1 and the
AtP5CDH gene, intron size is highly variable with
introns in the maize gene generally being larger than
those of the Arabidopsis gene (not shown).

Analysis of sequence 5� of the AtP5CDH gene iden-
tifies a second gene encoding a 16-kD ubiquitin-
conjugating enzyme (Sullivan et al., 1994; Fig. 3B).
Nucleotides 43,315 through 44,000 of BAC clone
K19B1 contain two regions of 182 and 28 bp that are
100% homologous to exon 1 and part of exon 2 of the
published Arabidopsis ubiquitin-conjugating en-
zyme sequence (accession no. L19352), whereas the
intervening intron sequence is identical to intron 1 of

Table I. EST homologs of the fis1 gene

Each EST was translated and the similarity and identity to the predicted FIS1 protein determined. The region of the FIS1 protein that was
homologous to these translated ESTs is also indicated. This table is not exhaustive and homologues were identified in a no. of other plant species.
*Wheat and barley ESTs were identified in the International Tritici EST Consortium database.

Species Accession No. Tissue DNA Identity
Region of Protein

Homology
Protein ID Protein Similarity

% %

Soybean AI973927 Root nodules 75 317–369 85 94
Cotton (Gossypium hirsutum) AI727249 Fiber 75 360–550 83 88
Tomato (Lycopersicon esculentum) AW44168 Fruit 76 196–210 81 87

AW217685 Flower bud
Rice C72049 Panicle 84 1–62 69 74
Wheat *ITEC 12262 Rust infected 73 1–170 60 64
Barley *ITEC 6057 Leaf 73 323–517 77 84
Loblolly pine (Pinus taeda) AA556272 Xylem 84 206–304 72 78
Arabidopsis T04386 Mixed tissue 74 294–375 82 88
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the published sequence (Sullivan et al., 1994) except
that it contains an additional 70 bp. Because the
16-kD ubiquitin-conjugating enzyme in Arabidopsis
is encoded by a small multigene family (Sullivan et
al., 1994), this difference in intron size is likely due to
these two genes being different members of the same

multigene family. Nucleotides 43,315 through 44,000
of clone K19B1, therefore, encode exon 1, intron 1,
and part of exon 2 of a 16-kD ubiquitin-conjugating
enzyme (Fig. 3B). The translation initiation site of the
AtP5CDH gene and the first exon of the 16-kD
ubiquitin-conjugating enzyme are separated by 843
bp. Because these two genes are transcribed in oppo-
site directions, the promoters of both genes presum-
ably occur within this 843-bp region of sequence.

Sequence comparison between the 2.2-kb region
separating the mis1 gene from a maize Rab7 homolog,
the 843-bp region separating the AtP5CDH gene from
a 16-kD ubiquitin-conjugating enzyme, and the
580-bp fragment containing a functional fis1 pro-
moter, show little similarity (data not shown). Some
small blocks of homology are observed between
these three predicted promoter regions although the
functional significance of these regions of sequence is
yet to be determined. A deletion analysis of the fis1
promoter currently is being conducted to identify
functional regulatory elements involved in rust-
induced expression.

The mis1 Gene and Related Barley bis1 Gene Are
Up-Regulated during a Compatible Rust Infection

The effect of rust infection on the induction of the
mis1 gene in maize was investigated in both compat-

Table II. Comparison of exon sizes between the AtP5CDH gene
and mis1 gene

The no. of codons in each exon is given. Exon 8 of the mis1 gene
appears to be a composite of exons 8 and 9 of the AtP5CDH gene.

Exon AtP5CDH mis1

1 30 24
2 27 27
3 34 34
4 23 23
5 19 19
6 38 38
7 28 28
8 35 73
9 38 –

10 44 44
11 30 30
12 30 30
13 71 70
14 37 37
15 27 27
16 45 45

Figure 5. A PileUp sequence alignment of the predicted BIS1, WIS1, MIS1, AtP5CDH, and FIS1 proteins. Accession numbers
for these sequences are as follows: AAL70106, AAL70109, AAL70108, AAK73756, and CAA60412, respectively. The
AtP5CDH protein is labeled �aris1� in this alignment. Identical amino acids are shaded in black, whereas similar amino acids
are highlighted in gray. Numbers on the right hand side indicate amino acid positions.
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ible and incompatible interactions by using the mis1
434-bp PCR fragment as a hybridization probe in
RNA-blot analysis (Fig. 6A). Seedlings from three
near isogenic lines of maize each carrying a single
rust resistance gene (Rp1-D, Rp5, and Rp1-M) were
infected separately with three different races of
maize rust that were capable of initiating either a
compatible or incompatible infection. Total RNA was
extracted 6 d after infection. In comparison to the

uninfected controls, all rust-infected maize lines
showed an increase in mis1 RNA levels due to rust
infection and this was possibly greatest in the com-
patible infections (Fig. 6A). In maize and most other
grasses, so-called incompatible or resistant rust in-
fections allow some fungal growth and frequently
lead to eventual, although delayed, sporulation.
This is in contrast to the incompatible flax rust
infection controlled by the L6 resistance gene, where
rust growth was severely inhibited and fis1 induction
was undetectable by RNA-blot analysis (Roberts and
Pryor, 1995). However, like cereal rust resistance, the
resistance response mediated by the flax P3 gene al-
lowed pathogen growth to occur (Fig. 2G) and signif-
icant fis-2.5P-GUS transgene expression was detected
(Fig. 2H).

Two barley cultivars, Morex and Golden Promise,
were infected with a virulent race of P. graminis f. sp.
tritici and RNA extracted at various time points.
RNA-blot analysis using the mis1 434-bp cloned PCR
product as a probe identified a transcript in both
barley cultivars that is up-regulated in response to
rust infection (Fig. 6B). The up-regulation of fis1-like
genes in response to a compatible rust infection
therefore is common to both dicot and monocot spe-
cies, including at least one member of the Triticae.

DISCUSSION

Analysis of the flax fis1 promoter using a GUS
reporter gene has demonstrated that the up-
regulation of this promoter in response to a compat-
ible flax rust infection is highly localized, occurring
exclusively in the leaf mesophyll cells surrounding
rust infection sites. As yet, we have been unable to
determine whether GUS induction occurs exclusively
in cells infected by rust haustoria. RNA-blot analysis
has shown that related genes in maize and barley are
also induced by a compatible rust infection. The fis1
homologs identified in a range of other plant species
may also be up-regulated in response to rust infection.
It will be of interest to determine if pathogens other
than rust fungi can also induce the expression of fis1
and the homologous genes identified in other species.
Microarray analysis shows that the transcript level of
the Arabidopsis AtP5CDH gene that encodes a �1-
pyrroline-5-carboxylate dehydrogenase varies little in
over 230 different experimental conditions including
infection with tobacco mosaic virus, Erysiphe cichora-
cearum, and Pseudomonas syringae (http://genome-
www4.stanford.edu/MicroArray/SMD/).

The extent of fis1 expression in an incompatible
interaction reflects the amount of pathogen growth.
Flax plants containing resistance genes like L6, which
initiates a rapid and highly effective defense re-
sponse that prevents pathogen growth, show little
fis1 up-regulation. Plants with genes that elicit a de-
fense response that is less effective at preventing
pathogen growth (e.g. P3) show more elevated fis1-

Figure 6. Induction of the maize mis1 and barley bis1 genes during
rust infection. A, RNA-blot analysis of maize mis1 gene expression
during maize rust infection. Lanes 1 through 4, 5 through 8, and 9
through 12 contain total leaf RNA isolated from three maize lines
containing the Rp1-D, Rp5, and Rp1-M rust resistance genes, respec-
tively. Lanes 1, 5, and 9, labeled C, contain RNA isolated from maize
plants that had not been infected with maize rust. Lanes 3, 4, 8, and
10, labeled S, contain RNA from each maize line after infection with
a compatible race of maize rust, whereas lanes 2, 6, 7, 11, and 12,
labeled R, contain RNA from each maize line after infection with an
incompatible rust race. A 434-bp PCR product amplified from the
mis1 gene was used as a hybridization probe. Beneath the autora-
diograph is shown the RNA formaldehyde gel that was subsequently
transferred for the RNA-blot analysis. B, RNA-blot analysis of barley
bis1 gene expression during infection with a virulent race of Puccinia
graminis f.sp tritici. Total RNA was isolated from barley cv Golden
Promise (lanes 1–5) and cv Morex (lanes 6–10) at 0 (lanes 1 and 6),
2 (lanes 2 and 7), 4 (lanes 3 and 8), 6 (lanes 4 and 9), and 8 (lanes
5 and 10) d post rust inoculation. The same probe as in A was used
for hybridization. Shown beneath the autoradiograph is the RNA gel
that was transferred for RNA-blot analysis.
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GUS expression, whereas fully susceptible plants
show the highest level of fis1 expression during rust
infection. Similarly, mis1 up-regulation is observed in
resistant maize lines when challenged with avirulent
races of maize rust, presumably due to the significant
pathogen growth that still occurs despite the resis-
tance response.

These data are consistent with the notion that the
first hours of a rust infection are similar in both the
incompatible and compatible interactions. For exam-
ple, in the flax-flax rust interaction, it is known that
that a defense response is initiated some time after
haustorial formation (Kobayashi et al., 1994). During
the L6/A-L6 interaction, the first haustoria are ob-
served within host cells 12 h postinfection, but hy-
persensitive cell death is not observed until some
time after 12 h (Kobayashi et al., 1994). By 24 h
postinfection, 60% of cells containing haustoria show
development of hypersensitive cell death and this
increases to 80% by 36 h postinfection (Kobayashi et
al., 1994). The small amount of fis1-GUS expression
observed during the L6/A-L6 response therefore may
occur prior to the development of hypersensitive cell
death.

The similarity between the AtP5CDH protein and
FIS1, MIS1, WIS1, and BIS1 suggests that these pro-
teins may also function as �1-pyrroline-5-carboxylate
dehydrogenases and that Pro degradation in the host
cell occurs during rust infection. The small up-
regulation of fis1 during the L6/AL6-incompatible in-
teraction suggests that this degradation appears early
in the infection process before hypersensitive cell
death occurs. The role of Pro catabolism in rust in-
fection is unclear.

Pro is known to accumulate in response to a num-
ber of environmental stresses including osmotic
stress, drought, salinity, temperature, UV irradiation,
and heavy metals and is thought to fulfill a number
of roles such as acting as an osmolyte, protecting
enzymes from denaturation, scavenging free radi-
cals, interacting with membranes, and balancing
NAD to NADP ratios, in addition to serving as a
precursor in protein biosynthesis (Hare and Cress,
1997; Nanjo et al., 1999). Conversely, Pro supplied
externally to plants is highly toxic and the Pro deg-
radation intermediates pyrroline-5-carboxylate and
Glu semialdehyde are proposed to be responsible for
this toxicity (Hellmann et al., 2000). �1-Pyrroline-5-
carboxylate dehydrogenase may potentially protect
the plant against Pro toxicity by converting
pyrroline-5-carboxylate to Glu (Deuschle et al., 2001).
Pyrroline-5-carboxylate has been shown to induce
apoptosis in human tumor cell lines (Maxwell and
Davis, 2000) and yeast deficient in �1-pyrroline-5-
carboxylate dehydrogenase produce reactive oxygen
species when exposed to Pro (Deuschle et al., 2001),
whereas the Arabidopsis cpr5 mutant that constitu-
tively produces pathogenesis-related proteins is hy-
persensitive to Pro application (Deuschle et al., 2001).

Therefore, Pro is paradoxically associated with pro-
tection against environmental stress but at the same
time is highly toxic. However, as noted by Deuschle
et al. (2001), the induction of apoptosis in mamma-
lian cells, the production of reactive oxygen species,
and the Pro hypersensitivity of cpr5 potentially sug-
gest a connection between Pro catabolism and the
plant hypersensitive defense response, although it is
unclear if such a relationship exists. Further work is
required to determine if the products of the fis1, mis1,
bis1, and wis1 genes have �1-pyrroline-5-carboxylate
dehydrogenase activity and if so, whether Pro me-
tabolism at infection sites is involved in rust nutrition
or in modifying host defense reactions.

The highly localized pathogen-induced expression
of fis1 makes the promoter of this gene ideal for
expressing synthetic disease resistance genes because
these gene products will be specifically targeted to
the sites of rust infection. The up-regulation of the
mis1 and bis1 genes in response to a compatible rust
infection and the presence of an equivalent gene in
wheat, wis1, suggests that such a strategy is also
applicable to cereal species in which rust diseases are
an agronomic problem. We currently are using these
promoters to express potentially antifungal genes in
cereal species as a means of generating synthetic rust
disease resistance.

An alternative strategy for developing synthetic
resistance using a highly localized pathogen induc-
ible promoter is to express a phytotoxic compound as
a means of mimicking the cell death observed during
the hypersensitive response. Alternatively, synthetic
resistance may be obtained by pathogen-localized
expression of a gene encoding either an elicitor or
activator of the plant defense response. For these
approaches to be successful, the regulation of such a
promoter needs to be precise.

The fis1 promoter shows endogenous vascular ex-
pression, suggesting that it is not yet feasible to use
this promoter to regulate the expression of a plant
cytotoxin, unless the phytotoxic effect is either ex-
pression level dependent or restricted to mesophyll
cells. The Arabidopsis AtP5CDH gene showed a basal
level of expression in all organs examined but was
induced in the presence of Pro. The fis1 gene may
also be up-regulated by Pro application. A more de-
tailed deletion analysis of the fis1 promoter may un-
couple pathogen-inducible expression from endoge-
nous plant expression or other stress-induced
expression as was observed for the tobacco
nematode-inducible promoter TobRB7 (Opperman et
al., 1994) and tomato anionic peroxidase gene (Mo-
han et al., 1993). However, it is also possible that a
pathogen-inducible element per se is not present in
the fis1 promoter and that up-regulation of this gene
in response to rust infection is an indirect conse-
quence of changes in host cell metabolism arising
from the infection process. The transient assay devel-
oped for this promoter will facilitate a deletion anal-
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ysis to answer this question. However, it should be
noted that a truncated version of the TobRB7 pro-
moter, 0.3 TobRB7, which has lost much of its endog-
enous expression, still has sufficient basal expression
to prevent the generation of transgenic tobacco plants
containing a P. syringae hrm elicitor gene under the
control of this promoter (Shen et al., 2000).

Further analysis of host gene expression during a
successful pathogen infection will provide greater
insight into the molecular nature of the compatible
plant-pathogen interaction and may provide mecha-
nisms for manipulating the compatible interaction to
generate synthetic disease resistance.

MATERIALS AND METHODS

Plant and Fungal Material

Flax (Linum usitatissimum) lines Birio, Leona, Ward, and
Hoshangabad have been described previously by Law-
rence et al. (1993) and Islam and Shepherd (1991). The line
Hoshangabad contains no known functional rust (Melamp-
sora lini) resistance genes, whereas Birio, Leona, and Ward
contain resistance genes L6, P3, and L9 � M2, respectively.

Rust strain CH5 is derived from a previously described
sexual cross of flax rust (Lawrence et al., 1981) and contains
avirulence genes AL-6 and AP-3 but does not contain aviru-
lence genes A-L9 and A-M2. Rust strain CH5F2-84 is a
derived from self-fertilization of stain CH5 and contains
the AL-6 gene but neither AL-9 nor AM-2 genes. Plants
were infected with rust urediospores overnight in a humid
environment and then transferred to a greenhouse, where
resistant or susceptible reactions were allowed to develop.

Isolation of Nucleic Acids and
Hybridization-Blot Analysis

Total RNA was isolated from flax tissue using the pro-
tocol of Hughes and Galua (1988), whereas maize (Zea
mays) RNA and barley (Hordeum vulgare) RNA were iso-
lated as described by Logemann et al. (1987). RNA was
separated by electrophoresis on agarose formaldehyde de-
naturing gels and transferred to Hybond N� membranes
(Amersham, Buckinghamshire, UK) using 20� SSC as a
transfer solvent. Membranes were hybridized under stan-
dard stringency conditions. Flax leaf DNA was isolated as
described by Lawrence et al. (1993), whereas maize and
barley leaf DNA was isolated as described by Sahai-Maroof
et al. (1984). DNA was digested with restriction enzymes
(New England Biolabs, Beverly, MA) under conditions rec-
ommended by the manufacturer. Digested DNA was sep-
arated by agarose gel electrophoresis, transferred to Hy-
bond N� membranes (Amersham), and hybridized under
standard stringency conditions. Hybridization probes were
labeled with P32-dCTP using a MegaPrime DNA labeling
system (Amersham).

Isolation of Lambda Clones

Lambda cDNA clones were isolated from a total leaf and
stem cDNA library derived from the flax line Forge, as

previously described by Lawrence et al. (1995). A flax
genomic library was constructed in a lambda EMBL3 vec-
tor, whereas a maize genomic library was constructed in a
lambda GEM-11 vector (Promega, Madison, WI) and both
libraries screened using Hybond N� membranes (Amer-
sham) under hybridization conditions described above. A
rust-infected maize cDNA library was constructed using a
HybriZAP II cDNA synthesis kit (Stratagene, La Jolla, CA)
as recommended by the manufacturer and hybridized as
above.

RT-PCR Reactions

RT-PCR reactions were carried out essentially as de-
scribed by Ayliffe et al. (1999). Sequences of degenerate
primers used for amplification of a 434-bp region of the
mis1 transcript are as follows, with bases in parentheses
representing alternative nucleotides: GPL primer, A(T/I)
(A/T/C) ACICCITT(T/C) AA(T/C) TT(T/C) CCI; and
GQC primer, TG(T/C)(T/A)(G/C) IGGICA(A/G) AA(G/A)
TG(T/C)(A/T)(G/C) IGCI.

Cloning and Sequencing

Cloning was carried out essentially as described by Sam-
brook et al. (1989). DNA sequence was obtained using an
ABI dye-primer sequencing kit (PE-Applied Biosystems,
Foster City, CA) and ABI Prism 377 model DNA sequencer.

EST Sequences

Barley EST clone HVSMEf0011A14 (accession no.
BF256795) was obtained from the Clemson Genomics Insti-
tute (Clemson, SC), whereas wheat (Triticum aestivum) EST
clone SCL071.E0R990707 (accession no. BE418547) was
kindly provided by Dr. Sylvie Cloutier (Cereal Research
Centre, Winnipeg, MB).

Plant Transformation

Agrobacterium tumefaciens-mediated flax transformation
was as previously described (Lawrence et al., 1989), except
that 6-d-old hypocotyls were used as explants for A. tume-
faciens infection in place of cotyledons. Transformed plants
were selected on the basis of resistance to the antibiotic
spectinomycin (Anderson et al., 1997).

Transient fis1-GUS Gene Expression Analysis

A. tumefaciens strain AGL1 containing fis1-GUS gene con-
structs within binary vectors were grown overnight at 28°C
in Luria-Bertani solution containing the appropriate anti-
biotics. Bacterial cells were then concentrated 2-fold by
resuspending in a solution of 10 mm MgCl2 containing
0.001% (w/v) SilwetL-77 (Lehle Seeds, Round Rock, TX).
Cuttings of flax plants that had been previously infected
with flax rust were then immersed completely into this
bacterial solution and subjected to a vacuum of �85 kPa for
30 min. After infiltration, flax cuttings were rinsed in water
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and the cut stems then immersed in a solution of 10 mg L�1

GA3 with the leaves remaining out of solution. Three days
postinfiltration, these plants were stained for GUS activity
at 37°C for 16 h. Following staining, plants were cleared in
100% (v/v) ethanol at room temperature.

Data Analysis

DNA and protein comparisons were made using the pro-
grams from the University of Wisconsin Genetics Computer
Group package (Devereux et al., 1984) and the National
Center for Biotechnology Information suite of analysis pro-
grams (http://www.ncbi.nlm.nih.gov/). Mitochondrial tar-
geting sequence predictions were made using the Target PV
1.0 program (Emanuelsson et al., 2000) and the program
PSORT.

Distribution of Materials

Upon request, all novel materials described in this pub-
lication will be made available in a timely manner for
noncommercial research purposes.
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