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Map-Based Cloning of a Protein Kinase Gene
Conferring Disease Resistance in Tomato

Gregory B. Martin,* Sergio H. Brommonschenkel,
Julapark Chunwongse, Anne Frary, Martin W. Ganal,
Rody Spivey, Tiyun Wu, Elizabeth D. Earle, Steven D. Tanksley

The Ptogene in tomato confers resistance to races of Pseudomonas syringae pv. tomato
that carry the avirulence gene avrPto. A yeast artificial chromosome clone that spans
the Pto region was identified and used to probe a leaf complementary DNA (cDNA)
library. A cDNA clone was isolated that represents a gene family, at least six members
of which genetically cosegregate with Pfo. When susceptible tomato plants were trans-
formed with a cDNA from this family, they were resistant to the pathogen. Analysis of
the amino acid sequence revealed similarity to serine-threonine protein kinases, sug-
gesting a role for Pto in a signal transduction pathway.

Gene-for-gene interactions, in which
plant disease resistance involves a single
resistance (R) gene in the plant that re-
sponds specifically to a single avirulence
gene in the pathogen, have been described
for numerous plant-pathogen pairs (1). Dis-
ease susceptibility results if either the plant
R gene or the pathogen avirulence gene is
absent from the interacting organisms.
Avirulence genes corresponding to specifie
R genes have been cloned from bacterial
and fungal pathogens (2). However, a lack
of knowledge about the products of R genes
has made their isolation difficult and has
hindered efforts to examine their role in the
recognition and defense against specific
pathogens.

Tomato, Lycopersicon esculentum, offers
many advantages for the cloning of R genes
solely on the basis of their position on a
genetic linkage map. Because tomato has
been the subject of more than 50 years of
plant breeding, over 27 loci have been
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identified that confer resistance to many
agriculturally important fungi, nematodes,
viruses, and bacteria (3). Many of these loci
have been located to small intervals on
genetic linkage maps (4). A high-density,
restriction fragment length polymorphism
(RFLP) map (5) and a yeast artificial chro-
mosome (YAC) library have been devel-
oped for tomato (6). These resources, com-
bined with the relatively small genome size
of tomato (950 megabases) and low level of
repeated sequences, have expedited map-

Pto
CD127,CD186
TG504 TGS%B TG|475
PTY538-1L PTY538-1R
PTY538-1
100 kb, (400 kb)
1cM

Fig. 1. Genetic map of the Pto region on chro-
mosome 5 (bold line). The locations are indicat-
ed of tomato genomic RFLP markers (TG), the
YAC end clones PTY538-1L and PTY538-1R,
cDNA clones CD127 and CD186, and Pto. The
YAC, PTY538-1, that spans this region is shown
below. Genetic distance, in centimorgans (cM),
is based on linkage analysis of 251 F, plants
(70). The size of the YAC in kilobases was
determined by pulsed-field gel electrophoresis
with yeast strain AB972 as a standard (37).




based cloning in this species (7).

We used the interaction of tomato and
Pseudomonas syringae pv. tomato, the caus-
ative agent of bacterial speck, to isolate a
plant R gene by map-based cloning. Resis-
tance to P. syringae pv. tomato in tomato is
conferred by the Pto locus on chromosome
5 (8). An avirulence gene (avrPto) from P.
syringae pv. tomato induces resistance spe-
cifically in tomato cultivars containing Pto
(9). Thus, the interaction between tomato
and P. syringae pv. tomato involves a gene-
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Fig. 2. (A) DNA bilot analysis of the Pto gene
family in tomato. Genomic DNA from near iso-
genic tomato lines Rio Grande-PtoR (R) and
Rio Grande (S) was isolated from leaves (32),
and 3-ug aliquots were digested with Bst NI
(lanes 1R and 1S), Dra | (lanes 2R and 2S), Hae
Il (lanes 3R and 3S), Eco Rl (lanes 4R and 4S),
and Eco RV (lanes 5R and 5S). Samples were
separated by electrophoresis on a 1% agarose
gel, blotted onto Hybond N* membrane (Am-
ersham), and then hybridized to 32P-labeled
CD127 insert (33). (B) DNA bilot analysis of
YAC PTY538-1 (lane Y). Total yeast DNA from
PTY538-1 was digested with Bst NI, separated
on a 1% agarose gel, and blotted onto Hybond
N* membrane. The membrane was probed
with 32P-labeled CD127 insert (32). (C) DNA
blot analysis of Pto gene homologs in other
species. Genomic DNA (34) was digested with
Eco RI and separated by electrophoresis on a
1% agarose gel. The gel was blotted onto
Hybond N* membrane, which was hybridized
with 32P-labeled CD127 (32). Hybridization
conditions were as described in (32). Filter was
washed to 0.5x SSC at 65°C and exposed to
film for 24 hours for the Solanaceous species
(first four lanes) and 7 days for the remaining
species.

for-gene system. With the use of a high-
resolution linkage map of the Pto region
and closely linked RFLP markers (10), we
now have identified a YAC spanning the
locus and isolated a cDNA clone of the Pto
gene.

The Pto gene was genetically mapped by
the scoring of RFLPs and resistance reac-
tions to bacterial inoculation of 251 F,
progeny derived from a cross between a
plant homozygous for the R allele (Pto/Pto;
Rio Grande-PtoR) and a near isogenic
susceptible line [pto/pto; Rio Grande (10)].
One RFLP marker, TG538, cosegregated
with the Pto locus (10) and was used to
screen a tomato YAC library (6). A 400-kb
clone, PTY538-1, was identified that hy-
bridized to this marker (Fig. 1). End-specif-
ic probes corresponding to the right
(PTY538-1R) and left (PTY538-1L) arms
of PTY538-1 were isolated by inverse poly-
merase chain reaction (PCR) (I1) and
placed on the high-resolution linkage map
of the region (10). The PTY538-1L arm
mapped 1.8 centimorgans from Pto, where-
as PTY538-1R cosegregated with Pto (Fig.
1). To confirm that PTY538-1 encom-
passed Pto, it was necessary to identify a
plant with a recombination event between
PTY538-1R and Pto. We therefore used
markers TG538 and PTY538-1R to analyze
a total of 1300 plants from various F,
populations, F; families, and over 50 culti-
vars. One plant was identified that was
homozygous for the TG538 allele associated
with Pto but was also homozygous for the
PTY538-1R allele associated with pto (sus-
ceptible allele) (12). All progeny from this
plant were resistant to P. syringae pv. toma-
to, indicating that the plant was homozy-
gous Pto/Pto. This result indicates that
PTY538-1 spans the Pto locus.

A sample of DNA from PTY538-1 was
isolated from agarose after separation on a
clamped homogeneous electric-field gel and
used to probe approximately 920,000 plaque-
forming units of a leaf cDNA library (13). Of
approximately 200 hybridizing plaques, 30
were investigated further. The cDNA inserts
were amplified by PCR and used to probe a
tomato mapping population consisting of 85
plants with recombination events in the Pto
region (10). Two of the clones, CD127 and
CD146 (both 1.2 kb), contained sequences
that cross-hybridized with each other. When
CD127 was mapped, it cosegregated with Pto
(Fig. 1). The genetic cosegregation of CD127
with Pto and the fact that the clone was
isolated from a leaf-tissue library made the
cDNA a strong candidate for the Pto gene.

The CD127 clone detected numerous
polymorphic fragments when hybridized
with blots of genomic DNA from Rio
Grande-PtoR and Rio Grande plants (Fig.
2A). This detection indicated that the
clone might contain exons spanning a large
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region or that it represents a family of
related genes. To distinguish between these
possibilities, we probed the leaf cDNA li-
brary with CD127 insert and isolated an
additional 14 cross-hybridizing clones,
ranging from 0.6 to 2.4 kb. Analysis of
these clones indicated that at least six
different expressed genes with homology to
CD127 exist in Rio Grande-PtoR (14). To
investigate the genome location of the fam-
ily members, total DNA from the YAC
transformant PTY538-1 was digested with
Bst NI and analyzed by DNA blot hybrid-
ization (Fig. 2B). The YAC contained all of
the CD127-hybridizing fragments, with the
exception of a 5-kb band that is common to
both Rio Grande-PtoR and Rio Grande
(Fig. 2B). Therefore, CD127 represents a
gene family that is clustered primarily at the
Pto locus. »

To determine if homologs of the CD127
gene family are present in other plant spe-
cies, we performed Southern blot analysis
on genomic DNA isolated from six dicoty-
ledonous species and five monocotyledon-
ous species. Homologs of CD127 were iden-
tified in all species examined (Fig. 2C).
Multiple bands were detected in many of
the species, indicating the possible presence
of a gene family similar to that in tomato.
This sequence conservation raises the pos-
sibility that other plant species contain
genes with structural, and perhaps func-
tional, similarity to the CD127 gene family.

Analysis of RNA blots was used to de-
termine if there were differences in tran-
script size or abundance produced by the
CD127 family members among resistant or
susceptible tomato lines (Fig. 3). A prom-
inent 1.3-kb band was observed in resistant
and susceptible lines (Fig. 3). A fainter
band of 2.5 kb may indicate the presence of
less abundant, longer transcripts in the
CD127 family. No obvious induction of
gene expression was observed upon infec-
tion with P. syringae pv. tomato (12).

Genetic complementation tests were

Fig. 3. RNA blot analysis 1234
of Pto gene family tran- KB

scripts. Poly(A)* RNA of 44—

Rio Grande (pto/pto, lane f-i:

1), Rio Grande-PtoR (Pt '~ = ™#=
Pto, lane 2), Spectrum 151 22

(Pto/pto, lane 3), and Mon-
eymaker (pto/pto, lane 4)
was isolated from leaf tissue of plants 5 weeks
after germination, separated on a 1.4% agarose-
formaldehyde gel, and blotted onto nitrocellulose
(33). The blot was hybridized with 32P-labeled
CD127 insert as described in (32). The difference
in signal among samples is due to unequal load-
ing of RNA as indicated by the hybridization of the
identical filter with a probe for ribulose bisphos-
phate carboxylase transcript (12). Sizes of mark-
ers (RNA ladder, GIBCO BRL) are indicated in
kilobases.
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conducted to determine if a member of the
CD127 gene family confers resistance to P.
syringae pv. tomato. Two cDNA clones,
representative of the two size classes of
transcripts, were initially chosen for this
analysis [CD127 (1.2 kb) and CD186 (2.4
kb)]. The cDNA inserts were placed in the
sense orientation into the binary T, vector
pBI121 (Clontech Laboratories, Palo Alto,
California) under transcriptional control of
the constitutive cauliflower mosaic virus
(CaMV) 35S promoter. The resulting plas-
mids were designated pPTC5 (CD127) and
pPTC8 (CD186). After electroporation of
the constructs into Agrobacterium tumefaciens
LBA4404, the bacteria were used to trans-
form cotyledon explants of a susceptible
tomato cultivar, Moneymaker (15). Trans-
formants containing integrated copies of
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Fig. 4. (A) Representative plants of (left) the
susceptible backcross progeny and (right) the
resistant backcross progeny. Plants were inoc-
ulated as described with P. syringae pv. tomato
strain T1(pPTE6) (76). Photographs were taken
5 days after inoculation. (B) Growth of P. syrin-
gae pv. tomato in leaves of tomato. Leaves of
7-week-old plants were inoculated with P. sy-
ringae pv. tomato strain T1(pPtE6) and bacte-
rial populations were determined at the speci-
fied time points (35). Tomato lines examined
were Rio Grande-PtoR (circles), Moneymaker
(squares), backcross progeny with (triangles),
or without pPTC8 (inverted triangles). Values
are the means of three samples, each consist-
ing of three leaf disks from three different
plants. Error bars equal one-half of the least
significant difference at probability level 0.05.
Means are significantly different where error
bars do not overlap.
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each construct were identified by kanamycin
selection and DNA blot analysis (15).

Five weeks after the transformed plants
were transferred to soil, single leaves were
inoculated with P. syringae pv. tomato strain
T1(pPTE6) carrying avrPto (9, 16). As
controls, 4-week-old seedlings of Rio
Grande-PtoR, Moneymaker, and Money-
maker transformed with pBI121 alone were
also inoculated. Of two plants that were
confirmed to contain the integrated trans-
gene from pPTCS8, both were resistant to P.
syringae pv. tomato strain T1(pPTE6) (17).
None of the nine transformants containing
integrated copies of pPTC5 exhibited resis-
tant phenotypes (17).

To confirm that P. syringae pv. tomato
resistance was due to the introduction of
the CD186 cDNA insert, a resistant RO
transgenic plant (PTC8/39) was crossed to a
susceptible control plant (cv. Rio Grande).
Of 22 backcross progeny examined, nine
inherited the CD186 transgene. This result
closely fit a 1:1 segregation ratio and indi-
cated that the original integration of pPTC8
sequences in PTC8/39 occurred at a single
locus. The same nine backcross-resistant
(BC-R) plants containing the CD186 trans-
gene displayed no disease symptoms upon
inoculation with T1(pPTES6) (17) (Fig. 4A).
The remaining 13 plants lacked the CD186
transgene and displayed typical symptoms of
bacterial speck (17) (Fig. 4A). All 22 prog-
eny plants were susceptible to P. syringae pv.
tomato strain T1, which lacks avrPto (9, 12).

Because plants showing no disease symp-
toms after inoculation with T1(pPTE6)
might still harbor a large population of P.
syringae pv. tomato, we monitored the col-

ony-forming units of bacteria in the proge-
ny plants and in control plants over a
period of 4 days after inoculation (Fig. 4B).
The nine BC-R plants exhibiting no disease
symptoms contained 10°-fold fewer bacteria
per square centimeter of leaf area than the
backcross susceptible plants at the end of
this time period. Lower bacterial popula-
tions in BC-R plants than in Rio Grande-
PtoR plants were observed and may have
been the result of a higher abundance of Pto
protein in BC-R plants that resulted from
the constitutive 35S promoter. Thus,
CD186 functionally complements pto in
susceptible plants by inhibiting growth of
the P. syringae pv. tomato population and
suppressing symptoms of bacterial speck
disease.

The entire 2.4-kb DNA sequence of the
CD186 insert was determined and a 963-bp
open reading frame (ORF1) was found in
the region nearest the 35S CaMV promoter
in pPTC8 (Fig. 5A). Hereafter referred to
as Pto, ORF1 encodes a 321-amino acid
hydrophilic protein. The region down-
stream contains numerous stop codons fol-
lowed by two regions with homology to Pto.
Analysis by PCR confirmed that the struc-
ture of the CD186 insert corresponds to the
genomic structure in Rio Grande-PtoR.
Thus, the CD186 insert may be the result of
an infrequent transcriptional read-through
event into a pseudogene of the Pto family.
Analysis of RNA blots with the entire
CD186 insert as a probe detected a promi-
nent 1.3-kb and faint 2.5-kb transcript
identical to CD127 (12).

Comparison of the deduced amino acid
sequence of Pto with the protein sequences
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Fig. 5. Physical map of CD186 cDNA insert and predicted amino acid séquence of Pto. (A) The
position and orientation of ORF1 (Pto) and the 35S CaMV promoter on pPTC8 are indicated.
Regions designated a’ and b’ are 87% and 82% homologous, respectively, to a and b in ORF1.
DNA base pairs corresponding to ORF1 a’ and b’ are shown above the line. Numbers in
parentheses refer to positions in ORF1 corresponding to a’ and b’. (B) Deduced amino acid
sequence of ORF1 (Pto) shown in one-letter code (36). The positions of subdomains characteristic
of protein kinases (719) are indicated in parentheses above the sequence. Amino acids that are
highly conserved among protein kinases are underlined (79). Residues that indicate serine-
threonine specificity are double-underlined (79). A potential myristoylation site (26) at the NH,
terminus is overlined. The nucleotide sequence has been deposited in GenBank (accession

number U02271).
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contained in GenBank release 77 (18) un-
covered similarities with the catalytic do-
mains of many plant, mammalian, and
lower eukaryote serine-threonine protein
kinases. Eleven subdomains, including 15
invariant amino acids characteristic of pro-
tein kinases, are present in the expected
locations (Fig. 5B). Sequences indicative of
serine-threonine kinase activity occur in
subdomains VI (consensus DLKPEN) and
VIII  [consensus G(T/S)XX(Y/F)XAPE
(19)]. To examine further its relation to the
protein kinases, the Pto sequence was com-
pared to the Protein Kinase Catalytic Do-
main Database (19). The five most similar
matches were to other putative serine-thre-
onine protein kinase genes of plant origin,
including three with unknown function
from Arabidopsis [TMK1, GenBank acces-
sion number L00670; ARKI, number
M80238; and RLPK, number M84659
(20)], one of unknown function from maize
[ZMPK1, number X52384 (21)], and one
from Brassica that is believed to be involved
in the recognition of self-pollen by stigma
cells [SRK6, number M76647 (22)]. The
similarity between Pto and SRK®6 is partic-
ularly interesting because SRK6 appears to
be involved in a specific cell-cell interac-
tion (pollen cell-stigma papillar cell) like
that between tomato and P. syringae pv.
tomato (22). Other than plants, the closest
matches in the database were to mammali-
an serine-threonine kinases of the Raf fam-
ily (23).

The observation that transcripts of sim-
ilar size and abundance are produced from
the Pto gene family in both resistant and
susceptible tomato lines raises the question
of what molecular differences account for
the different responses to the pathogen.
Two possibilities are that the expression
levels differ for specific members of the Pto
gene family that confer resistance or that
resistant plants contain a gene with a minor
sequence difference resulting in a Pto pro-
tein of unique activity. Sequence compari-
sons of DNA among Pto gene family mem-
bers in resistant and susceptible lines and
the development of gene-specific probes
and Pto antibodies should help to distin-
guish between these possibilities.

The presence of short Pto-homologous
segments in CD186 in close proximity to
Pto raises the possibility that recombination
events have occurred in this region, shuf-
fling domains among gene family members.
Such intralocus recombination, perhaps by
unequal crossing-over, would be increased
by the clustering of family members at the
Pto locus and could provide a mechanism
for generating resistance specific for new
races of P. syringae pv. tomato and perhaps
to other phytopathogens. Possible occur-
rence of clustered R gene families in other
plant species may explain why several dis-

ease-resistance loci (especially those corre-
sponding to different races of the same
pathogen) often map within small genetic
intervals (24).

The elicitor-receptor model of gene-for-
gene interactions suggests that the products
of R genes function as specific receptors for
pathogen elicitors (25). The Pto protein
contains no obvious membrane-spanning or
extracellular domain that would suggest
function as an external receptor for a patho-
gen signal. A potential myristoylation site
occurs at the NH, terminus; the protein
might therefore be membrane-associated in
a manner similar to that of the myristoy-
lated tyrosine protein kinase p60*™ (26)
(Fig. 5B). Association with the plasma
membrane could place Pto in proximity to
an extracellular receptor having a cytoplas-
mic domain. Analogous signaling complex-
es are known in mammals. The elucidation
of the Ras pathway suggests that these
systems are highly conserved among eukary-
otes (27). Alternatively, Pto may exist in
the cytoplasmic milieu and participate at a
later step of a phosphorylation cascade. By
analogy to Ras signaling, it is possible that
the activation of Pto leads, by multiple
steps, to the activation of defense gene
expression. Finally, because there are sev-
eral members of the Pto gene family in both
resistant and susceptible lines and because
gene expression does not require P. syringae
pv. tomato infection, it seems possible that
Pto-like protein kinases may also participate
in other cellular activities.

Some elicitors of plant defense responses
induce phosphorylation and dephosphoryl-
ation of specific plant proteins, and inhib-
itors of mammalian protein kinases inhibit
the expression of certain plant defense
genes (28). Thus, kinase-phosphatase ac-
tivities appeared to be involved in signaling
between plants and pathogens. The discov-
ery that a disease-resistance gene encodes a
serine-threonine protein kinase establishes
a phosphorylation cascade. as part of the
recognition and response phases of plant
defense.

The role of AvrPto protein in eliciting
a resistance reaction is unknown. This
protein may act by directly or indirectly
modulating kinase activity encoded by
Pto. In this regard, it is notable that
several hypersensitive response and patho-
genicity (Hrp) proteins isolated from phy-
topathogenic Pseudomonas species share
homology with proteins from the human
pathogen Yersinia that are involved in the
secretion of virulence determinants (29).
Two of these determinants have serine-
threonine protein kinase and phosphatase
activities (30). Thus, mechanisms of
pathogen recognition in plants and of
signal-transduction modulation by bacte-
rial phytopathogens may share features in
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common with mammalian bacterial patho-
genesis.
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Analysis of CD36 Binding Domains: Ligand
Specificity Controlled by Dephosphorylation
of an Ectodomain

Adam S. Asch,* Isaac Liu, Frederick M. Briccetti,
John W. Barnwell, Frank Kwakye-Berko, Ayotunde Dokun,
Jeffrey Goldberger, Mona Pernambuco

The protein CD36 is a membrane receptor for thrombospondin (TSP), malaria-infected
erythrocytes, and collagen. Three functional sequences were identified within a single
disulfide loop of CD36: one that mediates TSP binding (amino acids 87 to 99) and two that
support malarial cytoadhesion (amino acids 8 to 21 and 97 to 110). One of these peptides
(p87-99) is a consensus protein kinase C (PKC) phosphorylation site. Dephosphorylation
of constitutively phosphorylated CD36 in resting platelets and a megakaryocytic cell line
led to the loss of collagen adhesion and platelet reactivity to collagen, with a reciprocal
increase in TSP binding. PKC-mediated phosphorylation of this ectodomain resulted in a
loss of TSP binding and the reciprocal acquisition of collagen binding. In site-directed
mutagenesis studies, when the threonine phosphorylation site was changed to alanine,
CD36 was expressed in a dephosphorylated state and bound to TSP constitutively.

Regulation of membrane receptor function
may be mediated by translocation of the
receptor to the cell surface or by association
or dissociation of the receptor from regula-
tory molecules. Although posttranslational
modifications such as glycosylation or phos-
phorylation regulate many protein interac-
tions, the rapid regulation of these charac-
teristics has been confined to events that
occur within the membrane or on the cy-
toplasmic side of the receptor. CD36 is an
88-kD membrane glycoprotein present on
platelets, monocytes, erythroid precursors,
endothelial cells, and several tumor cell
lines and is a receptor for the adhesive
platelet and extracellular matrix protein
TSP (1-6), Plasmodium falciparum—infected
erythrocytes (7-9), and collagen (10).
CD36 is one of several TSP binding sites on
platelets, and purified CD36 binds TSP
(1-6). In addition, CD36 acts as a receptor
that is critical for the cytoadherence of P.
falciparum—infected erythrocytes to endo-
thelium (7-9). Both TSP binding and ma-
larial cytoadhesion are inhibited by the
same monoclonal antibody (I, 11), suggest-
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ing that the domains that mediate these
events may be related. CD36 is also one of
several reported collagen receptors (12).

Random CD36 domains were expressed
in a recombinant expression system, and we
screened the library by probing with biotin-
ylated purified TSP, a biotinylated peptide
(CSVTCG) (13) corresponding to a CD36
binding domain within TSP (2), and *'Cr-
labeled malaria-infected erythrocytes (14).
Positively hybridizing clones were subjected
to secondary or tertiary rounds of screening
and then sequenced. Analysis of the clones
identified overlapping consensus sequences
as candidate binding domains. Peptides cor-
responding to the predicted amino acid
sequence of these regions were synthesized
and examined for TSP binding and malarial
cytoadhesion (15).

The domains of CD36 that are respon-
sible for TSP binding and for the cytoadhe-
sion of P. falciparum—infected erythrocytes
were identified by random domain library
screening (RANDOLS) (Fig. 1A) and con-
firmed by means of synthetic peptides (Fig.
1B). Three functional sequences were iden-
tified within a single putative disulfide loop
of CD36 defined by Cys” and Cys**: one
that mediates TSP binding (amino acids 87
to 99) and two that support malarial cy-
toadhesion (amino acids 8 to 21 and 97 to
110). The malarial binding domain, resi-
dues 97 to 110 that we have identified,
overlaps p93-110 identified as a binding site






