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Abstract

Differential display of mMRNA was used to isolate a full-length (SRG1) and a partial (SRG2) alfalfacDNA induced
during infection with the fungal pathogen Colletotrichum trifolii. The deduced amino acid sequences are similar
to each other and resemble plant defense-related proteins and tree pollen alergens. SRG1 is a member of a gene
family in afafa, which may also include the putative defense-related gene PR10. Unlike many defense-related
genes described in similar systems, expression of SRG1-like genes does not correlate with resistance to C. trifalii.

We speculate SRGL1 isinduced in response to plant stress.

Stress responses in plants are important for envir-
onmental adaptation and are associated with rapid
changes in gene expression. The pathogenesis-related
(PR) proteinsare one class of proteinsthat accumulate
following the stress of pathogen attack. These proteins
werefirst identified in tobacco leaves [31], where they
rapidly accumulate in the extracellular spaces follow-
ing infection with tobacco mosaic virus (TMV) [2].
They also accumulate upon treatment with bacterial
and fungal pathogens and chemical dlicitors (such as
salicylic acid) [2]. Activities have been assigned to
some members of the tobacco PR group of proteins,
such as the 3-1,3-glucanases [16] and the chitinases
[19]. The function of the PR1 classis still not known.

Another class of putative plant defense-related pro-
teins [32] has recently been identified. These proteins
include the disease resistance response [7, 13] and
abscisic acid-responsive[15] proteinsfrom pea, stress-
induced proteins from soybean [8], a wound-induced
protein from asparagus [33], and pathogenesis-related
proteins from pardey [28], kidney bean [32] potato
[21], and alfalfa [10]. These proteins are small (17—

Thenucl eotide sequencedatareported will appear inthe EMBL,
GenBank and DDBJ Nucleotide Sequence Databases under the
accession numbers U42752 (SRG1) and U42753 (SRG2).

19 kDa), like tobacco PR1 proteins, and their cor-
responding mRNAs accumulate in plant tissues or in
cultured cells in response to various stresses. These
proteinsare distinct, however, because they do not dis-
play significant sequence similarity to the ‘classical’
PR proteins [13, 28] and their respective cDNAS do
not encode signal sequences [28]. Because database
searches do not point to any known biochemical activ-
ity, a specific function has not been assigned to any
member of this protein class. Another characteristic
common to these proteinsisthat many of their respect-
ive genes comprise gene families, which likely arose
from duplication events [22].

In addition to being similar to each other, this lat-
ter group of defense-related proteinsis also similar to
major pollen allergens from trees of the order Fagales
(birch [3], ader [4], hazel [5] and hornbeam [18]),
which cause Type | human allergies. The pollen aller-
gensare al about 17 kDa and consist of a heterogen-
eous mixture of different isoforms, which are probably
encoded by gene families [3, 29]. The allergens are
proposed to function in pollen defense responses [4].
Dueto the similarities in the primary structures of the
defense-related proteins and the pollen alergens, it
has been suggested that these proteins display a sim-
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ilar, highly recognizable surface architecture involved
in recognition interactions[3, 32].

In our laboratory, we are interested in identifying
signaling events that occur between afafa (Medica-
go sativa L.) and the fungal pathogen Colletotrichum
trifolii Bain & Essary during pathogenesis[9]. In sus-
ceptiblecultivarsC. trifolii causes anthracnose disease,
which is characterized by black lesions on the stems
and leaves of infected plants. C. trifolii-alfafa inter-
actions exhibit race-cultivar specificity; cv. Saranac is
susceptible to both C. trifolii race 1 and race 2 and cv.
Arcisresistant to race 1 and susceptible to race 2.

Because interactions between plants and patho-
gens cause specific changesin gene expressionin both
organisms, we sought to identify genesin either alfalfa
or C. trifolii that are induced during disease develop-
ment. Herewe describethe cloning, by differential dis-
play, of afull-length (SRG1) and a truncated (SRG2)
cDNA from afalfa that are induced in C. trifolii-
infected leaves. The deduced protein sequences are
similar to each other and resemble the plant defense-
related proteins and major tree pollen alergens. We
further show that expression of the SRG1-like genesis
induced in response to plant stress.

Isolation of differentially expressed alfalfa cDNAs

To isolate plant or fungal genes that function during
disease development, differential display [14, 20] was
performed on RNA from C. trifolii race 1 mycelium
grown in culture, healthy alfalfa leaves (cv. Saranac),
and afalfa leaves infected with C. trifolii race 1 for
48 h (see Fig. 3 legend for general inoculation con-
ditions). At this point, early disease symptoms were
visible and mycelia was observed microscopicaly in
and around the inoculation site. Thirty total primer set
combinations were used per RNA sample. Seventeen
differentially displayed cDNA tagswereisolated from
the infected leaf samples and tested for their differen-
tial expression in northern blots. Of these tags, three
corresponded to differentially expressed genes, four
did not detect any signal, and the rest were false pos-
itives that detected either signals in healthy and infec-
ted alfalfa RNA or rRNAs in all three samples. The
three differentially expressed tags were isolated from
different pools of infected leaf cDNAs. However, we
speculated that these tags corresponded to either the
same gene or members of a gene family because they
displayed a number of similarities. For example, the
tags were amplified using the same random decamers
(E3 and E5, RAPD Primer kit, Operon Technologies,

Alamada, CA) inthe modified differentia display pro-
cedure [14], the size of each tag was 300 bp, and in
northern blots each detected a 1 kb transcript in infec-
ted leaves with no signal in healthy leaves or in fungal
mycelia. Dueto these similarities, only onetag (tag G)
was analyzed further.

RNA from infected plants is a mixture of plant
and fungal RNA. Southern blot analysis showed tag
G hybridized to DNA from alfalfa but not C. trifo-
lii (data not shown). Accordingly, tag G was used
to screen a funga elicitor-induced afalfa cDNA lib-
rary, which was made from poly(A)*™ RNA from cell
cultures of alfalfa (resistant to race 1) treated with
fungal elicitor for 2, 3 and 4 h. The cDNA library
was prepared in AZAP |l (Stratagene). Two clones of
different sizes were recovered in pBluescript using the
EXASSIST/SOLR system (Stratagene). The inserts,
named SRG1 and SRG2 for stress response genes,
served as probes on northern blots to confirm their
differential expression. Like tag G, both SRG1 and
SRG2 hybridized to a 1 kb mRNA in infected leaves
andfailedto hybridizeto RNA from C. trifolii (datanot
shown). A faint signal was detected in healthy leaves
after prolonged exposureof the blot (see Fig. 3). These
results indicated that SRG1 and SRG2 corresponded
to tag G and are afalfa cDNASs induced by infection
with C. trifolii.

Sequence and Southern blot analyses

Figure 1A shows the nucleotide and deduced amino
acid sequences of SRG1 and SRG2, which were
sequenced by the dideoxy-nucleotide chain termina-
tion method using the Sequenase version 2.0 DNA
sequencing kit (USB). Sequence analysis was per-
formed using the GCG package (Genetics Computer
Group, Madison, WI). The SRG1 cDNA sequence is
692 bp long and containsamajor open reading frame of
471 bp. It encodesa putative polypeptide of 157 amino
acids with a predicted molecular mass of 16.9 kDa.
The SRG2 cDNA sequence is 324 bp long and is a
truncated cDNA containing only the 3' coding and
non-coding portions of the gene. SRG1 and the SRG2
partial sequence are 96% identical at the nucleotide
level. Only onedifferencein their deduced amino acid
seguenceswas revealed, an amino acid replacement (T
to I) a position 113 in the SRG1 sequence. Assum-
ing the sequence similarity between the SRG clones
is maintained in the 5'-coding region of SRG2, these
cDNAs are likely members of a gene family (also see
below).
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Figure 1. SRG cDNA sequences and amino acid sequence comparisons. A. Nucleotide and deduced amino acid sequences of SRG1 and
SRG2. Identical bases or amino acids are indicated with a dot (-). Sequences shown in bold correspond to eukaryotic translation initiation
[17] and polyadenylation [1] consensus sequences. Sequences corresponding to decamers E3 (CCAGATGCAC) and E5 (TCAGGGAGGT)
are underlined and lower case |etters indicate mismatches between the decamers and cDNA sequences. B. Amino acid sequence comparison
between SRG1, the partial sequence of PR10 from alfalfa[10], DRRG49-a (formerly called pl49 [7]) from pea[13] and STH-2 from potato [21].
Amino acids identical to Srgl are indicated with a dot. Dashes (—) in STH-2 indicate a gap introduced in the sequence for optimal alignment.
The threonine in SRG1 that is replaced by isoleucine in SRG2 is shown in bold.
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Comparison of Srgl with proteins in GenBank
revealed similarities to several plant defense-related
proteins[32], including the diseaseresistanceresponse
proteins (DRRG49-a, DRRG49-b and DRRGA49-
c/RH2 [7, 13, 25]) and the abscisic acid-responsive
proteins (ABR17 and ABR18 [15]) from pea, the
stress-induced proteins from soybean (SAM22 and
H4 [8]), and the pathogenesis-related proteins from
chickpea (capR1), kidney bean (PvPR1 and PvPR2,
[32]), potato (STH-2 and STH-21 [21]) and alfalfa
(the PR10 partial sequence [10]). Srgl is also simil-
ar to the major pollen allergens from birch (Bet v |
[3, 29]), hazel (Cor al [5]) alder (Aln g | [4]) and
hornbeam (Car b | [18]). Amino acid sequence com-
parisons between SRG1, the partial sequenceof alfalfa
PR10, pea DRRG49-a and potato STH-2 are shown
in Fig. 2B. These proteins were chosen for comparis-
on because Srgl is most closely related to DRRGA49-
a (82% identity) and most distantly related to STH-2
(46%identity). Thepartial sequencereportedfor PR10
(83 amino acids) is deduced from a PCR product that
was amplified with primers to conserved regions in
DRRG49-a and DRRG49-b [10]. The PR10 amino
acid sequence is 86% identical to Srgl. Though the
entire sequence of PR10 isnot known, itistempting to
speculate that it and the SRG clones are members of a
genefamily in dfafa

To investigate the number of genes corresponding
to the SRG1 cDNA in the alfalfa genome, genomic
DNA from cvs. Saranac and Arc was digested with
restriction enzymes Hindlll and Xbal, and the result-
ing fragments were hybridized with the SRG1 cDNA
(Fig. 2). SRGL1 hybridized to at least eight bands in
the Hindlll digests and at least seven bands in the
Xbal digests. The complex hybridization patternswere
identical in the two cultivars. These results confirm
that SRG1 isagenefamily member in afafa. Aswith
SRG1, cDNAsencoding DRRG49-a[7], ABR18[15],
and PvPR1 [32] detect multiple bands on Southern
blots of genomic DNA.

Stress induction

The expression patterns of some plant defense-related
genes have been reported to correlate with disease
resistance. For example, in peas DRRG49-a (pl49)
expression dramatically increases within 6 h and again
at 12-24 h after inoculation with Fusarium solani f.
sp. phaseali (avirulent fungal pathogen), but not after
inoculation with F. solani f. sp. pisi (virulent fungal
pathogen) [12]. In afalfa, PR10 transcripts are detec-
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-

Figure 2. Southern blot analysis of SRG1-like sequences in the
afafa genome. Genomic DNA from M. sativa cv. Arc and Saranac
wasisolated [27] and digested with either Hindl 1 or Xbal. The DNA
was fractionated on a 0.8% (w/v) agarose gel and transferred onto a
nylon membrane. Ten ;g of DNA was loaded in each lane [15]. 32P-
labelled probes were made by PCR using primers SK (TCTAGAAC-
TAGTGGATC) and KS (CGAGGTCGACGGTATCG) according to
the recommended protocol in the PCR Radioactive Labeling System
(BRL). Hybridizations were carried out at 65 ° Cin buffer containing
5x SSPE, 5x Denhardt’s solution, 0.5% SDS and 20 pg/ml dena
tured salmon sperm DNA. Blots were washed twice at high strin-
gency (0.2x SSPE, 0.1% SDS at 65 °C). Lane 1, Arc + HindlIl;
lane 2, Arc + Xbal; lane 3, Saranac + Hindlll; and lane 4, Saranac
+ Xbal. The sizes in kb of a mixture of Hindlll-digested A and
Haelll-digested ®X 174 RF fragments are indicated.

ted 30 h after leaves are infiltrated with Pseudomo-
nas syringae pv. pisi (avirulent bacterial pathogen) but
not after infiltration with Xanthomonas campestris pv.
alfalfae (virulent bacterial pathogen) [10]. In contrast,
pea genes have been identified that are induced after
pathogen challenge, but whose expression patterns do
not correlate with the resistance response to F. solani
f. sp. phaseoli [12].

To test whether induction of SRG1-like genes in
alfalfacorrelateswith the resistance responseto C. tri-
folii, SRG1 expression was followed over time in
leaves (cv. Arc) inoculated with either C. trifolii race 1
(avirulent fungal pathogen) or race 2 (virulent fungal
pathogen) (Figure 3). If SRG1 expression correlates
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Figure 3. Induction of SRG1-like genesin alfalfa in response to avirulent and virulent races of C. trifolii. Fourteen-day old M. sativa cv. Arc
plants were sprayed until runoff with a solution containing 5 x 10° to 10° spores from either C. trifolii race 1 (avirulent) or race 2 (virulent)
in 0.2% soy dextrose surfactant (Helena Chemical Co., Memphis, TN). Control plants were sprayed with surfactant only, which was used to
help the spore droplet ‘stick’ to the leaf surface. At the times indicated (in hours), leaves were excized directly into liquid N, and stored at
—80 °C. Leaves from healthy plants (H) were harvested prior to inoculations. Total RNA was isolated [6], fractionated in 1.2% (w/v) agarose
gelscontaining 0.2 M MOPS/0.3 M formaldehyde [26, 30], and transferred onto nylon membranes. Twenty 1.g of RNA was loaded in each lane.
32p.|abelled probes were made using the Random Primers DNA |abelling system (BRL). Hybridizations were performed as described in Fig. 2.
The blots were stripped in 0.2% boiling SDS and reprobed with the 1.7 kb BamHI-Xbal fragment of pMF2, which contains a 17S rDNA clone
from Neurospora crassa [11]. The N. crassa 17S rDNA clone displays sequence similarity with rDNA genes in plants and therefore strongly
hybridizes to alfalfa RNA (G.M. Truesdell, unpublished data). The sizes in kb of RNA molecular weight markers (Gibco BRL) are indicated.

with resistance to C. trifolii, we expected that the
SRG1-like geneswould either be maximally expressed
at an earlier time pointinrace 1- than in race 2-infected
leaves, or expressed at significantly higher levels in
race 1- than in race 2-infected leaves at the sametime
points. Because it was difficult to visually compare
the levels of induction after each treatment in Fig. 3,
the maximum level of SRG1 expression was determ-
ined for each treatment using computer imaging and
analysis (Image 1.49 software, Wayne Rasband, NIH).
The SRG1 signals in Fig. 3 were normalized relat-
ive to the rRNA signals and expression in healthy
leaves was used as a baseline for comparison (data
not shown). Importantly, normalization of the RNA
signals showed that a 2 h SRG1 expression increased
4-fold in the fungal-treated samples and 3-fold in the
surfactant-treated control. While expression in control
leaves remained relatively constant to the 72 h time
point, expression in race 1- and race 2-infected leaves
increased to maximum levels at 8 h (an 8-fold induc-
tion) and 4 h (a 7-fold induction), respectively. The
relatively high expression levels in the fungal-treated
samples were maintained until the 72 h time point,
when induction dropped to 5-fold in both samples.
Since the early time points are likely key in determin-
ing resistance or susceptibility, and SRG1 was highly
expressed in response to both fungal races with max-
imum expression at an earlier time point in responseto
the virulent fungal race, we speculate that the SRG1-
like genes are not specific for the resistance response

to C. trifolii. Instead, these genes are likely induced
in response to the stress associated with fungal spore
inoculation. Induction in control leaves treated with
surfactant is consistent with this hypothesis.

To further define the conditionsthat induce expres-
sion of the SRG1-like genes, northern blots were
performed on RNA from senescent, u.v.-treated and
mechanically wounded Arc leaves. Neither senescence
nor UV treatment induced SRG1 (data not shown).
However, mechanical wounding induced a high level
of SRG1 expression (Fig. 4). Like SRG1, potato STH-
2[21], soybean SAM 22 [8] and asparagus AoPR1 [33]
areinduced by wounding.

Taken together, the northern analyses indicate that
external stresses, including fungal spore inoculation,
surfactant and mechanical wounding, induce expres-
sion of the SRG1-like genesin alfalfaleaves. It is pos-
sible that these genes are induced by breaches in the
integrity of the leaf cell wall, since microscopic stud-
iesof thealfalfa-C. trifolii pathosystemreveal that both
virulent and avirulent races of the fungus penetrate the
plant cuticle [23, 24].

Though expression of PR10, an alfalfa gene poten-
tially closely related to SRG1, correlates with the res-
istance response to a bacterial pathogen [10], SRG1
induction did not correlate with theresistance response
to C. trifolii. Our results, however, do not preclude the
possibility that genes closely related to SRG1 (e.g.
PR10) are specific for pathogen attack. The SRG1
probe used in the expression analyses likely hybrid-
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Figure 4. Induction of SRG1-like genes in wounded alfafa leaves.
Fourteen day old M. sativa cv. Arc plants were wounded by pinching
the leaves with steel forceps. At the following times, leaves were
harvested and northern blots were performed as described in Fig. 3.
Lane 1, healthy leaves (no treatment); lane 2, 8 h after wounding;
lane 3, 24 h; lane 4, 48 h; lane 5, 72 h. The sizes in kb of RNA
molecular weight markers (Gibco-BRL) are indicated.

ized to transcripts of many closely related alfalfa
genes, some of which may be specific for aresistance
response, and thus possibly masked their differential
expression. Thedifferencesin PR10 and SRG1 expres-
sion may also reflect differencesin afafa's resistance
to bacterial versusfungal pathogens, or may be dueto
the fact that PR10 expression was compared in afalfa
treated with two different bacterial species whereas
SRG1 expression was compared in afalfatreated with
two closely related fungal races. Future experiments
should includetesting the fungal system with the PR10
probe to determine whether its expression pattern dif-
fersfrom SRG1.
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Note added in proof

During the preparation of this manuscript afull-length
cDNA encoding alfalfaPR10wasisolated (Bredaet al .,
Mol Plant-Microbe Interact 9: 713-719, 1996). Its
protein sequence is 99% identical to Srgl.
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