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While it is not possibleto directly the observeevolution of multigenefamilies, the bestalternativeis to compare
orthologousfamily membersamongseveralclosely-relatedspecieswith varying degreesof reproductiveisolation.
Using RT-PCRwe showthat in pea(Pisum sativum) eachmemberof the pathogenesis-relatedPR10family hasa
distinct pattern of expressionin responseto the fungus Fusarium solani, and in treatmentwith salicylic acid,
chitosanandabcisicacid.Sequencingrevealsthat PR10.1,PR10.2andPR10.3exist in P. humile, P. elatius andP.
fulvum, exceptthat no PR10.2orthologuewasidentified in P. elatius. PR10.1,PR10.2andPR10.3appearto have
divergedfrom a single genein the commonPisum ancestor.For the recentlydivergedPR10.1and PR10.2,the
timing of fungal-inducedexpressiondiffers greatlyamongspecies.For example,PR10.1wasstronglyinducedin P.
sativum by F. solani within 8 hours postinoculation(h.p.i.), whereaslittle PR10.1expressionwas seenin pea's
closestrelative,P. humile, andin themoredistantly-relatedP. elatius. In P. fulvum, expressiondid not peakuntil 48
h.p.i. Expressionof the more ancientPR10.4and PR10.5genesis more tightly conservedamongPisum species.
Thesedata indicate that expression,as well as sequence,can evolve rapidly. We hypothesizethat changesin
differential expressionof multigenefamily memberscould providea sourceof phenotypicdiversity in populations,
which may be of particular importance to plant/pathogen coevolution.

INTRODUCTION
It is oftentakenfor grantedthatmanygenesin plantsare
presentin multigenefamilies. Although it is difficult to
be sureof the roles playedby thesefamilies, thereare
severalpossibilities. For example,multiple copiesof
genessuchasRUBISCOsmallsubunitmayfacilitatethe
productionof largequantitiesof geneproduct.In other
cases,multigenefamilies may allow the productionof
variantsof a givenprotein,suchasseedstorageproteins.
The observationthat distinct copiesof a genemay be
differentiallly expressedwith respect to other copies
suggeststhat multigene families may be exploited by
plantsto facilitatemoreversatileregulatoryregimesthan
are possible for single copy genes. 

In a given species, temporal and developmental
expressionpatternscan differ greatly betweencopies,
implying that individual copies of a gene may be
specializedfor different functions.However,systematic
study hasneverbeendoneto determinewhethercopy-
specific differential expressionpatternsare stable for
each copy, or whether they diverge readily. In other
words, does differential expressionof membersof a
given multigenefamliy representa stableadaptation,or
a transient evolutionary experiment?

  Most defense-relatedproteins induced in plants in
response to pathogens are encoded by multigene
families, including phenylalanine ammonia-lyase
[Cramer et al. 1989], chalconesynthase[Koes et al.,
1989), chalconeisomerase[Van Tunen et. al. 1988]
hydroxyproline-richglycoproteins[Corbin et al., 1987],
4-coumarateCoA ligase [Douglas et al.,1987] β-1,3
glucanase(Ward et al., 1991],PR1[RigdenandCoutts,
1988), peroxidase[Harrison et al. 1995], and leucine
aminopeptidase[Pautot et al., 1993]. In many cases,
copies of a defense gene within a species tend to be more
closely-relatedto eachother(orthologous)thanto copies
from other species (paralogous). For example,
phylogeneticanalysisof thaumatin-likeproteins(PR5)
from oat andbarley indicatethat all four PR5 genesin
oat cluster on one branchof the tree, while all barley
sequencesclustertogetheron a separatebranch [Lin et
al, 1996].Clusteringof genecopieswithin eachspecies
suggests that the extant copies of PR5 genes all
descendedrecently from one PR5 genepresentin the
commonancestorof oat and barley. (The data do not
distinguishbetweenthe sameancestralcopy giving rise
to PR5 genes in each species, versus different copies.) 

Only a small number of studies have compared
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differential expressionamong individual membersof
defensemultigenefamilies in responseto pathogensor
elicitors [Chittoor et al., 1997,Junghanset al. 1993,Lin
et al., 1996, Choi et al., 1994, Logemannet al., 1995,
Bågaet al. 1995,Danhashet al. 1993,Pérez-Garciaet
al., 1995, Wardet al., 1991,Shufflebottomet al., 1993].
This is largely due to the difficulties involved in
distinguishingtranscriptsfrom eachcopy of the gene.
Generally,only a single multigene family in a single
specieswas studied.However, Sun et al. [1997] have
shown that five membersof the polyubiquitin family
exhibit bothpoint mutationsanddifferencesin ubiquitin
monomerrepeats,as well as changesin copy-specific
differentialexpression,betweenecotypesof Arabidopsis
thaliana.

These observationsraise two questions: 1. Are
orthologous copies of multigene family members
conservedbetweenclosely-relatedspecies,or do gene
copies turn over rapidly, such that there is no
correspondenceof genecopiesfrom one speciesto the
next? 2. Where orthologouscopiesare conserved,are
differential expressionpatternsalso conservedor do
expression patterns for a gene change over short
evolutionary times?

While it is not possibleto observethe processof
speciationdirectly, the best alternative is to compare
specieswith varying degreesof reproductiveisolation.
Pisum humile is thoughtto be the wild peafrom which
P. sativum was domesticated[Waines, 1975]. Both
spontaneousandartificial crossesamongP. sativum, P.
humile andP. elatius resultin fertile offspring.However,
crossesbetweenP. fulvum andthesethreespeciesresult
in either few offspring or offspring with greatly
decreased fertilty [Ben-Ze'ev and Zohary, 1973] . 

Using thesepeaspecies,we havepreviouslyshown
[Tewari et al., 2003] that geneexpressiondetectedby a
PR10.1/PR10.2subfamilyspecificprobediffers between
Pisum species in responseto the fungal pathogen
Fusarium solani. However, the probe used in that
analysis could not distinguish between PR10.1 and
PR10.2becauseof high sequencesimilarity betweenthe
genes. Herewe reportthe cloning of membersof PR10
genesfrom three wild Pisum species,for which most
sequencesare orthologous to PR10 genes from P.
sativum. RT-PCRusing gene-specificprimersindicates
that patternsof PR10 gene expressionin responseto
Fusarium solani are divergent among Pisum species.

MATERIALS AND METHODS
Plant Material and treatments
Wild accessionsof Pisum (P. humile 713,P. elatius 721
and P. fulvum 706) used in this study were obtained from
N. O. Polans,NorthernIllinois University, U.S.A. P.
sativum c.v. Alaska was purchasedfrom W. Atlee

Burpeeand Co., Warminister,PA. F. solani f. sp. pisi
and F. solani f. sp. phaseoli were obtained from
AmericanType Culture Collection (Accessionnumbers
38136and38135respectively).Culturesweregrownon
potatodextroseagar(PDA) platessupplementedwith a
few milligrams of finely chopped pea leaf tissue.

All the Pisum and Lathyrus plants were grown in
growth roomsin potsin 2:1:1 Soil:Sand:Peatmix under
a day/night cycleof 16/8hourswith temperaturesof 22
/15 °C respectively. The averagelight intensity using
1/3 0-lux wide spectrumto 2/3 cool white was340 µ e
m-2 sec-1.

DNA extraction from pea seedlings and young leaves
Pea hypocotyls and young leaves were frozen and
lyophilized. Dry peatissuewas groundinto powderin
liquid N

2
, then 1 ml of extractionbuffer [100mM Tris-

HCl (pH 8.0), 50mM EDTA, 500mM NaCl, 1.25% SDS]
wasaddedper 100 mg of tissueand incubatedat 65°C
for 20'. KOAc wasaddedto a final concentrationof 3M,
the sampleswerekept on ice for 20' thencentrifugedat
10X G for 15'. Thesupernatantwasextractedtwicewith
an equalvolume of TE equilibratedphenol. DNA was
precipitatedwith isopropanoland the pellet was dried
and resuspended in TE at a concentration of 0.5 mg/ml.

PCR conditions and cloning of PCR products.
PCR was performedin 25 µl using 1X buffer [50mM
KCl, 10mMTris-HCl pH (8.0), 10mM NaCl, 0.01mM
EDTA, 0.5mM DTT, 0.1%Triton X-100], 0.5 unitsTaq
polymerase,2mM MgCl, 40µM eachof dNTP, 50 ng
peagenomicDNA, 20 pmol of eachprimer,and25 µl of
mineral oil. A Techne PHC-2 unit was used with
denaturationat 95° for 5', 35 cyclesof 95° 1', 47° 2', 72°
2', anda final elongationat 72° for 10'. Productswere
electrophoresedin a 1.0% agarosegel andstainedwith
EtBr. UV fluorescentbandswerecut from the gel and
DNA recovered Prep-A-Gene (Bio-Rad).

Isolated PCR products were TA-cloned by direct
ligation into the pCRII vector (Invitrogen). 

DNA Sequencing
Single-passsequencingwasdonefor severalclonesper
primer set, and a single clone was chosenfor further
sequencing.Sequencingof selectedcloneswas doneto
at least3-fold redundancy,either using the Vent DNA
polymerase kit (Circumvent Sequencing kit, New
EnglandBiolabs)or by the DNA SequencingLab at the
Plant Biotechnology Institute, National Research
Council, Saskatoon, Canada. 

Computer analysis of DNA sequences
Generalsequenceanalysistaskswere carriedout using
the FSAP package[Fristensky et al. 1982], FASTA
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programs [Pearson 1990], and XYLEM [Fristensky
1993].

Phylogenetic analysis was performed as follows:
Protein coding regions (CDS) were extracted from
GenBank [Burks et al., 1991] entries using the
FEATURES program [Fristensky, 1993], and the
correspondingamino acid sequenceswere aligned by
PIMA [Smith andSmith, 1992], usingmaximal linkage
and a cluster score cutoff of 25.0. Alignments of the
originalCDSsequenceswereperformedusingthePIMA
protein alignment as input for MRTRANS [Pearson,
1990]. To producethe alignment in Figure 1, intron
sequenceswere aligned separatelyusing CLUSTALW
1.6 [Thompsonet al., 1994], and then insertedinto the
alignment manually. 5' non-coding sequenceswere
addedand alignedmanually.The DNA phylogenywas
constructedaligned protein coding sequences(minus
introns) using the maximum liklihood program
fastDNAml1.0.6[Olsenet al., 1994] with 100bootstrap
replicates.Branch lengths were determinedusing the
bootstrapconsensustree as input to fastDNAml. Trees
were processedfor figures using the TREETOOL tree
editor [Maciukenas et al. 1994].

All programs were run from the Genetic Data
Environment (GDE 2.3) [Smith et al. 1994]. 

Pathogen inoculation and chemical treatments
Immature pods (five pods per treatment) having no
developedseedwereharvested,slit longitudinally along
the suturelines andplacedwith the freshly openedside
up on a sterile petri-dish. Inoculation with 106

macroconidia/mlof either F. solani f. sp. pisi or F.
solani f. sp. phaseoli was doneas describedpreviously
[Fristensky et al., 1985]. 

Chemical treatmentswere applied as for pathogen
inoculationsin a total volume of ten µl/pod half at the
following concentrations:Chitosan,1 mg/ml; ABA, 100
µM; and SA, 50 mM.

RNA extraction
Treatedpodendocarptissuewasfrozenin liquid N

2
and

RNA extractedby themethodof Verwoerdet.al. (1989)
using the modifications describedin [Tewari et al.,
2003].

Reverse transcription
Two µg of total RNA was incubatedwith 0.5 µg oligo
(dT)

12-18
primer (Gibco BRL cat. # 18418-012)at 65 °C

for 5 min. Reversetranscriptionwascarriedout in a 30
µl final volumeat 50 °C for 30 min. in 50 mM Tris-HCl
(pH 8.3),75 mM KCl, 5 mM MgCl

2
, 64 unitsof RNAsin

(Gibco BRL), 12 units of AMV-RT (Promega),1 mM
each of dATP, dCTP, dGTP and dTTP.

Internal control plasmids for RT-PCR
pI49KSv wasconstructedby cloning the 585bpSau3AI
fragment from pUC18 into the BglI site within the
PR10.1 cDNA in pI49KS [Tewari et al., 2003].
pI176KSiv was constructedby cloning the 585bp
Sau3AI fragmentfrom pUC18 into the BglI site within
the PR10.1 cDNA in pI49KS [Tewari et al., 2003].
p49cKScontainsthe 868bpNsiI/XbaI coding sequence
fragment from pCC2 [Chiang & Hadwiger, 1990],
recloned into PstI/XbaI-digested BluescriptKSm13+.
pABR17-10.1was constructedas follows: the BamHI
site from pBluescriptKSm13+wasfilled in usingDNA
polymeraseKlenow fragment,and the resultantvector
pMB5.2-2 wasusedto reclonethe PR10.4cDNA from
pABR17 [Iturriaga et al., 1994], to give pABR17-10.
The 141bp Sau3A1 fragment from pUC19 was next
clonedinto the BamHI siteof thePR10.4cDNA to give
pABR17-10.1. pABR18-2.20 was constructed as
follows: the PR10.5cDNA wasreclonedfrom pABR18
[Iturriaga et al., 1994] into the KpnI site of pUC19 to
give pABR18-2.Finally, the 245bpAluI fragmentfrom
pUC19 was cloned into the EcoRV site in the PR10.5
cDNA, to give pABR18-2.20.More detailsof constructs
are found in Figure 3.

DIG labelling of cDNA using PCR
Ten µl of a 1:10 dilution of the cDNA synthesized

usingthe methoddescribedabovewasusedin the PCR
reaction with specific primers (Table 1) for PR10.1
(oS49a+8 and oS49a-7), PR10.2 (oS49b+8 and
oS49b-7), PR10.3 (oS49c+4 and oS49c-5), PR10.4
(oSABR17+4 and oSABR17-5) and PR10.5
(oSABR18+1andoSABR18-5). PCRwascarriedout in
a 25 µl total volume. Typically, 100 amoleof internal
control plasmid DNA was included, but the exact
amount was adjusted empirically to avoid large
discrepanciesbetween mRNA-derived and control-
derived band intensities. 

PCR was carriedout using the PCR DIG Labelling
Mix from Boehringer Mannheim (Cat. # 1585 550)
following manufacturer's instructions. The final
concentrationof the reactionmix was : 1X PCR buffer
[10 mM Tris-HCl, 50 mM KCl (pH 8.3)], 1.5 mM
MgCl

2
, 200µM dATP,dCTP,dGTP,190µM dTTPand

10 µM DIG-dUTP, 0.625U Taq polymerase,10 pmole
of eachprimer. Whereverpossible,mastermixeswere
preparedto improvereproducibility. Fourteencyclesof
PCR were carried out: denaturationat 94 °C, 1 min;
annealing at 55 °C, 1 min; extension at 72 °C, 1.5 min.

DIG Detection
Five µl of the DIG labelled PCR product was

electrophoresedon a 1.5% agarosegel and transferred
to Hybond membrane (Amersham) following
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instructions from the manufacturer. The DNA was
crosslinked to the membrane using the auto-crosslink
mode of a Stratagene UV crosslinker. The blot was
equilibrated in Buffer A [100 mM Tris-HCl (pH 7.0),
150 mM NaCl, and 0.3% Tween 20] for 1 minute and
blocked in buffer B [1% (w/v) blocking reagent
(Boehringer Mannheim cat. # 1096 176) in buffer A] for
30 min. on an orbital shaker. A 1:10,000 dilution of anti-
DIG-AP (Cat. #1093274) conjugate in buffer B was
prepared (final 37.5 U of anti-DIG-AP/ ml of buffer).
This dilution was added and the membrane and
incubated for 30 min., followed by two 15-min washes
in buffer A. The membrane was then equilibrated in
buffer C [100 mM Tris-HCl pH 9.5, 10 mM NaCl and 50
mM MgCl

2
] for 2 min. A chemiluminescent substrate

(1:100 dilution of a 25mM solution of CDP-Star, Cat. #
1685 627, in buffer C) was then added to the blot for 1
min. in a plastic bag.  The solution was discarded and the
blot exposed to X-ray film.

RESULTS
Pisum species contain conserved PR10 subfamilies
To facilitate cloning of PR10 genes from wild pea
species conserved and gene-specific PCR primers were
created by inspection of a multiple alignment of all
previously published PR10 sequences from pea,
soybean, bean, potato and birch. Conserved primers
were chosen from regions that exhibited minimal
sequence divergence, and specific primers from more
variable regions within the gene, as summarized in Table
1. 

Table 1.  Primers used for cloning and RT-PCR

Gene Primer
name

Sequence Posn

conserved oC49+1 5'yawtityatcatgggtgt3'    -10

 oC49+3 5'cttactccaaaggttatt3'     88

oC49-5 5'aicagcatcacctttkgt3'    483

oC49-6 5'tttagttgtaatcaggat3'    579

Ypr10.1 oS49a+4 5'ggtggtgctggaaccatcaaa3'    143

 oS49a+8 5'ctagttacagatgctgataac3'     67

oS49a-5 5'atcccccttagctttgtcagt3'    525

oS49a-7 5'catcccccttagctttgtcag3'    430

Ypr10.2 oS49b+4 5'ggaggtgctggaaccatcaag3'     67

oS49b+8 5'ctagttacagatgctgacact3'     67

oS49b-7 5'gcagcatcaccttttgtgtaa3'    383

Ypr10.3 oS49c+4 5'tgttgaaggaaacggtggccc3'    132

oS49c-5 5'gatttcctcttcactaggaat3'    395

Ypr10.4 oSABR17+4 5'ggtgatcaagaagaagcacaa3'      99

oSABR17-5 5'tttggcttttgtttcatcacg3'    423

Ypr10.5 oSABR18+1 5'atgataccacctctaccgtcc3'     23

oSABR18-5 5'cttagctttgccttcctcaac3'     423
Nomenclature: o = oligo; C = conserved; S = gene-specific; 49 refers
to old gene designation "Drr49"; a = PR10.1-specific, b = PR10.2-
specific, c= PR10.3-specific, + = forward, with respect to protein
coding sequence, - = reverse; numbers following + or -are arbitrary.
Ambiguities [Cornish-Bowden, 1985]: i = inosine, y = pyrimidine, w
= A or T, K = G or T  

Primer pairs for PR10.1, PR10.2, and PR10.3 were
used to amplify PR10 coding sequences using genomic
DNA from P. elatius, P. humile and P. fulvum. No PCR
products were detected from any of the wild pea species
when a PR10.2-specific primer pair oS49b+4 and
oS49b-5 (5'ctcttcagtaggagcagcagc3'), not listed in Table
1) was used. Combinations of conserved and gene
specific primers were needed to amplify putative
PR10.2-specific PCR products, as indicated in Table 2.
PCR products were cloned as described in Methods, and
clones hybridizing with a PR10 probe were partially
sequenced to identify PR10 genes. Nine clones were
chosen for complete sequencing. Because the Ypr10.Ps.4
and Ypr10.Ps.5 sequences were not published until later
in this work, homologues for these genes were not
cloned.

An alignment of the nine PR10 sequences from wild
peas and five previously-published PR10 sequences
from P. sativum is shown in Figure 1. Sequences are
grouped according to similarity. Despite the fact that all
PR10.1 sequences amplified with the PR10.1 primers,
and cluster together on the phylogenetic tree in Figure 2,
it is difficult to conclude that they are strictly
orthologous. Polymorphism between PR10.1 and PR10.2
sequences occurs at only 22 out of 384 positions
between 142 and 525, the region over which all PR10
clones overlap. No base substitutions are seen
exclusively in all PR10.1 sequences, or exclusively in
PR10.2. Surprisingly, Ypr10.Pe.2, which had been
amplified from P. elatius DNA using one PR10.2-
specific primer (oS49b+4) and one conserved primer
(oC49-6) is clearly most similar to other PR10.3
sequences than to PR10.1 or PR10.2. Thus, while no
PR10.2 orthologue could be identified from P. elatius,
two distinct PR10.3 sequences were amplified. Since
Ypr10.Pe.2 and Ypr10.Pe.3 differ only at 6 positions, it
may be that these two sequences are allelic, rather than
distinct loci. 

Amino acid polymorphism among PR10.1 and
PR10.2 proteins was seen at only 9 out of 359 positions.
The only amino acid insertion in Pisum PR10 proteins is
an Alanine insertion corresponding to a GCT insertion in
Ypr10.Ps.2 at positions 475-477.  
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                      -1        10        20        30        40        50        60        70        80        90
                                                                          oS49a+8:ctagttacagatgctgataac
       oC49+1:yawtityatcatgggtgt    oSABR18+1:atgataccacctctaccgtcc                                     oC49+3:ctt
            
 � Ypr10.Ps.1 CATTATCATCATGGGTGTTTTTAATGTTGAAGATGAAATCACTTCTGTTGTAGCACCTGCTATACTCTACAAAGCTCTAGTTACAGATGCTGATAACCTT
1� Ypr10.Ph.1  
 � Ypr10.Pe.1 
 � Ypr10.Pf.1                                                                     oS49b+8:ctagttacagatgctgacact
 � Ypr10.Ps.2 CAATATCATCATGGGTGTTTTTAATGTTGAAGATGAAATCACTTCTGTTGTAGCACCTGCTATACTCTACAAAGCTCTAGTTACAGATGCTGACACTCTT
2� Ypr10.Ph.2
 � Ypr10.Pf.2 TATTGTCATCATGGGTGTTTTTAATGTTGAAGATGAAATCACTTCTGTTGTAGCACCTGCTATACTCTACAAAGCTCTAGTTACAGATGCTGACACTCTT
 � Ypr10.Ps.3 CATCATTATCATGGGTGTTTTCAATTTTGAGGAAGAAGCCACTTCCATTGTAGCTCCTGCTACACTTCACAAAGCTCTGGTTACAGATGCTGACATTCTT
 � Ypr10.Ph.3 
3� Ypr10.Pe.2
 � Ypr10.Pe.3 
 � Ypr10.Pf.3  
4  Ypr10.Ps.4 TTTTTTTATCATGGGTGTCTTTGTTTTTGATGATGAATACGTTTCAACTGTTGCACCACCTAAACTCTACAAAGCTCTCGCAAAAGATGCTGACGAAATC
5  Ypr10.Ps.5 ATCAATAATCATGGGTGTTTTCACATATGAGAATGATACCACCTCTACCGTCCCTCCTGCCAAGCTCTTCAAAGCTGTCGTGCATGACGCTGATCTCATC

                    100       110       120       130       140       150       160       170       180       190
       oC49+3:actccaaag                                  oS49a+4:ggtggtgctggaaccatcaaa
                                                         oS49b+4:ggaggtgctggaaccatcaag
            oSABR17+4:ggtgatcaaggaagcacaagg oS49c+4:tgttgaaggaaacggtggccc                                <--intron
                                                    TNTTGAAGGAAANGGTGGTGCTGGAACCATCAAGAAACTCACTTTCGTTGAAGgtcagtat-
 � Ypr10.Ps.1 ACTCCAAAGGTTATTGATGCCATCAAAAGTATCGAAAT.G..........C....................A............................
1� Ypr10.Ph.1                                                    ....................A...A........................
 � Ypr10.Pe.1                                                    ....................A............................
 � Ypr10.Pf.1                                                    ....................A..........................c.
 � Ypr10.Ps.2 ACTCCAAAGGTTATTGATGCCATCAAAAGTATCGAAAT.G..........C..A.....................................
2� Ypr10.Ph.2                                                    ..A..............................................
 � Ypr10.Pf.2 ACTCCAAAGGTTATTGATGCCATCAAAAGTATCGAAAT.G..........C.................A..A..........................c.
 � Ypr10.Ps.3 ACTCCAAAGGTTATTGATGCCATCAAAAGTATTGAAAT.G..........C.....CC.C.......................................t
 � Ypr10.Ph.3                                       .G..........C.....CC.C.......................................t
3� Ypr10.Pe.2                                                 ..A..............A.............A................t
 � Ypr10.Pe.3                                       .G..........C.....CC.C.......................................t
 � Ypr10.Pf.3                                       .G..........C.....CC.C..G....................................t
4  Ypr10.Ps.4 GTCCCAAAGGTGATCAAGGAAGCACAAGGAGTCGAAAT.A.C........T..A...C.A..............G..AT.CA.TC......
5  Ypr10.Ps.5 GTCCCAAAAGTTGTTGATTCAATCAAGACTGTTGAAATCC..........T......C.A..C..TG.......G........T.......

    
                     200       210       220       230       240       250       260       270       280       290
              -------------------------------------intron---------------------------------------------->
              a-aat--atnc-t--t-tt-ac--ga-atat-c-t-t-anta-ta-tannatt-tt-a--a-t-tgnaat---t---t--tntgt-gcagATGGTGAAAC
 � Ypr10.Ps.1 .....tt..a.a.ga.......tt.......g...c.c.a........aa................c..............a..................
1� Ypr10.Ph.1 .....tt..a.a.g..g.....tt.......g...c.c.a........aa................c..............a..................
 � Ypr10.Pe.1 .....tt..a.a.g..g.....tt.......g...c.c.a........aa................c..............a..................
 � Ypr10.Pf.1 .....tt..a.a.g..g.....tt.......g...c.c.a........aa................c..............a................C.
 � Ypr10.Ps.2                                                                                           ..........
2� Ypr10.Ph.2 .....tt..a.a.g..g.....tt.......g...c.c.a........aa................c..............a..................
 � Ypr10.Pf.2 .....tt..a.a.g..g.....tt.......g...c.c.a........aa................c..............a..................
 � Ypr10.Ps.3 .g.......t.........c.t....t......a.....t..c..g..tt...g..t.tg.t.g..a...gaa.caa.tg.g...t.....C........
 � Ypr10.Ph.3 .g.......t.........g......t......a.....t..c..g..tt...g....tg.c.g..a...gaa.caa.gg.g...t..............
3� Ypr10.Pe.2 .g.......t.........g......t......a.....t..c..g..tt...g..t.tg.c.g..a...gaa.caa.gg.g...t..............
 � Ypr10.Pe.3 .g.......t.........g......t......a.....t..c..g..tt...g..t.tg.c.g..a...gaa.caa.gg.g...t..............
 � Ypr10.Pf.3 .g.g.....t.........g.t....t......a.....t..c..g..tt...g..t.tg.t.g..a...gaa.caa.gg.g...t..............
4  Ypr10.Ps.4                                                                                           ....AA....
5  Ypr10.Ps.5                                                                                           GA..AC.G..

                     300       310       320       330       340       350       360       370       380       390
              CAAGNATGTGTTGCACAAAGTGGAGTTAGTAGATGNTGCTAACTTGGCTTACAACTATAGCATAGTTGGNGGTGTTGGANTTCCAGACACAGTTGAGAAG
 � Ypr10.Ps.1 ...AC..............................T.................................T.........T....................
1� Ypr10.Ph.1 ...AC..............................T.................................T.........T.C..................
 � Ypr10.Pe.1 ...AC..............................T.................................T.........T....................
 � Ypr10.Pf.1 ....C..............................T.................................T.........T....................
 � Ypr10.Ps.2 ...AC..............................T.................................T.........T....................
2� Ypr10.Ph.2 ....C....C.........................T.................................T.....C...T....................
 � Ypr10.Pf.2 ....C....C........................CT.................................T.........T....................
 � Ypr10.Ps.3 ....T.......A......................A........G...AA.......C...........A.........C....G...............
 � Ypr10.Ph.3 ....T.......A......................A........G..AAA.......C...........A.........C....G...............
3� Ypr10.Pe.2 ....T.......A......................A........G..AAA.......C...........A.........C....G...............
 � Ypr10.Pe.3 ....T.......A................C.....A........G..AAA.......C...........A.........C....G...............
 � Ypr10.Pf.3 ....T.......A......................A........G...AA...................A.........C....G...............
4  Ypr10.Ps.4 ...CT.....C.A......C.A..CGC...T....AA..A.....T.G.........C...T....A..A..ACCA..GC.A.AT..A.GTT.A.....A
5  Ypr10.Ps.5 .TT.T.C..............T..AGCCA.T....A...A..G..T.AA..T..T..C..T........A.....C..TA.AT......T..........

                     400       410       420       430       440       450       460       470       480       490
              ATCTCATTNGAGGCTAAACTGTCTGCAGGACCAAATGGAGGATCCATTGCAAAGCTGAGTGTGAAATATTACACAAAAGGTGAT---GCTGCTCCTANTG
 � Ypr10.Ps.1 ........C...........................................................C.T..........................G..
1� Ypr10.Ph.1 ........C.............................................T..........................................C..
 � Ypr10.Pe.1 ........T............................................A..............C.T..........................C..
 � Ypr10.Pf.1 ........C........................................................................................C..
 � Ypr10.Ps.2 ........T...........................................................................GCT..........C..
2� Ypr10.Ph.2 ........C........................................................................................C..
 � Ypr10.Pf.2 ........T........................................................................................C..
 � Ypr10.Ps.3 .....G..T.........T....................................................T..C...............AT.....G..
 � Ypr10.Ph.3 .....T..T.........T....................................................T..C...............AT.....G..
3� Ypr10.Pe.2 .....G..C.........T.......................................................................AT.....G..
 � Ypr10.Pe.3 .....G..C.........T.......................................................................AT.....G..
 � Ypr10.Pf.3 .....T..T..................A.G....G...........................C........T..C...............AT.....G..
4  Ypr10.Ps.4 G.TG....C...A.A.TTA.T.TG..T..TT.TG.C..T........C.TT...A.ATC..........C....C..............A....TATC..
5  Ypr10.Ps.5 ..A.....T.....C...T...T..A...T..............TG...GT...A...T...T......C.T........A.........AAG....T..
                                                                                      tgktttccacta   cgacia:oC49-5
                                                                                                  cgacgacgaggatgac:oS49b-5 
                                                                                  aatgtgttttccactacgacg:oS49b-7
                                                     cctagitaicgtttcgactcacamtttat:oC49-9               taaggatcac:oS49c-5  
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                     500       510       520       530       540       550       560       570       580
              AAGAGNAACTCAAGANTGNCAAAGCTAAGGGNGATGNNNTTNTCAANGCNNTNGANNNTTNCNNTNTGGCNNATCCTNNTTACNANTNAN
 � Ypr10.Ps.1 .....C.........C..A............G....GTC..T....G..TC.T..GGG..A.TG.T....TC.....GA....A.C.A.A
1� Ypr10.Ph.1 .....C.........C..A............G...
 � Ypr10.Pe.1 .....C.........C..A............G...
 � Ypr10.Pf.1 .....C.........C..A............G...
 � Ypr10.Ps.2 .....C.........G..A............T....GTC..T....G..TC.T..GCG..A.TG.T....TC.....GA....A.C.A.A
2� Ypr10.Ph.2 .....C.........A..A............G....GTC..T....G..TC.T..GGG..A.TG.T....TC.....GA....A.C.A.A
 � Ypr10.Pf.2 .....C.........C..A............G....GTC..T....A..TC.T..GGG..G.TG.T....TC.....GA....A.C.A.A
 � Ypr10.Ps.3 .....G..A......A..G......C..A..T..A.GTA..T....G..TC.T..AGG..A.TG.G....TA.....GA....A.C.A.A
 � Ypr10.Ph.3 .....G..A..
3� Ypr10.Pe.2 .....G..A......A..G......C..A..T..A.GTA..T....G..TC.T..AGG..A.TG.G....TA.....GA....A.C.A.A
 � Ypr10.Pe.3 .....G..A..
 � Ypr10.Pf.3 .....G..A..
4  Ypr10.Ps.4 .T.CAGTT.GTG.TGAAACA..G..C..A..AAC..GAC..A....G..CA.A..AGG..A.GT.T....AA.....GG....T.A.T.GT
5  Ypr10.Ps.5 ..A..G..G.TG..GAA.G............T....CTC..T....G..CA.T..GGC..A.GT.T....CA.....AA....A.C.G.TC
              ttctc:oS49b-5
              ttctcctttag:oS49c-5
                            tgactgtttcgattcccccta:oS49a-5                      
                             gactgtttcgattccccctac:oS49a-7                            taggactaatgttgattt:oC49-6
                      gcactactttgtttccggttt:oSABR17-5
                      caactccttccgtttcgattc:oSABR18-5

Figure 1. Alignment of Pisum PR10 coding regions. 

Sequences are grouped top to bottom into subfamiies 1, 2, 3, 4 and 5. The alignment is written with reference to a consensus sequence, which
appears at top. Periods (.) indicate positions that agree with the consensus, while letters indicate nucleotides that differ. Gaps are represented by
dashes (-) and blanks represent positions for which no sequence information was available (eg. Ypr10.Ps.2, Ypr10.Ps.4 and Ypr10.Ps.5 are
cDNAs, so introns are absent). Exons are in capitals and introns in lowercase. Forward primers are written 5' to 3' above the sequence and
reverse primers are written 3' to 5' below the sequence.

Table 2.  Cloned PR10 genes from Pisum sp.

Gene Species Genbank 
ACCESSION

previous
designation

Refrence1 or primers used2

Ypr10.PS.1 P. sativum U31669 Drr49a,pI49 Culley et al., 1995

Ypr10.PH.1 P. humile U65419 - oS49a+4, oS49a-5

Ypr10.PE.1 P. elatius U57064 - oS49a+4, oS49a-5

Ypr10.PF.1 P. fulvum U65424 - oS49a+4, oS49a-5

Ypr10.PS.2 P. sativum M81249 Drr49b, pI176 Fristensky et al., 1988

Ypr10.PH.2 P. humile U65420 - oS49b+4, oC49-6

Ypr10.PF.2 P. fulvum U65425 - oC49+1, oC49-6

Ypr10.PS.3 P. sativum J03680 Drrg49-c Chiang and Hadwiger, 1990

Ypr10.PH.3 P. humile U65421 - oS49c+4, oS49c-5

Ypr10.PE.2 P. elatius U65422 - oS49b+4, oC49-6

Ypr10.PE.3 P. elatius U65423 - oS49c+4, oS49c-5

Ypr10.PF.3 P. fulvum U65426 - oS49c+4, oS49c-5

Ypr10.PS.4 P. sativum Z15128 ABR17 Iturriaga et al., 1994

Ypr10.PS.5 P. sativum Z15127 ABR18 Iturriaga et al., 1994 

1 Citation for previously-cloned gene
2 Primers used to amplify sequences used in this study
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Figure 2. Phylogenetic relationships of legume PR10 genes by the
method of maximum liklihood. 

The tree topology represents the consensus of 100 bootstrapped
replicates. Branch lengths were calculated using the entire alignment
and the consensus tree as input. The percentage of replicates in which
a group of sequences clustered together is indicated along each branch
axis. Sequences are represented by GenBank LOCUS names, or by
designations from Table 2.

A maximum liklihood tree (Figure 2) was
constructed using protein coding sequences (ie. minus
introns and flanking regions) aligned in Figure 1.
Essentially the same topology was also obtained using
either parsimony as implemented in DNAPARS or the
distance method in FITCH [Felsenstein, 1985].

PR10 subfamilies in legumes tend to cluster within
species. The clustering of PR10.1 and PR10.2 genes
separately from PR10.3 suggests that both PR10.1 and
PR10.3 were present in the common ancestor of all four

Pisum species. Since all species have a PR10.1 gene, and
all but P. elatius have a PR10.2 gene, it is also likely that
a gene duplication event created the PR10.1,PR10.2
class of genes, prior to the divergence of these species.
In this model, either PR10.2 was lost from P. elatius or
the priming sites for this gene diverged sufficiently to
prevent amplification with the conserved and gene-
specific primer combinations tested. 

Interestingly, four of the five PR10 genes from
Medicago species cluster on a distinct clade roughly
equidistant between Pisum PR10.1/PR10.2 and PR10.3.
Also, in 86 out of 100 bootstrap replicates,
MTN13GENE and Ypr10.Ps.4 cluster together. These
data suggest that prior to the divergence of Pisum and
Medicago, two ancestral genes were present, one of
which gave rise to the PR10.1, PR10.2 and PR10.3
orthologues, and the other to PR10.4 and PR10.5
orthologues. The placement of PR10.4 and PR10.5 on
separate clades is most consistent with the model that
these genes represent discrete, paralogous copies of
PR10 that diverged early in the evolution of legumes.
Interestingly, there are two PR10.4-like genes in
M.Luteus, while P. vulgaris and G. max have at least
three and two copies, respectively, of PR10.5. It must be
noted that these copies represent only published
sequences. Other unsequenced copies may also exist. 

Specificity and linearity of RT-PCR assay
Plasmid constructs were designed to serve as internal
PCR standards. Figure 3A lists plasmids containing P.
sativum PR10 genes, and constructs derived from these
plasmids, containing inserts between the priming sites.
When added to RT-PCR reactions, plasmid sequences
should coamplify with the mRNA-derived PCR product.
The presence of inserts within the amplified region
results in plasmid-derived PCR products that have a
higher molecular weight than the mRNA-derived
product. Since no cDNA was available for PR10.3, the
genomic clone itself, containing an 84bp intron, was
used as a standard. Each internal standard generates a
PCR product distinct from those for other genes. If a
fixed molar quantity of standard is added to each RT-
PCR reaction, the standard can serve as a control both
for specificity and uniformity of amplification, from
reaction to reaction.

The specificity of each primer pair was tested with
each of the five internal standards. All the primer pairs
detected only the respective sequences for which they
were designed at low [100 a mole (1 amole= 10-15

moles)] template concentrations (data not shown).  
It was important to test if the ratio of signal

intensities of the detected bands represent the ratio of
RNA amounts present in the beginning, since at higher
number of cycles, transcripts which are present in low
abundance are over-represented, while those present in 
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Figure 3. Controls for specificity and linearity of amplification.

A. Five control plasmids were constructed by cloning pUC19-derived
inserts into PR10 coding regions, within the region to be amplified by
the primers indicated in the figure. For PR10.3, p49cKS was
constructed, containing an 868bp NsiI/XbaI fragment from the PR10.3
intron (i) -containing genomic clone. Specific details of plasmid
construction can be found in the Methods section. Sizes of
amplification products from the original plasmids (equivalent to the
mRNA-derived product), and products derived from control plasmids,
are listed at right.

B. Linearity of signal as a function of input DNA, after 14 cycles of
PCR.Three-fold dilutions of a mixture of plasmid paris for each gene
were amplified using gene-specifiec primer pairs indicated in A.
Autoradiographic signal, as measured by densitometry, is plotted
versus the input amount of DNA in attomoles. For each set of bands,
the plasmid from which it was amplified is indicated at left. (�, top
bands) cDNA with insert;  (�, bottom bands) cDNA without insert.

high levels will reach a plateau and hence be relatively
under-represented. When all other reagents are in molar
excess over PCR product, it is possible to obtain a linear
relationship between template input and the output signal
by limiting the amount of template and the number of
PCR cycles. A dilution series of the cloned DNA
plasmids, ranging from 1000 amoles to 2 amoles, was
made. This series was subjected to 10, 14 and 17 cycles
of PCR and a standard curve constructed (data not
shown). Fourteen cycles of PCR was found to be
sufficient in maintaining the range of assay linear
without compromising the sensitivity of detection.

The specificity and linearity of this assay is
illustrated in Figure 3B. For each gene, an approximately
equimolar mixture of each cDNA and the cDNA with
insert, as listed in Figure 3A, were amplified using 14
cycles of PCR. For example, in the gel at top, the
leftmost set of lanes contains 6 three-fold dilutions of a
mixture of pI49KS and pI49KSv, representing the
PR10.1 gene. The bands in these lanes were amplified
using the PR10.1-specific primer pair oS49a+8 and
oS49a-7 (Figure 3A). For each of the primer pairs listed
in Figure 3A, gene-specific amplification of PCR
product is shown in Figure 3B. These results
demonstrate that amplification of gene-specific PCR
product is roughly linear over at least two orders of
magnitude. At initial DNA concentrations below about
10 attomoles, signal was not always seen. Similarly,
above about 200 attomoles, the slope of the dilution
curve drops off. This is probably in part due to saturation
of the film with high signal. For this reason, only the
datapoints in the 0 to 200 attomole range are plotted.

While the relationship between input DNA and
autoradiographic signal is linear between 10 - 200
attomoles of template, the slope of the line determines
the amount of increase in signal per attomole of DNA
added. For example, with pI176KS, the dilution from 70
amole down to 8 amole results in a 2-fold decrease in
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band density. At the other extreme, with pABR18-2.20,
dilution from 93 to 10 attomoles resulted in a 23-fold
decrease in band intensity. These examples demonstrate
that differences in autoradiographic signals
underestimate the underlying differences in target
sequences being quantitated. That is, small differences in
target DNA between treatments will not result in
discernable differneces in autoradiographic signal. Large
between-treatment differences in target sequence will be
required to give obvious differences in signal, using this
assay. 

Prior to using RNA samples for RT-PCR, RNA was
quantitated by either absorbance at 260nm or
flourimetry. Based on these readings, equal amounts of
RNA from each treatment were electrophoresed and
compared for equal intensity by EtBr staining. Dilutions
of samples were made to correct for differences in
intensity, and the samples were checked again by
electrophoresis. This process was repeated, as many as
four times, until all samples showed roughly equal
intensity in EtBr staining (data not shown).

Finally, to ensure that the RT-PCR assay was
detecting products amplified from RNA rather than co-
purifying genomic DNA, total RNA samples that had not
been subjected to cDNA synthesis were added to PCR
reactions. After 14 cycles of PCR with either PR10.4 or
PR10.5-specific primers, no labeled PCR products were
detectible (data not shown).

Time course of PR10 transcript accumulation in P.
sativum 
Distinct differences in expression of PR10 genes were
apparent in three independent timecourse experiments
with F. solani f. sp. phaseoli (resistance response) and
F. solani f. sp. pisi (susceptible). PR10.1 PCR products
could be detected in autoradiograms as early as 2 hours
after inoculation (Figure 4). Transcript levels increased
sharply within 4 hours, reaching a peak by 8-12 hours.
PR10.2 transcript was not detectable until 8 hours, and
did not reach peak levels until 32 hpi. In all experiments,
PR10.2 signal was substantially weaker than PR10.1. (In
this case, signal can be compared between the two genes
because they were always loaded on the same gel.)
These results are consistent with previously-published
studies, in which PR10 mRNA accumulation, as detected
by hybridization of cDNA to total RNA, peaked by 8 hpi
after inoculation with either fungus [Fristensky et al.,
1985]. Since the PR10.1 and PR10.2 probes used in that
study cross hybridized, it is likely that the PR10 mRNA
induction detected in the first 8 hpi was largely due to
PR10.1 transcript.

PR10.3 transcripts were never detected in any of

these experiments, even though PR10.3 internal controls
were detectible in all experiments at levels comparable
to other controls. In Tewari et al., 2003, we
demonstrated that autoradiographic signals detected by a
PR10.3-specific cDNA probe were routinely much
weaker than bands detected by PR10.1/PR10.2-specific
probes, even when longer exposure times were used. In
RNA samples from P. sativum treated with F. solani f.
sp. phaseoli for 8 hr., 25 cycles of PCR were required to
detect the 271bp fragment derived from the PR10.3
mRNA [data not shown]. In controls from which
reverse transcriptase was omitted from the cDNA
synthesis reaction, the 271bp band was not detected. In
both experiments, a 359bp band, comigrating with the
intron-containing genomic fragment from p49cKS, was
detected after 20 cycles of PCR [data not shown].
Presumably this band, which was not detected after 14
cycles, was derived from trace amounts of genomic
DNA in the RNA preparations. We conclude that the
PR10.3 transcript, while present in Fusarium-inoculated
pod tissue, is at too low a concentration to be detected in
the linear range of the assay used here.  

PR10.4 RT-PCR products were minimal or
undetectible at 2 hpi, and generally weak until 8 hpi.
Peak expression was typically seen by 12 hpi. In contrast
to the other genes, PR10.5 accumulation was strong by 2
hpi, and peaked within 8-12 hpi. PR10.5 expression also
declined significantly by 48 hpi.

While expression patterns were in general similar for
a given gene with either fungus, some race-specific
differences were seen. The most striking difference was
seen with PR10.2, whose expression was typically
weaker with the compatible F. solani f. sp. pisi than in
an incompatible interaction with F. solani f. sp. phaseoli.
With F. solani f. sp. pisi, PR10.2 expression dropped
almost to baseline levels at 24 hpi but recovered to peak
levels by 32 hpi. Previous studies using PR10.1 or
PR10.2 cDNA probes also detected a comparable drop in
PR10 mRNA levels at 24 hpi, followed by an increase in
expression by 48 hpi. [Fristensky et al., 1985]. Since the
PR10.1 and PR10.2 probes cross hybridized, the results
from that paper must be interpreted as the sum of the
mRNA accumulation for both genes, such that a
substantial drop in mRNA level for PR10.2 would have
been detected by either probe. PR10.4 and PR10.5 also
exhibit modest decreases in mRNA levels at 24 hpi. with
F. solani f. sp. pisi. However, peak expression resumes
by 32 hpi for PR10.4, while PR10.5 exhibits no return
to peak levels at later hours. Finally, PR10.1 transcripts
accumulate more rapidly with the incompatible F. solani
f. sp. phaseoli, with stronger expression at 2, 4, and 8
hpi, as compared to interactions with F. solani f. sp. pisi.
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Figure 4.  Timecourse of accumulation of specific PR10 mRNAs in P. sativum. 

(A)  In response to Fusarium solani f. sp. phaseoli 
(B)  In response to Fusarium solani f. sp. pisi.
cDNA synthesized from reverse-transcription of RNA pod tissue treated with fungus for the indicated time was amplified by RT-PCR. and
products were electrophoresed, transferred to membranes, and DIG-labeled products detected using a chemiluminescent substrate. For each gene,
the PCR product amplified from the internal standard plasmid migrates at a higher molecular weight class than the mRNA-derived product.
Histograms represent relative autoradiographic signal, as measured by densitometry, averaged over at least three experiments. Vertical lines
indicate the standard error of the mean.

Differential transcript accumulation in P. sativum in
response to chemical treatments
To determine whether PR10 expression is inducible by
treatments other than pathogen challenge, pea pods were
treated with salicylic acid, abscisic acid, chitosan, or
water as a control. Only PR10.4 and PR10.5 showed
detectible expression in water treated pods. With
salicylic acid, PR10.4 and PR10.5 also gave some signal,
but levels were close to those in the water control.
Chitosan treatment resulted in induction of PR10.1,
PR10.4 and PR10.5 within 8 hpi. PR10.4 transcript was
detectable at both 8 and 48 hours, whereas PR10.5

expression declined after 8 hpi. PR10.2 transcripts were
barely detected following treatment with this elicitor,
and  PR10.3 was not detected.

Following abscisic acid treatment, both PR10.4 and
PR10.5 were induced, with transcript levels increasing
between 8 and 48 hours (Figure 5). Only faint signal
was detectible for PR10.1 transcripts in ABA-treated
tissues. No signal was observed for PR10.2,  PR10.3. 
Differential expression of PR10 genes in Pisum
species
Having demonstrated that at least three PR10 genes are
conserved in wild pea species, we were interested in
knowing if the differential expression patterns for PR10
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Figure 5. Accumulationof specific PR10mRNAs in P.sativum in
response to chemical treatments.

RNA isolatedfrom podtissuetreatedwith 50 mM salicylic acid (SA),
100µM abscisicacid (ABA), 1 mg/ml chitosanor waterfor indicated
times was assayed as described in Figure 4.  

geneswerealsoconservedacrossthe genus. RNA was
isolatedfrom P. sativum, P. humile, P. elatius and P.
fulvum podtissuetreatedwith F. solani f. sp.phaseoli or
F. solani f. sp. F. solani f. sp. pisi. RT-PCR was
performed using specific primers for PR10.1-5, as
describedin Methods. ThePR10.1-3signalsaredirectly
comparablesincethey were loadedtogetheron a single
gel in all experiments as were PR10.4 and PR10.5.    

PR10.1
PR10.1transcriptaccumulatedin bothP. sativum andP.
fulvum in responseto challengewith either F. solani f.
sp.pisi or F. solani f. sp.phaseoli, althoughthekinetics
of accumulationwere different in eachspecies(Figure
6). Further, P. fulvum showeddifferencesin relative
abundanceof PR10.1mRNA upon challengewith the
two pathogens.P. humile accumulatedthis transcriptin
responseto inoculationwith F. solani f. sp.pisi only and
notwith f. sp.phaseoli. Onepuzzlingobservationis that
PR10.1signal was not detectiblein P. humile/F.solani
f.sp pisi interactions in some experiments (ex. Figure 6B,
autoradiogram)while in other experiments,signal was
seenat 48 h.p.i (Figure 6B, histogram).PR10.1mRNA
was not detectablewith either pathogenin P. elatius.
Although the pattern of accumulationwas similar in
responseto both pathogens,P. fulvum accumulated
muchhigherlevelsof this transcriptwith F. solani f. sp.
pisi.  

PR10.2
PR10.2 was expressedin P. sativum and its closest
relative P. humile upon challengewith either pathogen
(Figure6), althoughexpressionin responseto F. solani
f. sp. phaseoli was very weak. In P. sativum, the 8
h.p.i./48 h.p.i. ratio varied substantially between
experiments, as indicated by comparing the
autoradiogramwith the histogram.Some mRNA was
alsodetectablein P. fulvum inoculatedwith F. solani f.

sp. phaseoli. Very little expressionwas seen in P.
elatius.

PR10.3
The transcriptfor this genewas not detectedin any of
the host species upon infection with either F. solani f. sp.
phaseoli or F. solani f. sp. pisi (Figure 6) althoughthe
internal control amplifies using the PR10.3 specific
primer.

PR10.4
All host species accumulatedPR10.4 mRNA when
inoculatedwith either F. solani f. sp. phaseoli or F.
solani f. sp. pisi (Figure 6). In most species,strong
signal was seenat both 8 and 48 hours. P. elatius
showedasignificantinductionof PR10.4at 48 h.p.iwith
both fungi, andP. sativum andP. fulvum only showeda
significantlystronger48 h.p.i inductionwith F. solani f.
sp. phaseoli.

PR10.5
High levels of PR10.5mRNA were detectedin the F.
solani f. sp. phaseoli -treatedpod tissueof all the hosts
with both fungi (Figure6). Exceptin P. elatius, where
similar levelsof mRNA werepresentat both time points
tested(8 and48 hours),in all other species,both fungi
usually induced strong expressionby 8 h.p.i, with
decreasedexpressionat 48 h.p.i. Oneexecptionwas P.
fulvum, in which F. solani f. sp.pisi inducedroughly the
same mRNA levels at 8 and 48 h.p.i. 

The timecousedatafrom Figure 4 can be usedas a
check of the resultsfor P. sativum in Figure 6. For a
given gene/pathogencombination,the ratio of the 8 and
48 hour timepointsgenerallyagree,within the rangeof
the standarderror of the mean,betweenFigure 4 and
Figure 6. For example,the mean transcript levels for
PR10.4at 8hpi is lessthanthe meantranscriptlevelsat
48 hpi. for both fungi, in Figures4A and6A. Similarly,
PR10.5transcriptlevels are greaterat 8 hpi than at 48
hpi, for both fungi (Figure4A, Figure6A). The datafor
PR10.1andPR10.2with F. solani f. sp.phaseoli arealso
in agreementbetween Figure 4A and Figure 6A.
However, the data for PR10.1 and PR10.2 in plants
treatedwith F. solani f. sp. pisi arenot asconsistentas
the rest of the data.Although the 48 hpi time point for
PR10.1 in Figure 4B timecourse has a negligible
standarderror, the 8 hpi time point has substantial
variation. Therefore,this 8 hour timepoint can not be
usedto corroboratetheresultsin Fig 6B. Similarly, both
the 8 and 48 hour timepointsfor PR10.2in Figure 4A
have overlappingstandarderrors. Therefore,although
both PR10.1 and PR10.2 in P. sativum show greater
mean levels of mRNA at 8 hpi vs. 48 hpi, these
differences may not be significant. (Note that it would
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Figure 6.  Differential accumulation of specific PR10 mRNAs in Pisum species.

(A)  In response to Fusarium solani f. sp. phaseoli 
(B)  In response to Fusarium solani f. sp. pisi.
RNA isolated from fungus-treated pod tissue from P. sativum, P. humile, P. elatius and P. fulvum was assayed as described in Figure 4. Extent of
hyphal growth at 8 h.p.i. is indicatedaboveeachspecies.Briefly, (-) - no germination,highly-localizedhypersensitiveresponse;(+) thru
(+++++) > 50%germination.Additionally: (+) hyphae¼ - ½ lengthof spore,pinheadsizedbrown lesions;(++) - hyphae½ - 1 lengthof spore,
pinhead-sizedlesions;(+++) - hyphae1 -2 sporelengths,larger lesions;(++++) -hyphae2 -3 sporelengths,lesionscoalescing,maceration
evident;(+++++) - hyphae> 3 sporelengths,lesionscoalescing,macerationevident.For a morecompletedescriptionof scoringsee[Tewari et
al., 2003].

not be valid to pool 8 and 48 hpi data from the
timecoursesin Figure 4.,with data from Figure 6,
becausein Figure4 the datawerenormalizedrelativeto
the maximumvalueof 7 time pointsin a timecoursefor
P. sativum only, while the data in Figure 6 were
normalizedrelativeto themaximumvaluefor all species
at 8 and 48 hpi.)

DISCUSSION
Expression, as well as sequence, can evolve
To the bestof our knowledge,this is the first study to
comparethe evolution of sequenceand expressionof
multigene family members among closely-related
species. We have sequencedorthologous copies of
PR10.1,PR10.2 and PR10.3 in four Pisum species.
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Although our expressiondata indicate that PR10.4and
PR10.5 orthologuesalso exist across Pisum species,
sequencesfor thoseorthologueswerenot obtainedfrom
wild pea species.PR10.1,PR10.2and PR10.3exhibit
almostno amino acid substitutions,when eachgeneis
comparedwith its orthologue among Pisum species.
Even intron sequencesare highly conservedwithin
orthologues in each species. In contrast, expression
patternsamongorthologousgenescanvary significantly
from species to species. 

ThePR10.1-PR10.3cladeclusterswith severalgenes
from Medicago species (Figure 2). However,
differentiation of this clade into PR10.1/PR10.2and
PR10.3 orthologuesappearsto be a morerecentevent,
not found in beanor soybean,and possibly unique to
Pisum. In contrast,both peaPR10.4and PR10.5are as
closely-relatedto homologuesin otherspeciesas to the
PR10.1-PR10.3clade,suggestingthat PR10.4diverged
from PR10.5 in some ancestral legume.

It is thereforeinterestingto note that, in contrastto
PR10.1andPR10.2,PR10.4andPR10.5do not showas
drastic a degree of divergencein expressionamong
Pisum species.The questionraised here is: Do some
multigene family members become fixed in their
expressionover time?If so, the morestablea multigene
famliy member remains, the more other cellular
processescould cometo dependuponits expression.In
this context,newly-duplicatedcopiesof a genewould be
under fewer constraints,and their expressionwould
therefore be more at liberty to evolve.

The elements of gene expression that remain
conservedacrossspeciesmaybeasinformativeasthose
that diverge. PR10.4 and PR10.5 exhibit strong
expressionin responseto F. solani in all Pisum species.
In the same experiments,PR10.3 was not detectible
using the RT-PCRassay.This result is consistentwith
our previous report [Tewari et al. 2003] that PR10.3-
specificprobeconsistentlydetectedlower signal thana
PR10.1/PR10.2 subfamily probe, in RNA from
Fusarium solani-inoculated pea tissue. We therefore
attribute the lack of PR10.3signal in Figure 4 -6 to
lower sensitivityof the RT-PCRassay.We cannot rule
out the possibility thatsomeof thehybridizationseenin
that paper using a PR10.3-specificprobe represented
cross-hybridization with PR10.1 or PR10.2 RNA,
despitethe fact that PR10.1and PR10.2control DNAs
on the same filters were not detected. If cross
hybridization did occur, then those experiments
overestimatedtheamountof PR10.3transcriptpresentin
Fusarium-treated pod tissue.

Mylona et al., [1994] haveindependentlyclonedthe
pea PR10.3cDNA while isolating genesexpressedin
root epidermisand root-hairs.PR10.3(referredto as
RH2 in referencecited)transcriptwasfar moreabundant
in roots than transcriptsdetectedusing PR10.1-specific

oligonucleotides. Further, inoculation of roots with
Rhizobium leguminosarum bv. viciae did not have any
detectableeffect on the alreadyhigh PR10.3transcript
accumulation, but caused a slight increase in
accumulationof PR10.1transcriptover control levels.
Recently,Savouréet al. [1997] demonstratedthat PR10
genesin the legume Medicago sativa are induced by
Nod (nodulation) factors in suspensionculture, but
expressedconstitutively in roots. In contrast,Gamaset
al. [1996] have identified PR10 genes in Medicago
truncatula that are inducedduring noduledevelopment,
but not expressedin roots.While the latter two studies
did not usegene-specificprobes,theydo providefurther
evidencethat geneexpressionpatternsfor PR10genes
changefrom speciesto species,both with respectto
development and to plant/microbe interactions. 

Figure 2 suggeststhat P. elatius has at least two
copiesof PR10.3,which appearto be the result of a
recent duplication. Low PR10.3 expression in this
speciesmust thereforebe conservedfor both copiesof
this gene.
Does recent duplication imply recent establishment of
expression patterns?
Since gene expressiondependsin part on regulatory
sequences,one a priori expectationwould be that the
moreclosely relatedtwo family membersare,the more
similar their expression should be. This would be
particularly true if similarity betweenfamily members
wasa resultof geneconversion.It is difficult to makea
casefor eitherfor or againstthis model,with respectto
the PR10 family in Pisum. In this model, PR10.1and
PR10.2 should have the most similar expression patterns,
since they are the most closely-related pair of genes. Yet,
across4 species,PR10.1 and PR10.2 exhibit similar
expression in five host/pathogencombinations, but
distinctly different patterns in three others. 

Clustering of Medicago genes separately from
PR10.1,2&3 (Figure 2) suggeststhat while this group
existedin thecommonancestorof Medicago andPisum,
these genes had not further differentiated in that
ancestor.PR10.1andPR10.2genesclusterseparatelyfor
all species,suggestingthat duplication occurredin the
commonancestorof Pisum species.We concludethat
the subfamilesdefinedby PR10.1,PR10.2and PR10.3
are recent.Yet, PR10.1andPR10.2expressionpatterns
are the most obviously divergent.If thesegenecopies
aremostrecent,thentheir expressionpatternsmusthave
been established recently as well. 
Regulatory polymorphism: a source of phenotypic
diversity?
Havingdetectedchangesin PR10expressionbetweenP.
sativum and its closest relative, it is apparent that
expressionpatternscan changevery rapidly within a
multigene family. It is also possible that the rapid
evolution of PR10 family expressionin responseto
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pathogensis atypical, as multigene families go. For
multigene families of other kinds, such as
developmentallyregulatedgenes,perhapsevolution is
much less rapid. Viewed anotherway, it may be that
rapid evolutionof geneexpressionis mostuseful, from
an evolutionary perspective,in the context of plant/
pathogen coevolution.

We havepreviouslyshownthat infection phenotype
divergesamongPisum species,with P. sativum allowing
almost no germation of F. solani f. sp. phaseoli,
contrastedwith P. fulvum allowing > 50% germination
and hyphal growth to 2-3 times the length of the
macroconidiosporewithin 8 h.p.i. [Tewari et al., 2003].
To a first approximation,PR10.4 and PR10.5 show
comparatively little change in pathogen-inducible
expression,acrossspecies,while PR10.1 and PR10.2
show extensivechange.Most notebably,PR10.1 and
PR10.2expressionis only strongat 8 h.p.i in P. sativum,
which is also most resistant,while thesegenesshow a
shift toward later expressionin the more susceptible
species.

While the data do not provide any causal link
between PR10.1/2 expression and the inhibition of
germinationand hyphal growth, one possiblility is that
PR10.1/PR10.2are controlled solely by a defense
pathway,while PR10.4andPR10.5areactivebothin the
defensepathwayas well as an ABA-inducible pathway
(Figure5). In this model,eitherPR10.1/PR10.2havelost
an ABA-inducible regulatory element or PR10.4 and
PR10.5havegainedan ABA-specific element.In either
case,the processbeingobservedcould be evidencethat
PR10 genes can become reassignedover time to
different expression regimes. 

Takenby itself, thesignificanceof this observationis
minimal. Its importancelies in thefact thatPR10is only
one of a batteryof genesactivatedduring the defense
response.Virtually all of theso-calleddefensegenesare
presentin multigenefamilies.If otherdefensemultigene
families also undergo frequent reassignment of
regulatory patterns, the effects on diseaseresistance
could be profound. 

Changesin regulatorymechanismssuchasresistance
geneswould probably affect whole classesof defense
genessimultaneously.Their effects are thereforemore
likely to beuniform amongdefensegenes,in themanner
of an on/off switch. Consequently,variationsin disease
resistancegenesare more likely to result in changesin
pathogenspecificity, ratherthan in changesin the type
of defense response mounted.

In contrast,mutationsin the cis-actingsequencesin
particularmembersof a defensemultigenefamily would
act on a gene by gene basis. We propose the term
"regulatory polymorphism" to refer to changes in
expressionbetweenallelesof a genein a population,due
to mutations in cis-acting sequences. Regulatory

polymorphismat onedefenselocusby itself might have
little effect on the variation of infection phenotype
within a plant population. However, the combined
effects of polymorphism amongmanyfamily members
of a number of defensemultigene families has the
potential to generategreat phenotypic diversity in a
population. A diversity of infection phenotypes in a plant
populationnot only hasthe potentialto slow the spread
of a pathogen,but can also provide a geneticbasisfor
natural selection.

The prevalenceof regulatorypolymorphism,aswell
as its impact on the evolution of plant/pathogen
interactions,remains to be seen.This study has only
focusedon one genefamily. Regulatorypolymorphism
within other multigene families must be examinedto
shedfurther light in the importanceof this phenomenon.
It is our opinion that the regulatorypolymorphismseen
in this work representsthe tip of an iceberg whose
importance, up to now, has been underestimated.
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