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tial HindIII digest, enabling the subcloning to be carried
out with an EcoRI-HindIlI fragment. The adjacent Hin-
dIII-EcoRI1 fragment of the mutant allele was cloned
in-frame with the wild-type fragment in the EcoRI site
of pUC18. The resulting EcoRI fragment was inserted
in pAMF112 (see above) to construct pWMI115
(Fig. 4C).

Triparental mating, plant transformation and screening
of hairy roots. Binary plasmid transfer to A. rhizogenes
and subsequent stem segment transformation were car-
ried out as previously described (van der Leij et al. 1991).
In each experiment a minimum of 30 starch-containing
kanamycin-resistant hairy roots were screened for the
presence of amylose by staining with a fresh mixture
of chloral hydrate and Lugol’s solution.

Sequencing of polymerase chain reaction (PCR) prod-
ucts. Direct sequencing of PCR fragments was carried
out with each of the primers used for the PCR, after
removal of the excess of both primers with the Geneclean
IT kit of Biol01. The primers used were 5'-
CGTGTCGACTGAAACCTGCTACA-Y and 5-
TTGGTCTCGGATCCGGATGCCAT-3, which an-
neal at positions —340 to —318 and 177 to 200, respec-
tively, in the wild-type sequence. A detailed description
of the PCR procedure will be given elsewhere (van der
Leij et al., manuscript in preparation).

Computer analysis. The PCGene software package (Intel-
ligenetics, Geneva) version 6.26 and the alignment pro-
grams Fasta (Lipman and Pearson 1985) and Clustal
(Higgins and Sharp 1989) were used for sequence analy-
ses. The Swiss Prot database release 15 (August 1990)
was used for protein sub-sequence comparison.

Results and discussion
Promoter sequence of the wild-type allele

The DNA sequence of the potato GBSS gene was detet-
mined from positions — 1073 to 3590 relative to the first
nucleotide of the start site of transiation (Figs. 1, 4A,
B). The promoter region of the wild-type allele from
AM79.7322 has features of each of the promoters of
two wild-type alleles, G1 and G28, from the tetraploid
¢v. Granola (Rohde et al. 1990). The promoter part of
the sequence shown here is of about the same length
as the shorter of the two Granola sequences, i.e. the
1.2 kb HindIll fragment of allele G1. The CAAT box
of the two Granola promoters is in our sequence repre-
sented by CTAT at the same position, 32 nucleotides
upstream of the putative promoter box TACAAAT. An
imperfect inverted repeat of 29-31 nucleotides is posi-
tioned between — 846 and —738 (Fig. 1). The sixfold
direct repeat TCAC around the putative start site of
transcription found in the Granola sequences (Rohde
et al. 1990) is not so extensive in our sequence, but is
present as a ninefold A/TC repeat (positions —298 to

—280). The distance between this repeat and the TA-
CAAAT box is different in all three alleles.

Between the CTAT and TACAAAT boxes the palin-
drome TGACACGTGTCA occurs; it probably carries
the recognition sequence for a transcription factor since
it shares seven out of eight nucleotides with the tran-
scription factor target sequence, CACGTGGC, known
as the abscisic acid (ABA) response element (Guiltinan
et al. 1990) and UV-boxII or G-box (Schulze-Lefert
et al. 1989). This sequence is found in regulatory regions
of many differently expressed plant genes, including
rbeS, patatin and wound-inducible genes of potato
(Schulze-Lefert et al. 1989; Guiltinan et al. 1990) and
is often surrounded by degenerate sequences. Two de-
generate sequences are present in the GBSS gene as im-
perfect direct repeats starting 50 bp upstream of the G-
box palindrome.

Scanning of the GBSS sequence with some other
known regulatory sequences from plants (Buzby et al.
1990; Gilmartin et al. 1990; Jefferson et al. 1990; Liu
et al. 1990; Maas et al. 1990; Springer et al. 1990; Taka-
hashi et al. 1990) did not reveal regions with high simi-
larity. Tt should be noted that sequences with low simi-
larities (25-50% of the maximum values of a weight
matrix scan) were found on searching with the two parts
of the patatin repeat which is responsible for the sucrose
response (Jefferson et al. 1990). These regions are locat-
ed between positions — 613 and — 548 (three overlapping
matches), —370 and —338 (overlapping the G-box pa-
lindrome) and — 188 and — 155 (in the first intron).

Analysis of the transcribed region

The ¢cDNA used for the isolation of the genomic se-
quences contained one unspliced intron in the coding
part (Hergersberg 1988) and also had an unspliced in-
tron in the leader, as inferred from comparisons with
the genes from maize and barley (Rohde et al. 1990).
We decided to isolate more cDNAs in order to verify
the existence of the latter intron. One cDNA clone with
an almost complete leader lacked a part of the sequence
present in the genome, showing that the potato GBSS
gene indeed contains an intron in the leader sequence,
with the intron/exon junction 36 nucleotides upstream
of the translational start site. This is similar to the se-
quences of maize and barley (Kldsgen et al. 1986; Rohde
et al. 1988). The first introns of many plant genes, in-
cluding genes encoding enzymes involved in starch me-
tabolism like the sucrose synthase gene Shrumnken-1 of
maize (Vasil et al. 1989), are reported to play a regulato-
ry role in gene expression. Genomic sequence informa-
tion on potato starch metabolism genes in the literature
is for the moment restricted to the phosphorylase gene
(Camirand et al. 1990), which has been reported not to
carry an intron in the untranslated leader. The first in-
tron of the potato GBSS gene shows many short direct
repeats, among them an almost perfect 11-fold CTT
stretch (positions —106 to —73). The presence of the
first two introns in the cDNA of Hergersberg (1988)
might indicate regulation at the level of splicing. The
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-1073 AAGCTTTAACGAGATAGAAAATTATAATACTCCGTTTTGTTCATTACTTAACAAATGCAACAGTATCTTGTAC
-1000 CAAATCCTCTCTCTTTTCARACTTTTCTATTTGGCTGTTGACAGAGTAATCAGGATACAAACCACAAGTATTTAATTGACTCATCCACCAGATATTATGA
-900 TTTATGMTCCTCGAAAAGCCTATCCATTAAGTCCTCATCTATGGATATACTTGACAGTTTCTTCCTATTTGGGTTTTTTTTTTTCCTGCCAAGTGGAAC
-800 GGAGACATGTTATGTTGTATACGGGAATCTCGTT ARRRAARRARAT ACAATAGCAAGAAAT CTAACAAACATTGAATGTTGTTTTTAACCATCCTTCCTT
700 TTAGCAGTGTATCAATTTTGTAATAGAACCATGCATCTCAATCTTAATACTAAAAAATGCAACAAAATTCTAGTGGAGGGACCAGTACCAGTACAT TAGA
-600 TATTATTTTTTATTACTATAATAATATTTTAATTAACACGAGACATAGGAATGTCAAGTGGTAGCGGTAGGAGGGAGTTGGTTTAGTTTTTAGATACTAG
-500 GAGACAGAACCGGAGGGGCCCATTGCAAGECCCAAGTTGAAGTCCAGCCGTGARTCAACAMAGAGAGGGCCCATAATACTGTCGATGAGCATTTCCCTAT

-400 MTACAGTGTCCACAGTTGCCTTCCGCTAAGGGATAGCCACCCGCTATTCTCTTGACACGTGTCACTGAAACCTGCTACAMTAAGGCAGGCACCTCCTC

....................

-200 tcgtgttatggtgta taaacgt tgtttcatatctcatcteatctattctgattttgatictcttgectactgtaateggtgataaatgtgaatgettcct
-100 cttcttcttcttcttcttcttcttctcagaaatcaatttctgttttgttttigttcatctgtagCTTGGTAGATTCCCCTTTTYGTAGACCACACATCAC
1 ATGGCAAGCATCACAGCTTCACACCACTTTGTGTCAAGAAGCCAAACTTCACTAGACACCAAATCAACCTTGTCACAGATAGGACTCAGGAACCATACTC
101 TGACTCACAATGGTTTAAGGGCTGTTAACAAGCTTGATGGGCTCCAATCAAGAACTAATACTAAGGTAACACCCAAGATGGCATCCAGAACTGAGACCAA
201 GAGACCTGGATGCTCAGCTACCATTGTTTGTGGAAAGGGAATGAACTTGATCTTTGTGGGTACTGAGGTTGGTCCTTGGAGCAAAACTGGTGGACTAGGT
301 GATGTTCTTGGTGGACTACCACCAGCCCTTGCAgtaagtctitcatttggttacctactcattcattacttattttigtttagttagttictactgcatea
401 gtctttttatcatttagGCCCGCGGACATCGGGTAATGACAATATCCCCCCGTTATGACCAATACAAAGATGCTTGGGATACTAGCGTTGCGGTTGAGE
501 acatcttcctattttgatacggtacaatattgticccttacatttcetgattcaagaatgtgatccgetactttatctgcagiTCAAAGTTGGAGACAGC
601 ATTGAAATTGTTCGTTTCTTTCACTGCTATAAACGTGGGGTTGATCGTGTTTTTGTTGACCACCCAATGTTCTTGGAGAAAgtaagtaagcatattatga
701 ttatgaatccgtcctgagggatacgcagaacaggicattitgaatatcttttaactcttactggtgettttactettt taagGTTTGGGGCAAAACTGGT
801 TCAAAAATCTATGGCCCCAAAGCTGGACTAGATTATCTGGACAATGAACTTAGGTTCAGCTTGTTGTGTCAAgtaagttagttacttgttatactgtigt
901 cttgattttratgtggcatttgtctttaatcgtitttttaacctigttttctcagiCAGCCCTAGAGGCACCTAAAGTTTTGAATTTGAACAGTAGCAAC
1001 TACTTCTCAGGACCATATGgtaattaacacatcctagtitcagececctecttagtatateattgtaggtaatcatetttattttgcctattcctgcags
1101 AGAGGATGTTCTCTTCATTGCCAATGATTGGCACACAGCTCTCATTCCTTGCTACTTGAAGTCAATGTACCAGTCCAGAGGAATCTATTTGAATGCCAAG
1201 gtaaaatttctttgtattcactigattgcgctttaccctgcaaatcagtaaggtigtattaataaatgataaatttcacattgectccagoTCGCTTTCT
1301 GCATCCATAACATTGCCTACCAAGGCCGATTTTCTTTCTCTGACTTCCCTCTTCTCAATCTTCCTGATGAATTCAGGGGTTCTTTTGATTTCATTGATGE
1401 gtatgtatttaatgcttgaaatcagaccaccaacttttgaagetcttttgatgctagtaaattgagttttaaaaattttgcaghTATGAGAAGCCTGTTA
1501 AGGGTAGGAAAATCAACTGGATGAAGGCTGGGATATTAGAATCACATAGGGTGGTTACAGTGAGCCCATACTATGCCCAAGAACTTGTCTCTGCTGTTGA
1601 CAAGGGTGTTGAATTGGACAGTGTCCTTCGTAAGACTTGCATAACTGGGATTGTGAATGGCATGGATACACAAGAGTGGAACCCAGCGACTGACAAATAC
1701 ACAGATGTCAAATACGATATAACCACTgtaagataagatttttccgactccagtatatgctaaattgttttgtatgtttatgaaattaaagagttctige
1801 taatcaaaatctctatacagGTCATGGACGCAAAACCTTTACTAAAGGAGGCTCTTCAAGCAGCAGTTGGCTTGCCTGTTGACAAGAAGATCCCTTTGAT
1901 TGGCTTCATCGGCAGACTTGAGGAGCAGAAAGGT TCAGATATTCTTGTTGCTGCAATTCACAAGTTCATCGGATTGGATGTTCAAATTGTAGTCCTTgta
2001 agtaccaaatggactcatggtatctctcttgttgagtttactigtgcecgaaactgaaattgacctgctactcatectatgeatcagGGAACTGGCAAAAA
2101 GGAGTTTGAGCAGGAGATTGAACAGCTCGAAGTGTTGTACCCTAACAAAGCTAAAGGAGTGGCAAAATTCAATGTCCCTTTGGCTCACATGATCACTGCT
2201 GGTGCTGATTTTATGTTGGTTCCAAGCAGATTTGAACCTTGTGGTCTCATTCAGTTACATGCTATGCGATATGGAACAgtaagaacca taagagcttgta
2301 cctttttactgagtittaaaaaaagaatcataagacctigttttccgtctaaagtt taatagecaactaaatygttactgcageaagettttcatttctga
2401 aaattggttatctaattttaacataatcacatgtgagtcagGTGCCAATCTGTGCATCGACTGGTGGACTTGTTGACACTGTGAAAGAAGGCTATACTGG
2501 ATTCCATATGGGAGCCTTCAATGTTGAAgtatgtgattttacatcaattgtgtacttgtacatggtccattctegtcttgatataceect tgttgcataa
2601 acattaacttattgcticttgaatttggttagiGCGATGTTGTTGACCCAGCTGATGTGCTTAAGATAGTAACAACAGTTGCTAGAGCTCTTGCAGTCTA
2701 TGGCACCCTCGCATTTGCTGAGATGATAAAAAATTGCATGTCAGAGGAACTCTCCTGGAAGGtaggtgtcaaattgataatt tgcgtaggtacttcagtt
2801 tgttgttctcgtcagtactgatggatgccaactggtgttcatgcagGAACCTGCCAAGAAATGGGAGACATTGCTATTGGGCTTAGGAGCTTCTGGCAGT
2901 GAACCCGGTGTTGAAGGGGAAGAAATCGCTCCACTTGCCAAGGAAAATGTAGCCACTCCCTAAATGAGCTTTGGTTATCCTTGTTTCAACAATAAGATCA
3001 TTAAGCAAACGTATTTACTAGCGAACTATGTAGAACCCTATTATGGGGTCTCAATCATCTACAAAATGATTGGTTTTTGCTGGGGAGCAGCAGCATATTA
3101 GGCTGTAAAATCCTGGTTAATGATTTTGTAGGTAAGGGC TATTTAAGGTTGTGTGGATCAAAGTCAATAGAAAATAGTTATTACTAACGTTTGCAACTAA
3201 ATACTTAGTAATGTAGCATAAATAATACTAGTAGCTAATATATATGCGT GAATTTGTTGTACCTTTTCTTGCATAATTATTTGCAGTACATATATAATGA
3301 MATTACCCAAGGAATCAATGTTTCTTGCTCCGTCCTCCTTTGATGATTTTTTACTCAATGCAGAGCTAGTGTGTTAAGTTATAAATTTTGTTTAAAAGA
3401 AGTAATCAATTTCAAATTAGTTGGTTGGTCATATGAAAGAAGCTGGCAGGCTAACTTTGAGGAGATGGCTATTGAATTTCAAAGTGATTATGTGAAAACA
3501 ATGCAACATTTATGTCAATCAACACTTAAATTATTGCATTTAGAAAGATATTTTTGAGCCCACGACACATTCATTCATAAAGTAAGGTAG

Fig. 1. Complete genomic nucleotide sequence of the potato gran- underlined, poly (A) addition sites are marked with aszerisks. The
ule-bound starch synthase (GBSS) gene with the translational start start of the largest cDNA is marked with a black dot; the sequence
at nucleotide +1. The stop codon at position 2961 is shown in around the start of transcription is underlined with a dashed line.
bold. Introns are shown in small italics, bordered by bold type. G-box-like sequences are overlined with arrows, large imperfect
The putative promoter sequences and polyadenylation signals are inverted repeats with dashed arrows
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Fig. 2. Alignment of four deduced amino acid sequences of precur- mature sequences of the starch synthases using the program Clus-
sors of granule-bound starch synthases from plants, with the simi- tal. Similarity and identity between the glg4 sequence and the four
larity shown in the lower row. Asterisks are identical residues and plant sequences are given as described above. Gaps in the alignment
dots are conservative substitutions. Potato sequences are as de- are indicated by dashes; guestion marks are residues which could
duced from the DNA sequence (1) and as determined by automatic not be unambigiously determined by Edman degradation. Con-
Edman degradation (2). The upper sequence is a translation of served boxes are indicated

the Escherichia coli gigd gene which was aligned with all four

first exon and the first nucleotides of the first intron Putative polyadenylation signals have already been

are

missing in the cDNA sequence of Hergersberg  found 21 and 11-13 nucleotides upstream of the polya-

(1988), which probably accounts for the negative out- denylation sites of three 3' cDNA sequences (Hergers-
come of attempts to complement the amyf mutation with berg 1988).

constructs containing this cDNA under the control of After processing of the GBSS primary transcript a
the CaMV promoter (our unpublished results). The sec-  mature messenger RNA of about 2.4 kb remains, which
ond intron shows only two substitutions when compared  encodes the precursor protein, using the first AUG se-
with the genomic sequence (data not shown) and the quence as the start codon. The codon usage in the potato

latter was shown to be functionally active in complemen- GBSS gene complies with that in dicots (Campbell and
tation experiments {(van der Leij et al. 1991). Gowri 1990) with frequencies of 25% and 34% for A

The positions of the introns were determined by  and U as third nucleotide, respectively, where monocots
alignment of the genomic sequence with the cDNA se-  show much lower values for these nucleotides. For exam-
quences. As in the maize Waxy gene (Klosgen et al ple, the maize Waxy sequence shows the respective nucle-

1986), the total number of intervening sequences in the  otides in the third position in only 4.4% and 2.8% of

potato GBSS gene is 13. The same number has been  the codons used.

reported for the rice gene (Wang et al. 1990) without,

however, an intron in the leader. Given the well-con-

served intron position in the leader of the genes from Protein sequences

potato, maize and barley, it would not be surprising

if a 14th intron were present in the leader of the rice The potato GBSS gene encodes a 607 amino acid prepro-

gene. The barley gene (Rohde et al. 1988) carries only  tein with a calculated molecular weight of 66575 daltons.

11 introns. The amino acid sequence of the N-terminus of the ma-
All introns in the potato GBSS gene follow the uni-  ture GBSS protein, as determined by automated Edman

versal GT/AG rule and coincide with AT-rich regions. degradation, enabled us to locate the transit peptide pro-

As is found for other dicot plant genes (Camirand et al. cessing site (Fig. 2). A transit peptide of 77 amino acids,

1990; Hanley and Schuler 1988) and indeed plant genes  needed for the routing of the enzyme, is cleaved from

in general (Brown 1986), the positions near the splice the preprotein during transport into plastids. The ma-

junctions are less fixed, although, in the potato GBSS ture form of potato GBSS, as deduced from the DNA

gene, the third nucleotide of all splice donor sites is an sequence, is a 540 amino acid protein of 58243 kDa.

A.

Vos-Scheperkeuter et al. (1986) determined a M, (rela-
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Fig. 3. Hydrophobicity plots according to Kyte and Doolittle
(1982) of the 80 N-terminal residues of the four plant GBSS precur-
sors containing the transit peptides. The cleavage sites, which are
only known for the maize and the potato protein, are indicated
by an arrowhead. The interval used for the calculation of the indices
was nine amino acid residues

tive molecular weight) of 60 kDa by SDS-polyacryl-
amide gel electrophoresis.

A comparison of the amino acid sequence of the pota-
to pre-GBSS with the sequences of the three waxy pre-
proteins of the monocots maize, barley and rice reveals
a high degree of similarity between the mature forms
of all four enzymes, but not between the transit peptides
(Fig. 2). Of the 540 amino acid residues of the mature
potato GBSS, 336 (62%) are identical and 472 (87%)
are similar (identical amino acids plus conservative sub-
stitutions) in all four enzymes. Alignment of the plant
enzymes with the E. coli glgA gene product glycogen
synthase (Kumar et al. 1986) shows 26% identity and
63% similarity of the glycogen synthase with the starch
synthases and reveals at least three homologous boxes.
The conservation of the ADP-glucose binding site,
KTGGL (Furukawa et al. 1990), at residues 15-19 of
the glycogen synthase has already been discussed by
Preiss (1990) in a comparison of the glgA4 sequence with
two monocot starch synthases and the N-terminus of
the potato GBSS. A second conserved sequence is locat-
ed at residues 372-384 of the glycogen synthase (478-490
of the potato sequence). Within this box, the sequence
VPSRFEPCGL is identical between the potato, rice and
E. coli sequences and shares one conservative substitu-
tion compared with the maize and barley sequences
(Fig. 2). A scan of the Swiss Prot databank with this
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sequence did not reveal similarities with other known
proteins.

A third box is separated from box II by 12 amino
acids, with a proline 4-5 residues before box III. The
sequence TGGLAD in the E. coli protein resembles the
sequence of the six E. coli residues immediately beyond
the ADP-glucose-binding lysine residue in box I. In gly-
cogen synthase, the lysine in box III is replaced by an
arginine and in the starch synthases by a serine, which
makes it unlikely that box III can have the same function
as box L. The major parts of the three boxes mentioned
here arc also present in the deduced protein sequence
of the Bacillus subtilis gigA gene (J. Kiel, personal com-
munication).

The well-conserved primary structures of the mature
proteins of the four plants compared here do not show
any similarity with proposed starch granule binding do-
mains of bacterial and fungal amylases, branching en-
zymes and cyclodextrin glycosyl transferases (Svensson
et al. 1989).

The primary structures of the transit peptides of the
four plant preproteins, although highly diverged, share
the common features of transit peptides (Keegstra et al.
1989) in containing a relatively high amount of alanine,
serine and threonine residues, starting with a hydro-
phobic region followed by one or more hydrophilic parts
and ending with a dramatic increase in hydrophobicity
near the (putative) processing sites. Plots of the hydro-
pathic indices are shown in Fig. 3; the pattern mentioned
above is less pronounced in the case of the potato GBSS
transit peptide.

Sequence of the amf allele

Since we had indications that the GBSS gene isolated
earlier from 86040 was derived from a chimeric plant,
with mutant and either wild-type or revertant tissues,
we decided not to use clones from the monoploid 86040
for further analysis. The isolation of a genomic clone
from a diploid amf plant was done by probing with
parts of DNA surrounding the structural GBSS gene.
Despite this approach of isolating only those clones
which carry upstream as well as downstream sequences,
the only complete clone obtained did not carry the distal
Bglll site. This did not interfere with our aim to reduce
the part of the gene to be sequenced, since a wild-type
subclone with even fewer potato sequences at the 3’ end
(PWAM150, van der Leij et al. 1991, see also Fig. 4C)
was shown to be able to complement the amf mutant,
Transformation experiments using the chimeric con-
structs pWM114 and pMW104 revealed that the muta-
tion was located in the part of the gene upstream of
the central EcoRI site (Fig. 4C). Sequencing of the re-
gion between the Nsil site in the first intron and the
central EcoRI site revealed the deletion of one of the
three adenines at positions 4648 of the GBSS sequence.
The part of the gene between the HindlIII site and the
central EcoRI site showed no alterations in a range of
single direction sequencing reactions. The absence of a
mutation in that part was confirmed by the complemen-
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codon# 1 21 58 77

wt AUGGCAAGCAUCACAGCUUCACACCACUUUGUGUCAAGAAGCCAAACUUCACUAGACACCAAA--/ /- -CCCAAGAUGGCAUCCAGAACUGAGACCAAGAGACCUGGAUGCUCAGCUACCAUUGUUUGY etc.

MASITASHHKFYSRSQTSLDT
amf AUGGCAAGCAUCACAGCUUCACACCACUUUGUGUCAAGAAGCCAACUUCACUAG etc.
MASITTASHHFVSRSQL Hstop

Fig. 4A-D. Schematic overview of the potato GBSS gene and deriv-
atives and the sequence of the amf allele. A Representation of
the sequenced parts and restriction map of the wild-type allele.
The thick line represents the part of the three HindIIl fragments
which has been sequenced in both directions. The sequence of this
part is shown in Fig. 1. B The GBSS gene as part of two EcoRI
fragments with the promoter, translational start and stop, and po-
ly(A) sites assigned. Boxes represent exons. C Chimeric constructs
used to localize the amf mutation with the corresponding comple-

tation of the amf mutant with construct pWM115
(Fig. 4C), which only carries the first HindIII fragment
from the wild-type allele, the rest of the construct being
derived from the amf clone G1107. To exclude the possi-
bility of sequence alterations in the transcribed part up-
stream of the Nsil site, a polymerase chain reaction
(PCR) was performed with primers upstream of the pro-
moter TACAAAT box and downstream of the HindIII
site mentioned above. Sequencing of both strands of
PCR fragments derived from G1107 and from plant
DNA of 1031-29 and the original mutant 86040 con-
firmed that the only difference between the wild-type
and the amf allele is the deletion of one of the three
adenines of codons 15 and 16 (Fig. 4D). Point deletions,
next to larger gene alterations, have been reported for
mutant genes which were obtained after ionizing radia-

K--//--P K % RS

RTETKRPGCSATTIVC et

mentation results. Open boxes (wild type), hatched boxes (mutant).
D Part of the amf allele which has been sequenced in one direction
(upper) and both directions (polymerase chain reaction fragment).
The relevant parts of the sequences of wild type and mutant are
shown below as RNA sequences, together with the deduced protein
sequences. The adenine residues in the wild type from which one
has been deleted in the mutant are shown in bold. The underlined
methionine is the possible start of (re-)initiation of translation in
the mutant. The numbering of codons is indicated

tion (Grosovsky et al. 1988). However, the mutation
may also have arisen spontaneously.

The consequence of this single base deletion is a fra-
meshift and the subsequent termination of translation
at the position of codon number 18, an amber (UAG)
stop codon, of the amyf sequence. Therefore, the amf
mutant is expected to synthesize only a short peptide
of 17 amino acids. However, in Fig. 5 we show the pres-
ence of a GBSS-like protein in a membrane fraction
from tubers from the amf mutant. The M, of this protein
turned out to be 442 kDa larger than a membrane-
bound GBSS-like protein from the wild type, the latter
having the same M, (60 kDa) as the wild-type mature
GBSS. It seems logical that the mutant GBSS-like pro-
tein is the product of the amf GBSS sequence. This phe-
nomenon can be explained if it is assumed that (re-)initi-
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Fig. 5. Proteins cross-reacting with anti-GBSS serum. Membrane-
bound proteins were separated in a 10% SDS-polyacrylamide gel
either stained with Coomassic Brilliant Blue (lanes A, B) or blotted
and immunoprecipitated (lanes D-F). Tuber membrane fractions
obtained from the amf mutant (lanes A, D, F) and a wild-type
potato (lanes B, E) show the presence of immunoreacting proteins
of about 60 kDa, the mutant protein being apparently larger than
the band from the wild-type preparation. Lane C represents the
molecular weight markers with proteins of 78, 68, 43, 30 and
17 kDa, respectively, from the top downwards

ation of translation in the mutant takes place at internal
AUG codons. Two of these AUG codons are out of
phase but initiation at codon 60 of the wild-type se-
quence (Fig. 4D) would result in a protein which is
about 2 kDa larger than the mature wild-type form. This
protein carries only 17 amino acids of the transit peptide,
starting with the amino acid sequence MASRT. Except
for the hydrophilic arginine residue, this sequence forms
a perfect start for a transit peptide which, however, will
probably be too short to allow transport of the precursor
across the plastid membranes. The shortest transit pep-
tide known to be functionally active contains 29 amino
acids (Keegstra et al. 1989). The amf mutant does not
have GBSS attached to starch grains inside plastids (Ho-
venkamp-Hermelink et al. 1987). Binding to the plastid
membrane, but without transport and the accompanying
splitting off of the transit peptide, would result in the
observed presence of a membrane-bound protein with
M, 62 kDa. Vancanneyt et al. (1990) showed in an analy-
sis of transgenic tobacco plants that steady-state plant
mRNA levels dramatically decrease when artificial stop
codons prevent further translation. In contrast with their
results, slightly increased amounts of GBSS mRNA were
found in the amf mutant (Visser et al. 1989). This dis-
crepancy implies either a difference in stability of the
mRNAs, which might be related to the translatibility
of the part of the gene beyond the stop codon, or a
compensating feedback mechanism at the transcription-
al level in the amf mutant.
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Although the general rule is that the first start codon
is used, initiation of translation at internal AUG codons
has been shown to occur in plant cells (Putterill and
Gardner 1989) and in plant viruses (Tacke et al. 1990}.
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Summary

The isolation of the nematode-resistance gene Gpa2 in potato is described, and it is demonstrated that
highly homologous resistance genes of a single resistance-gene cluster can confer resistance to distinct
pathogen species. Molecular analysis of the Gpa2 locus resulted in the identification of an R-gene cluster
of four highly homologous genes in a region of approximately 115kb. At least two of these genes are
active: one corresponds to the previously isolated Rx7 gene that confers resistance to potato virus X,
while the other corresponds to the Gpa2 gene that confers resistance to the potato cyst nematode
Globodera pallida. The proteins encoded by the Gpa2 and the Rx7 genes share an overall homology of
over 88% (amino-acid identity) and belong to the leucine-zipper, nucleotide-binding site, leucine-rich
repeat (LZ-NBS-LRR}-containing class of plant resistance genes. From the sequence conservation
between Gpa2 and Rx1 it is clear that there is a direct evolutionary relationship between the two
proteins. Sequence diversity is concentrated in the LRR region and in the C-terminus. The putative
effector domains are more conserved suggesting that, at least in this case, nematode and virus
resistance cascades could share common components. These findings underline the potential of protein
breeding for engineering new resistance specificities against plant pathogens in vitro.

Keywords: disease resistance, resistance gene, gene-for-gene, potato cyst nematode, potato, map-based

cloning.

Introduction

In their constant battle against challenging pathogen
populations, plants have evolved defense recognition
mechanisms that are mediated through gene-for-gene
interactions (Flor, 1971). Classes of highly variable plant
genes, so-called resistance (R) genes, play a key role in this
process and are thought to encode specialized receptors
that recognize corresponding avirulence (Avr) gene-de-
pendent elicitors produced by pathogens (Crute, 1994;
Keen, 1990). Whenever the R gene or the corresponding
Avr gene is not functional, recognition does not occur and

© 2000 Blackwell Science Ltd

the plant is susceptible to pathogen attack. To survive, it is
crucial that the host plant is able to respond to loss of R
gene function by generating novel recognition capacities.
The cloning and molecular characterization of numerous R
genes from diverse plant species, conferring disease
resistance to bacteria, fungi, viruses, nematodes, and
insects (Baker etal., 1997; Milligan etal., 1998; Rossi etal.,
1998; Vos etal., 1998) has revealed features characteristic
of R genes that may form the basis of specificity in R-gene
function and rapid generation of new R gene alleles. The
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majority of R genes are members of tightly linked multi-
gene families. This is thought to facilitate the generation of
novel R-gene specificities through unequal recombination
between cluster members resulting in duplication, partial
deletion or formation of new chimeric genes. Comparative
sequence analysis of several R genes supports this idea
(Botella etal., 1998; Collins etal., 1999; Dixon etal., 1998;
McDowell etal., 1998; Meyers etal., 1998; Noél etal., 1999;
Parniske etal, 1997, Thomas etal., 1997). All R genes
characterized so far, with the exception of Pto (Martin etal.,
1993), encode leucine-rich repeats (LRRs) (Baker
etal., 1997, Hammond-Kosack and Jones, 1997), structures
shown to be involved in protein—protein interactions (Kobe
and Deisenhofer, 1994). LRR-containing R proteins can be
divided into two classes based on the presence of a
putative tripartite nucleotide binding site (NBS) (Bent,
1996; Staskawicz etal., 1995). R proteins of the NBS-LRR
class comprise motifs that are shared with animal
apoptosis regulatory proteins (Aravind etal, 1999; van
der Biezen and Jones, 1998). The second class of R
proteins encompasses proteins with a predicted hydro-
phobic membrane-anchoring domain with a predicted
extracellular N-terminal LRR motif (Bent, 1996; Jones etal.,
1994; Song etal., 1995). The common occurrence of LRRs
in R proteins, along with the hypervariable character of
predicted solvent-exposed amino acids within these LRRs
(reviewed by Michelmore and Meyers, 1998), have im-
plicated LRRs in the binding of pathogen-produced
elicitors (Baker etal., 1997; Jones and Jones, 1997).
Although analysis of R-gene products has correlated
variability within LRRs with differential pathogen recogni-
tion (Botella etal., 1998; Collins etal., 1999; Dixon etal.,
1998; Ellis etal, 1999; McDowell etal., 1998; Meyers
etal, 1998; Noél etal, 1999; Parniske etal, 1997;
Thomas etal., 1997), it is still unclear how Avr proteins
actually interact with R proteins. It is, however, becoming
apparent that R-protein specificity and physical interac-
tions between LRR domain and Avr protein are influenced
by intramolecular interactions between the LRR domain
and other parts of the protein, presumably the N-terminal
part (Bryan etal., 2000; Ellis etal., 1999).

Although most R-gene clusters characterized to date
have currently been assigned single-recognition specifi-
cities, the picture that is emerging from molecular analysis
of R-gene loci is that most contain an array of related
sequences, of which several can be active R genes. The
Arabidopsis RPP1 complex resistance locus, for instance,
contains four tightly linked genes, three of which encode
functional R genes that recognize distinct Peronospora
parasitica avirulence determinants (Botella etal, 1998).
Recently Takken etal. (1999) identified a second active
gene at the tomato Cf-4 locus conferring resistance to
Cladosporium fulvum through the recognition of a novel
avirulence determinant. In most cases where only a single

recognition specificity is assigned to an R gene cluster,
additional cluster members are transcriptionally active
(Dm3, Meyers etal., 1998; 12, Ori etal., 1997; Simons etal.,
1998; Mi, Milligan etal., 1998; Rp1, Collins etal., 1999;
Xa21, Song etal., 1995). Transcriptional activity of these
cluster members suggests functionality, and the screening
of these haplotypes with an exhaustive pathogen collec-
tion would probably identify these members as functional
R genes. Interestingly, in those cases where two or more
members within a single haplotype are functional R genes,
resistance is directed to different avirulence determinants
of the same pathogen species (Botella etal., 1998; Takken
etal., 1999). The only locus described so far with specificity
to distinct pathogen species is the Mi locus in tomato.
However, in this case it is the same gene that confers dual
specificity, as the Mi gene confers resistance to both root-
knot nematodes and potato aphids (Rossi etal., 1998; Vos
etal., 1998).

In potato the GpaZ locus, which confers specific
resistance to a small set of populations of the potato cyst
nematode Globodera pallida (Rouppe van der Voort etal.,
1997), was previously shown to be tightly linked to the Rx1
gene, an NBS-LRR gene responsible for resistance to
potato virus X (Bendahmane etal., 1999; Rouppe van der
Voort etal., 1999). Both genes were localized to an
approximately 200kb region on chromosome 12 of potato.
Here we describe the further molecular analysis of this
region, which contains four highly homologous R gene-
like sequences. One of these corresponds to Rx1
(Bendahmane etal., 1999) and another to the nematode-
resistance gene Gpa2. This finding demonstrates that
separate members of an R-gene cluster can evolve to
confer resistance to unrelated pathogen species.

Results

Identification of the Gpa2 gene and complementation of
function

The nematode-resistance locus Gpa2 was previously
localized to the genetic interval IPM4c-111R on chromo-
some 12 of potato (Rouppe van der Voort etal., 1999), a
region physically spanned by the four overlapping bacter-
ial artificial chromosome (BAC) clones SHBAC43, BAC45,
BAC221 and BAC111 (Figure 1a). Sequencing of the four
BAC clones resulted in the identification four highly
homologous R-gene candidates (RGC) of the NBS-LRR
class of plant genes in a region of approximately 115kb
(Figure 1b). Three of these genes, RGC1, RGC2 and RGC3,
were considered as GpaZ2 candidates. The fourth RGC,
identified on BAC clone SHBAC43, contained marker
IPM4c and therefore corresponds to the recently cloned
virus resistance gene Rx7 (Bendahmane etal, 1999)
(Figure 1). For Gpa2 complementation analysis, binary

© Blackwell Science Ltd, The Plant Journal, {2000}, 23, 567-576
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Figure 1. Physical map of the Gpa2/Rx1
locus.
(a) Genetic and physical map of the potato

Isolation of the Gpa2 nematode-resistance gene 569

Gpad

genomic region containing Gpa2. Vertical %
arrows indicate the positions of markers
linked to Rx7 and GpaZ2 (Rouppe van der
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Voort etal, 1999). Shaded rectangles
represent bacterial artificial chromosome
(BAC) clones

(b) Relative positions of three Gpa2
candidate genes (RGC1-3) and Rx1. The size
of the resistance-gene cluster is indicated.

(b)
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chromosdms 12

plasmids (pBINPLUS; van Engelen etal., 1995) containing
restriction fragments of approximately 11, 10.3, 5.5 and
6.5 kb, spanning RGC1, RGC2, RGC3 and Rx1, respectively,
were transferred to the nematode-susceptible potato line V
using Agrobacterium-mediated transformation. The differ-
ent genetic constructs (pBINRGC1-3 and pBINRx1, respec-
tively) retained at least 2kb upstream and 0.5kb
downstream of the putative coding regions of each RGC.
DNA gel-blot analysis indicated that transgene copy
numbers in the transgenic plants obtained varied between
one and ten (data not shown).

Initial evidence that RGC2 represents the GpaZ gene was
obtained from in vitro complementation assays in which in
vitro-grown primary transformants harboring RGC1, RGC2,
RGC3, or the empty binary vector pBINPLUS were inocu-
lated with sterilized second-stage juveniles of G. pallida
population Pa,-D383. Resistant (R) and susceptible (S)
progeny plants derived from the F; (SH X RH) mapping
population used to map the GpaZ gene (Rouppe van der
Voort etal., 1999) were included in the assay as controls.
The development of female nematodes on the roots of
Ro(RGC1), Ro(RGC3) and Ry(BINPLUS) plants was similar to
that observed on the roots of the susceptible control plants
(Table 1). In contrast, the Ro(RGC2) plants showed the same
incompatible interaction with G. pallida population Pa,-
D383 as the resistant control plants. Firstly, the number of
females able to develop on the roots of Ry(RGC2) plants was
equivalent to the number of females able to develop on the
roots of resistant control plants (Table1). Secondly, the
majority of the females that did develop on the roots of
Ro(RGC2) and resistant control plants remained small and
translucent (Figure 2). Thirdly, while only adult females
were recovered on susceptible plants, Rg(RGC2) plants
showed a high number of males (data not shown). Such a
change in sex ratio for developing PCN juveniles has also
been reported for the incompatible interaction between G.
rostochiensis and the H17 resistance gene (Bakker etal.,
1993). These results demonstrate that the 10.3kb DNA
insert harboring RGC2 is able to complement the suscep-
tible phenotype in transgenic plants.

© Blackwell Science Ltd, The Plant Journal, {2000}, 23, 567-576

Final proof that the 10.3kb DNA insert contained GpaZ2
was obtained by testing 24 independent primary transfor-
mants of each RGC for resistance to G. pallida population
Pa,-D383 in assays carried out in the greenhouse. Of the 24
RGC2 transformants tested, 21 were resistant to G. pallida
population Pay,-D383 (Table 1). In contrast, all RGC1, RGC3
and Rx17 transformants were susceptible to this G. pallida
population.

Structure of Gpa2 gene and corresponding protein

The size and structure of the Gpa2 gene was determined
by comparing the genomic sequence derived from the
insert of BAC111 with cDNA fragments generated by 5" and
3’ rapid amplification of cDNA ends. RACE identified 5
and 3’ GpaZ-specific cDNA fragments of a single species,
respectively, suggesting that the genomic clone encodes a
single GpaZ-specific transcript. The putative GpaZ2 tran-
script is estimated to be 3127 nucleotides (nt) and contains
a 30 and 358nt 5- and 3-untranslated region (UTR),
respectively. Although GpaZ2 contains exactly the same
two introns as Rx1 (Bendahmane etal., 1999) (Figure 3a),
the stop codon of Gpa2, in contrast to that of Rx1, is
present in the second exon. This change in frame, as
compared to that of Rx1, is the result of an 11bp insertion
immediately downstream of the first intron splice site of
Gpa2. The second intron sequence of 112bp is located
within the 3"-UTR of the mature mRNA of Gpa2.

The deduced open reading frame of the GpaZ2 gene
encodes a predicted polypeptide of 912 amino acids with a
molecular weight of 104.56kDa (Figure 3b). Analysis using
CLUSTALW showed that GpaZ2 shares over 88% amino-acid
sequence identity with Rx7 (Table?2). Like Rx1, several
putative functional motifs present in R genes of the NBS-
LRR type are apparent in the encoded protein, which can
be subdivided into six domains (A-F; Figure 3b). The N-
terminal part of the protein contains a potential five-heptad
leucine zipper (residues 10-45; domain A). Domain B
harbors the NBS and other motifs that constitute the NB-
ARC domain (ARC for Apaf-1, R protein, and CED-4) of R
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Table 1. Nematode-resistance assays

In vitro assay:

Greenhouse assay:

Average R plants/ No. cysts +SD No. cysts =SD
Genotype?® no. cysts® plants tested® on R plants on S plants
Ro(RGC1) 39 0/24 - 300 + 101
Ro{RGC2) 2 21/24 4+9 251+91
Ro{RGC3) 40 0/25 270 + 106
Ro{Rx1) nt 0/25 - 312+ 81
Rolvector) 33 0/4 - 162 =71
Line V nt 0/4 - 525 + 88
F, (S) 42 nt - -
Fi (R) 5 nt - -

#Ro(RGC1-3) and RfRx) are primary transformants containing T-DNA with the GpaZ gene candidates RGC1, RGC2, RGC3 and Rx1,
respectively. Rg{vector) are control primary transformants containing T-DNA with the empty binary vector pBINPLUS. Line V is the
nematode susceptible potato genotype used for Agrobacterium-mediated transformation. F(S) and F{R) are susceptible and resistant
progeny plants, respectively, derived from the F(SH X RH) mapping population used to map the GpaZ2 gene (Rouppe van der Voort

etal., 1997).

Three plants from four independent primary transformants generated for each RGC were assayed in vitro. Each data point is the
average number of females per Petri dish. Three plants of each primary transformant were grown per Petri dish, and each dish was

inoculated with 45 sterile juveniles.

“Plants were scored as resistant (R) if the number of cysts found on the roots of the plants was <20.

(a)

Figure 2. Genetic complementation for nematode resistance.

(c)

Characteristic differences in female nematode development 5weeks post-inoculation on the roots of susceptible (a) and resistant (b) control plants, and
transgenic potato plants harboring the Gpa2 candidate gene RGC2 (c). The development of stagnated and translucent female nematodes is characteristic
for an incompatible reaction. Photographs at (b) twice and (c) three times the magnification of (a), 25X.

proteins and cell death regulators in animals (van der
Biezen and Jones, 1998). This domain includes the Ap-
ATPase motifs present in proteins of eukaryotic and
prokaryotic origin (Aravind etal, 1999). The C-terminal
half of GpaZ comprises a series of 16 irregular LRRs (Figure
3b). The LRRs could be aligned according to the consensus
sequence axxLxxLxLxxC/Nxxa, where ‘x’ designates any
residue and ‘a’ designates the positions of aliphatic amino
acids, followed by a region of varying length. This repeat
format approximates the consensus for cytoplasmic LRRs
(Jones and Jones, 1997). The first 11 LRRs in domain C are
separated from those in domain E by a 17 amino-acid

region with a poor match to the above LRR consensus
sequence (domain D). This region contains a relatively
high amount of proline residues, suggesting that it may act
as a molecular hinge between the two LRR domains.
Domain F encompasses the C-terminus of Gpa2.

Amino-acid sequence homology and nucleotide
substitution patterns in different regions of Gpa2 and
Rx1

Alignment of the deduced amino-acid sequences of Gpa2
and Rx1 shows that the N-terminal halves of the proteins,

© Blackwell Science Ltd, The Plant Journal, {2000}, 23, 567-576
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MAYAAVTSLMRTTHQSMELTGCDLQPFYEKLKSLRAILEKSCNIMG 46
DHEGLTILEVEITEVAYTTEDMVDSESRNVFLARNVGKRSRAMWGI 92
FFVLEQALECIDSTVKQWMATSDSMKDLKPQTSSLVSLPEHDVEQP 138

i

ENIMVGRENEFEMMLDQLARGGRELEVVsivgmggigkttlaAKLY 184
SDPYIMSRFDIRAKATVSQEYCVRNVLLGLLSLTSDEPDYQLADQL 230
QKHLKGrrylvviddiwI'TEAWDDIKLCFPDCDNGsrillttrNVE 276
B VAEYASSGKPPHHMRLMNFDESWNLLHKKIFEKEGSYSPEFENIGK 322
QIALKCGglplaitliagLLSKISKTLDEWONVAENVRSVVSTDLE 368
AKCMRVLALSYHHLPSHLlkpcflyfaifAEDERIYVNKLVELWAVE 414
GFLNEEEGKSIEEVAETCINELVDRSLISIHNVSFDGETQRCGmhd 460
vtrelclREARNMNFVNVIRGKSDONSCAQSM T 492
QCSFKSR | SRISTHNEE| ELVWCR 514
NSEAHSI | ITLCIFKCV| TL 532
ELSFKLV | RVLDLGLTT| CPIFPSG 555
VLSLIHL |RYLSLRFNP| RLQQYRGSK 580
EAVPSSI | IDIPLSISS 596
c LCYLQTF | KLYHPFPNC| YPFILPSE 620
ILTMPQL | RKLCMGWNY | LRSHEPTENRLY 648
LKSLOCL | NELNPRYCT| GSF 667
LRLFPNL | KKLEVFGVK| EDFRNHKDL YD 694
FRYLYQL | EKLAFSTYY| SSSACFLKNTAPLGSTPQ 728
DPLRFQM | ETLHLETHS| RATAPP 750
D | TDVPTFLLPPPDCFPON 767
LKSLTFS | GDFFLAWKD| LST 786
VGKLPKL | EVLQLSHNA| FKGEEWEVY 811
E EEGFPHL | KFLFLDSIY| IRYWRAS 834
SDHFPYL | ERLFLSDCF | YLDSIPRD 858
FADITTL |ALIDIFRCQ| QSVGNSAK 882
F | QIQODIQDNYGSSIEVHTRYLYRNGAFLVV 912

Figure 3. Structure of the GpaZ gene.

(a) Schematic diagram of the Gpa2 transcript (3127 nucleotides). Exons
are indicated by horizontal lines. Open boxes indicate coding sequence.
Lines angled downwards indicate intron positions (numbers 237 and 112
represent intron sizes). Arrows indicate the relative positions of primers
used for 5’-RACE (arrows 3-5) and 3-RACE (arrows 1 and 2)

(b) Deduced Gpa2 protein sequence. The amino-acid sequence deduced
from the DNA sequence of GpaZ is divided into six domains (A-F) as
described in the text. The leucine or aliphatic residues in domain A that
make up the potential five-heptad leucine zipper (residues 10-45) are
indicated in bold. Conserved motifs in R proteins are underlined and
written in lower case in domain B. Residues matching the consensus of
the cytoplasmic LRR are indicated in bold (domains C and E). The LRR
subdomain xxLxLxxxx is framed.

harboring the putative effector domains, share a higher
degree of sequence homology (92% amino-acid sequence
identity) than the C-terminal halves of the proteins, which
are thought to contain the putative recognition domains
(84% amino-acid sequence identity; Table2). The most
striking difference between Gpa2 and Rx1 is that Gpa2
lacks the acidic tail which is present in Rx1 (Bendahmane
etal., 1999) (Figure 4a). Further comparison between the
two protein sequences showed that much of the remaining
amino-acid sequence divergence between Gpa2 and Rx1 is
concentrated in the subdomains of the LRRs which are
predicted to be solvent-exposed (Jones and Jones, 1997;
Figure 4). Sequence divergence of the amino-acid residues
positioned around the two conserved leucine residues in
the consensus xxLxLxxxx (framed residues in Figure 3b)

© Blackwell Science Ltd, The Plant Journal, {2000}, 23, 567-576
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Table2. Comparison of synonymous and non-synonymous
nucleotide substitutions and nucleotide and amino-acid
homology in different regions of Gpa2 and Rx1

Gpa2 versus Rx1

Homology®

Analysed nt aa KK
Complete gene 93 88 1.46
N-terminal half® 95 92 0.82
C-terminal-half® 93 84 2.5%%%
LRR domain

xx{L)x{L)xxx fkadd

Non-framed 1.36

®The regions analysed are defined in Figures 3 and 4. Separate
comparisons were made between the xxLxLxxxx region of the
LRRs, omitting the codons for the conserved aliphatic positions,
and the regions between the xxLxLxxxx motifs {(non-framed).
bPercentage nucleotide (nt) and amino acid (aa) identity.

“Rates of non-synonymous {K,) and synonymous {Ky) nucleotide
substitutions per non-synonymous/synonymous site were
calculated using the DIVERGE program in the GCG software
package.

***Significant at the 0.1% level.

was three times higher (29.5%) than that observed in the
rest of the LRR domain (9.6%; Figure 4b).

To determine the type of selection pressure operating on
different parts of the genes, ratios of synonymous (K;) and
non-synonymous (K,) substitution rates per synonymous/
non-synonymous site were calculated for different regions
of the open reading frames of Gpa2 and Rx1. A K,/K; ratio
of 1 suggests random mutation, i.e. that there is no
selection pressure operating either towards sequence
diversification (K,/Ks>1) or sequence conservation (K,/
Ks < 1) (Hughes and Nei, 1988). When the N-terminal halves
of the open reading frames of GpaZ and Rx17are compared,
K; exceeds K, suggesting sequence conservation within
this part of the genes. Calculations of K, and K for the C-
terminal halves of the proteins supported the hypothesis
that diversifying selection is operating on those parts of
the proteins that encode the putative recognition domains.
The K,/K ratio calculated separately for the nucleotides
encoding the xxLxLxxxx region of the LRRs, omitting the
codons for the conserved aliphatic positions, was sig-
nificantly >1, whereas the K./K; ratio of the LRR-encoding
sequence between the xxLxLxxxx motifs did not signifi-
cantly deviate from 1, suggesting an alternating pattern of
variability in the LRRs of Gpa2 and Rx1 (Table 2).

Discussion

Mapping experiments carried out in different potato
genotypes have shown that genes for resistance to distinct
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(a)

Rx1 v 60
Gpaz2 MAYAAVTSLMRT IHQSMELTGCDLQPFYEKLKSLRAILEKSCNIMGDHEGLTILEVEI IE 60

Rx1 Q LEE E 120
Gpa2 VAYTTEDMVDSESRNVFLARNVGKRSRAMWGT FFVLEQALECIDSTVKQWMATSDSMKDL 120

Rx1 180
Gpaz KPQTSSLVSLPEHDVEQPENIMVGRENEFEMMLDQLARGGRELEVVSivgmggigkttla 180

Rxl T C D R 240
Gpa2 AKLYSDPYIMSRFDIRAKATVSQEYCVRNVLLGLLSLTSDEPDYQLADQLOKHLKGrryl 240

Rx1 Y 300
GpaZ2 vviddiwTTEAWDDIKLCFPDCONGSrillt tyNVEVAEYASSGKPPHHMRLMNFDESWN 300

RX1 v MGQR RIG s 360
Gpa2 LLHKKIFEKEGSYSPEFENIGKQIALKCGGlplaitliagLLSKISKTLDEWQNVAENVR 360

Rx1 P 0 T Qs E P 420
Gpa2 SVVSTDLEAKCMRVLALSYHHLPSHlkpcflyfai fAEDERI YVNKLVELWAVEGFLNEE 420

Rx1 T I F F R TIES 480

Gpa2 EGKSIEEVAETCINELVDRSLISIHNVSFDGETQRCGmhdvtrelc IREARNMNFYNVIR 480
N-termiral C-zerminal

Rx1l R R KV A M GG E 540

Gpa2 GKSDONSCAQSMQCSFKSRSRISIHNEEELVWCRNSEAHSTITLCIFRCVTLELSFKLVR 540

Rx1l NW C Q 600
Gpa2 VLDLGLTITCPIFPSGVLSLIHLRYLSLRFNPRLOQYRGSKEAVPSSTIDIPLSISSLCYL 600
Rx1 NL sY T N Q 660
Gpa2 QTFKLYEPFPNCYPFILPSEILTMPQLRRLCMGWNYLRSHEPTENRLVLKSLQCLNELNP 660
Rx1l F P SQ E T RL PYA 720
Gpa2 RYCTGSFLRLFPNLKKLEVFGVREDFRNHRDLYDFRYLYQLERLAF STYYSSSACFLKNT 720
Rx1 s - T I K IDFGG ---- L A R E 8V 775
Gpa2 APLGSTPQDPLRFQMETLHLETHSRATAPP TDVPTFLLPPPDCFPQONLKSLTFSGDEFLA 780
Rx1 Iw IK oV 835
Gpa2 WKDLSIVGKLPKLEVLQLSHENAFKGEEWEVVEEGF PHLKFLFLDSIYIRYWRASSDHFPY 840
Rx1 VIR RN DY v 895
Gpa2 LERLFLSDCFYLDSTPRDFADITTLALIDIFRCQQSVGNSAKQIQQDIQDNYGSSIEVHT 900
Rx1 H FIPKSVTTVEDDDDSVTTDEDDDDDDFEKEVASCRNNVE™* 937
Gpa2 RYLYRNGAFLVV* 912

(b)

Amino acid differences in the LRR domain

Gpa2vs Ax1

xx{L)x({L)xxxx 33/112 (29.5%)

non-framed 22/228 (3.6%)

Figure 4. Sequence comparison between Gpa2 and Rx1.

(a) Alignment of the deduced protein products encoded by Gpa2 and
Rx1. The complete amino-acid sequence of Gpa2 is shown, along with
amino-acid residues from Rx1 that differ from the corresponding residue
in Gpa2. Dashes indicate gaps inserted to maintain optimal alignment.
Amino-acid residues that are specific for Gpa2, when compared to those
at corresponding positions in Rx1 and Rx2 (Bendahmane et al., 2000), are
highlighted in bold italic. The division between N-terminal and C-
terminal half is indicated by arrows. LRR subdomains xxLxLxxxx are
underlined; NB-ARC motifs (van der Biezen and Jones, 1998) are
indicated in lower case.

(b) Amino-acid differences within the LRR domains between Gpa2 and
Rx1. The number of different amino acids, the number of amino acids
used, and the percentage of difference are indicated.

pathogen species can occupy similar genetic positions. For
example, complex loci have been identified on chromo-
somes 5 and 11 of potato. The cluster on chromosome 5
comprises at least five R loci: R1, conferring resistance to
Phytophthora infestans (Leonards-Schippers etal., 1992);
Nb and Rx2, loci that determine potato virus X resistance
(De Jong etal., 1997; Ritter etal., 1991); and Gpa and Grp1
which bestow resistance to the potato cyst nematode
(Kreike etal., 1994; Rouppe van der Voort etal., 1998). The

distal end of chromosome 11 contains R loci for resistance
to potato virus Y (Ry.qq, Hamaldinen etal, 1997; Ry,
Brignetti etal, 1997); potato virus A (Ra,q, Hamalédinen
etal., 1998); potato wart disease (Seni, Hehl etal., 1999);
and the potato cyst nematode (P. Wolters, personal
communication). Although these loci originate from
different genetic backgrounds (haplotypes), the existence
of these complex loci suggests that genes for resistance to
distinct pathogens might be structurally similar. The
isolation of the Gpa2 gene of potato unequivocally
demonstrates that within a single haplotype, members of
the same R-gene cluster can evolve to confer resistance to
distinct pathogen species. Molecular analysis of the GpaZ2
locus resulted in the identification of an R-gene cluster of
four highly homologous genes that span a region of
approximately 115kb. Two of these R-gene homologues
are active R genes; the one most distal to the centromere
corresponds to the previously isolated Rx7 gene that
confers resistance to potato virus X (Bendahmane etal,
1999), whereas that most proximal to the centromere
corresponds to the GpaZ2 gene conferring resistance to the
potato cyst nematode G. pallida.

Based on its structural features, the Gpa2 protein
belongs to the NBS-LRR class of R proteins (Hammond-
Kosack and Jones, 1997). To date, two other nematode R
genes have been cloned: the Mi-7 gene from tomato
{(Milligan etal., 1998), and the Hs7°" gene from sugar beet
(Cai etal., 1997). The Mi-1 protein, like Gpa2, belongs to
the LZ-NBS-LRR class of R proteins (Milligan etal., 1998).
Alignment of the putative amino-acid sequences encoded
by Gpa2 and Mi-1 to those encoded by RPS2 (Mindrinos
etal., 1994), RPM1 (Grant etal., 1995), 12 (Simons etal.,
1998) and Prf(Salmeron et al., 1996), proteins which do not
confer resistance to nematodes but all belong to the LZ-
NBS-LRR class of R proteins, did not reveal any nematode
R protein-specific features. Gpa2 and Mi-1 lack a signal
sequence, which suggests that recognition of the nema-
todes by the host plant, if indeed mediated by these R
proteins, would occur in the cytoplasm. The other cloned
nematode-resistance gene, Hs 17", appears to represent a
different class of resistance gene, as the predicted protein
encoded by Hs 777 deviates strongly from all other known
classes of resistance genes.

The Gpa2 protein is also highly homologous (88.7%
amino-acid sequence identity) to the Rx1-related Rx2
protein encoded by the Rx2 locus on potato chromosome
5 (Bendahmane et al., 2000). From the sequence conserva-
tion in Gpa2, Rx1 and Rx2, it is clear that there is a direct
evolutionary relationship between these proteins. This
suggests that, at least in this case, virus- and nematode-
resistance pathways may share mutual components.
Clearly, different elicitor molecules initiate the resistance
cascades. In the case of potato cyst nematodes, infectious
juveniles penetrate the root and migrate to a site near the
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vascular cylinder, where they initiate elaborate develop-
mental and morphological changes in host root cells
leading to the formation of a feeding cell. Secretory
proteins derived from the nematode’s esophageal glands
are thought to trigger this process (Lambert etal., 1999;
Smant etal., 1998). It is likely that injection by the
nematodes of secretions intended to initiate feeding-cell
development also elicit the resistance response. In the
case of Rx genes, the resistance response is triggered by
the coat protein of PVX (Bendahmane etal., 1995; Querci
etal., 1995). It is likely that the sequences involved in direct
or indirect interaction with these distinct elicitors are, for
the most part, situated in the C-terminal half of the
proteins. Out of the 36 amino acids that differ between
Gpa2 and Rx1 in the N-terminal half of the protein
(including the NBS), only 14 are Gpa2-specific; the other
22 are identical to the corresponding residues in Rx2
(Bendahmane etal., 2000). In contrast, 68 of the 70 amino
acids that differ between Gpa2 and Rx1 in the C-terminal
half (including the LRR domain) are specific to Gpa2.
Another observation that implicates the C-terminal half of
the molecules in differential elicitor recognition is the
hypervariability of the predicted solvent-exposed residues
of the parallel p-sheets within the LRR domains of Gpa2
and Rx1. These are also subject to diversifying selection.
Nevertheless, the most striking difference in the C-terminal
domains of Gpa2 and the Rx proteins is the absence of the
‘acidic tail’ in the Gpa2 molecule (Bendahmane etal., 1999;
Bendahmane etal, 2000). Experiments involving the
exchange of this domain between Gpa2 and Rx1 should
provide information on the significance of the acidic tail
difference in elicitor recognition or signal transduction.
Although the mechanism of GpaZ-mediated resistance
has not yet been thoroughly investigated, preliminary
results suggest that it is not associated with a localized
necrosis response (unpublished data). This is in contrast to
the response mediated by the nematode-resistance genes
Mi-1and H1from tomato and potato (Rice etal., 1985). The
natural Rx-mediated responses are also not associated
with localized necrosis at the site of infection
(Bendahmane etal, 1999). Interestingly, the degree of
amino-acid sequence divergence between the N-terminal
halves of Rx1 and Rx2 is similar to that found between the
N-terminal halves of Gpa2 and both Rx proteins
(Bendahmane etal.,, 2000). As the sequence diversion
between Rx1 and Rx2 in this region does not appear to
influence the induced resistance responses, we speculate
that binding of the virus- or nematode-specific ligands to
the C-terminal halves of the Gpa2 and Rx molecules,
respectively, may lead to conformational changes in the
proteins which expose the more conserved N-terminal
effector regions to trigger similar defense responses.
Determination of whether this model is true requires
additional experiments. However, the finding that highly

© Blackwell Science Ltd, The Plant Journal, {2000}, 23, 567-576

Isolation of the Gpa2 nematode-resistance gene 573

homologous genes can confer resistance to such unrelated
pathogen species as viruses and nematodes underlines
the potential of protein breeding in vitro for engineering
new resistance specificities against plant pathogens.

Experimental procedures

Plasmid constructs for complementation analysis

Binary plasmids pBIN(RGC1), pBIN(RGC2) and pBIN{(Rx1} were
made by digestion of bacterial artificial chromosome clones
BAC111, BAC221 and SHBACA43, respectively, with Xbal and
ligation of the 11, 10.3 and 8.5kb RGC-containing fragments,
respectively, into the Xbal site of the plant binary vector
pBINPLUS {van Engelen etal., 1995). The plasmid pBIN(RGC3)
was made by digestion of SHBAC43 with Xbal and Sstl, and
ligation of the 5.5kb RGC harboring fragment into a pBINPLUS
vector digested with Xbal and Sstl.

Complementation analysis

The above RGC-carrying binary plasmids were introduced in
Agrobacterium tumefaciens strain AGLO (Lazo etal, 1991) by
electroporation. Stem explants of 5-week-old tissue culture plants
of the susceptible potato line V were transformed with the various
RGC-carrying Agrobacterium strains (Visser, 1991). Individual
transformants of every RGC binary plasmid were tested for
complementation for resistance to Globodera pallida Pa,-D383 in
an in vitro and/or greenhouse disease assay. Complementation
assays were carried out in triplicate. Plants containing the binary
vector pBINPLUS without insert were included as a control.

Disease assays

The in vitro resistance assay was carried out on roots of sterile
tissue-cultured plants. Three plants from four independent
primary transformants accommodating the four different T-DNA
constructs were assayed. Two or three nodia from in vitro-grown
primary transformants were grown on solidified B5 medium with
0.5% Phytagel {Sigma, St Louis, MO, USA) and 2% sucrose for
Tweek (25°C, 16h light regime). Each new root tip {on average
two per nodium) was then inoculated with 15 sterilized second-
stage juveniles. Preparation of inoculum was essentially as
described (Heungens et al., 1996). Petri dishes with the inoculated
root tips were incubated in the dark at 20°C. After 5-6 weeks the
level of infection was determined by counting the number of
female nematodes formed on the roots. The greenhouse
resistance assay was carried out as described (Rouppe van der
Voort etal., 1997, 1999).

DNA sequencing and computer analysis

The sequence of the BAC clones SHBAC43, BAC45, BAC111 and
BAC221 was determined using a shotgun cloning strategy.
Sequencing reactions were performed using a dye terminator
cycle sequencing reaction kit (Perkin-Elmer, Pt Biosystems,
Warrington, UK), M13 universal forward and reverse primers,
and an ABI377 automated sequencer {Applied Biosystems, La
Jolla, CA, USA). Sequence contigs were assembled using the
STADEN sequence and analysis program (Dear and Staden, 1991).
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Homology searches were carried out using the BLAST program
(Altschul etal., 1990). Positions of putative genes were predicted
using GENSCAN (Burge and Karlin, 1997). DNAstar (Lasergene,
Madison, WI, USA) and Genetics Computer Group {(Madison, WI,
USA) software packages were used for sequence alignments and
sequence comparisons. Nucleotide substitution rates were calcu-
lated using the DIVERGE program in the Genetics Computer Group
software package. A 2 X 2 contingency table G-test was used to
test for significance of differences in synonymous and non-
synonymous substitution rates (Nei and Gojobori, 1986).

Rapid amplification of cDNA ends

The 5" and 3’ ends of the Gpa2 cDNA were determined by rapid
amplification of ¢cDNA ends (RACE) using the Marathon cDNA
amplification kit (Clontech Laboratories, Palo Alto, CA, USA)
essentially as described previously (Bendahmane etal., 1999). 3
RACE was carried out with the oligonucleotides 1 (5
CTCGAGGTCCTTCAACTATCACAC-3) and 2 (5-CTTGAAGTTCT-
TGTTTTTGGATAGCA-3') in combination with the adapter primers
(AP1 and AP2) of the kit {(Figure 3a). 5° RACE was carried out on
cDNA synthesized with primer 3 (5-GCATTCCACATCTCTGT-
GTTTCC-3) using oligonucleotides 4 (5-CAGGAGTATTCTGCTT-
CCATTATCG-3) and 5 {5"-GCTTCTTTTCCCCACATTCC-3} in com-
bination with AP1 and AP2, respectively (Figure 3a).
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Summary

Late blight, caused by the oomycete pathogen Phytophthora infestans, is the most devastating disease for
potato cultivation. Here, we describe the positional cloning of the Rpi-blb1 gene from the wild potato species
Solanum bulbocastanumknown for its high levels of resistance to late blight. The Rpi-bibTlocus, which confers
full resistance to complex isolates of P. infestans and for which race specificity has not yet been demonstrated,
was mapped in an intraspecific S. bulbocastanum population on chromosome 8, 0.3 ¢M from marker CT88.
Molecular analysis of a bacterial artificial chromosome (BAC) clone spanning the Rpi-blb1 locus identified a
cluster of four candidate resistance gene analogues of the coiled coil, nucleotide-binding site, leucine-rich
repeat (CC-NBS-LRR) class of plant resistance (R} genes. One of these candidate genes, designated the Rpi-
blb1 gene, was able to complement the susceptible phenotype in a S. tuberosum and tomato background,
demonstrating the potential of interspecific transfer of broad-spectrum late blight resistance to cultivated
Solanaceae from sexually incompatible host species. Paired comparisons of synonymous and non-synon-
ymous nucleotide substitutions between different regions of Rpi-blb1paralogues revealed high levels of synon-
ymous divergence, also in the LRR region. Although amino acid diversity between Rpi-blb1 homologues is
centred on the putative solvent exposed residues of the LRRs, the majority of nucleotide differences in this
region have not resultedin an amino acid change, suggesting conservation of function. These data suggest that
Rpi-blb1is relatively old and may be subject to balaneing selection.

Keywords: Rpi-blb1, disease resistance, Phytophthora infestans, Solanum bulbocastanum, potato, tomato.

Introduction

Despite the notorious Irish potato famine of the mid-19th
century, late blight, caused by the oomycete pathogen
Phytophthora infestans, still continues to be one of the
most devastating of all plant diseases (Duncan, 1999).
Although chemicals targeted against P. infestans provide
reasonable levels of disease control, world-wide losses
because of late blight and costs of control measures are
estimated to still exceed $3 billion annually. P. infestansis a
specialised pathogen, primarily causing disease on the
foliage and fruits of a range of Solanaceae species (Erwin
and Ribeiro, 1996), especially potato and tomato (Fry and
Goodwin, 1997). The necessity of developing crops that
possess durable resistance increases as more virulent,
crop-specialised and pesticide-resistant strains of the

© 2003 Blackwell Publishing Ltd

pathogen are rapidly emerging. The relatively recent intro-
duction of both mating types to major potato-growing
areas of the world has enabled the pathogen to reproduce
sexually (Goodwin et al, 1995; Smart and Fry, 2001;
Spielman et al.,, 1991). This allows the recombination of
traits in the sexual cycle, thereby generating new possibi-
lities for quick adaptation.

To obtain late blight resistance, breeders have in the past
focussed on the introgression of dominant resistance (R)
genes from Solanum demissum, a wild potato species
indigenous to Mexico (Malcomson and Black, 1966; Wastie,
1991). Eleven such R genes have been identified, several of
which have been mapped to specific loci on the genetic
map of potato (reviewed by Gebhardt and Valkonen, 2001).
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Unfortunately, the resistance caused by these R genes,
although nearly complete to specific races of the pathogen,
appeared not to be durable. Once newly bred potato culti-
vars are grown on larger scale in commercial fields, new
virulences emerge in P. infestans, which render the patho-
gen able to overcome the introgressed resistance (Wastie,
1991). More durable field resistance to late blight, often
guantitative in nature and presumed to be race non-spe-
cific, can be found in several Mexican and Middle and South
American Solanum species (Ross, 1986). However, this type
of resistance is difficult to transfer into potato cultivars
through crossing and phenotypic selection. The ultimate
goal of breeders, therefore, is to introduce into potato
varieties major R genes that confer broad-spectrum resis-
tance to late blight through recognition of pathogen factors
that are essential for pathogen fitness.

Diploid S. bulbocastanumfrom Mexico and Guatemalais
one of the tuber-bearing species that is known for its high
levels of resistance to late blight (Niederhauser and Mills,
1953). Unfortunately, classic transfer of resistance from
wild Solanum species to cultivated potato is not easy
because of differences in ploidy and Endosperm Balance
Number (Johnston et al., 1980). Despite these problems,
introgression of the S. bulbocastanum resistance trait has
been successful. Ploidy manipulations and a series of
tedious bridge crosses resulted in S. bulbocastanum-
derived, P. infestans-resistant germplasm (Hermsen and
De Boer, 1971; Hermsen and Ramanna, 1969, 1973;
Ramanna and Hermsen, 1971). However, 40 years of
intense and continuous breeding efforts with this germ-
plasm has still not resulted in market introduction of
resistant cultivars. More recently, somatic hybrids of S. bul-
bocastanum and S. tuberosum and backcrossed germ-
plasm were found to be highly resistant to late blight, even
under extreme disease pressure (Helgeson et al., 1998).
However, suppression of recombination within this material
could form a potential obstacle for reconstitution of the
cultivated potato germplasm by recurrent crosses, to a level
that could meetthe standards for newly bred potato cultivars
(Helgeson et al., 1998). Isolation of the genes that code for the
resistance traits found in wild sources and subsequent
transformation of existing potato cultivars with these genes
could be a much quicker means of exploiting potentially
durable late blight resistance in wild Solanum species.

According to the gene-for-gene hypothesis (Flor, 1971),
disease resistance starts with recognition of pathogen
avirulence (Avr) factors by plant R proteins, followed by
signal transduction leading to a hypersensitive response
(HR) and resistance (Dangl ef al., 1996). The cloning and
molecular characterisation of over 30 plant R genes con-
ferring resistance to bacteria, fungi, oomycetes, viruses,
nematodes or insects has allowed their classification in
structural classes regardless of pathogen specificity
(reviewed by Dangl and Jones, 2001; Hulbert et al., 2001).

The most abundant class of characterised R genes, com-
prising approximately 0.5% of the genes predicted in the
Arabidopsis genome (Meyers et al., 2002), is predicted to
encode intracellular proteins that carry leucine-rich repeat
(LRR) and nucleotide-binding site (NBS) domains, motifs
also found in other receptor and signal transduction pro-
teins. In common with other receptors, it is generally con-
sidered that NBS-LRR R proteins have a modular structure
with separate recognition and signalling domains, whereby
the LRR is the candidate recognition domain and the N-
terminal region including the NBS, the major signalling
domain. Functional analysis of recombinant R proteins
indicates that recognition specificity indeed resides in the
LRR (Dodds et al., 2001; Ellis et al., 1999). Moreover, the
LRR is the most variable region in closely related NBS-LRR
proteins and is under selection to diverge (Meyers et al.,
1998; Noél et al., 1999; Van der Vossen et al., 2000). How-
ever, evidence is accumulating that LRRs also contribute to
signalling through negative regulation involving putative
intramolecular interactions (Bendahmane etal, 2002;
Hwang et al., 2000; Moffet et al., 2002).

Currently, five R genes have been cloned from potato,
including the S. demissum- and S. bulbocastanum-derived
late blight resistance genes R7 and RB, respectively
(Ballvora et al., 2002; Bendahmane et al., 1999, 2000; Song
et al., 2003; Van der Vossen et al., 2000). Here, we report the
positional cloning of Rpi-blb1, a CC-NBS-LRR plant R gene
derived from S. bulbocastanum. Rpi-bib1, when expressed
in potato or tomato, confers full resistance to a range of
P. infestans isolates carrying multiple virulence factors.
Race specificity has not yet been found. The potential
significance of single R genes from the wider gene pool
for cultivated Solanaceae is demonstrated.

Results

Evaluation of late blight resistance in S. bulbocastanum

A first and crucial step in determining the genetic basis of
late blight resistance in S. bulbocastanum was the identi-
fication of susceptible individuals for the generation of
intraspecific mapping populations. Five S. bulbocastanum
accessions, originating from different areas in Mexico,
were screened for P. infestans susceptibility in detached
leaf assays using a complex isolate (IPO655-2A). Although
the accessions predominantly produced resistant indivi-
duals, fully susceptible individuals were encountered at a
low frequency in three of the five accessions tested. A series
of intraspecific crosses were subsequently made between
resistant individuals from each accession with a susceptible
genotype from BGRC accession 8006, and segregation of
the resistance was analysed. Resistance in the F, popula-
tion resulting from a cross between a resistant plant from

© Blackwell Publishing Ltd, The Plant Journal, (2003}, 36, 867-882

Aardevo Exhibit 1010
Page 1590



Isolation of the late blight resistance gene Rpi-blb1 869

Table 1 Characteristics of P. infestans isolates for which the Blb8005-8 clone showed a typical HR in detached leaf assays

Isolate ID Country of origin Isolation year Host Mating type RACE?

IPO98014 the Netherlands 1998 Potato A1l 1.2.3.4.7.11

IPO428-2 the Netherlands 1992 Potato A2 1.2.3.4.5.6.7.8.9.10.11
IPO82001 Belgium 1982 Potato A2 1.2.3.4.6.6.7.10.11
IPO655-2A the Netherlands 1992 Potato A2 1.2.3.4.5.6.7.8.9.10.11
PIC96001 Mexico 1996 Potato A1 n.d.

PI1C96002 Mexico 1996 Potato A2 n.d.

IPO01900 the Netherlands 2001 S. sisymbriifolium A1 1.2.3.7.8.11
GNVM48-2 the Netherlands 2000 Potato A1 n.d.

GNVM49-1 the Netherlands 2000 Potato A2 n.d.

GNVM62-1 the Netherlands 2000 Potato A1 n.d.

Numbers indicate R-gene differentials for which isolates showed compatible interactions in detached leaf assays.

BGRC accession 8005 (individual 8005-8) and the suscep-
tible plant from BGRC accession 8006 (individual 8006-9)
segregated in aratio not significantly different from 1 : 1. Of
the 42 F, genotypes screened, 22 were resistant, 16 were
susceptible and 4 initially displayed unclear phenotypes.
However, these data indicated that the resistance in 8005-8
inherited as a dominant allele at a single locus. In the
expectation that additional late blight resistance loci will
be found in S. bulbocastanum, the locus identified in 8005-
8 was named Rpi-bib1.

To determine the specificity of the Rpi-blb1 locus, we
screened the resistant genotype 8005-8 with 10 different
P. infestans field isolates with varying complexity and
aggressiveness (Table 1). Included in this panel of isolates
were some of the highly aggressive isolates that can nowa-
days be collected in Dutch potato fields. the Netherlands
forms a region with a high level of disease pressure
because of the presence of both mating types A1 and A2

Table 2 Overview of markers and primers used for mapping Rpi-blb1

(Flier and Turkensteen, 1999; Flier et al., 2003). Rpi-bib1
conferred full resistance to all the tested isolates thereby
inducing a typical HR reaction, suggesting the involvement
of an R gene that currently has an unmatched specificity.

Genetic and physical mapping of the Rpi-blb1 locus

Screening of the original 42 F, progeny plants, derived from
the intraspecific cross between S. bulbocastanum geno-
types 8005-8 and 8006-9, with the chromosome 8 marker
CT88 (Tanksley et al., 1992) indicated that Rpi-blb1 mapped
to the same genetic region on chromosome 8 as the S. bul-
bocastanum-derived Phytophthora resistance locus RB
(Naess et al., 2000). To investigate this further, restriction
fragment length polymorphism (RFLP} markers flanking
CT88 (TG513 and CT64, respectively; Tanksley et al.,
1992) were developed into cleaved amplified polymorphic
sequence (CAPS) markers (Table 2} and tested on 512 F,

Marker F/R® Primer sequence® Annealing temperature {°C) Enzyme®
CT88 F GGCAGAAGAGCTAGGAAGAG 57 Mbol
R ATGGCGTGATACAATCCGAG
F TTCAAGAGCTTGAAGACATAACA 60 a.s.
R ATGGCGTGATACAATCCGAG
TG513 F CGTAAACGCACCAAAAGCAG 58 a.s.
R GATTCAAGCCAGGAACCGAG
CTe4 F ACTAGAGGATAGATTCTTGG 56 Cfol
R CTGGATGCCTTTCTCTATGT
B139R F GATCAGAAGTGCCTTGAACC 56 Tagl
R CAAGGAGCTTGGTCAGCAG
SPB33L F ATTGCACAGGAGCAGATCTG 59 Hinfl
R TGTAAGAGAGCAAGAGGCAC
SPB42L F AGAGCAGTCTTGAAGGTTGG 58 Cfol
R GATGGTAACTAAGCCTCAGG
B149R F GACAGATTTCTCATAAACCTGC 58 Msel/Xbal
R AATCGTGCATCACTAGAGCG
RGA1-4 F TGTGGAGTAAGAGAGGAAGG 62 Sspl/Msel
R TCAGCTGAGCAGTGTGTGG

80rientation of the primer: F, forward; R, reverse.
PPrimer sequences according to IUB codes.
“a.s., allele specific.
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Figure 1. Genetic and physical map of the Rpi-bib7 locus.

(a) Genetic and physical map of the S. bulbocastanum genomic region containing Rpi-blb 1. Vertical arrows indicate the relative positions of markers linked to
resistance. Numbers above the horizontal line indicate the number of recombinants identified between the flanking markers in 2109 progeny plants. Rectangles
represent BAC clones. The dotted rectangle represents a BAC clone derived from the recessive rpi-bib1 haplotype.

(b Relative positions of candidate genes for late blight resistance on BAC SPB4.

(c) Schematic representation of the Rpi-bib 1 gene structure. Horizontal lines indicate exons. Open boxes represent coding sequence. Lines angled downwards
indicate the position of a 678-nt long intron sequence. Numbers in-between brackets indicate the length ofthe 5'- and 3'-UTRs of the putative Rpi-blb1transcript.

individuals. In this screen, 5 CT64-CT88 recombinant geno-
types and 41 CT88-TG513 recombinant genotypes were
identified. A single recombination event was found
between the Rpi-bib1locus and marker CT88.

For further fine mapping of the Rpi-bib1 locus, a total of
2109 F, individuals were screened for recombination
between markers TG513 and CT64. The recombinant geno-
types (219/2109) were subsequently screened with CAPS
markers derived from left (L) and right (R) border sequences
of bacterial artificial chromosome (BAC) clones isolated
from a BAC library prepared from the resistant S. bulbo-
castanum parent genotype 8005-8 (Table 2). The BAC
library was initially screened with marker CT88. BAC clones
identified with this marker were used as seed BACs for a
subsequent chromosome walk to the Rpi-blb1locus. These
data together with the disease resistance data of each
recombinant, obtained through detached leaf assays, posi-
tioned the Rpi-blb1 locus within a 0.1-cM genetic interval
between markers SPB33L and B149R (4/2109 recombi-
nants), an interval physically spanned by the overlapping
BAC clones SPB4 and B49 (Figure 1a). Within this interval,
resistance co-segregated with the BAC end marker SPB42L,
the sequence of which was highly homologous to partial

NBS fragments {Q97, Q137, Q152 and Q153) from tomato
(Pan et al., 2000). Southern analyses of BAC clones span-
hing the SPB33L-B149R interval using a >?P-labelled PCR
fragment of marker SPB42L as a probe revealed the pre-
sence of at least four copies of this NBS sequence withinthe
Rpi-blb1 interval. Moreover, all of these copies were pre-
sent on BAC SPB4. Sequencing and annotation of the
complete insert of this BAC clone identified four complete
R gene analogues (RGA) of the NBS-LRR class of plant R
genes and a remnant part of such a gene (Figure 1b).
Although two recombinant genotypes indicated that
RGA4-blb was not a candidate for Rpi-blb1, all four RGAs
were selected for complementation analysis.

Complementation analysis

Genomic fragments of 7-10 kbp harbouring RGA1-bib,
RGAZ-blb, RGA3-blb or RGA4-blb were subcloned from
BAC SPB4 into the binary plant transformation vector
pBINPLUS (Van Engelen et al., 1995) and transferred to a
susceptible potato cultivar through Agrobacterium-
mediated transformation. In view of clone instability
and low transformation frequencies encountered with
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Table 3 Complementation of late blight susceptibility in potato and tomato

AGLO® LBA4404 UIA143
Genotype® To® RGA® R® To RGA R To RGA R
IMP (RGA1-blb} 17 15 0 - - - 9 8 0
IMP (RGA2-blb) - - - 31 6 6 14 12 9
IMP (RGA3-blb} - - - 6 0 - 5 0
IMP (RGA4-blb) 19 18 0 12 1 o} - - -
IMP {vector) 8 8 0 - - - 10 9 0
MM (RGA2-blb) - - - - - - 11 9 7

#Primary transformants obtained from transformation of the susceptible potato and tomato genotypes Impala {IMP) and Moneymaker
(MM), respectively, with T-DNA constructs containing the Rpi-blb1 gene candidates RGA17-blb, RGA2-blb, RGA3-blb or RGA4-blb.

bA. tumefaciens strains used for transformation.
°Number of primary transformants resistant to kanamyecin.

9Number of kanamycin-resistant primary transformants containing a complete gene construct.
°*Number of primary transformants resistant to P. infestans. Resistance was tested in detached leaf assays using the complex isolates

IPOB55-2A and IPO428-2.

Agrobacterium tumefaciens strain LBA4404 (Hoekema
et al., 1983), second and third transformation experiments
were carried out independently using the A. tumefaciens
strains AGLO (Lazo et al., 1991) or UIA143 (Farrand et al.,
1989; Table 3). Primary transformants harbouring the trans-
genes of interest were tested for resistance to P. infestans
in detached leaf assays. Only the genetic construct harbour-
ing RGA2-blb was able to complement the susceptible
phenotype; 15 out of 18 RGAZ2-bib containing primary
transformants were resistant (Table 3} whereas all RGA1-
bib, RGA3-blb and RGA4-bib containing primary transfor-
mants were susceptible to P. infestans. As the RGA2-bib
transformants showed similar resistance phenotypes asthe
S. bulbocastanum-resistant parent (Figure 2), RGAZ2-bib
was designated the Rpi-blb1 gene.

Rpi-blb1 is functional in tomato

To investigate whether Rpi-blb1could also complement the
susceptible phenotype in tomato, primary transformants
of cultivar Moneymaker harbouring the Rpi-blb1 gene
construct were initially tested with the potato-derived

Figure 2. Detached leaf disease assays. i
(a) Resistant phenotype of the S. bulbocasta-
num 8005-8 parent genotype 6 days post inocu-
lation (dpi) with P. infestans sporangiospore
droplets.

(b} Genetic complementation for late blight
resistance in potato. Typical disease pheno-
types of leaves derived from transgenic potato
plants harbouring RGA1-bib, RGA2-blb, RGA3-
blb or RGA4-bib and control plants 6 dpi with
P. infestans sporangiospore droplets.

it pons-8

© Blackwell Publishing Ltd, The Plant Journal, (2003), 36, 867-882

P. infestans isolates IPO655-2A and IPO428. Seven out of
nine primary transformants were resistant (Table 3). As the
tested potato P. infestans isolates were less virulent on
tomato than on potato, the primary transformants were
also tested with a P. infestans isolate collected from late
blight diseased plants of cultivar Moneymaker in a home
garden. Even though this isolate was significantly more
aggressive on Moneymaker than the isolates IPO655-2A
and IPO428 (data not shown), all seven primary transfor-
mants remained resistant. These results illustrate the
potential effectiveness of the Rpi-bib1gene not only against
complexisolates derived from potato but also against those
specialised on tomato.

Rpi-blb1 gene structure and putative amino acid
sequence

The size and structure of the Rpi-blb1 gene were deter-
mined by comparing the genomic sequence derived from
the insert of pRGA2-blb with cDNA fragments generated by
5 and 3’ rapid amplification of cDNA ends (RACE). RACE
identified 5 and 3 Rpi-blb1-specific cDNA fragments

(b
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Figure 3. Deduced Rpi-blb1 protein sequence.

MAEAFIQVLLDNLTSFLKGELVLLEGFODEFQRLSSMFSTIQAVLEDAQEKQLNN 55
The amino acid sequence deduced from the
CC KP LENWLOKLNAATYEVDD ILDEYKTKATRESQSEYGRYHPKVIPFRHKVGKRMD 110 DNA sequence of Rpi-blIb1 is divided into three
QVMKKLKATAEERKNFHLHEKIVERQAVRRETGSVLTEPQVYGRDKEKDEIVKIL 165 domains (CC, NBS and LRR). Hydrophobic resi-
dues in the CC domain that form the first and
fourth residues of heptad repeats of potential
INNVSDAQHLSVLpilgmgglgkttlaQMVENDQRVTEHFHSKIWICVSEDFDEK 220 coiled-coil domains are underlined. Conserved
RLIKAIVESIEGRPLLGEMDLAPLOKKLOELLNGkry11vIiddvwiNEDQOKWANL 275 motifs in R proteins are written in lowercase and
RAVLKVGASGASVIttt rLEKVGS IMGTLOP YELSNLS OEDCWLLEMORAFGHOR 330 in italic in the NBS domain. Residues matching
NBS EINPNLVAIGKEIVKKsSggvplaaktlggILCFKREERAWEHVRDSP IWNLPQDE 385 the consensus of the cytoplasmic LRR are indi-
cated in bold in the LRR domain. Dots in the
SSILPALRLSYHQIPLD IkgcfaycavFPKDAKMEKEKLISLWMAHGEFLLSKGNM 440 sequence have been introduced to align the
ELEDVGDEVWKELYLRSFFQE IEVKDGKTYFKmhdl ihdlat SLESANTSSSNIR 495 sequence to the consensus LRR sequence
EINKHSYTHMMS I GFAEVVEF YTLPP 501 of cytoplasmic LRRs. The LRR subdomain
xxXLxLxxxx is framed.
LEKFISLRVLNLGDSTi. FNKLPSS 1 544
IGDLVHLRYLNLYGSGE.MRSLPKQ 2 5607
LCKLONLOTLDLOYCTKLCCLPKE 3 591
TSKLGSLRNLLLDGSOSLTCMPPR 4 615
IGSLTCLKTLGQFVVGRKK 5 634
GYQLGELGNLNLYGS TKISHLERVKNDKDAKEAN 6 668
LSAKGNLHSLSMSWNNFGP HIYESEEVKVLEA 7 700
LKPHSNLT SLKIYGFRGIH.LPEWMN 8 725
LRR HSVLKNLVSILISNFRNCSCLPP 9 748
FGDLPCLESLELHWGSADVEYVEEVDIDVHSGFPT 10 783
RIRFP SLRKLDIWDFGSLKGLLKKEG 11 809
EEQFPVLEEMI IHECPFLTL 12 829
SSNLRALTSLRICYNKVAT SFPEEM 13 854
FKNLANLKYLTISRCNNLKELPTS 14 878
LASLNALKSLKIQLCCALE SLPEEG 15 903
LEGLSSLTELFVEHCNMLKCLPEG 16 927
LOHLTTLTSLKIRGCPOLIKRCE 17 950
KGIGEDWHKISHIPNVNIYT 970

comprising 5" and 3’ untranslated regions (UTRs) of 45 and
181 nucleotides (nt), respectively. The Rpi-bib1 gene con-
tains a single intron of 678 nt starting 428 nt downstream of
the ATG start codon of the gene (Figure 1c). The coding
sequence of the Rpi-blb1 transcript is 2910 nt.

The deduced open-reading frame (ORF) of the Rpi-bib1
gene encodes a predicted polypeptide of 970 amino acids
with an estimated molecular weight of 110.3 kDa (Figure 3).
Several functional motifs present in R genes of the NBS-
LRR class of plant R genes are apparent in the encoded
protein. As illustrated in Figure 3, the Rpi-blb1 protein
belongs to the coiled-coil subset of NBS-LRR resistance
proteins (Pan et al., 2000). The N-terminal half of the Rpi-
blb1 protein contains a potential coiled-coil region between
amino acids 10 and 72 and six conserved motifs indicative
of a nucleotide-binding site (Van der Biezen and Jones,
1998). The C-terminal half of Rpi-blb1 comprises a series of
17 LRRs of irregular size that can be aligned according to the
consensus sequence LxXLxxLxxLxLxxC/N/Sx{x)LxxLPxx
observed in other cytoplasmic R proteins (Jones and Jones,
1997). The third LRR contains the xLDL motif that is con-
served in the third LRR of many NBS-LRR proteins (Axtell
et al., 2001; Banerjee et al, 2001). PROSITE analysis

(Hofmann et al., 1999} identified 8 N-glycosylation, 1 cAMP-
and ¢cGMP-dependent protein kinase phosphorylation, 12
protein kinase C phosphorylation, 8 casein kinase Il phos-
phorylation, 10 N-myristoylation and 3 amidation putative
sites in the deduced Rpi-blb1 amino acid sequence.

To identify in silico homologues of the Rpi-blb1 gene,
BLAST searches (Altschul et al., 1990) were carried out with
the coding sequence of the Rpi-blb1 gene. BLASTN
searches identified a number of sequences with significant
homology to short stretches of the Rpi-bib1 gene. Nucleo-
tides 549-1245 of the coding sequence of the Rpi-bib1 gene
share 81-90% sequence identity to partial NBS fragments
from tomato (e.g. Q194, Q137, Q198 and Q199; Pan et al.,
2000). These sequences vary in length between 525 and 708
nt and are PCR fragments, which were identified by system-
atically scanning the tomato genome using (degenerate)
primer pairs based on ubiquitous NBS motifs (Leister et al.,
1996; Pan et al., 2000). Nucleotides 76-805 of the coding
sequence of the Rpi-blb1gene share 91% sequence identity
with an expressed sequenced tag (EST) from potato (EMBL
database Accession no. BG890602). No hits were identified
that share homology with Rpi-blb1 gene sequences down-
stream of nucleotide 1245, comprising the LRR region. At
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Table 4 Sequence variability and nucleotide substitution rates in different regions of Solanaceous R gene paralogues

Nucleotide substitutions®

Comparison Region? aa® Ka Ks Ka/Ks
Rpi-blb1 versus RGA3-blb Gene 81 0.099 0.163 0.61
CC-NBS 91 0.043 0.122 0.35
LRR 71 0.169 0.207 0.81
xXLXLxxxx 63 0.280 0.335 0.84
Rpi-bib1 versus RGA1-blb Gene 76 0.132 0.270 0.49
CC-NBS 79 0.112 0.345 0.33
LRR 72 0.155 0.201 0.77
Rpi-blb1 versus RGA4-blb Gene 70 0.171 0.297 0.58
CC-NBS 75 0.142 0.359 0.36
LRR 66 0.207 0.237 0.86
Mi-1.2 versus Mi-1.1 Gene 91 0.048 0.037 1.31
CC-NBS 0.043 0.029 1.48
LRR 0.064 0.057 1.1
12 versus 12C-2 Gene 93 0.064 0.091 0.70
CC-NBS 0.038 0.101 0.37
LRR 0.085 0.083 1.02
Swh5B versus SwW5A Gene 97 0.024 0.018 1.34
CC-NBS 0.012 0.009 1.30
LRR 0.056 0.040 1.41
Gpa2 versus Rx1 Gene 88 0.060 0.041 1.46
CC-NBS 0.041 0.050 0.82
LRR 0.080 0.032 2.50

“Regions analysed are defined in Figure 4.
bPercentage amino acid {aa) sequence identity.

“The rates of non-synonymous (K,) and synonymous {K;) nucleotide substitutions per non-synonymous/synonymous site were calculated

using the DIVERGE program in the GCG software package.

the amino acid level, similarity with any known sequence
did not exceed 36% sequence identity. The highest BLASTX
score was obtained with an NBS-LRR gene derived from
rice (Oryza sativa; 36.5% amino acid sequence identity). The
most homologous NBS-LRR gene derived from Solanaceae
species is amember of the /2locus in tomato, which confers
resistance to race 2 of the soil-borne fungus Fusarium
oxysporum f sp. lycopsersici (I2C-1: 27% sequence identity;
Ori et al., 1997; Simons et al., 1998).

Comparison of the protein sequences encoded by the
four members of the Rpi-blb1 gene cluster on BAC SPB4,
revealed that amino acid sequence identity within the Rpi-
blb1 gene cluster varies between 70 and 81%. Within the
cluster, Rpi-blb1 shares the highest overall homology with
RGA3-blb {81% identity; Table 4). To further deduce
sequence variation within the Rpi-blb1 gene family, addi-
tional (susceptible) alleles of the Rpi-bib1gene cluster were
isolated. The 8005-8-derived BAC clone B149 and two other
existing BAC libraries, derived from S. tuberosum and
S. tarijense, respectively, were screened with primers
designed around or in the vicinity of the start and stop
codons of the Rpi-bib1 gene. BAC clones containing puta-
tive Rpi-blb1 homologues were further screened with the
Rpi-blb1 flanking markers SPB33L and B149R (Figure 1) to
identify those BAC clones that were derived from the same

© Blackwell Publishing Ltd, The Plant Journal, (2003), 36, 867-882

genetic interval as BAC clone SPB4. Putative Rpi-blb1
homologous PCR fragments derived from BAC clone
B149 or from S. tuberosum or S. tarijense BAC clones for
which it was possible to generate a positive PCR signal of
the correct size with the primers of markers SPB33L and/or
B149R were subsequently cloned and sequenced. In this
way, we were able to compare the deduced protein
sequences of the Rpi-blb1 haplotype with the deduced
protein sequences of four additional Rpi-blb1 homologues
(RGA_B149-blb, RGA_SH10-tub, RGA_SH20-tub and
RGA_T118-tar; Figure 4). Interestingly, two pairs of protein
sequences shared a significantly higher degree of similarity
than the paralogues of the Rpi-bib1 haplotype. RGA1-blb
and RGA_B149-blb are nearly identical to each other and
RGA_SH20-tub and RGA_T118-tar are 96.5% identical, sug-
gesting that they are orthologues and occupy allelic posi-
tions. Comparison of the eight sequences identified a total
of 51 Rpi-blb1-specific amino acid residues (51/970; 5.25%;
Figure 4). The majority are located in the LRR region (36/51;
70%) and are centred on the B-strand/B-turn motif
xxLxLxxxx (framed region; Figure 3), which is predicted
to encode the putative solvent exposed residues of the
repeats (Figure 4). These data are compatible with the idea
that the LRR region of R proteins mainly defines ligand
specificity.
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Figure 4. Alignment of the deduced protein

Rpi-blbl MAEAFIQVLLDNLTSFLKGELVLLEGFQDEFQRLSSMFSTIQAVLEDAQEKQLNMKPLEN 60

RGA3-blb v D 50 products encoded by Rpi-bib1, RGA1-blb,

Sng*E‘iE I N I D 28 RGA3-blb, RGA4-blb, RGA_B149-bib, RGA_

RGA1- L FIQ GV EK KK M KY AIK

B149-blb F 10 G v FK KK M KY AIK 60 SH10-tub, RGA_SH20-tub and RGA_T118-tar.

SH20-tub E I 10 G I END ENI R KD ATK 60 The complete amino acid sequence of Rpi-blb1

Tll8-tar E I 10 G L EN ENI R KD ATK 60 is shown and amino acid residues from RGA1-

RGA4-DIb L E IGDK I EK CEK Vv Q KD AIE 60 blb, RGA3-blb and RGA4-blb that differ from the

Rpi-blbl WLQKLNAATYEVDD ILDEYKTKATRFSQSEYGRYHPKVIPFRHKVGKRMDQVMKKLRAIA 120 corresponding residue in Rpi-blb1. Dashes indi-

RGA3-blb L N 120 cate gaps inserted to maintain optimal align-

SH10-tub AY N 120 : f f e

RGAL-D1E v oA bc E A K AVL RT T KEM E D 150 me.n‘[. Amino acid residues that are specific for

B149-blb v A DC E A K AVL RT T KEM E D 120 Rpi-blb1, when compared to those at corre-

SH20-tub VK L C--—-ALE RLCH AV T IKEM E D 118 sponding positions in RGA1-blb, RGA3-blb

Tll8-ter Ak L ¢ ALBE RL & awv I IKEME D 118 and RGA4-blb, RGA_B149-blb, RGA_SH10-tub,

RGA4-blb S A GCNEI E RLF GIN IR KEIE D S 120 RGA SH20-tub and RGA T118-tar, are high-

Rpi-blbl EERKNFHLHEKI¥ERQAVR-—-RETG —— 143 lighted in red. The regions of the LRRs that

RGA3-blb Q I AT-—- T 143 correspond to the pB-strand/B-turn  motif

SH10-tub I -— —— 143 . .

RGA1-b1b R DR T A -0 N 143 xxLxLxxxx are underlined. Conserved motifs

B149-blb R DRI A —Q —-— 143 in the NBS domain are indicated in lowercase.

??ig’i‘;g E ig % z’/i ”g - iﬂ A vertical line indicates the division between

RGA4-blb RK FL T AAAT  VGWQWGWARLEYKRLLLGVIMRIMSLRMHVSTCSTL 180 CC-NBS and LRR region. The shaded rectangle
indicates the region at the C-termini of Rpi-blb1

Rpi-blbl  — SVLTEPQVYGRDKEKDEIVKILINNVSDAQHLSVLpilgmggl 186 and RGA1-blb that are identical.

RGA3-blb K 186

SH10-tub E 186

RGA1-blb K E E YSEEVP 186

B149-blb K E E YSEEVP 186

SH20-tub E N E 184

Tll8-tar E N LE 184

RGA4-blb YEFKFYLCTPKVGARRCF K E NV EE P F I 240

Rpi-blbl gktt1laQMVFNDQRVTEHFHSKIWICVSEDFDEKRLIKAIVESIEGRPLLGEMDLAPLOK 246

RGA3-blb S R YP D KS S-D 245

SH10-tub I L I 246

RGAl-blb I NL VvV D KS G-D 245

B149-blb I NL VvV D KS G-D 245

SH20-tub YP D EN IGN - SS DVK SF 243

T1l1l8-tar YP D ET IGN - SS DVK SF 243

RGA4-blb I E K NP V D T IGN - SSPHVE SF 299

Rpi-blbl KLOELLNGkryl1lv1ddvwNEDQQKWANLRAVLKVGASGAsvV]1tttrLEKVGSIMGTLQP 306

RGA3-blb F H F 305

SH10-tub F F A 306

RGAl-blb F E D I II I L 305

B149-blb F E D I II I L 305

SH20-tub o] D Vv 303

T118-tub 0 D A 303

RGA4-blb D LE K T R IA 359

Rpi-blbl YELSNLSQEDCWLLFMORAFGHQEEINPNLVAIGKEIVKKSGgvplaaktlggiLOFKRE 366

RGA3-blb P F c R 365

SH10-tub IcC R 366

RGAl-blb Q K C T TS K ME c L R 365

B149-blb Q K C T TS K ME c L R 365

SH20-tub Q D I R ] L R 363

T1l1l8-tar 0 D I YR ] L R 363

RGA4-blb H PH SL QO KA c L R 419

Rpi-blbl ERAWEHVRDSPIWNLPQDESSILPALRLSYHGLPLDLkgcfaycaviPKDAKMEKEKLIS 426

RGA3-blb H R V T A N A 425

SH10-tub E E R H R T 426

RGAl-blb SE E N v H R TI Y A 425

B149-blb SE E N Vv H R TI Y A 425

SH20-tub K E E M H AR T K Vv 423

T1l1l8-tar K E E M v H R T K Vv 423

RGA4-blb SE NE S H R T I N T 479

Rpi-blbl LWMAHGFLLSKGNMELEDVGDEVWKELYLRSFFQEIEVKDGKTYFKmhd1ihd1ATSLFS 486

RGA3-blb F L N ES 485

SH10-tub LE KLQP N S C AC H 486

RGAl-blb S N N S M 485

B149-blb S N N G S M 485

SH20-tub RR L RN G N RY N 483

T1l1l8-tar RR L N N RY N 483

RGA4-blb L N N A SN I 539

Evolution of the Rpi-blb1 locus

Studies of plant R gene sequences involving the compar-
ison of amino acid substitution rates (K;) to synonymous
(Ks) substitution rates has revealed that the LRR region of R
genes and more specifically the B-strand/B-turn motif is

subject to divergent selection (reviewed in Bergelson et al.,
2001). Under the assumption that synonymous changes are
selectively neutral, values of the ratio K,/K; greater than 1
provide strong evidence for positive selection for amino
acid substitution. Paired comparisons of synonymous
and non-synonymous nucleotide substitutions between
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Figure 4. continued Rpi-blbl  ANTSSSNIRETNEH--————-——— SYTHMMSTGFAEVVEFY L HLEKFISLRVLNLARS 536
RGA3-blb AN-- -YDGY SS SpPsSy{ o VvV RN 535
SH10-tub S VK-————————— G P K T SS SPSISQ VvV SNL 537
RGA1-blb SA RS Q VKDDEDMMFIVTIN KD S SS SPSIFKR V SN 545
B149-blb SA RS Q VKDDEDMMFIVTIN KD S SS SPSIFKR V SN 545
SH20-tub S SS SPSl|{ Q0 V SY 534
Tll8-tar S SS SpPsSy{ o VvV SY 534
RGA4-blb SA CG A SS SPSH K V SY 589
Rpi-blbl FFNELPSSIGDLVHLRYINLYG-SCGMRSLPKQLCKLONLOTLDLOYCTRLCCLPKETSKL 595
RGA3-blb NL Q D S NFRI N R R H DS S Q 595
SH10-tub H EE S M CD SEN I HN YS S P 597
RGA1-blb E EQ v D S -NKIC R YN QS S Q 604
B149-blb E EQ v D S -NKIC R R YN QS S Q 604
SH20-tub K EE MD SNNIET R Q 594
Tll8-tar K EE MD SNNIET R Q 594
RGA4-blb KLEQ L D SC-NNF ER VHN YS N Q 648
Rpi-blbl GSLRNLLLDGSRSLTEMPPRIGSLTCLKTLGQFVVGRKKGYQOLGELGNLNLYGSTKTISHL 655
RGA3-blb -C ST L S sC I KR K s TK 654
SH10-tub FFH CDE NS F KWICC I K RDV ET 658
RGA1-blb C vV H-CP S L Y ER R RAST 663
B149-blb C vV DH CP S L Y ER R RAST 663
SH20-tub H CHR RT s K S 654
Tll8-tar H CHR RT S 654
RGA4-blb S H vV -CP ST L F I S K e} S T 707
Rpi-blbl ERVKNDKDAKEANLSAKGNLHSLSMSWMNFGPHIYESEEVKVLEALKPHSNLTSLKTYGE 715
RGA3-blb D K s A CL DLD KR D ——-E XKY E N 711
SH10-tub VM I N SRKG R I P cC TS 716
RGA1-blb ME A D--R R P XY E ID 721
B149-blb ME A D--R NR P XY E ID 719
SH20-tub E E K DDDE R E e} S 713
Tll8-tar E E K DDDE R E cC TS 713
RGA4-blb T - A Q D D NR K P XY E IA 766
Rpi-blbl RGIRLPEWMNHSVLEKNIVSILISNYBENCSCLPPFGDLPCLESLELHRGSADVEYVEEVDT 775
RGA3-blb G R D Q % R RGCE B T DN-- 769
SH10-tub FRF v E GCK E KR CK E D———-— 774
RGA1-blb C FC D v GCE E gD VE DS—- 779
B149-blb CcC FCc D v GCE E gD VE D-——- 778
SH20-tub R D L E GCK YR - 773
Tll8-tar R D L E GCK 2 YR - 773
RGA4-blb G FRF S5 I EKVI VR KSCK L E N oN E D—— 824
Rpi-blbl DVHSGFPTRIRFP SLRKL{ IWDFSLKGLLKKEGEEQFPVLEEMI I R CP¥LTLS————— 830
RGA3-blb - P -———= v SN K TFYW MEFVIPTLSSV 823
SH10-tub - R F GE PN R T FY HMFVYTTL-—-— 828
RGAl-blb --—— L R H GG CN QRMK E K sD MFVFPTLSSV 835
B149-blb - L R H GG CN QRMK A K SD MFVFPTLSSV 832
SH20-tub D L C CK DN G ERY IP —-————- 827
Tll8-tar D C CK DN ' G ERY IP -—-———- 828
RGA4-blb R S RS K R FR M E K M A LY LEFVFPTLSSV 884
Rpi-blbl  ———————— SNLRALTSLRIGYNKYATSFPEEMFKNLANLKY LTI SRCHNLK 873
RGA3-blb KTLKVI-ATDATVLRSI D SN VE L S N FFR 882
SH10-tub  ————————————————— ¥ H SH NE L I SF K LFrY 869
RGA1-blb KKLEIWGEADAGGLSST ST K FS HIV LL E I SV FLE 895
B149-blb KKLEIWGEADAGGLSST ST K FS HIV LL E I SV FLE 892
SH20-tub  —-———————————————-— P K N SD E S N HFK 868
Tll8-tar  ————————————————— K N SD E KSs N HFK 869
RGA4-blb KKLEVHGNTNTRGLSST ST GA YR L TS T EF SFFDFK 944
Rpi-blbl ELPTSLASLNALKSLKIOQY, 933
RGA3-blb FEF 942
SH10-tub S e} T E HS 929
RGA1-blb N C D RY 955
B149-blb N CDRY 952
SH20-tub W NI K VK T I KFSKV H A 928
Tll8-tar W I VK T I KF K A 929
RGA4-blb D T R Q0 ES DS F 0 T Q KY K A 1004
Rpi-blbl 970
RGA3-blb 979
SH10-tub 948
RGAl-blb 992
B149-blb - 971
SH20-tub R W - 947
Tll8-tar RV W - 948
RGA4-blb N GVS EVE D E A LD H- 1040

different regions of Rpi-blb1 with those of RGA1-blb, RGA3-
blb and RGA4-blb revealed that although rates of amino
acid replacement changes are higher in the LRR region, K,/
K; values for the LRR domain remain smaller than 1. Higher
rates of amino acid replacement changes in the LRR region
are masked by striking high levels of synonymous diver-

© Blackwell Publishing Ltd, The Plant Journal, (2003), 36, 867-882

gence (K for the entire LRR) among paralogues of 20.1-
23.7% (Table 4). For comparison, synonymous divergence
in the LRRs of the most related paralogues of the Solanac-
eous R gene clusters Mi (Milligan et al., 1998), 12 (Ori et al.,
1997; Simons et al., 1998), Swh (Spassova et al., 2001) and
GpaZ/Rx (Bendahmane et al., 2000; Van der Vossen et al.,
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Figure 5. Genomic organisation of Rpi-bib1 locus.
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(a) Southern analysis of BAC DNA (left panel) and PCR analysis (central and right panel) of genomic DNA (8005-8, Impala), BAC DNA (B139, SPB33, SPB42, B49
and B149) or binary plasmid DNA (pRGA1-blb; pRpi-blb1, pRGA3-blb and pRGA4-blb) with gene-specific primer sets (RGA1, Rpi-blb1, RGA3 and RGA4).

(b} Schematic representation of the Rpi-blb1 (R} and rpi-blb1 (r} haplotype in the S. bulbocastanum genotype 8005-8.

(c) Sequence relationships between the coding and flanking sequences of Rpi-blb1, RGA 1-blb and RGA3-blb. Homologous regions are shown in the same colour.
Percentage nucleotide sequence identity is indicated. ATG and TAA indicate the relative positions of the start and stop codons of Rpi-blb1, respectively. The

length of the homologous 5 and 3 flanking sequences are indicated.

2000) ranges between 3.2 and 8.3% (K for the LRR region;
Table 4). The extraordinary high K values calculated forthe
Rpi-bib1 gene cluster suggest that these genes are rela-
tively old. Moreover, although amino acid diversity within
the LRR region is centred on the xxLxLxxxx motif, the
majority of nucleotide differences in this region have appar-
ently notresulted in an amino acid change, leading to Ky/K
ratio <1 (Table 4). Despite the relatively smaller genealo-
gical antiquity of Rpi-blb1 and RGAS3-bib, exemplified by
lower synonymous divergence in the CC-NBS region
(12.2%) compared to RGA1-bib (34.5%) or RGA4-blb
(35.9%), K values calculated for the LRR region are as high
as those calculated for the paired comparisons between
Rpi-bib1 and RGA1-bib or RGA4-bib (Table 4). Altogether,
these data suggest that the LRR region of Rpi-bIb7 may well
be subject to purifying selection rather than to divergent
selection.

Southern analyses of the BAC clones spanning the Rpi-
bib1 interval revealed that BAC SPB4 contained an extra
copy of the SPB42L sequence compared to BAC B149

(Figure ba). The latter BAC clone is derived from the homo-
logous chromosome harbouring the putative susceptible
Rpi-blb1 allele. The finding that the RFLP was specific for
BAC clones harbouring the Rpi-bib1 gene and genetic
constructs that complemented the susceptible phenotype
in potato and tomato (data not shown), suggested that the
Rpi-blb1gene was present as an extra copy on the Rpi-blb1
bearing chromosome. To verify this, we designed several
sets of Rpi-bib1-specific primers both within and flanking
the coding region of Rpi-blb1and used these to screen BAC
B149. These primer sets were able to amplify fragments of
the expected size only from DNA templates containing the
Rpi-blb1gene and not from B149 (Figure 5a), indicating that
Rpi-blb1 is present as an extra gene in the Rpi-blb1 haplo-
type (Figure 5b).

Recombination and sequence exchange between para-
logues at complex resistance loci may contribute to the
evolution of novel resistance specificities by generating
new combinations of polymorphic residues (Parniske et al.,
1997). We therefore examined the gene sequences for

© Blackwell Publishing Ltd, The Plant Journal, (2003}, 36, 867-882
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shared polymorphisms that may be indicative of sequence
exchange. Although alignment of informative polymorphic
sites for paralogues of the Rpi-blb 1 haplotype did not reveal
a patchwork arrangement of sequence identities, it did
reveal an apparent recombination break point at the C-
terminus of Rpi-bib1. Consistent sequence affiliation was
observed throughout the ORFs of Rpi-bib1 and RGA3-bib,
except for the C-terminal region of the gene corresponding
to the last 75 amino acids. This region of the Rpi-blb1gene
is identical to the corresponding region of RGA7-bib
(Figures 4 and 5). Comparison of the 5 and 3’ sequences
flanking the paralogues of the Rpi-blb1 haplotype reveals
sequence affiliation at the 5-end between Rpi-blb1 and
RGAS3-blb and at the 3'-end between Rpi-blb1 and RGA1-
blb (Figure 5c). The 4522 bp preceding the translation start
codon of Rpi-blb1 are highly homologous (91%) to the
4899 bp upstream of RGA3-bib. Sequence homology at
the 3'-end is retained between Rpi-blb1 and RGA 1-bib until
285 and 295 bp after the stop codon of Rpi-bib1and RGA1-
blb, respectively. The Rpi-blb1gene has apparently evolved
through intragenic recombination between the ancestral
genes of RGA3-blb and RGA1-bib.

Discussion

Development of disease-resistant cultivars is an effective
way to control diseases if sufficient genetic variation for
resistance is available. When sources of resistance are
limited, breeders look to the secondary gene pool for
species that can serve as such and that can be hybridised
with cultivated species. However, because of the hetero-
zygous nature of potato, introgression of resistance from
wild species through recurrent backcross programmes is
very inefficient. Moreover, several wild Solanum species
displaying high levels of late blight resistance, e.g. S. bul-
bocastanum, are sexually incompatible with cultivated
potato. Isolation of the genes responsible for resistance
could be a faster means of exploiting potentially durable
late blight resistance in wild Solanum species. Several
resistance genes from species in the Solanaceae, the Pto
gene of tomato (Rommens et al,, 1995), the N gene of
tobacco (Whitham et al., 1994), the Cf-9 gene of tomato
(Hammond-Kosack et al., 1998) and the Bs2 gene of pepper
(Tai et al, 1999), have successfully been transferred as
transgenes to other Solanaceous species. In cloning the
Rpi-bib1 gene, we demonstrate the efficient interspecific
transfer of broad-spectrum late blight resistance from
S. bulbocastanum to cultivated potato and tomato.

The Rpi-blb1 resistance locus was mapped in an intras-
pecific S. bulbocastanum population to the same genetic
location on chromosome 8 as the previously reported late
blight resistance locus RB (Naess et al., 2000}. Physical
mapping of the Rpi-blb1 locus identified a BAC clone com-
prising a tightly linked cluster of four R gene homologous

© Blackwell Publishing Ltd, The Plant Journal, (2003), 36, 867-882
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sequences of the CC-NBS-LRR class of plant R genes.
Complementation analysis showed that one of these can-
didate genes, RGA2-blb, was able to facilitate a typical HR in
the otherwise susceptible cultivar Impala in more than 80%
of the primary transformants carrying an intact genetic
construct. This RGA was therefore designated the Rpi-
bib1 gene. Interestingly, the coding sequence of Rpi-bib1
is identical to that of the RB gene, which has also recently
been cloned (Song et al., 2003). This suggests that Rpi-bib1
and AB are identical genes. However, when comparing
flanking sequences and the intron of these two genes,
single nucleotide polymorphisms or single nucleotide
insertions can be found at a frequency ranging between
0.4 and 0.8%. We therefore conclude that Rpi-bib1 and RB
are allelic, although functionally equivalent.

Significant DNA homology (81-90%) between Rpi-bib1
and partial NBS sequences from tomato, which have been
mapped to loci on chromosomes 2, 8 and 9 of tomato (Pan
et al., 2000), indicates that Rpi-bib 1is probably a member of
a Solanaceae NBS-LRR gene family, which apparently is not
restricted to the Rpi-blb1 gene cluster on chromosome 8.
Map positions of Rpi-blbThomologous sequences on chro-
mosomes 2 and 9 of tomato correspond to the resistance
loci Tm-1and Tm-2, respectively, that encode resistance to
tomato mosaic virus (Levesque et al., 1990; Pan et al., 2000;
Young et al., 1988). This suggests that Rpi-b/b1gene family
members also function against taxa of plant pathogens
other than oomycetes. Interestingly, quantitative trait loci
(QTL) associated with resistance to P. infestans (Oberha-
gemann et al., 1999) and Erwinia carotovora ssp. atrosep-
tica (Zimnoch-Guzwska et al., 2000) also correspond to the
Rpi-blb1 homologous gene cluster on chromosome 2.

As R genes of the NBS-LRR class lack predicted trans-
membrane segments or signal peptides, perception of
cognate Avr products probably occurs in the cytoplasm.
The most straightforward interpretation of R gene-
mediated elicitor recognition invokes a direct intermolecu-
lar interaction. However, experimental evidence for direct
binding is limited (Jia et al., 2000). This suggests that either
the interaction is transient or the elicitor interacts indirectly
with the R gene product through a virulence target
(Banerjee et al., 2001; Dangl and Jones, 2001; Kooman-
Gersmann et al., 1996; Leister and Katagiri, 2000; Mackey
et al., 2002; Van der Biezen and Jones, 1998). According to
the ‘guard model’ (Van der Biezen and Jones, 1998), resis-
tance is triggered when the R protein detects modifications
to its guardee, which is presumably targeted and modified
by the Avr factor to create a favourable environment for the
pathogen. Accordingly, R proteins that guard virulence
targets are more likely to be maintained in the plant popu-
lation than R proteins that rely on a direct physical inter-
action between R protein and Avr factor (Van der Hoorn
et al., 2002). In this respect, it is tempting to speculate on
the age of the Rpi-blb1 gene cluster and on the mode of
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action of the Rpi-blb1 protein. The extraordinary high levels
of synonymous divergence among paralogues of the Rpi-
bib1 haplotype reflects longevity of the Rpi-blb1 gene
cluster and thereby the possible occurrence of balancing
selection at this locus in natural S. bulbocastanum popula-
tions. This would implicate a high relative contribution of
the matching Avr gene to the virulence of P. infestans. This
is in line with the broad spectrum of the resistance con-
ferred by Rpi-blb1 and the observation that amino acid
replacement changes have not accumulated faster than
synonymous changes in those regions of the gene that,
in well-studied R genes, have been pinpointed as the major
determinants of recognition specificity for Avr factors (Ellis
et al., 2000).

Evolution of new pathogen specificity has been traced to
shifts in solvent-exposed LRR residues that are caused by
single-base changes, insertion or deletion events, and by
unequal-exchange meiotic recombination events within R
genes or between closely linked homologous R genes in a
cluster (Ellis et al., 2000). Comparison of the Rpi-blb1 pro-
tein sequence with those of seven other members of the
Rpi-blb1 protein family identified, in addition to various
indels, a total of 51 Rpi-blb1-specific amino acid residues,
the majority of which (70%) are located in the LRR region.
Targeted or random mutagenesis of Rpi-bib1is necessary
to determine which of these residues are essential for
recognitional and/or signalling capacity of the Rpi-blb1
protein. Recent structure—function analysis of the CC-
NBS-LRR protein encoded by Rx implies that conserved
motifs in the NBS and LRR regions of Rx regulate a signal-
ling domain in the amino-terminal region possibly through
intramolecular interactions (Bendahmane et al, 2002).
Interestingly, one of the Rpi-blb1-specific amino acid resi-
dues is situated at the same position as an Rx gain-of-
function mutation close to the RNBS-D (CFLY) motif that
is conserved in R proteins (Meyers et al., 1999).

The majority of R genes are members of tightly linked
multigene families. This is thought to facilitate the genera-
tion of novel R gene specificities through re-assortment of
sequence polymorphism by (unjequal inter- and/or intra-
genic meiotic recombination between family members
resulting in duplication, partial deletion or formation of
new chimaeric genes. Comparative sequence analysis of
several R gene haplotypes supports this idea (reviewed in
Hulbert et al., 2001). The two homologous chromosomes of
S. bulbocastanum 8005-8 contain different numbers of
RGAs, the Rpi-blb1 gene being present as an extra copy
in the Rpi-blb1 haplotype. Shared polymorphisms between
Rpi-bib1 and the two flanking paralogues RGA3-bib and
RGA1-blb indicate that Rpi-bib1 is likely to have evolved
through unequal intragenic meiotic recombination be-
tween ancestral genes of RGA3-blb and RGA1-bib. The
presence of a truncated RGA between RGA3-blb and Rpi-
blb1 suggests that additional unequal recombinational

events have occurred in the evolution of the Rpi-bib1 gene
cluster.

The cloning of Rpi-blb1has paved the way to develop late
blight-resistant potato and tomato varieties through a
transgene approach. A drawback to the use of R genes to
obtain resistance in crop plants is that their effects often
appear not to be durable because of shifts in Avr gene
frequencies in pathogen populations. Indirect evidence that
Rpi-blb1-mediated resistance might be stable is the obser-
vation that it confers full resistance to a range of P. infes-
tans isolates carrying multiple virulence factors. Race
specificity has also not been observed with breeding mate-
rial containing the RB locus. Somatic hybrids of S. bulbo-
castanum and S. tuberosum and backcrossed germplasm
were found to be highly resistant to late blight, even under
extreme disease pressure in repeated trials (Helgeson et al.,
1998). One reason Rpi-blb1 may remain effective is if the
loss of the corresponding Avrgene from the pathogen has a
significant cost in terms of fitness or pathogenicity (Leach
et al., 2001). An example of this is the isolated Bs2 gene
from pepper (Tai et al., 1999), whose cognate Avr gene that
codes for a virulence factor is widespread in Xanthomonas
campestris pathovars (Kearney and Staskawicz, 1990). The
possible occurrence of balancing selection at the Rpi-bib1
locus may however imply the existence of resistance-break-
ing isolates. Cloning of Avr-blb1 and subsequent analysis
of its frequency and variation within Phytophthora species
will help in predicting the stability of the Rpi-blb1-derived
resistance in crop plants. However, to date, no Avr gene
from Phytophthora has been cloned. Another way to
increase the stability of late blight resistance is by combin-
ing R genes that actually require the pathogen to lose or
mutate several Avr genes simultaneously. This would be
especially important when introducing R genes that, in
natural populations, are under balancing selection. Mani-
pulation of Rgenes as transgenes facilitates the pyramiding
of R genes at a single linkage block in the genome. This
could promote durability of the complex by preventing the
single deployment of the component genes in other culti-
vars by various breeding programmes.

Experimental procedures

Disease assay

The phenotypes of S. bulbocastanum, S. tuberosum and tomato
genotypes for resistance to P. infestans were determined by
detached leaf assays (El-Kharbotly et al., 1994). Each leaf was
inoculated with two droplets (25 pl each) of sporangiospore solu-
tion {30 000-50 000 sporangiospores per millilitre) on the abaxial
side. After 6 days, the leaves were evaluated for the development
of P. infestans disease symptoms. Plants with leaves that clearly
showed sporulating lesions 6 days after inoculation were consid-
ered to have a susceptible phenotype, whereas plants with leaves
showing no visible symptoms or necrosis at the site of inoculation
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inthe absence of clear sporulation were considered to be resistant.
Plants initially displaying unclear phenotypes could, in nearly all
cases, be classified as resistant or susceptible after a second test.
The assays were performed with P. infestansisolates mentioned in
Table 1.

Plant DNA marker screening

Genomic DNA was extracted from young leaves according to
Bendahmane et al. (1997). For PCR analysis, 15-ul reaction mix-
tures were prepared containing 0.5 ug DNA, 15 ng of each primer,
0.2 mM of each dNTP, 0.6 units Tag polymerase (15U pl™",
SphaeroQ, Leiden, the Netherlands), 10 mm Tris-HCI (pH 9),
1.5 mm MgCl,, 50 mm KCI, 0.1% Triton X-100 and 0.01% {(w/v)
gelatin. The PCRs were performed using the following cycle pro-
file: 25-sec DNA denaturation at 94°C, 30-sec annealing and 40-sec
elongation at 72°C. As a first step in PCR amplification, DNA was
denatured for 5 min at 94°C and finalised by an extra 5-min
elongation step at 72°C. The amplification reactions were per-
formed in a Biometra® T-Gradient or Biometra® Uno-Il thermo-
cycler (Westburg, Leusden, the Netherlands). Depending on the
marker, the PCR product was digested with an appropriate restric-
tion enzyme to generate polymorphisms. An overview of the
markers including primer sequences, annealing temperature
and restriction enzymes is given in Table 2. Subsequently, the
(digested) PCR products were analysed by electrophoresis in
agarose or acrylamide gels.

BAC library construction and screening

A resistant clone of S. bulbocastanum (blb) BGRC accession 8005,
heterozygous for the Rpi-blb1 locus, was used as source DNA for
the construction of the 8005-8 BAC library. High-molecular weight
DNA preparation and BAC library construction were carried out as
described by Rouppe van der Voort et al. {1999). Approximately
130 000 clones with an average insert size of 100 kbp, which
corresponds to 15 genome equivalents, were obtained. A total
of approximately 83 000 clones were individually stored in
216 384-well microtitre plates at —80°C. Another 50 000 clones
were stored as bacterial pools containing approximately 1000
white colonies. These were generated by scraping the colonies
from the agar plates into LB medium containing 18% glycerol and
12.5 pg mI~" chloramphenicol using a sterile glass spreader.
These so-called super pools were also stored at —80°C. Marker
screening of the BAC library harbouring the individually stored
BAC clones was carried out as described by Rouppe van der Voort
et al. {1999). For the screening of the BAC library stored as 50 pools
of approximately 1000 clones, plasmid DNA was isolated from
each pool of clones using the standard alkaline lysis protocol and
PCR was carried out to identify positive pools. Bacteria corre-
sponding to positive pools were diluted and plated on LB agar
plates containing chloramphenicol (12.5 ug mI™"). Individual
white colonies were picked into 384-well microtitre plates and
single positive BAC clones subsequently identified as described
above. Names of BAC clones isolated from the super pools carry
the prefix SP (e.g. SPB33).

DNA sequencing and computer analysis

The DNA sequence of BAC clone SPB4 was determined by shotgun
sequence analysis as described by Van der Vossen et al. (2000).
The automated assembly of the shotgun reads was carried out

Isolation of the late blight resistance gene Rpi-blb1 879

using the PHRED-PHRAP programs (Ewing and Green, 1998;
Ewing et al., 1998). A total of 835 reads provided an overall BAC
sequence coverage equal to 5x. Gaps between contigs were closed
by primer walking or through a combinatorial PCR approach. The
sequence was finally edited at PHRED quality 40 {1 error every
10 000 nt) by manual inspection of the assembly using the Gap4
contig editor and re-sequencing of all low-quality regions. The
complete sequence of the insert of BAC SPB4 consisted of 77 283
nt. Positions of putative genes were predicted using GENSCAN
(Burge and Karlin, 1997} and GENEMARK {Lukashin and Boro-
dovsky, 1998). Homology searches were carried out using the
BLAST program {(Altschul et al., 1990). DNAstar (Lasergene, Madi-
son, WI, USA) and Genetics Computer Group (Madison, WI, USA)
software packages were used for sequence alignments and
sequence comparisons. Nucleotide substitution rates were calcu-
lated using the DIVERGE program inthe Genetics Computer Group
software package.

Subcloning of candidate genes

Candidate RGAs were subcloned from BAC clone SPB4 as follows.
Aliguots of approximately 1 pg BAC DNA were digested with 1, 0.1
or 0.01 U of Sau3Al restriction enzyme for 30 min. The partially
digested BAC DNA was subjected to CHEF electrophoresis at 4°C in
0.5x TBE using a linear increasing pulse time of 1-10 sec and a
field strength of 6 Vem™' for 16 h. After electrophoresis, the
agarose gel was stained with ethidium bromide to locate the
region of the gel containing DNA fragments of approximately
10 kbp in size. This region was excised from the gel and treated
with GELASE (Epicentre Technologies, USA) according to the
manufacturer. The size-selected DNA was ligated to the BamHI-
digested and dephosphorylated binary vector pBINPLUS (Van
Engelen ef al., 1995) followed by transformation to ElectroMAX
E. coli DH10B competent cells {Life Technologies, UK). A total of
480 clones were PCR screened for the presence of RGA sequences
using primers SPB42LF and SPB42LR or RGA4F and RGA4R
(Table 2). Positive clones were selected for further characterisa-
tion. Identification of clones harbouring RGA7-bib, RGA2-blb,
RGAB3-blb or RGA4-blb was carried out by sequencing the SPB42L
PCR fragments derived from positive clones. The relative position
of the RGAs within a subclone was determined by sequencing the
ends of the clone and subsequent comparison of the sequences to
the complete BAC insert sequence.

Agrobacterium tumefaciens-mediated transformation of
potato and tomato

Binary plasmids harbouring the candidate genes were trans-
formed to A. tumefaciens strains LBA4404 (Hoekema et al.,
1983), AGLO (Lazo et al, 1991) or UIA143 (Farrand et al., 1989),
the latter containing the helper plasmid pCH32 {(Hamilton et al.,
1996). Overnight cultures of the transformed A. tumefaciens
strains were used to transform potato tuber discs {cv. Impala) or
tomato leaf discs (cv. Moneymaker) according to standard proto-
cols (Fillati et al., 1987; Hoekema et al., 1989). Three plants per
transformed regenerant were transferred to the greenhouse.

Rapid amplification of amplification of cDNA ends
(RACE)

The 5'- and 3'-ends of the Rpi-blb 1cDNA were determined by RACE
using the GeneRacer™ kit (Invitrogen™, the Netherlands). 3
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RACE was carried out with the nested primers GSP1 (5'-GAG-
GAATCCATCTCCCAGAG) and GSP2 (5-GTGCTTGAAGAGATGA-
TAATTCACGAG) in combination with the GeneRacer™ 3’ primer
and GeneRacer™ 3’ nested primer, respectively. 5 RACE was
carried out on ¢cDNA synthesised with the primer GSP3 (5’-GTCC-
ATCTCACCAAGTAGTGG) using primers GSP4 (5'-GAAATGCT-
CAGTAACTCTCTGG) and GSP5 (5-GGAGGACTGAAAGGTGTT-
GG) in combination with the GeneRacer™ 5 primer and Gene-

Racer™ &' nested primer, respectively.
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Abstract

Potato (Solanum tuberosum) is the world’s third-largest food crop. It

severely suffers from lute Blight a devastating disease caused by Phy-

topbiborg infestans. T his oonycete pathogen secretes host-transiocated
RXLR effectors that include avirulence (AVR) proteins, which are
targeted by resistance (R) proteins from wild Sefawun species. Most
Solgnn R genesappear o have coevolved with & ifesransatsts centerof
origin in central Mexico, Various RandAvr geneswere recently cloned,
and here we catalog characterized R-AVR pairs. We describe the mech-
anisms that P infestons eroploys for evading R protein recognition and
discuss partial resistance and partal virulence phenotypes m the con-
textof our knowledee of effoctor diversity and activity. Genome-wide
catalogs of P. sufessans effectors arve available, enabling effectoromics
approaches that sccelerute R gerne doning and specificity profiling. En-
gincering R genes with expanded pathogen recopnition has dlso become

pessible. Importntly, monitonug effector allebie diversity in pathogen
populations can assist in R pene deployment in agriculture.
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INTRODUCTION

The potato (Selamum tuberosum 1.) 1s one of the
three most consumed crops, slong with wheat
and rice (44). The regions of the plobe with the

largest areas of potato cultivation are in A
and Europe, and production of potatoes ap-
proached 330 Megatons 1 2009 (27). However,
potato plants are susceptible to many pests and
pathogens that seriously haraper crop produe-
tion, and extensive use of chemicals is required

eld. The most devastating

e

to reach sufficient

disease of potato is late blight, which results
i global yield losses of 16% (44). Late blight
is caused by the notorious comycete pathogen
Phyrophthora infestans Mont. de Bary, which can
infect the entive plant, including stems, leaves,
and tubers (32).

b, infestans, rencwned for triggering the
Irish potato famine in the 1840s, is a destruc-
tive pathogen that when left unchecked can
destroy a potato crop within a few days. This
pathogen success is not only due to 1ts elevated
viralence but also to its remarkable capacity
to rapidly adapt to resistant plants (32, 41,
84). Indeed, this feature has led authors to
describe P. énfestans as a pathogen with a “high

e
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Public concern about late blight reflected in internet searches and news. The

graphic displays the search volume index for the term “blight” by region
(United Kingdom, United States, and Canada) from January 2006 to the end of
2010. Adapted from Google Trends. http://www.google.co.uk/trends.
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evolutionary potendal” (84) and an “R gene
destroyer” (41). Remarkably, evolutionary and
comparative analyses of the P. infestans genome
revealed a peculiar architecture that anderping
accelerated adaptation to host plants (41, 108).
The P. infestans genome shows an unusual
discontinuous distribution of gene density in
which disease effector genes and other viru-
lence factors are localized to repeat-rich and
gene-sparse regions of the genome. In contrast,
housekeeping genes occupy repeat-poor and
genc-dense regions (41, 108). The repeat-
rich, gene-sparse regions appear to promote
evolutionary plasticity and enhance genetic
variation of the subset of genes that deterrume
pathogenicity and host-specificity (108).

P. infestans has the capacity to reproduce
with in-
creased genetic diversity and survival in many

sexually, a feature that is associated

parts of the world (32). However, late blight
epidemics are often caused by asexual clones
that rapidly spread and amplify through aerial
dispersion of sporangia, the asexual spores that
are abundantly produced on infected plants (33,
63). In agricultural settings, pathogen migra-
tion appears to define population dynamics of
P. infestans. Population displacement by geno-
types with increased fitness is a recurrent event.
For instance, in the summer of 2007, the late
blight season in Great Britin was the worst in
50vears due mainly to the emergence and rapid
spread of an aggressive clone termed geno-
type_13 (Bluel3) (33). In the United States and
Canada, another £. infestans clone that is par-
ticularly aggressive on tomato fiest appeared in
the summer of 2009 and spread further in 2010
(118). The impact of these epidemics is illus-
trated by the significant media and internet cov-
erage. We used Google Trends to track the us-
age of the word “blight” as an internet search
word. Web searches in the United Kingdom
and the United States peaked in 2007 and 2009,
respectively, during the late blight epidemics
(Figure 1).

Resistance to P. infestans occurs in many
taber-beartng wild Solgnum species that belong
to the highly diverse section Perors Dumort.
The center of origin of Selanum section Petota
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is thought to be in central Mexico, from which
species migrated southward and evolved in 2
separate gene pool in South America. A return
migration to Mexico was followed by hybridiza-
tions and allopolyploidizations within Central
American taxa (45). Currently, a Jarge muruber
of diploid and pelyploid Selemum species oc-
cur from the most southern parts of Argentina
and Chile to the southern United States (§7)
(Figure Za). Solanum demissum, a common
species in central Mexico, has been used in the
earliest potato breeding efforts since the first
half of the twentieth century. Eleven S. de-
missum vesistanice (R) genes designated RI-R1]
are distinguished in a potato differental set by
Black and Mastenbroek (8, 80). RI, R3, and
RI0, and to a lesser extent R2 and R4, have
widely been used for introgression m Euro-
pean breeding programs (62). The exploitation
of new cultivars containing these K genes was
initially successful, but rapidly changing pop-
wlations of P. infestans overcame them (32, 84,
105, 148). Durability in the field of a particular

R geneis, however, variable (74), and a wealth of
[ bl 7 \ 3

novel K genes are being discovered from other
wild Selanum species (23,51, 113, 115,122,124,
140). To date, 21 R genes that confer differen-
tial res to P. infestans isolates
have been cloned from various Selenum species

staxice specificities

(Table 1, Figure 2). In relatvely short time
frames, it should be possible to deploy these

Sene D
AT &

ey
e

The origin of R genes and spread of Sslanum
species. () Solanum scction Petota species and
isolated R genes against Phytopbthora infestans
presented on 2 geographical map, based on 50, 52,
122. Regions that harbor more than five Solunam
species sre vellow, and the two Sofanzm centers of

diversity are dark green. Accessions with known K

. M M oL .
genes are depicted on the map: U Solgnum demissum
(R, R2, R3, R4, @ Solanum: bjevtingii (Rpi-bjt1);

7,

Ao e g o
& Solanum schenctii (Rpi-suky; @ Solanum edinense

45
(Bpi-edni); ® Solinum: bulbocastanim (Rpi-bib1y;
P R . . N o T
® Solanum stoloniferum (Rpi-stoly; @ S. stoloniferum

1

(Rpi-pral), B S buthocastanumm (Rpi-Eb2);

™ o .. . . s
@ Solznum venturii (Rpi-vnatl). (by Geographical

spread of Rpi-Blb1, Rpi-bib2, Rpi-bib3 of S.
butbocastanum in central Mexico, adapted from (79).

R genes using genetic engineering approaches
that circaruvent the problern of linkage drag,
which can be a serious problem during classical
introgression breeding (46, 59, 98). Because the
cloned R genes originate in wild species related
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the emergence of a
athogen strain that
pathog

avercomes resistance

Bgene RGIP Solanum species” Origin® Lt Reference
R} family None
Ri demissum \% (3, 86)
R2 family None
R2 demissum Mexico v
Rpi-bib3 bulbocastanum Mexico v
Rpi-abpt Unknown® Mesico v
R2-like edinense Mexico v
Rpi-ednl 1 edinense Mexico v
Rpi-snkl.1 schenckii Mexico v

schenckii Mexico v

i Mexico v
Rpi-bjtl.2 Mexico v
Rpi-bjrl 3 Mexico v
Rpi-nrcdl microdontu Argentina v
R3a family 12 (94)
R3a demissim Mexico X (55, 56)
Rpi-sto2 stoloniferum Mexico X1 (17}
R4 family Unknown'
R4 demissum Mexico Xi (136, 142)
Rpi-bib1 family None
Rpi-blb1, RE VI (123, 134
Rpi-stol Me Vil (145)
Rpi-pral Mexico VIl (145)
Rpi-bib2 family Mi(114)
Rpi-blb2 bulbocastanum Mexico Vi (135)
Rpi-vnzl family Tm2? (72)
Rpi-omel.1 ventril Argentina X (100
Rpi-vntl. 2 venturil Argentina X 30y
Rpi-vazl.3 Venturii Argentina iX (100

“RGH (resistance gene he

“Species indicates the donor Sefenum species from which the R gene

“Qrigin indicates the geographic origin of the accession.
dChri

lanirii phuves: d Solanumn tuberosum.

ut genetically mapped in vicinity of ]

8Rpi-pta was originally de:

to potato, it will be possible to introduce them
using cisgenesis, therefore bypassing some of
the issues associated with classical transgenic
Crops.

Resistance to P, infestans is characterized by &
cell death—associated defense reaction known as
the hypersensitive response (HR) (65, 146). At
the firststage ofinfection, P. infestans penetrates

Vieeshomwers et al.

olanum acaule, S.

nd Ry-like sequences.

thed to be isolated from Selammne papita, which was later renamed to S. stoloniferum.

the plant and translocates effectors inside host
cells (6, 149). Specific effectors can act as avir-
ulence (Avr) factors and activate correspondiog
R genes according to the gene-for-gene model
(29). Upon recognison of the effector by an
R protein, effector-triggered immunity is acti-
vated, often resulting in the HR (61). The R
genes against P infestuns (known as Rpi genes)
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Talle 2
Alrernative Number af homolags in Types of allelic variants

Effector 1 genome of 1304 sirain invirulont races Reforence

Avri i Unknown (131; Francine Govers, personal
communication)

Auvr2 PexRD11 18 Mutation (17, 78; Paul Birch, personal
communication)

Avr3a 3 Mutation (2)

Avrd 1 Pseudogenization, mutation | (137)

Avrbibl IpiO 1 Mutation, suppression by (42, 145)

another effector
Avrbib2 PexRD39/40 8 Not known (90)
Avrvntl 3 Gene silencing €

typically encode immune receptor proteins of
the coiled coil, nucleotide binding, leuecine
rich repeat (CC-NB-LRR) class of intracellu-
lar plant protetns (3, 30, 55, 78, 100, 123, 134,
135) (Table 1}). These R genes have been pro-
posed to follow either of two distinct evolution-
ary patterns, 1.e., fast- or slow-evolving, desig-
nated type T or type I R genes, respectively,

All known P. infestans Avy genes that have
been identified thus far belong to the RXLR
effector class. These genes encode modular,
secreted proteins with a RXLR motif for
translocation into the host cell, followed by
diverse, rapidly evolving C-terminal effector
domains (2, 41, 60, 78, 90, 99, 137, 145, 151)
(Table 2). 1}’})16311}7, P. infestans Avr genes
(#) funcdon inside the host cell, () reside
in gene-sparse, repeat-rich regions that are
thought to contubute to genome plasticity
(109), and (¢} are highly upregulated during the
early biotrophic phase of infection in potato
(Figare 3). These effectors promote pathogen
virulence, for example, by suppressing plant
immunity (53, 64, 117).

Effectoromics, a high throughput, func-
tional genomics approach that uses effectors to
probe plant germplasm for specific recognition
by R proteins, has recently eraerged as a pow-
erful tool for identification of Avr and R genes
(26, 90, 145). The availability of genome se-
quence reso urces for P. infestans enabled the
generation of effector libraries cloned in vectors
designed for in planta expression (41, 90). The

effectors are transiently expressed in Solanum
germplasm by agroinfilration with Agridm@
terium tumefaciens and/or a viras vector such as
Potato vivus X (PVX) {Figure 4a), and plants are
monitored for the occurrence of macroscopic
cell death responses to the individual effectors
(17, 145) (Figure 4¥). Effectors triggering cell
death represent candidate Avr genes. These are
subsequently validated for Avr activity by ge-
netic analyses (Figure 4¢). Co-segregation of
the cell death response to the effectors cor-
relateq with HR-based resistance to P. infes-
fans isolates in genetic populas
zap). If the matching R gene has been cloned,

additional verification of R-AVR pairs can be

tions (Figure 4¢,

obtained by coexpression of R-gene and Avr-
gene candidates in leaves of tester plants such as
Nicotiana benthawniana (Figure 4, bottom).

A catalog of R and Avr gene pairs has re-
cently become available for the potato-P. fnfes-
tans pathosystem {Table 1, 2). In this review,
we describe these R-Avr pairs in more detail.
In addition, we provide an update on different
aspects of late blight resistance and discuss how

we can exploit disease resistance in the age of

effectors (92).

RI-AVRI
Ri

The first late blight R gene two be cloned
was RI, which originates from S. demissum (3)

wuw.annualveviews.org o Resistance to Late Blight in Potato

wesis: a marker
frcc recombinant
DINA-based gene
transfer of natural
genes from the crop
plant itself or from
crossable plant species

Avy: avirulence

¢ resistance gene
3 ggmsL P/,yroprjwnm
infestans

LR nucleotide
ing site, leucine-
rich repeat

rapx lv evolving R
genes that are

d by
frequent sequence
exchanges between
paralogs, resulting in
obscured allelic
relationships

characterize

harsctetized by

infrequent sequence
exchange between
paralogs, resulting in
tractable allelic
relationships
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: Single-letter
amino acid code for
arginine, any amino
acid, leucine, and argi-
nine; constitutes a mo-
tif found in comycete

effector proteins
that are translocated

N-terminal
domain

AVR1

AVR2

AVR3a

Genome
environment

Expression
in potato

4

4r

3

R

&

SN

§ Y

L §
&
§o
N

<

S

=
1

AVR4

AVRbib1

AVRbIb2

AVRvntl

4r

Gene induction ratio (log,}

A

Total number of genes in P. infestans genome: 0 [ZEEEZEERZ110

4y

R
L §N
§
§ N
$
§
d N

O b e

3'distance

%z

5 345 5'distance

{dpi}

Featares of cha

acterized Phytophthora Avr gene products. The figure depicis AVR1, AVRZ, AVR3a, AVR4,

AVEbDIbI, AVRbib2, and AVRvntl. The domain structure of £. infestans AVR proteins shows a typical
RXLR effector modular structure with N-terminal (signal peptide) domain, RXLR motf, and C-terminal

effector domain. The N-terminal domain functior

C-terminal domain carries the effector biochemical activity. Expression in potato pane

s in secretion and host translocation whereas the variable

illustrate a time

course expression pattern of the Avr genes during infection of potato [2-5 days post infection (dpi)], with the

y-axis showing gene induction (for details see 41). E

h of the Avr genes is maximally induced at 2 dpi in

potato during the early phase of the disease. (Genowe environment heat maps are two-dimensional plots of 5
and 3’ intergenic distance for all P. infestans genes (for details see 41). The Avr genes reside in the gene-
sparse regions (upper right corner of the map) with longer distance to their neighboring genes.

(Table 1, Figure 24). The R] gene was gened-
zed on the short arm of chromosome

callyloc
V of potato and isolated by map-based cloning.
The gene contains three introns and encodes
a CC-INB-LRR protein of 1,293 amino acids
(aa). The C-terminal lencine-rich region is un-

Vieeshomwers et al.

usually short and comprises only approximately
400 aa. Also, the spacing of the Jeucine residues
does not fit the consensus for leucine rich re-
peats. To our knowledge, there are no known
functional homologs of RI identified thus

far.
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& Screening o

€ Validation

Cosegregatmn F1

b Output

\\\ \\

\\\\

effectors are retrieved from Phytophthora infestans genome sequence and cloned into expression vectors.

Constructs are introduced in Agrobacterium tumeficiens for fanctional screening in plants by agroinfiltration

or Po Az © virus X a;r“f)mt-‘g tion (QO 144, Hb) K' ) Dutpm of screening of S‘m’drum germplasm with a range of
1 Ctors are

Giviens suspensions (different ¢
1t different Solanum species are shown with different
leaf S}‘S'?\,‘S ;vnc colors C 01 wmas in the matsix epresent patterns of cell death responses that are specific to
genotypes, species, o groups, up to nonspecific responses for the Sokimum section Petota (57), as depicted

> right. Specific responses represent candidate R-4vr pairs. (¢} Validation of R-Avr interactions by
gation of responses to the effector (syringe) with resistance to P. infestans isolates (inoculum droplet)
1 populations (top), and coinfiltration of cultures of A. fumefaciens that. express K and Avr gene reselting
in specific cell death response (bottom).

The Ri gene is located in an area of the standal structural variation exists among the
genome where multiple other disease resis- three RI haplotypes from the allohexaploid
tance traits have been mapped and resides 1o S, demdssum. Three groups of independently
a large cluster of paralogous sequences. Sub-  fast-evolving (type I} R genes are represented
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Apprmr:hex o assign
activities to
computationally
predicted effector

514

and characterized by chimeric structures that
result from frequent sequence exchange be-
tween the paralogs (68).
RI has been intogressed into many potato
cultivars and has been widely deployed in agri-
wtare (62). However, its agricaltural valae s

limited, and it is carrently classified as a narrow

spectrurm resistance gene because the majority
of P. infestans isolates are virulent on R plants
(130).

Avrl

The Avrl gene, which encodes the cognate
of R1, has been isolated using a
positional cloning approach (39, 131, 133)
(Table 2). However, a full description of AVR1
has not yet been published. AVR1 has a RXLR
motif in its N-terminal effector domain (131},

effector

Similar to other P. infestans Avr genes, dvrl

resides in a repeat-rich and expanded region
of the P dufestans genome (Figure 3). Also,
the expression of Avr! is highly induced dur-
ing the biotrophic phase of potato infection

(Figure 3).

R2-AVRZ
R2

R2 is a representative of 2 highly diverse gene
family located at a major late blight (MLB)
resistance Jocus on chromosome IV of potato
(Table 1). Eleven R2 orthologs conferring re-
sistance agatnst P. fnfestans have been identified:
R2, R2-like, Rpi-bib3, Rpi-abpt, Rpi-micdl. 1, Rpi-
sakl.] sz l} .2, Rpi-ednli 1, Rpi-bjtl. 1, Rpi-
bjtl.2, and R ; 3(8, 17,58, 76-78, 82, 05—
97, 127). R; rd Rpi- J!;'pt were 1solatgd by
map-based ':] ning, and R2 and R2-fike by allele

(78). The others were i
effectoromics screens of candidate R2 gene ho-
mologs (RZGH) (17). The R2 family proteins
have a leucine-zipper (L.Z)-NB-LRR structure
and homologs that confer resistance to P. in-

rmmn dentified ﬁ“ul"g

festans range 1n size from 844 to 847 aa. Out-
side of Selznums, R2 homologs share the high-

Vieeshomwers et al.

est similarity (35% aa) with RPP13 from Are-
bidopsis thaliana (7), which confers resistance to
the Arabidopsis downy mildew Hyaloperonespora
arabidopsidis.

The R2GH conferring resistance to P. in-

Festans originate from diverse Selanum species,

including S. demissum, Selanum bulbocastanum,

Solanum bjertingii, Solanum edinense, Selanum

schenckii, and Selanum microdontum Figure 2).
Interestingly, recognition of members of the
Avr2 family is geographically restricted to
Selanmm species originating from Mexico (17)
Also, multiple R2/Rpi-bib3 haplotypes have
been detected in Mexican Selanuzm species, sug-
gesting that the gene is polymorphic o these
plant populations {79) (¥i 1gure 2b). In contrast,
the RZ homolog Rpi

the Argentinean species
not show HR when coagroinfiltrated with.4or2

originating from
b microdontus, does

family members, indicating that it may have
evolved to recognize a different P. infestans ef-
fector (79). This difference could be explained
by adaptive evolution of R loci driven by local
P. infestans populations in South versus Central
America, which may have led to distinct recog-
niton spectra between Jate blight R genes from
the two centers of diversity (77, 111).

R2GH can differ in the degree of resistance
that they confer. Tor example, in contrast to the
high levels of resistance conferred by the Mexi
can RZhomologs, the Argentinean Rpi-med! ex-
15,75,
116). A potential explanation for the observed

hibits partial resistance to late blight (14,

difference is discussed in a paragraph below.

In addition to R2GH with resistance activity
against P, fufestansisolates, up to 27 other R2GH
were identified in the pom-‘o R2 breeding lines
and wild Solanum species (8, 17, 78, 82). Struc-
tural analyses of these RZGHS revealed clear
blocks of sequence exchange between paralogs
(78), suggesting that R2 1s a class I fast-evolving
R gene (17, 79). In wild Selanum genotypes, up
to four active R2 homologs are conserved (17),
which suggests that RZ2 is still useful to sustain
resistance to late blightin the natural ecosystem
of the host, conceivably in cornbination with
other endemic K genes.
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RZ has been exploited in agricolure (62)
but has been overcome by late blight in the
field. However, R2 stll confers resistance to at
least part of the local P infestans populations
in various geographic regions, including some
provinces in China (S, Zhy,
nication}, Russia (43), and in the Netherlands

persona I commu-

(G. Kessel, unpublished resnlts). Also, R2 has
been shown to delay infection in France (104).
It remains possible that a subset of the RZGH
may confer broader spectrum resistance than
the canonical K2 gene.

Ave2

Auvr2 of P. infestans (also called Pidvr2 to dis-
tinguish it from homoenyms in fungal plant
pathogens) is a member of a highly diverse fam-
ily of 18 RXLR effectors, represented by the
PITG 22870 gene in the genome of P infes-
tams strain 130-4 {17, 78) (Table 2, Figure 3).
PITG 22870 was identified as Avr2 by map-
based cloning (E. Gilroy, P. Birch, personal
communicaton); family member PexRID 7 was
detected by effectoromics screens, and the
other faruily mewbers by sequence similar-
ity searches of the P imfestans genome (41).
PexRDII and PITG 22870 share a low level
of aa sequence identity sensu stricto, but
63% similarity based on identical, conserved,
and semiconserved aa substitutions. From the
PexRDII/PITG 22870 effector family, 13 can-

didate effectors are nonredundant, and four of

these {including PEXRDI11 and PITG_22870)
induce cell death when coexpressed with R2,
R2-like, Rpi-abps, or Rpi-6ib3. A fifth member
of the family is recognized by 6 additional R2
homologs. The other PexRDII/PITG 22870
family members are not recognized and cor-
respond to truncated or mutated proteins, or
are not expressed during infection. Detailed
population and functional studies will reveal
whether diversity seen in RZ family mem-
bers in central Mexico reflects 3 coevolution-
ary arms race between this family and the di-
verse family of related RXLR effector genes in
P. infestans.

RIA-AVE3A
Ria

R3z i3 3 well-characterized R gene originating
from Mexico that occurs at an MLB resistance
locus on the short arm of chromosome XI from
S. demissuin (55) (Table 1, Figure 2a). Orig-
inally, R3-specific resistance derived from the
potato R3 differential (83) was mapped in this
locus (24). Fine-raapping studies revealed that
the phenotype was conferred by two tightly
Iinked R genes, R3q and R35, a gene that has
a distinct recognition specificity (56). The R3a
locus is highly expanded in S. demrissusn and
harbors 30 to 45 R3z homologs per haplotype
(31). This MLB resistance locus also contains
R5 through RI1, making it a
genes of S. demissum origin (13, 25, 54)

1 hot spot of Rpi

the
tomato I2 locus, which harbors major genes en-

Comparative genowic stadies with

po-

coding resistance to the fungus Fusarium s
rum (94, 120), enabled the isolation of R32. The
R3u gene contains a single exon, which belongs
to the CO-NB-LRR class, encoding a protein
of 1,283 aa with nine imperfect LRR. R34 is
characterized as a typical type I B gene (69) and
seems torepresentan ancient R gene of Mexican
origin (17, 54). R34 gene homologs (R3aGH)
with high sequence conservation were also de-
tected  Solamumn stoloniferum nsing functional
allele mining with Avr3a. The R3aGH Rpi-sro2
shares 99.9% aa identity with K3z and confers
resistarice to P. infestans with the same speci-
ety as R32 (17)
R3i has been Wtdelv used since early potato

breeding (62), but many P. /

.
/

infestans isolates
overcome R37 in potato growing areas as well

as central Mexico (43, 112, 139).

Avr3a

vr3u encodes an RXLR cytoplasmic effec-
tor (5, 88) that was cloned based on the in-
teraction between candidate P.
tracellular proteins (Pex) (128) and potato

infestuns ex-

genotypes carrying 5. demisswin B genes (2)
(Table 2, Figure 3). Homologs of Avr34 have
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been found in Phyrophtbora sgjae and Phytoph-
thova capsici (10), and the genoruoic region con-
taining . 4vr3s shows collinearity with the ATR]
locus in Hyaloperonaspora pavasitica {2, 110). In P.
infestans populations, two alleles of Avr3s have
been identified that encode secreted proteins
AVER 3oK80/1103 (A‘,@}%Ki) and AVR3aB80/MIB
(AVR32®M) which differ in two aa in their effec-
tor domains (2) (Table 2). This difference pro-
foundly affects host response: AVR3a*! but riot
AVR33EM mriggers effector-triggered immunity
by activating the potato resistance protein F3a
(2, 47, 55). Both forres of AVR3a can sup-
press the cell death response induced in potato
by the P. infestans-secreted protein INF1, al-
though AVR 32X is stronger (10, 11). Recently,
AVR3a was found to suppress impunity by
binding and stabilizing the host E3 ubiquitin
figase CMPGI (9). Interestingly, these differ-
ent activities of AVR3a can be uncoupled as
mutants that are deficient in either R3a acti-
vation or suppression of cell death have been
recovered (reviewed in 91). Armstrong etal. (2)

BN arose from an Avrallele

proposed that Avr3a
after gene duplication and positive selecton. It
was recently shown that Avrds s essential for
full virulence of P. infestans (9), which suggests
that this effector can be an important target for
durable resistance breeding if R genes that tar-
get all the allelic forms can be identified (see
below).

When R34 was bred into potato cultivars in
the 1950s, virulent races of P. infestans rapidly
emerged to overcome the resistance in multi-
ple regions of the world (32). It was assumed
that the Avr34 gene must be highly mutable and
that mutated Avr3a must arise very rapidly in
P. infestans populatons. The cloning of Avr3a
revealed that, suipr-s-nglv this gene has little

allelic diversity and that only two major haplo-
typﬂs occurt (Avr3a™ and Avr3a™7) (2). Ie ap-
pears that the great majority of avirulent races
of P. infestans, including the USI clonal lin-
eage that dominated pathogen populations in
the 1950s, are heterozygous for the Avr3z gene
(2). Therefore, virulence on R3s potatoes did
not evolve by repeated independent mutation
of Avr3z but by allele reassortment in sexual

Vieeshomwers et al.

populatons. In asexual populations, strains ho-

#M probably evolved from

raozygous for Avr3s
heterozygous strains through mitotic gene con-
version, which is known to occur at relatively

high frequency in Phyropbtiora (16).

R4-AVER4

K4

The fourth resistance gene from S. desissun,
R4 (Figure 2a), has not yet been cloned; how-
ever, it has been placed on the genetic map.
The R4 gene is linked to a molecular genenc
marker with sequence homology to the Ry gene,
which confers resistance to PVX (4, 136). In
sponse to AVR4 was localized
on the long arm of chromosome XI (142). In-

another study,

deed, this chromosomal region contaius x—bke
sequences in the Selamum phurejs genome se-
quence (101, 143). This suggests that R4 re-
sides in an R gene cluster containing Ru-like
sequences on chromosome X1

Similar to RI, B2, and R3, R4 is classified
as a narrow spectrum R gene, which was in-
trogressed into potato cultivars in the mid-
twentieth century (62). It remains of limited
agriculeural value because of the high frequency
of virulent pathogen races (43, 139).

Avrd

Avrd of P
cloned using a combination of map-based
cloning (133, 150) and cDNA-AFLP (amphi-
fied fragment length polymorphism)-based

infestans (also called Pidvrd) was

transcriptional profiling (40, 137). Avrd en-
codes a typical RXLR effector of 287 aa. Itisa
single-copy gene residing in an approximately
100-kb expanded repeat-rich region of the
P. infestans genome (Table 2, Figure 3) (41,

T3
10

38). Homologs that are related to Auvrd exist

in P. sojae and Phytophthera ramorum (137, 138).
Unlike Avr3a, Avrdis hi ighly polymorphicin £.
infestans. Allelic variants in virulent races show
deletions causing a premature stop codon,
resulting in truncated, probably nonfunctional,

proteins. Strarus that carry a full-length copy of
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Avrd are always avirulent on plants carrying R4,
Interestngly, nonsense or premature termina-
tion mutations of Avr4 do not seem to penalize
fitness of P. infestans, which explams why vira-
lent races evolved repeatedly and ata somewhat
high frequency (137). Therefore, dvrd is a
example of a dispensable effector that evades
resistance through pseudogenization of the
full-length gene. R proteins recognizing such
dispensable effectors cannot provide durable
resistance and are not considered ss useful
targets in resistance breeding programs.

RPL-BLBI-AVRELEBL
Rpi-bibi

Rpi-blb1, also known as KB, was isolated from
the Mexican wild potato species S. bulbocas-
fanum using a map-based cloning approach
in combination with a long-range polymerase
chain reaction strategy (Table 1, Figure 24).
Rpi-bibl encodes a CC-NB-LER protein of
970 aa. Functonal homologs of Rpi-blh1 were
also detected in S stoloniferum following effec-
toromics screens and resulted io the rapid iso-
lation of Rpi-stol and Rpi-ptal (145). Rpi-bib]
was originally described as a broad spectrum R
gene conferring race-nonspecific resistance to
all tested P. infestans isolates. However, virulent
races on Rpi-blpl potatoes have recently been
identified in Mexico (18). Nonetheless, virulent
races appear to be rare, particularly in Europe
and North America, and thus Rpi-bb1 appears
to resist a broader spectram of P. anfestuns iso-
lates than most of the other exploited R genes.

Rpi-bib1 locates to a cluster of fouwr CC-NB-
LRR paralogs on chromosome VIIL Rpi-iti,
another S. bulbocastanum R gene that confers
resistance to late blight, also localizes on chro-
mosome VIII and is 78% similar at the aa level
to Rpi-bib1 (93). Rpi-bib] is described as an an-
cient R gene and has an evolutionary pattern
sirnilar to Type 1T R genes, which are predicted
to evolve slowly and show significant ortholo-
gous relationships in diverse species (69, 123,
134). Allele mining and gene-specific marker
studies in diverse Solunun germplast dernon-

strated that Rpi-b/b1 is geographically restricted
to Mexico (Figure 28) and is limited to only a
few Solanum species (79, 125, 147).

S. bulbocastanum cannot directly be crossed
with cultivated potato &, ruberosum, and com-
plicated techniques that requive several years
to complete, such as bridge crosses or somatic
hybridizations, are required to introgress
Rpi-bib] into cultivated potato (48, 49). Tor
these reasons, Rpi-bibi is not yet prevalent in
otsto cultivars. A more rapid introgression

o

ecame recently feasible by the idendfication

of the functional homolog Rpi-srel from S

stoloniferum, which can be directly crossed with
S. tuberosumy cultivars (145, 147).

Besides classical breeding, the cloning of
Rpi-bib1/RB has opened the possibility of pro-
ducing resistant potatoes with increased resis-
tance to late blight by direct transfer of the
gene using recombinant DNA techniques (70).
However, the exploitation of Rpi-b/b! may be
complicated by the observation that when in-
troduced into cultivated potato, this gene con-
fers only partial resistance to aggressive isolates.
In a collection of independent Rpi-#/b1 trans-
genic Ines, the level of resistance was positively
correlated to the amount of Rpi-5/b1 transcript
and negatively correlated with the aggressive-
ness of the applied P. fnfestans isolate (12, 67).
In detached leaf assays, highly aggressive iso-
lates can infect most transgenic potatoes, but
notthe wild 8. bulbocastanum, which showed the
highest endogenous Rpi-b/b1 transcript levels as

well as a dramatic transcriptional increase after
inocalation (12, 18, 67). These studies suggest
that expression of Rpi-6f1 alone may not be
sufficient to provide satisfactory resistance for
potatoesin the field and thatstacking with other
R genes may be necessary (see below).

Avrbiisi

Avrblb1 was identified following effectoromics
screens of a collection of late blight resis-
tant Selgnum with candidate RXLE effectors
(145) (Figure 4). Avr-blb] turned out to be
identical to the in planta induced gene /0,
which was imtially postalated to be involved
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in pathogenicity based on its expression pro-
file (102, 103, 141) (Table 2, Figure 3). In the
genome of particular P, infestans strains, ipi0
is present in two copiles in nverted orientagon
(41, 103). The ipiO gene family is highly di-
verse among a sevies of P. infestans isolates that
were collected worldwide (18, 42). The #/0
variants are grouped into three classes, I, 1T,
and I, from which class I contains most vari-
ants, including the well-characterized ipi01 and
ipi02 (18)
lated mth virulence on Rpi-bibI planes. In line
Fand 11, but not class HL 0, in-
duce cell death when coexpressed with Rpi-#/b1.

. Absence of class 1 i/} was corre-

with this, class

Interestingly, class IIL 9/ can sappress Rpi-
#fb1-mediated cell death, which could explain
virulence phenotypes on Rpi-bib] plants (42).
The observation that class 170 oceurs in most
P
why Rpi-blb1 is functional against the majority
of P. infestans 1solates (18). Theretore, Rpi-bib1
is a useful R gene to deploy in agriculture.

ifestans isolates collected worldwide explains

RPL-BLBZ-AVREBLE2
Rpi-hib2

Rpi-bib2 was isolated by positional cloning
and originates from S. bulbecastanum (135)
(Table 1). The deduced open reading frame
encodes a predicted polypeptide 0f 1,267 23 and
belongs to the CC-NB-LRR proteins. Rpi-iib2
is located on the short arm of chromosome V|
in a hot spot of NB-LRR genes. In tomato, this
sawe region harbors the Mi-1 gene, which con-
fers resistance to nematodes, aphids, and white-
tHes (87, 89, 114), and Mi-1 shares 82% of the
aa sequence identity mth Epi-blb2.

The origin of Rpi-b#2 lies in central
Mexico, and its occurrence is confined to acces-
sions from that region (Figure 2). Sequences
sinilar to Rpi~blb2 occur at low frequency in
Solanum, and the lack of allelic diversity arnong
S. bulbocastanum: accessions suggests that this &
gene evolved recently (79).

Rpi-blb2 confers effective resistance against
the P. infestans strains tested so far, making it a
desired gene for breeding (135). Only on rare

Vieeshomwers et al.

occasions has infection been found on Rpi-
contaming Selenum species in the Netherlands
(5. Kessel, unpublished results). Introgression
of Rpi-bib2 has resulted in the resistant potato
varieties Bionica and Toluca after 46 years of
strenuous breeding efforts that utilized bridge-
crosses and successive bac

crosses to diminish
linkage drag (44
tivity associated with Kpi-b/b2 has also moti-
vated the use of genetic ﬂngip eering to produce

32). The broad spectrum ac-

p]ants carrying a combination of Rpi-b] and
Rpi-ib2 by companies and governmental pro-
grars (44). A genetically engineered potato va-

riety with the trade name Fortuna that carries
both Rpi-blb1 and Rpi-bib2 genes has entered the
commercialization pipeline in Europe but will
-“f:qu%ra a few more years before final approval
for culgvation (145).

Avrbib2

AuvrblbZ was identified after allele mining and
functional screening of candidate RXLR -Eeg-
tor genes (90). Avrblb2 belongs to a multi-gene
family with at least seven duplicated copies in
the genome of P. dufestans strain T304 (41)
(Table 2, Figure 3). The gene encodes a se-
creted protetn of 100 aa that is highly poly-
morphic and exhibits high rates of nonsynony-
mous substitutions. Among 13 variable residues
in the mature protein, Oh and colleagues (90)
found a key residue at position 69 that compro-
rnises activation of Rpi-bib2. When this residue
was mutated from Ala, He, or Val to Phey in
the Avrblh2 background, activation was lost. In-

5276 yariants coex-

terestingly, nataral Auvrbi
ist with avirulence copies of the gene in the
genome of several isolates of P. infestans (90; R.
Oliva & S, Kamoun unpublished results). This
suggests a potential benefit for P. infestans in
maintaining duphcated copies of Avrblb2. Un-
der these conditions, itis less hikely that consec-
utive point mutations or deletions would enable
gain of virolence in the short term. Whether
other mechanisms such as epigenetic gene si-
lencing or suppression may play a more pre-
dominant role in the attenuation of avirulence
is unpredictable.
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RPL-VNTL-AVRVNTL
Rpt-voil

Rpi-vmr! was the first late blight R gene to be
an ori-

cloned from a plant of Scuth Ameri
gin (Figure 2a). Three highly similar allelic
variants, Rpi-ontf. 1, Rpi-vnt].2, and Rpi-vntl .3,
were isolated from three different accessions of
Solansm venturii (30, 100) (Table 1). Rpi-vmr]
contains a single exon encoding a 891 aa CC-
NB-LRR protein with a C—terminal leucine
rich region that is relatively short (377 sa) and
loosely fits the consensus for LRR. Rpi-vmt!
shares 75% as identity with the mosaic virus
resistance protein Tm2? from tomato (72).
Rpi-vme i1, Rpi-vmel 2
located on the long arm of chromosome IX.

, and Rpi~vmtl.3 are
From Selasum mochiguense, Rpi-meql Jormerly
NI SR
Rpi-mocl) was mapped to a similar genetic lo
cation {121) and was found to be homologous
to Tm?2? and Rpi-vmt] (30). Spectrum anslyses
with P. infestans isolates and functional assays
using effectors suggest that Rpi-mcgl and Rpi-
vutl have distinct recognition specificites (H.
Rietman, unpublished results)

Genomic analysis revealed the presence of

many related sequences in the genome, of which
only onc copy is located at the Rpi-virl locus.

Pel (99) hypothesized that allelic vavants of

Rpi-vnel evolved through illegitimate recom-
bination, and the conservation of functionally
equivalent allelic variants suggests that Kpi-ont ]
is a type I R gene (69). The low distribution
of Rpi-vnt] allelic variants through the section
Pergta and the confmement of this gene to a geo-

graphic area in the Andes suggest that Rpi-vnz]
emerged recently.

Rpi-vnt] has not widely been used in agri-
culture, even though it confers resistance to
a broad spectrum of isolates from potato-
growing areas in Europe (100). A three year
field trial with a genetically engineered potato
based on the popular variety Desirée express-
ing Rpi-v 2010 1n Norfolk, United
Kingdom (66) and will determine whether Rpi-

mt ] started in

vutl-based resistance to late blight is realized
ander field conditions in Europe.

Avrvnsld

Avront] was recently identified using effec-

toromics (99} (Figure 4). A genome-wide se

of expressed RXLR effectors of P. infestans was
functonally screened in a resistant S. vemtusii
containing Kpi-vmt]l, and few candidate Auvr
genes were found to induce defense responses.
Avrvnil, specifically

One effector, designated

induced cell death in the resistant offspring of a
population that segregated for Rpi~vntl. To the
reference genome of P. fufestans T30-4, Avrvni]
locates in a gene-sparse region at a stugle Jocus
(41) (Figure 3). Only three homologous RXLR
effectors were detected in the T30-4 genome,
pointing to a small gene family (Table 2). The
genetic diversity of Avrvm] among a broader
set of P. infestans isolates was limited to four
variants. In P. /mfestans strains that are aviru-
lent on Rpi-vmt! plants, Avroni] is upregulated
during the early biotrophic phases of the infec-
tion (Figure 3}. In virulent strains of the South
American ECI lineage however, Avrvni] cod-
ing sequence was intact but its transcript was
not detected. This suggests that Avronr] evades
R gene recognition by reduced expression, and
conserved sequence between the avirulent and
virulent alleles points to epiallelic variation

(99).

DIVERSITY OF LATE BLIGHT
KGENES IS HIGHEST IN
CENTRAL MEXICO

The

pathogen and host is driven by R and Auvr

antagonistic  interplay  between  the
genes that are expected to be the direct targets
of coevolutionary forces (20, 88). Therefore,
one would expect diversity of late blight R
genes to be high in regions where coevolution
between P. infestans and Solanum has occurred
over a long period of time. In contrast, host
plants from geographical regions that have

een only relatively recently invaded by the

=2 "f.‘S

pathogen are expected to display reduced levels

of Jate blight R gene diversity. Many of the

Mexican R genes that confer high levels of
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2 quantitative
it loci

race-specific resistance, incloding Rf through
R4 of S. demrissum, appear to represent products
of ancient and extensive coevoludon (122)
(Table 1, Figure 2g). In addition, virdent
alleles of the corresponding Avr effectors have
been detected in Mexican populations of P.
infestans. These observations are consistent
with the hypothesis that central Mexico, not
South America, is the primary center of origin

n

of P. infestans (34, 37, 38). This said, several
distinct lineages of P. infestans occur in South
America and matching R genes have been
detected in South Awerican Selanum species

(1,36).

K GENES THAT CONFER
PARTIAL RESINTANCE

Some R genes appear to confer partial re-
sistance to P infestans. These B genes often
egregate as quantitative trait loa (QTL) in
genetic mapping populations and breeders tend
to wrongly assume that their mode of action
differs from classical gene-for-gene interac-
tions (reviewed in 35, 46, 106, 111). In these
cases, coevolution between pathogen and host
may be less advanced than for genes conferring

full resistance. An example is Rpi-medl (77),
which was originally described as a QTL from
an Argentinean S. microdomrun: (127). Inigally,
this gene was assumed to be similar to other
QTL identified in South America genotypes,
but it was later shown to be a classical R gene
of the K2 family (78). An example from Mexzico
is Rpi-bib], which confers partial resistance in
transgenic or introgressed potatoes (12, 18, 22,
67). Perhaps this slowly evolving (Type I} R
gene has not fully unleashed its evolutionary
potential and the partial level of resistance may
reflect a weaker recognition of the Avrb/bl
effector. Consistent with this proposal, the
Rpi-blb1 donor species, . bulbocastanm and
S. stolomiferum, typically occur in more arid
habitats that are less conducive to P, infes-
tans infections, compared with S, demissum
(18, 54).

Vieeshomwers et al.

PARTIAL EVASION OF R
PROTEEN RECOGNITION

BY P INFESTANS

As described above, there are many exam-
ples of P. infestans races that have evolved
to overcome R gene—mediated resistance. In
all cases reported so far, the virulent races
are equally aggressive on genotypes that dif-
ferentially carry/lack the cognate R gene
(Figure 5a). This is explined by the Avr ef-
fector gene being usually mutated or pseudo-
genized to an inactive form. The impact of such
mutations on pathogen virnlence is negligible,
possibly due to functional redundancy in the
effector repertoire {5).

Recently, we have noted that some iso-
fates of P. infestans are partially virulent on R
gene—containing plants (G. Kessel, R. Oliva, J.
Vossen, V. Vieeshouwers & S. Kamoun, un-
published results). In these cases, although the
virulent race of the pathogen causes expand-
ing lesions on the R gene-contalning geno-
type, these lesions are smaller and expand less
rapidly than on the R gene-lacking genotype
(Figure 5&). This indicates that the R gene con-
fers partial resistance against the virulent race
of P. infestans. Therefore, when assaying vir-
ulent races of P. infestans, it is critical to per-
form side-by-side assays with K gene differen-
tial plant genotypes to discriminate between
fully and partially virulent strains as described in
Figure 5.

What is the molecular basis of partal eva-
sion of R gene mediated resistance by P. infes-
tans? The observation that the R gene retains
a residual effect against the partially virulent
P. infestans indicates that the virulent strain car-

ries a functional Avr effector gene. One expla-
nation is that the 4vr gene has not pseudo-
genized but may have routated to an allele that
partially evades activation of the R gene. An al-
ternative is that the timing aud level of expres-
sion of the Auvr effector may be altered enough
to delay or reduce the intensity of recognition
by the R gene. A third possibility is that the par-
tially viralent race evolved a suppressor gene
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a Fully virulent

Avr

Pathogen

avr

Host

b Partially virulent

Avr

Pathogen

g

Host

Phenotypic distinctions between fully versus partially viralent strains of Phytaphthora infestans. (i) Fully

virulent P. #

s strains grow at the same rate irrespective of R gene presence. (5) For partially virulent

strains, the presence of the R gene has an impact on the overall performance of the strain. In the scheme,

small circles represent typical nonexpanding hypersensitive response lesjons, big circles represent expanding
lesions with sporulation of P, infestans, and the intermediate-size circle represents a slowly expanding lesion.
A difference in the degree of disease caused by the virulent race between R versus 7 plants indicates that the R

gene still confers partial resistance.

of the R gene respouse. This situation is ruore
likely to arise in cases where the effector is es-
sential for full virulence of P. infestans (73).
Importantly, B genes that have been only
partially defeated remain useful for deployment
especially when stacked with
Targeting a critical pathogen
s heel hypothesis), as for in-

in agriculture,
other R genes.
effector {Achille
stance in the tomato—Fuserinm exysporums sys-
temy (7 and Aovr] nteracton) {126), might be
beneficial for maximizing resistance durability
in the field. But even under such Achilles heel
conditions, P. infestans appears able to evolve
into a somewhat virulent race in line with its
reputation as a pathogen with 3 high evolution-
ary potential (84). Nevertheless, this theoretical
extension of the gene-for-gene model provides
a first insight to explain the partially resistant
phenotypes often observed in the potato—P. in-
festans pathosystemn.

EXPLOITING EFFECTORS IN
RESISTANCE BREEDING

The emerging field of pathogen effector biol-

ogy has valuable irplications for breeding and

deployruent of disease resistance (26, 99, 145).
Here, we present four ways by which the knowl-
edge on pathogen effector diversity and mode
of action can be utilized to improve the use and
deployment of late blight disease resistance.

First, the cloning of R genes is aceelerated
when matching Avr genes are available. R gene
activity can efficiently be assessed by rapid func-
tional assays that consist of coexpressing the
Avy gene in planta with candidate R genes, e.g.,
by agroinfection or agroinfiltration (Figure 4)
(90, 145). This means that the slow and tedions
process of generating stable transformants for
complementation stadies in potato is no longer
a Hmiting step.

Second, functional allele mining with Avr
genes in large collectons of germplasm can
quickly lead to identification of functional re-

sistance gene homolog (RGH) in a variety of

species. This can accelerate resistance breed-
ing as sexually more cornpatible species with a
particular resistanice specificity can be identi-
fied and used for introgression (145). In addi-
tion, redundant breeding or cloning efforts can
be avoided by classifying germplasm or R genes

wuw.annualveviews.org o Resistance to Late Blight in Potato
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based on their responses to effectors. This 1s
particularly important for R genes with broad
spectrurn effects for which diagnostic pathogen
races are not available.

Third, expanding the effector recognition
specificity of a given R gene to pew virulent
alleles is another strategy to increase the pool
of genes available for breeding. Artificial evolu-
tion by random mutagenesis is 3 potential tool
to accomplish this goal, as previously demon-
strated for the PVX resistance gene Rx (4, 28).
Expanded recognition specificity by a new K
gene vaviant could be due to a single aa change
in the R protein, as we recently discovered
for R3a (M.E. Segretn & 5. Kamwoun, un-
published results). In this scenario and when-
ever the original R gene is present in the crop
species, targeted mutagenesis {genome edit-

i

mng) by new technologies, such as zinc finger
nuclease-based approaches (119, 129), can be
implemented. This would potentially provide
a nontransgenic resistant variety that does not
carry extraneous pieces of DNA (81). A key re-
quirement for the success of this strategy is to
have basic knowledge of the pathogen effectors.
The right choice of the R-Avr pair willinfluence
the probabilities of success in terms of durabil-
ity once the new R gene is deployed in the field.
Also, knowledge refated to the effector protein
is needed in order to design an efficient screen-
ing system to identify the mutated R gene can-
didates. Moreover, if homologs of the targeted
Avr gene are present in other species, the R
protein recognition specificity could be poten-
tially expanded to confer resistance to related
pathogens.

EXPLOITING EFFECTORS I
DEPLOYMENT OF RESISTANCE

A fourth aspect of exploiting pathogen effectors
is to improve the spatio-temporal deployment
of R gene-based disease resistance. The
geographical structure and dymamics of P
infestans populations impact the effectiveness
of R gene-based late blight management. For
instance, sub-Saharan Africa is dominated by

~

few locally adapted P. infestans asexual hueages

Vieeshomwers et al.

(85, 107), whereas more dynamic or complex
populatons tend to oceur in Europe or North
America (33). Effector assessment can assist
ial

by informing about the distribution of vire-

with evaluating the potential of a given R gene
ience alleles in local P. infestans populations.
Such analysis would detect emerging virulent
races of P. infestans before they reach epidemic
proportions. Along with genetic adaptation
and selection, emergence of highly aggressive
clones is aceelerated because primary incculum
will be increased in the following season. In
Europe, for instance, genotype 13 appeared
in 2004 and increased in frequency from 12%
to 71% of populations in the United Kingdorm
over three seasons (19, 33). One alternative
te manage these types of epidemics is to
buffer the occurrence of the clone by choosing
appropriate cultivars. With the availability
of the P. infesians genome sequence (41) and
next-generation sequencing technology, rapid
profiling of the effector repertoirves of emerging
genotypes of £. infestans is possible. Within a
couple of months it s possible to generate a Jist
of Avr gene targets for a given isolate (or geno-
type) of P. infestans. This can assist decision
making in the next potato growing season. In-
season yponitoring for virulence frequencies of
Avr genes is also possible, and in an experiment
in 2010, a strong reduction of fungicide input
on feld plots with R gene-carrying potatoes
was achieved through effector monitoring (G.
Kessel, unpublished results). Given thatimpor-
tant efforts to understand and characterize Avr
effector function and variability are underway
(18, 42, 90, 145), we will soon be in a position
to monitor potential changes in pathogen
populations.

CONCLUSION

The most sustainable strategy to manage late
blight is to breed broad-spectrum disease re-
sistance into potato. However, traditional dis-
ease resistance breeding approaches are slow,
mnefficient, and have taken littde advantage
of emerging knowledge of pathogen mecha-
nisms. Late blight resistance genes have been
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identified, bred, and deployed in agricuiture in -~ R genes such as R4 that target dispensable ef-
a ‘blind’ fashion without detailed knowledge of  fectors. Therefore, the frst step in a breeding
the Ea,ctors tl‘ey are recognizing. It remains  program should be to avoid wasting efforts on
problematic to predict the extent to which an such ineffective R genes to maximize the po-
R gene will be durable until it is actually de-  tental for resistance durability. This is already
ployed in agricultare. Nonetheless, it is rela-  a step beyond traditional “pathogen-blind” re-
sistance breeding approach.

tively easy to point to non-durable & genes

1. Map-based cloning, allele mining, etfectoromics, and sequencing of the potato genome

led to isolation of 21 R genes conferting resistance to late blighe,

d

. Late blight & gene families occur in several different genomic locations. R genes differ
1 resistance spectrumy; geographic otiging evelution rate, and m the depree of resistance
they confer.

Most R genes identified thus far confer hish levels of race-specific resistance and were
retrieved from Solamnm species origin

of P. infestans.

ating from Central America, the center of ongin

4. Avr effector genes reside in gene-sparse regions of the P. infesrans genome, belong to
diverse gene fanylies that vary in size between isolates and ave typically upresulated at
carly stages of the ﬂlovophm mteraction. They encode modular proteins with a signal

peptide, an RXLE motif, and a Cotermingl effector domain:

(s

Avr penes avoid recogmition by diverse mechanisms, e.g., mutation, gene loss, suppres-
sion, and gene silencing:

6. Exploiting effectors in breeding has led to accelerated cloning of K penes and enables
accurate profiling of R gene specificities,

7. Effectors can be exploited in deployment of resistance by monitoring pathogen popula-
tions for effector allelic diversity.

8. Eliminatingioeffective R genes that target dispensable Avr etfectors masimizes die poten-
tial for resistance durability in die field and 1s 3 step bevond taditional “pathogen-blind”
approaches

LRIV IR Y

HREERaNR

1. Mexteoeneration sequencing and new approaches are expected to further accelemte 8
pene el

2. Nextegeneration resistance breeding will enhance vesistance speerrum and durabilioy
by inwi?pormng sngieeied, svnthete B ganed with sxpanded vathugen recosnition
Specifiities.

3. Investigating the molecular mechanisms of parnal resistince and partal virulence will
contribute to understanding observed nhenotypes and lead o educated deployment of
available resistance penes and QT

3
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4. Fxploiung anothier layer of defense; bused oun pathogen malecular pattern recoguition
by tecognition receptors could cantribute o producing 1 defense response that i more

durable and broad apectrom (710,
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Genet. 105:564-567.
Moloney et al. (2010) "Development of diagnostic markers for use in breeding potatoes resistant to Globodera pallida

43 pathotype Pa2/3 using germplasm derived from Solanum tuberosum ssp. andigena CPC 2802", Theor. Appl. Genet.
120:679-689.

44 Oosumi et al., "Gene Rpi-bt1 from Solanum bulbocastanum Confers Resistance to Late Blight in Transgenic Am. J.
Pot. Res. 86:456-465, 2009.
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Date of mailing (day/month/year)
31 October 2013 (31.10.2013)

JANSEN, C.M.

Johan de Wittlaan 7
NL-2517 JR Den Haag
PAYS-BAS

Applicant's or agent’s file reference

P94557PCO0

IMPORTANT NOTICE

International application No.

PCT/NL2012/050269

International filing date (day/month/year)
20 April 2012 (20.04.2012)

Priority date (day/month/year)
21 April 2011 (21.04.2011)

Applicant

AGVENTURE B.V. et al

Cooperation Treaty)

The International Bureau transmits herewith a copy of the international preliminary report on patentability (Chapter I of the Patent

The International Bureau of WIPO
34, chemin des Colombettes
1211 Geneva 20, Switzerland

Facsimile No. +41 22 338 82 70

Authorized officer

Philippe Bécamel

e-mail: pt3.pct@wipo.int

Form PCT/IB/326 (January 2004)
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PATENT COOPERATION TREATY

PCT

INTERNATIONAL PRELIMINARY REPORT ON PATENTABILITY
(Chapter I of the Patent Cooperation Treaty)

(PCT Rule 44bis)

Applicant’s or agent’s file reference FOR FURTHER ACTION See item 4 below
P94557PCO00

International application No. International filing date (day/month/year) Priority date (day/month/year)
PCT/NL2012/050269 20 April 2012 (20.04.2012) 21 April 2011 (21.04.2011)

International Patent Classification (8th edition unless older edition indicated)
See relevant information in Form PCT/ISA/237

Applicant
AGVENTURE B.V.

1. This international preliminary report on patentability (Chapter 1) is issued by the International Bureau on behalf of the
International Searching Authority under Rule 44 bis.1(a).

2. This REPORT consists of a total of 8 sheets, including this cover sheet.

In the attached sheets, any reference to the written opinion of the International Searching Authority should be read as a
reference to the international preliminary report on patentability (Chapter I) instcad.

3. This report contains indications relating to the following items:
}I{ Box No. I Basis of the report
Box No. II Priority

Box No. T Non-estahlishment of opinion with regard to novelty, inventive step and industrial
applicability

Box No. IV Lack of unity of invention

g Box No. V Reasoned statement under Article 35(2) with regard to novelty, inventive step or
industrial applicability; citations and explanations supporting such statement
|:| Box No. VI Certain documents cited

Box No. VII Certain defects in the international application

}I{ Box No. VIII Certain observations on the international application

4. The International Bureau will communicate this report to designated Offices in accordance with Rules 44bis.3(c) and 93bis.1
but not, except where the applicant makes an express request under Article 23(2), before the expiration of 30 months from
the priority date (Rule 44bis .2).

Date of issuance of this report
22 October 2013 (22.10.2013)

The Inlernational Bureau of WIPO Authorized officer

34, chemin des Colombettes

1211 Geneva 20, Switzerland Phlllppe Bécamel
Facsimile No. +41 22 338 82 70 e-mail: ptO3.pct@wipo.int

Form PCT/IB/373 (January 2004)
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PATENT COOPERATION TREATY

From the
INTERNATIONAL SEARCHING AUTHORITY

PCT

WRITTEN OPINION OF THE
see form PCTISA220 INTERNATIONAL SEARCHING AUTHORITY

(PCT Rule 43bis.1)

Date of mailing
(day/monthiear) see form PCTASA/2210 (second sheet)

Applicant's or agent's file reference FOR FURTHER ACTION

see form PCTASAR220 See paragraph 2 below

International application No. International filing date (day/monthiear) Priority date (day/month/ear)
PCTMNL2012/050269 20.04.2012 21.04.2011

International Patent Classification (IPC) or both national classification and IPC

INV. C12N1582 A01H1/04 A0O1H4/00 AO1H5/04

Applicant
AGVENTURE B.V

1. This opinion contains indications relating to the following items:

Box No. | Basis of the opinion
Box No. Il Priority
Box No. Il Non-establishment of opinion with regard to novelty, inventive step and industrial applicability

Box No. IV Lack of unity of invention

Box No. V Reasoned statement under Rule 43bis.1(a)(i) with regard to novelty, inventive step and industrial
applicability; citations and explanations supporting such statement

Box No. VI Certain documents cited
Box No. VIl Certain defects in the international application

KOO KOOOK

Box No. VIII Certain observations on the international application

2.  FURTHER ACTION

If a demand for internaticnal preliminary examination is made, this opinion will usually be considered to be a
written opinion of the International Preliminary Examining Authority ("IPEA") except that this does not apply where
the applicant chooses an Authority other than this one to be the IPEA and the chosen IPEA has notifed the
International Bureau under Rule 66.1bis(b) that written opinions of this International Searching Authority

will not be so considered.

If this opinion is, as provided above, considered to be a written opinion of the IPEA, the applicant is invited to
submit to the IPEA a written reply together, where appropriate, with amendments, before the expiration of 3 months
from the date of mailing of Form PCTASA/220 or before the expiration of 22 months from the priority date,
whichever expires later.

For further options, see Form PCT/ASA/220.

Name and mailing address of the ISA: Date of completion of Authorized Officer
this opinion & "
European Patent Office N 3
Q) P SPeceTf/?s"/T;mo Mundel, Christophe H .0)» H
—— D-80298 Munich %, &
Tel. +49 89 2399 - 0 Telephone No. +49 89 2399-7314 g oy~
Fax: +49 89 2399 - 4465
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING AUTHORITY PCT/NL2012/050269

Box No.| Basis of the opinion

1. With regard to the language, this opinion has been established on the basis of:
B the international application in the language in which it was filed

O atranslation of the international application into , which is the language of a translation furnished for the
purposes of international search (Rules 12.3(a) and 23.1 (b)).

2. O This opinion has been established taking into account the rectification of an obvious mistake authorized
by or notified to this Authority under Rule 91 (Rule 43bis.1(a))

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, this
opinion has been established on the basis of a sequence listing filed or furnished:

a. (means)
O  on paper
K in electronic form
b. (time)
LI in the international application as filed
O together with the international application in electronic form

B subsequently to this Authority for the purposes of search

4. I In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished,
the required statements that the information in the subsequent or additional copies is identical to that in the
application as filed or does not go beyond the application as filed, as appropriate, were furnished.

5. Additional comments:

Box No.V Reasoned statement under Rule 43bis.1(a)(i) with regard to novelty, inventive step or
industrial applicability; citations and explanations supporting such statement

1. Statement

Novelty (N) Yes: Claims 1-18
No: Claims
Inventive step (IS) Yes: Claims
No: Claims 1-18
Industrial applicability (1A) Yes: Claims 1-18
No: Claims
2. Citations and explanations
see separate sheet
Form PCTASA/237 (April 2007) Aardevo Exhibit 1010
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING AUTHORITY PCT/NL2012/050269

Box No. Vill Certain observations on the international application

The following observations on the clarity of the claims, description, and drawings or on the question whether the
claims are fully supported by the description, are made:

see separate sheet
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/NL2012/050269

Re ltem V

Reasoned statement with regard to novelty, inventive step or industrial
applicability; citations and explanations supporting such statement

1 The present application refers to a diploid, fertile, self-compatible and
essentially homozygous potato line comprising plants having an average tuber
yield expressed in grams of fresh weight of at least 200 grams per plant and
at least one agronomically desirable trait or gene. The application also refers
to hybrid potato plants and seeds resulting from a cross from said potato line
with another ling, to a method of producing a diploid, fertile, self-compatible
and essentially homozygous potato line comprising plants having an average
tuber yield expressed in grams of fresh weight of at least 200 grams.

2 Reference is made to the following documents:

D1 CHALERMPOL PHUMICHAI ET AL: "Cryptic improvement for
fertility by continuous selfing of diploid potatoes using Sli gene”,
EUPHYTICA, KLUWER ACADEMIC PUBLISHERS, DO,
vol. 149, no. 1-2, 2 June 2006 (2006-06-02), pages 251-258,
ISSN: 1573-5060, DOI: 10.1007/510681-005-9072-5

D2 CHALERMPOL PHUMICHAI ET AL: "Expression of S-locus
inhibitor gene (Sli) in various diploid potatoes”,
EUPHYTICA, KLUWER ACADEMIC PUBLISHERS, DO,
vol. 148, no. 3, 28 April 2006 (2006-04-28), pages 227-234,
ISSN: 1573-5060, DOI: 10.1007/S10681-005-9004-4

D3 PHUMICHAI CHALERMPOL ET AL: "Toward the development of
highly homozygous diploid potato lines using the self-compatibility
controlling Sli gene”,

GENOME, OTTAWA, CA,
vol. 48, no. 6, 1 December 2005 (2005-12-01), pages 977-984,
ISSN: 0831-2796, DOI: 10.1139/G05-066

D4 MARIS B: "COMPARISON OF DIPLOID AND TETRAPLOID
POTATO FAMILIES DERIVED FROM SOLANUM-PHUREJA X
DIHAPLOID SOLANUM-TUBEROSUM HYBRIDS AND THEIR
VEGETATIVELY DOUBLED COUNTERPARTS",

EUPHYTICA, KLUWER ACADEMIC PUBLISHERS, NL,
vol. 46, no. 1, 1 March 1990 (1990-03-01), pages 15-33,
ISSN: 0014-2336, DOI: 10.1007/BF00057615

Form PCT/ISA/237 (Separate Sheet) (Sheet 1) (EPO-April 2005)
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/NL2012/050269

D5 SHELLEY HERMUNDSTAD ET AL: "Tuber yield and tuber traits
of haploid-wild species F1 hybrids",
POTATO RESEARCH, ASSOCIATION FOR POTATO
RESEARCH, WAGENINGEN, NL,
vol. 29, 1 September 1986 (1986-09-01), pages 289-297,
ISSN: 0014-3065, DOI: 10.1007/BF02359958

3 Novelty; Article 33(2) PCT.

None of the prior art documents unambiguously discloses a diploid, fertile,
self-compatible and essentially homozygous potato line comprising plants
having an average tuber yield expressed in grams of fresh weight of at least
200 grams per plant and comprising at least one of the cited traits or genes.
Therefore, the claims have to be considered as novel in the sense of Article
33(2) PCT.

4 Inventive step; Article 33(3) PCT.

The documents D1 to D3 disclose the generation of diploid, fertile, self-
compatible and essentially homozygous potato line by using the Sli gene
present in diploid potato lines. Said line have been obtainedby introduction of
the Sli gene originally derived from a self-compatible variant of Solanum
chacoense Bitter by crossing (D1 : p. 252 : Plant material; D2 : p. 228 : Plant
material; D3 : Figure 1 and p. 978 : Plant material)

In the light of any of these documents, the problem to be solved by the
present application can be seen as the provision of improved diploid, fertile,
self-compatible, essentially homozygous potato lines.

It is clear from the teaching of any of D1 to D3 that the introduction of the Sl
gene in diploid potato lines will result in the generation of a fertile, self-
compatible potato line. Such diploid, fertile, self compatible lines are useful for
gene analysis, genetic fixation of traits, production of TPS (True Potato
Seeds), varieties with genetic uniformity and heterosis breeding of potato

(D1 : p. 251, right-hand column, line 8 to p. 252, left-hand column, line 2; D2 :
p. 227, left-hand column, line 4 to p. 228, left-hand column, line 3; D3 : p. 977,
right-hand column, lines 13-17).

At the priority date of the present application, diploid potato lines having an
average tuber yield expressed in grams of fresh weight of at least 200 grams
per plant were already well-known (see for example documents D4 : p. 16-17
and Table 8; D5 : p. 290 : Material and Methods, Results and Figure 1).

Form PCT/ISA/237 (Separate Sheet) (Sheet 2) (EPO-April 2005)

Aardevo Exhibit 1010
Page 1650



WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/NL2012/050269

The skilled person willing to improve the potato line disclosed in any of D1 to
D3 would have needed no inventive activity to consider introducing the Sli
gene in a diploid genotype having high tuber yield. D3 already discloses the
introduction of the Sli gene in different diploid genotypes (Abstract) thus
demonstrating the feasibility of this approach.

The introduction of further well-known traits/genes in such a line, using well-
known breeding and/or transformation techniques, cannot be considered as
inventive. In this context, it has to be noted that documents D1 to D3 already
state that diploid, fertile, self-compatible potato lines would be useful in
breeding.

Therefore, claims 1-18 are considered to lack an inventive step (Article 33(3)
PCT).

Re ltem Vil
Certain observations on the international application
Lack of clarity; Article 6 PCT.

1 In claim 1, the plant is only characterised by the result to be achieved by said
plant, i.e. being self-compatible, essentially homozygous and having an
average tuber yield expressed in grams of fresh weight of at least 200 grams
per plant and at least one additional agronomically desirable trait or gene.

According to the PCT International Search and Preliminary Examination
Guidelines as in force from March 25, 2004, chapter 5.35 : "The are defined
by the claims must be as precise as the invention allows. As a general rule,
claims which attempt to define the invention, or a feature thereof, by a result
to be achieved should be objected to as lacking clarity. [...]".

2 The plants of claim 1 are characterized, inter alia, by the presence of one or
more of a list of traits/genes. For some of the claimed traits, it is not clear
which gene or genes are implicated in the trait and how the trait should be
transmitted. Therefore, claim 1 further lacks clarity (Article 6 PCT).

3 No plant according to claim 1 has been exemplified in the present application.
For the moment, it is considered that the skilled person would not be able to
generate the plants of the present application over the whole scope of claim 1
without undue burden of experimentation. Therefore, claim 1 cannot be
considered as fully supported by the description of the present application
(Article 6 PCT in combination with Article 5 PCT).

Form PCT/ISA/237 (Separate Sheet) (Sheet 3) (EPO-April 2005)

Aardevo Exhibit 1010
Page 1651



WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/NL2012/050269

The attention of the Applicant is drawn to the fact that the only plants which
fulfill the definition of claim 1 are the deposited lines under breeder reference
AGVD1, AGVD2, AGVD3 and AGVD17 which all derive from the Sli gene
donor IVP07-1004-1. However the claims are by no way restricted to such
plants and encompass completely uncharacterized plants.

4 Claim 2 refers to a hybrid potato seed resulting from the cross between a plant
according to claim 1 and an undefined essentially homozygous potato
breeding line. Claim 3 refers to hybrid potato plants grown from said seed. It is
not clear what should be the characteristics of such a hybrid potato seed or
plant what renders the scope of the claim unclear. It has to be noted that such
a hybrid plant will not necessarily comprise the characteristics of the plant of
claim 1.

These remarks applies mutatis mutandis to claims 9-15 and 17.

Form PCT/ISA/237 (Separate Sheet) (Sheet 4) (EPO-April 2005)
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2047941

ee5683859dfaa787b67d2cfffd117b48cbdd|
6465

no

12

Warnings:

Information:

21

Non Patent Literature

Gebhardt_et_al.pdf

522902

f69caf8a6fOb3ee5f36f9ce54a9c628c6f9f28
37

no

Warnings:

Information:

22

Non Patent Literature

Hamaelainen_et_al.pdf

783488

1f5b8d439f957eef750c9ae718b7011e23f]
13

no

Warnings:

Information:
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23

Non Patent Literature

Huang_et_al_2004.pdf

1250732

a7f4ebe505a7adbe06a9f8fb61ad5097f914)
be6

no

Warnings:

Information:

24

Non Patent Literature

Huang_et_al_2005.pdf

1362529

0fc434f32ed982771c6aldb5eb87de103f73)
970c

no

11

Warnings:

Information:

25

Non Patent Literature

HUANG_PhD_dissertation.pdf

14553162

eb1080c7fe3e7cc86cf719f3b7fb68baab34
651f

no

136

Warnings:

Information:

26

Non Patent Literature

Jung_2005.pdf

513010

1e9d77990b7fe64ebcb891c3995d28c2d 3|
fec73

no

Warnings:

Information:

27

Non Patent Literature

Jung_2009.pdf

1702235

43b738b56e6ccd93573bdbb1c9bb54a61b)
60edae

no

13

Warnings:

Information:

28

Non Patent Literature

Kanyuka_et_al.pdf

1538463

b856036128660a841f614eb7a508%b4c4 3|
7a8ac

no

11

Warnings:

Information:

29

Non Patent Literature

Kasai_et_al.pdf

858031

94a3f80c4cf09f9489557b0342baafa5a6575)
7a8

no

Warnings:

Information:
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30

Non Patent Literature

Kim_et_al_2000.pdf

1136046

a58bb0f2f20da954536084e508060c9d 13b)
610a0

no

Warnings:

Information:

31

Non Patent Literature

Kim_et_al_2012.pdf

1647700

3f59f77613609a6108b4a8841b8a7ed6a74
1856f

no

13

Warnings:

Information:

32

Non Patent Literature

Kreike_et_al.pdf

1006467

162c3989c3ee68822615d8d3bd9081f3bb5)
79191

no

Warnings:

Information:

33

Non Patent Literature

Kuhl_et_al.pdf

1238648

6b709f8c97d8fd602c8c046c3bd16d27755
elb3a

no

Warnings:

Information:

34

Non Patent Literature

Lebecka_et_al.pdf

1041889

c7e89615a6b267165d60f4f68c666ba 11431
4c0e

no

Warnings:

Information:

35

Non Patent Literature

Leonards_Schippers_et_al.pdf

2369122

9f36c41020cf42a17da50a829658cfb878b1
29d7

no

11

Warnings:

Information:

36

Non Patent Literature

Li_et_al.pdf

1678488

52ccff37114ba502e36674e00d5b6f755d 3]
025

no

15

Warnings:

Information:
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37

Non Patent Literature

Lokossou.pdf

9541835

aB3142f170335c1853b8c5648180bf82fa34]
7354

no

142

Warnings:

Information:

38

Non Patent Literature

Lokossou_et_al.pdf

2300701

b2b8f7a2e8f44097b1ae11faal3c8e49eb 18}
2076

no

12

Warnings:

Information:

39

Non Patent Literature

Malcolmson_et_al.pdf

510570

52c5cbe44bc41b77dc7f659284101882916
8231b

no

Warnings:

Information:

40

Non Patent Literature

Marano_et_al.pdf

1418578

ed97f419d918816175dd876b7aae35875fe)
dcd84

no

Warnings:

Information:

41

Non Patent Literature

Marczewski_et_al.pdf

483825

fe4df61df2778dca5d207380acb016a71ccf4
189

no

Warnings:

Information:

42

Non Patent Literature

Moloney_et_al.pdf

1421212

9223cdb42e83eb17b55e5102c54e3d4b65
5673c3

no

11

Warnings:

Information:

43

Non Patent Literature

Oosumi_et_al.pdf

1356362

0ea279ffo0fd425b6d309e358d 2cf8d5 2e44
4do7

no

10

Warnings:

Information:

Aardevo Exhibit 1010
Page 1659




44

Non Patent Literature

Paal_et_al.pdf

1525699

07498c592cfebc5f5143a%2c18eaad 2033
871e

no

13

Warnings:

Information:

45

Non Patent Literature

Park_et_al__AG_2005.pdf

921661

6c63b462ff50708e89fecc0d4dded62fd0co
be25

no

Warnings:

Information:

46

Non Patent Literature

Park_et_al__MB_2005.pdf

1105260

fe91f19a42e3198649d8424e59a101c9a5bH
a7fe

no

11

Warnings:

Information:

47

Non Patent Literature

Park_et_al_2009.pdf

1052607

547dd97991de2940b25b641b5c3b0232d0|
8f52e8

no

10

Warnings:

Information:

48

Non Patent Literature

Pel_et_al.pdf

2258631

2d31477cc5b4cfaelc1e821e4ed981d5bbb)
75dd7

no

15

Warnings:

Information:

49

Non Patent Literature

Pineda_et_al.pdf

742219

3db521c37ad68f8360bab678893094dd7 ¢
d2b2e

no

Warnings:

Information:

50

Information Disclosure Statement (IDS)
Form (SB08)

VONL004USC1_IDS_SB08_P1.
pdf

337448

b63495ded9c8eac05b44d8d36622cc73f70)
5e672

no

Warnings:

Information:

This is not an USPTO supplied IDS fillable form
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51 Transmittal Letter VONL004USC1_dIfDSTransmlttaI. no 5
p 5b12c0d05232bd113e8c47657c7ba09e0d
4e1810

Warnings:

Information:

528385
57 Other Reference-Patent/App/Search IPRP_PCTNL2012050269_1031 no 9
documents 2013.pdf
5975d3c9a7336c6a2552d13dc610da2ded3]

40db7
Warnings:
Information:

Total Files Size (in bytes): 109646580
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Abstract Nine resistance gene homologues (RGHs) were
identified in two diploid potato clones (SH and RH), with
a specific primer pair based on conserved motifs in the
LRE domain of the potalo cyst nematode resistance gene
GpaZ and the potato virus X resistance gene RxJ. A
modified AFLP method was used to facilitate the genetic
mapping of the RGHs in the four haplotypes vnder
investigation. All nine RGHs appeared to be located in the
Gpa2iRx{ cluster on chromosome XL Construction of a
physical map osing bactenal agificial chromosome
(BAC) clones for both the Solanum fuberoswm ssp.
tuberosum and the S. fuberosum ssp. andigena haplotype
of SH showed that the RGHs are located within a stretch
of less than 200 kb. Sequence analysis of the RGHs
revealed that they are highly similar (93 t0 95%) 10 GpaZ
and Rx/. The sequence identities among all RGHs range
from 85 to 100%. Two pairs of RGHs are identical, or
nearly so (100 and 99.9%), with cach member located in a
different genotype. Southern-blot analysis on genomic
DNA revealed no evidence for additional homologues
outside the Gpal2/Rx]1 cluster on chromosome XIIL

Keywords Globodera pallida - Potato cyst nematodes -
Potato virus X - Resistance gene homologues

introduction

Plants are constantly under attack by a wide range of
pathogens and pests. To defend themselves, plants have
evolved an innate surveillance system consisting of a
farge set of resistance genes. Most resistance genes are

Communicated by G. Wenzel

E. Bakker - P. Butterbach - J. Rouppe van der Voort -

E. van der Vossen - J. van Viiet - J. Bakker - A. Goverse (50}
The Graduate School of Experimental Plant Sciences,
Wageningen University, Department of Nematology,

P.G. Box 8123, 6700 £5 Wageningen, The Metheriands
e-mail: aska goverse@wur.nl

Tel.: +31-317-485086

Fax: +31-317-484-254

single~-dominant and confer resistance in a gene-for-gene
specific manner (Flor 1971). More than 30 resistance
genes (R penes) have been cloned from different plant
species and can be divided into four classes based on
common structural motives (Takken and Ioosten 2000).
The majority of the R genes are characterised by =
teucine-rich repeat (LRR} and a nuclectide binding site
(NBS) domain. R genes that belong to this superfamily
confer resistance to completely vorelated taxonomic
groups like bacteria, fongi, viruses and bpematodes
(Mindrinos ot al. 1994; Whitham et al. 1994, Lawrence
et al. 1995; Milligan et al. 1998; Vos et al. 199%;
Bendahmane et al. 1999; Van der Vossen et al. 2000).
In potato, 19 R genes have been mapped to 11
chromosomal regions (Gebhardt asd Valkooen ZG01).
Four of them, Bx{, GpaZ, Rx2 and RI, have been isolated
and they all belong to the NBS-LRR class. Rx{ and Gpal
originate from Solanum tuberosum ssp. andigena and
have been identified by map-based cloning (Bendahmane
ot al. 1999; Van der Vossen ef al. 2000). 8«2 has been
isolated from Solanum aucaule using 2 PCR-based
approach (Bendahmane et al. 2000) and R/ has been
isolated from Solanum demissum by using a combination
of map-based cloning and the candidate gene approach
{Ballvora et al. 2002). Bx{ and GpaZ are highly homol-
ogous, yet they confer resisiance o two completely
unrelated pathogens, namely potato virus X and the potato
cyst nematode Globodera pallida. The genes are tightly
linked on chromosome XII of potato (Bendahmane et al.
1997; Rouppe van der Voort et al. 1999). Sequencing a
187-kb region revealed that Gpa2 and Rxf are part of a
complex locus containing at least two other closely
related resistance gene homologues (RGHs): RGCT and
the pseudogene RGC3 (Bendahmane ot al. 1997; Ben-
dahmarne et al. 1999; Rouppe van der Voort et al. 1999;
Van der Vossen et al. 2063). In the LRR domain, more
variation is observed between the RGHs than in the NBS
domain. The mean K/K; ratio for the LRR region is
larger than 1, whereas in the NBS regions the ratic is
smaller than 1, indicating that the LRR domain is subject
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to diversifying selection and that specificity is determined
by this domain (Van der Vossen et al. 2000).

In this paper we describe the use of LRR-specific
primer combinations for both the identification and
mapping of nine Gpa2/Rx! homologues in two diploid
potato clones (SH and RH). The valoe of using LRR-
specific primers for the dissection of R gene clusters in
different haplotypes will be discussed.

Materials and methods
Plant material and DNA extraction

A mapping population for S. iuberosum ssp. mberoswm was
available from the diploid potato clones SHE3-92-488 x RHB9-039-
16 {Rouppe van der Voort et al. 1997). The female parent SHE3-92-
488 contains an introgression segment originating from the wild
accession 3. tuberosum ssp. andigena CPC1673 on which the G
pallida resistance gene Gpal and the PVX resistance pene Ryl are
located. The me]e parent RH8%-039-16 has been selected for its
fertility and the production of vigorous offspring. SH83-92-488 will
be referred to as SH, and RH89-039-16 will be referved io as RH.
The mapping population Fy SH x RH consists of 136 vi g&)r()bs Fi
genotypes. Genomic DINA was extracted from frozen leaf tissne of
in vitro plants as described {Van der Beek et al. 1992).

BAC library and DNA exfraction

The construction of the BAC n'}mry from the diploid potato clone
SHE3-92-483 has been described by Rouppe van der Voort et al.
(1999}, The hbh.ry has been extended with 30,000 clones and now
comprises 90,000 clones. Pooling and preparation {or screening was
done as described (Kanyuka et al. 1999), and resulted in 255 plate
poois. DNA extracted from these BAC clones was used as a
template for PCR and segnence analysis. For this, clones were
cultured overnight at 37 °C in 500 ml of LB medinm, supplemented
with 170 pghol of chlotampheunicol for selection. Plassuid PDNA
was isolated using the “very low-copy plasmid DNA purification
protocol” of the plasmid midi-kit according to the manufacturer’s
wstructions (Quiagen, Hilden, Germany). For each BAC, 1 gt of
DNA was digested with HindIll to check the concentration and the
purity.

PCR analysis

A cluster-specific primer pair was designed based on conserved
DA sequences in the LRR domains of GpaZ2, Rx1 and SH-RGH]
[previous]y designated as RGCT {(Van der Vossen et al. 2000}, The
forward privner (LRR-F: ttg gip tcp taa cag tga 2g) starts at posu(--‘]
+1,533 of Gpa2 and the reverse primer \LRR R: ctg et apt et cag
aac ac) at p-)s] ion +3,192 of Gpa2 (UTR). A PCR was peﬁ()rmed
with this primer pair using the Expand High Fidelity PCR System
according to the manufacturer’s ins“{mctions (Roche, Mannheim,
Germany). The i’O']OWing PCR cycle file was applied: 3 min at
94 “L followed by 36 sat94 °C, 36 s at 55 °C, 90 s at 72 °C for 10
es, 308 at 94 °C, 30 g at 55 °C, 90 at 72 °C with an extension
sfeycle for 25 cycles and finall ly a 5-min elongation at 72 °C.

Cloning and digestion analysis of the PCE products

PCR products were cloned into the PCR21TOPO-vector for
transformation of Escherichia coli TOP10 cells according to the
manufacturer’s instructions (Invitrogen, San Piego, Calif., USA).
For each PCR product, 12 positive clones were cnltivated ()"emlnh“f
at 37 °C in 2 mil of Hauid LB medivm with 100 pghal of dmpiul iin

1525

for selection, Each clone was re-amplified with the same LRR
primer pair and the resuiting PCR products were Lﬁgesied with
Tagl. PCR was performed using an adjusted PCR buffer containing
300 mM of Tris HCE pH 8.3, 500 raM of K, 25 wiM of MgCl and
10% Triton X-100 to avoid additional ¢ Jmmng steps of the PCR
pﬂ)duus prior o dwesf}m The DNA fragments were separated on
a 4% agarose gel consisting of 1% ultra-pure agarose (Life
Technologies, Breda, The Ne-theriands) and 3% NuSieve GTG
agarose {(FMC, Philadelphia, Pa., USA) in 1 x TAE butfer at 120 V.
(Clones were selected for further analysis based on differences in the
digestion patierns.

Sequence analysis

Sequence analysis of the PCR products was camied out by
Greepomics, PRE, Wageningen, The Netherlands. BAC-end se-
guencing was perfor med usin g approximately 1 pg of template
DNA in a cycle-sequenciug reaction using either 100 ng of spbort7
primer and 8 gi of Big Dye terminator mix (PerkinElmer,
Wellesley, Mass.,, USA) in a total volume of 20 yl. The PCR
protocol consisted of 25 cycles of 30 s at 96 °C, 15 s at 30 “°C and
4 min at 60 °C. After ethanol precipitation at room temperature for
33 min and recovery, the labelled DNA was dissolved in 3 g of
formamide. DINA was then heated for 2 min at 96 °C and directly
cocled on ice. Approximately 1.5 ul was then loaded on a 6% TRE
(pH 8.3) polvacrylamide gel. Sequence electrophoresis was carried
out on either an ABI 373XL or ABI 377 sequencer. DNA sequence
analysis and comparisons were emploved using DNAstar software.

CHEF-gel elec

trophoresis

BAC insert sizes were deteronined with CHEF electrophoresis on a
1% agarose gel (Seakem Gold, FMC, Fhiladelphia, Pa., USA) in
0.5 » TBE buffer at 4 °C using a BIO-RAD CHEF DR I syster
(Bio-Rad Laboratories, Hercules, Calif., USA) at 200 V, with a
puise time of 5 to 15 s for 18 h.

Southern-blot analysis

App\ommd ely 20 ng of BAC DNA and 3 ug of genomic DNA was
digested with Hmdﬂi The digested DNA was separated on a 1%
agarose {Agarcse NA, Pharmacia, Peapack, N.J., USA) gel in 1 x
TAE buoffer at 50 V. The gels were blotted overnight on
hybridisation filters using capillary forces {Sambrook et al. 1989).
Southern analysis was performed based on the MG Application
Mamual for filter hybddisation (Roche, Basel, Switzerfand). An
I.RR-based probe [position +1,533 to position +1,936 (403 bp 4] and
an NBS- and LRR-based probe [position +1,367 to position +1,552
(185 bpy], were amplified from GpaZ BAC DNA. The primer pairs
used are PLRR-F (tig gtg tcg taa cag tga gg) and PH RR-K {(gtt clc
tgt agg ctc atg ac) at an dnncalmg temperature of 60 °C, and
PNBSLRR-F (gtg gaa tgc atg atg tga cc) and PNBSLRR-R (cic act
git acg aca cca ag) at an annealing teraperature of 55 °C. The results
were visualised on an autoradiogram after 5 min up to 2-h
exposure,

Geunetlic ruapping

Mapping was petf(mﬁed vsing a modified method (Fig. 1) based on
the AFLP technique (Vos et ui 1995). The template nsed was the
PCR product generated from gDNA using the iPM4 primers as
described (Kanyuka et al. 1999). The P'CR product was digested
with 7agl, and a Tagl adapter as described (Vos et al. 1995) was
ligated to the dls*e‘snor' products. This was followed by fragment
amplification on a 1:25 diluted ternplate using a labelled Fugl
priser {gat gag fcc tga ceg a (Vos et al. 1995)] and the original
IPM4R primer. The AFLP thermal cycle conditions were appheu as
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Fig. 1 Schematic depiction of the method used to genetically map
the GpaZ/Rx] howmologues. The LRR-specific primers iIPM4F and
iPM4R are used to amplify a pool of RGH sequences from either
genomic DNA or BAC DNA. Subseguently, the PCR products are
used as a template in a modified AFLP reaction. Alter digestion
with the restriction enzyme Tagl the products are ligated to a Tagl
adapter. A second touch-down PCR reaction is performied using the
Tagl primer and the original iPM4R primer

Table 1 Primer sequences based on BAC end sequences to detect
overlap between BAC clones

BAC end Primers
TE16spb 5'- cgg gat pta atg tga fga ge-3'
8- gge cip caa gle tgt gea ¢-3'
TE1607 §'- att cgt atg agc pag tat gp-3'
5'- icc acg atg gte tee teog-3'
25G18spb S'-cca att tca age tic tic ata g-3'
5'-cag tca agg tge it gga gg-3
25Gi&T 5 gl aco tge iat glg age -3
8'- cat cag ctg cct tge agt tg-3'
36G3spb §'- gece caa cat gat agg teg -3
5'- ctt ggt ate aga goa cag ag -3
36G317 S'-tgt atg aat tgg gle att ceg-3'
5'- gee caa tat {ee fee afe ig-3'

described (Vos et al. 1995). Separation of labelled fragments and
autoradiography was done as described by Van Eck et al. (1995).

Tinkage analysis of pai-wise recombination frequencies be-
tween segregating RGHs and markers were performed using
JOINMAP 1.4 (Stam 1993},

Physical mapping

BAC-end sequences were emploved to design PCR primers to
study overlap between BAC clones. The primers designed for each
BAC-end are listed in Table 1. PCR conditions used in the
amyphfications are equal for all priruer pairs and are as follows:
3 min at 94 °C, followed by 30 s at 94 °C, 30 s at 60 °C, 90 s at
72 °C for 35 cycles and 5 min at 72 °C.

For the alignment of the contigs in SH, we used primers as
described (Kanyuka et al. 1999) and 187-kb sequence information
derived from four overlapping BAC clounes harbouring Gpa2, Rxl,
SH-RGHI and SH-RGH3 (previously designated RGCI) (Van der
Vossen et al. 2000},

492
340
oo
o

PRAF?

5

Fig. 2 Identification of GpaZ/Rx] yesistance gene homologues
{RGHSs) in the diploid potato clone SH (A} and RH (B8). RGHs were
selected based on differences in their Tagl digestion pattern after
PCR-amplification with specific LRE primers. The Tugl digestion
patterns are related to a DNA base-pair ladder (3). Bands larger
then 612 bp are the result of partially digested DNA

Resulls

Identification of GpaZ/KxI homologues in SH and RH

To identify homologues of Gpa2 and Rx/, a specific
primer set was designed based on conserved regions in the
LER domain. This primner set was used to screen a BAC
tibrary of the diploid potato clone SH, which harbours the
R genes Gpa2 and Rxi on a S. tuberosum ssp. andigena
introgression segment. For cach positive BAC clone,
amplification products were cloned and 12 transformants
were used for re-amplification. After 7Tagl digestion,
resistance gene homologues (RGHs) were selected based
on their unique digestion pattern (Fig. 2a). This resulted
in the identification of three RGHs: 3H-EGHS (BAC
clone 7TE16), SH-RGHS and SH-RGH 7 (both located on
BAC clones 23G18 and 36G3). Also Gpa2 (BAC 85N1),
Bxf (BACT 43) and SH-RGHI (BAC 60KI1S) were
detected based on their expected Tugl digestion patiern
{Bendahmane et al. 1999; Van der Vossen et al. 2000). No
additional RGHs were found after screening the genomic
DNA of 3H.

The diploid potato clone RH was siudied wusing
zenomic DNA. PCR analysis resulted in three bands at
800 bp, 1,300 bp and 1,600 bp. The complete PCR
product was cloned and restriction analysis of the Tagl
patterns of the re-amplified PCR products of 25 clones
resubted in the identification of six GpaZ/Rx/! homo-
togues: RH-RGHI o RH-RGHS (Fig. 2b). Interestingly,
RH-RGH4 and RH-RGHS resernbled the digestion pat-
terns of SH-RGHS and SH-RGHO, respectively. In total,
12 RGHs were identified in potato including GpaZ, Rx{
and SH-RGHI using a GpaZ/Rx! cluster-specific primer
set {(Tahle 23 Another Gpa2/Rx] homologue present in
the cluster, the pseudogene SH-RGH3, was not amplified
with the cluster primer set. The annealing site of the
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Table 2 Resistance gene homolognes (RGHs) identified in BAC
and genomic DINA of the diploid potato clones SH and RH using a
primer pair based on the LRR domain of Gpae2 and Rx!

RH-RGHS

RGH PCR product (kb) BAC clones gbNA
SH-RGHI 1.6 85N1 +
Gpa?2 1.6 85N1, 60K18 -2
Rx1 L& BAC 43
SH-RGHS5 1.5 TEL6 +
SH-RGHS 1.3 25G18, 36G3 +
SH-RGH7 1.6 25G18, 36G3 -
RH-RGH! 1.6 — +
RH-RGH2 1.6 +
RH-RGH3 1.6 - +
RH-RGH4 1.5 +
RH-RGHS 1.3 +
RH-RGHS6 0.8 +

*Not detected in genoraic DINA

reverse primer 18 not present in $H-RGH3, because the 3
end of its sequence is truncated.

The Gpa2/Rx{ homologues of SH and RH were
sequenced o determine their sequence resemblance with
Rxl and Gpa2. Comparison of the nucleotide sequence of
the LRR domains of the RGHs showed that they are
highly similar to each other, with sequence identities
ranging from 85.5% to 100% (Table 3). The sequences of
RH-RGH4 and RH-RGHS were indeed virtually ideatical
o those of SH-RGHS and SH-RGHS, respectively (99.9%
and 100% sequence identity).

Genetic mapping of the Gpa2/Rx{ homologues
inn SH x RH

Gpa2/Rx {-specific primers were used to perform PCR on
the parents SH and RH, and a progeny of 100 individuals,
to determine the genetic position of the GpalZ/Rx!
homologues in the potato genome. The selected BAC
clones harbouring GpaZ/Rx! homologues were included
as a conirol. On the resulting pools of PCR products, a
modified AFLP analysis was performed that makes use of
sequence polymorphisms in the last Tagl restriction sites
of the PCR products. Using the sequence information of
the RGHs we calculated the length of the expected
fragments from the Tagl restriction site closest to the 3
end of the PCR products. In this way we were able to
determine the positions in the gels of the RGHs. Figure 3
shows the autoradiogram with segregating bands for
GpaZ, Rxi, SH-RGHS, SH-RGH6 and RH-RGHI-RH-
RGH6 at the expected positions in the gel {(summarised in
Table 4). SH-RGHI and SH-RGH7 cannot be linked (o a
segregating band, because they co-migrate with a thick
band in the gel However, SH-RGH! is present on the
same BAC as Gpal, and SH-RGH7 on the same BAC as
SH-RGH6. All the segregating RGHs were linked to the
Gpa2/Rx] resistance-gene cluster with a logarithm of
odds (LOD) score between 82 and 12.6. Other DNA
fragments visible on the autoradiogram either co-segre-
gate with RGHs, or do not segregate at all. They may be
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Fig. 3 Mapping of RGHs in a SH x RH cross and in 2 number of
BAC clones using a modified AFLP method on a pool of RGH
sequences. All the indicated RGHs map on chromosome XI and
are linked to GpaZ with a LOD score between 83.2 and 12.6. RxJ
was also identified by the co~migrating band on BALC43 from which
Rx] was originally cloned (Bendahmane et al. 1999). Likewise, we
were able to verily the expected bands for Gpa2 and SH-RGHI by
comparing the pattern of the mapping population with the bands in
BAC 85N1. Furthermore, we could relate the bands present on
BAC clones 7E16 and 25G18 with bands in the progeny. The
majority of the remaining vnassigned bands are artefacts of the
PCR procedure

Table 4 Sepregation of the RGHSs in a progeny of 136 individuals.
RGHs with the same miark (++ or — —) are in coupling

SH RH
RGH Segregation RGH Segregation
Gpal ++ RH-RGH! ++
Rxl ++ RH-RGH?2 e+
SH-RGHS - RH-RGH3 ++
SH-RGH6 - - RH-RGH6 ++
RH-RGH4
RH-RGH5 - -

artefacts caused by the double PCR and the limited
complexity of the ternplate vsed.

SH-RGHS5 and SH-RGHS are in repulsion with Gpa2.
This implies that SH-RGHS, SH-RGHG and SH-RGH7 are
all derived from the 8. rfuberosum ssp. tuberosum
haplotype and that no additional RGHs have been found
ont the Gpa2iRxi cluster of the S tuberosum ssp.
andigena introgression segment. Furthermore, RH-
RGHI, 2, 3 and 6 are in coupling with each other and
in repulsion with RH-RGH4 and 5 (Table 4). From these
data we can conclude that all the identified homologues
are genetically linked to the Gpa2/Rx{ clusicr on
chromosome X in 5H a0d in RH. Based on these and

SH RH

?To centromeres

Gpa2 | |_SH-RGH5_ 99%___ RH-RGH4 |
H-RGH1 _ o _ RH-RGH2
SH-RG _SH-RGH6 _ _100% _ _ RH-RGHb5_ RH-RGH3
RH-RGH6
SH-RGH3*] | _ SH-RGHS8*
Rx1 _SH-RGH7 _ _988% _ _ _______/] ___| RH-RGH4
*To telomeres

Fig. 4 Schematic deawing of the Gpa2/Rx! hormologues on the four
chromosomes of SH and RH. The relative order and orientation of a
nnraber of RGHs has been postniated as follows (see also Resulis).
SH-RGHS is the only RGH present on a BAC clone positioned at
the top of the cluster. RH-RGH4 has a 99.9% identity to SH-RGHS,
and therefore we assume that this RGH is also positioned at the top
of the cluster in RH. Because the intron positions of SH-RGH7 are
the same as 1 Rxf we assume that this RGH, like Rxi, is at the
bottorn of the cluster. RE-RGH/ and SH-RGH7 have a sequence
identity of 98.5 and therefore we assume that RH-RGHI is also at
the bottom of the cluster in REH. We also assume that the two
pseudogenes SH-RGH3 and SH-RGHS that could not be amplified
in the PCR (marked with an asterisk} occupy the same position in
the cluster. Finally, we assuine, based on their 100% sequence
identity, that RH-RGHS has the same position in the cluster as SH-
RGHS. Mo relative order for RH-RGH2, RA-RGHS3 and RH-RGHG
could be postulated

other data (see also helow), we postulated the position of
the RGHs as shown in Fig. 4.

Physical mapping of the Gpa2/Rx! cluster in SH

The BAC clones containing RGHs were used to construct
a physical map of the Gpa2/Rx! cluster for both the S.
tuberosum spp. tubercosum and the S. tuberosum spp.
andigena haplotypes of SH. Genetic mapping revealed
that all these RGHs are located on chromosome X1 and,
hence, the BAC ipserts correspond with genomic frag-
ments of this chromosomal region of the potato genome.
SH-RGHS5 and SH-RGH6 co-migrate with markers that
are in repulsion with Gpa2, implicating that they are
focated on the homologous chromosome. Based on this
information we could asign the origin of the BAC clones
to any of the two haplotypes: BAC 43, BAC 85N51 and
BAC 34F16 were derived from the homologous chromo-
some in S. tuberosum ssp. andigena introgression seg-
ment, and BAC clones 23Gi8, 7TE16 and 36G3 were
derived from S. mmberosum ssp. tuberosum. The BAC
clones derived from S. tuberosum ssp. andigena formed a
closed contig and could be casily aligned with the original
physical map based on the presence and absence of Gpa2,
SH-RGHI and Rx/, and the markers 73L, {1iR, 1111,
221R, 45L, 77R and 77L (Kanyuka et al. 1999). In order
to make a contig of the S. ruberosum ssp. tuberosum
haplotype, the BAC ends were sequenced and primers
were designed to perform PCR on the other BAC clones
of this haplotype. Additionally, BACs 25G18 and 36G3
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Fig. 5 Physical map of the Gpa2/Rx! cluster in the diploid potato
clone SH. The region (187 kb) around the resistance genes Gpal,
Rxl and SH-RGH] and the pseudogene SH-RGH?3 on the haplotype
derived from §. auberosum ssp andigena, has been sequenced. On
the S tuberosum ssp. tuberosum haplotype four GpuZ/RxI homo-
logues are also present: SH-RGHS, 6, 7 and 8. Like SH-RGHI, the
homologue SH-RGHE could not be identified by PCR, but was
detected by Southern-blot analysis. The BAC clones are represent-
ed in grey rectangles and the RGHs are indicated alongside the

harbour the same RGHs. These data enabled uws to
construct a closed contig of these BAC clones (Fig. 5).
CHEF clectrophoresis of the BAC inserts (data not
shown) showed that BAC 7E16 is approximately 120 kb.
Both 36G3 and 25G18 are approximately 90 kb in size
resulting in a physical map of S. fuberosum ssp.
tuberosum of about 200 kb containing SH-RGHS, 6 and 7.

Moreover, we were also interested in coroparing the
genomic organisation of the Gpal/Rx/ cluster derived
from the 5. tuberosum spp. tuberosum haplotype and the
one derived from the 5. tuberosum ssp. andigena intro-
gression segment. A segment of 187 kb of the S
tuberosum ssp. andigena haplotype has previously been
sequenced for cloning Rx/ and Gpa2 (Van der Vossen ot
al. 2000). This sequence information was used to align the
BAC end-sequences of the BAC clones derived from 5.
tuberosum ssp. fuberosum with the contig of the S
tuberosum ssp. andigena haplotype. The approximate
88% sequence identity for the BAC ends of the left arms
of BAC clones TEIS, 25G18 and 36G3 with regions
between Gpa2 and SH-RGH/ led to the orientation of the
BAC contg as proposed in Fig. 5. The order of the
homologues present on BAC clones 25G18 and 3633 is
not ciear. However, a comparison of iantron positions
between the RGHs, showed that SH-BGH7 has similar
intron positions as Rx/ and SH-RGHS has not (Bakker et
al., unpublished data). Therefore we presented the order
of the homologues as depicted in Fig. 5.

Southern-blot analysis

To confirm the specificity of the Gpal2/Rx{-specific
primer set, Southern-biot analysis was carried out at high
stringency conditions on Hindil-digested DNA of the
BAC clones from SH harbouring the RGHs (data not
shown). Hybridisation with a 400-bp fragment derived
from the 5'-end of the LRR domain of Gpael resulted in a

SRR, EHESHT

BACs on which they were detected. RGHs are indicated in dold
when intron positions are known. Verrical lines indicate the marker
positions used to align the BAC contig from the S. tuberosum ssp.
tuberosum haplotype with the S, tuberoswm ssp. andigena intro-
gression segment. Vertical dotted lines indicate an overlap between
BAC ends. The dotted hovizontal line in the 8. fuberosum ssp.
andigena chromosome indicates the position of the sequenced
region of 187 kb

single band for TE16 and four bands for 25G {8 and 36053,
SH-RGH7 has a Hindll site in the probe region which
accounts for one of the two additional bands detected in
25G18 and 36G3. The other additional band indicates the
presence of an extra RGH in the GpaZ/Rx{ cluster in the
haplotype derived from 5. tuberosum ssp. tuberosum.
Similar to the pseudogene SH-RGH3, this RGH is not
amplified with the cluster-specific primer pair. Based on
this information together with the information on the
positions of BAC 25GI18 and 36G3, we assume that this
additional RGH (designated SH-RGHE) is also a pseudo-
gene and that it is most-likely positionad hetween the
horsologues SH-RGHG and SH-RGH7 (Figs. 4 and 5). Tt is
noted that the sequence-homologous region in the haplo-
type of 8. tuberosum ssp. andigena contains exactly the
same number of homologues. In addition, a 1853-bp
fragment was used to determine the number of RGHs with
an NBS domain. This probe reached 73 bp into the NBS
domain and 70 bp into the LRR domain, and gave
identical results as the LRR probe. These data show that
all Gpa2/Rx] homologues identified in the PCR-based
method also possess at least part of an NBS domain
similar to Gpa2 and Rx{.

The iotal oumber of Gpal/Bxi homologues in the
potaio genome was also determined by Southern blotting
on genomic DNA of SH and RH. Hybridisation with the
LRE and NBS probe confirmed our previous data and
resulted in the detection of eight bands for SH and six {or
RH. All the bands for SH were also present in the BAC
clones harbouring the GpaZ2/Rx! homologues. The obser-
vation that Southern blotting resulted in the same number
of RGHs as the PCR approach indicates that no
additional, slightly modified, RGHs are present in RH.
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Discussion

In this paper, we describe the identification and mapping
of nine resistance gene homologues (RGHs) of a single
complex locus in four homologous chromosomes using a
cluster-specific primer combination based on the LRR
domain of GpaZ and Rxl. Eight of the nine RGHs could
he mapped on chromosome X1 in a single-step procedure
using & modified AFLP method. Physical mapping
revealed that the remaining homologue (SH-RGH7) was
also located in the Gpal2/Rx! cluster on chromosome XI1
The segregation of all six RH-RGHs in the mapping
population shows that the two haplotypes of RH are
heterozygous at the Gpa2/Kx! locus. This is confirmed by
the fact that all six RH-RGHs have different sequences.
Only two pairs of RGHs are (virtually) identical: SH-
RGHS and RH-RGH4 (89.9%), and SH-RGH6 and RH-
RGHS (100%). In both cases these identical RGHs are
derived from different genotypes.

Gpa2 and Rx! are highly homologous. At the amino-
acid level, they have a homology of 88% and at the
nucleotide level their identity is even 93% (Van der
Vossen et al. 2000). SH-RGHI, an RGH present on the
same haplotype as GpaZ and Rx/, has also a similar
sequence ideniity to the LRR domains of GpaZ and Rxl,
respectively 93.6 and 93.3%. A complete open reading
frame was detected for this putative R gene based on the
187-kb sequence of this region (Van der Vossen et al.
2000). This indicates that SH-RGHI could be a functional
homologue of Gpa? and Rx/ with unknown specificity.
The nine RGHs identified in this study are all closely
related to Gpa? and Rx! with sequence identities ranging
from 93 to 95%. Southern analysis showed that all these
RGHs have at least part of an NBS domain.

Our results indicate that all homologues are located in
the Gpal/Rxi cluster on chromosome XII. Surprisingly,
in 8. aucaule a functional GpaZ/Rx/ homologue with the
same specificity as Rx/ is found {(Bendahmane et al
20005, This gene {(Rx2), however, is genetically hinked io
RFLP marker Gp21 on chromosorae 5 {(Ritter ef al. 1991,
Bendahmane et al. 2000). Sequence identity between Rxf
and Rx2 is so high (97.9% for the complete genes and
99.4% for the LRR domaing) that another Rx//Gpa2-like
cluster on chromosome V, if present in SH or RH, would
certainly have been identified in this study. An explana-
tion for this remarkable phenomenon, that highly homol-
ogous genes are located on different chromosomes in two
closely related species, could be a recent translocation
event after the speciation of S. tuberosum and 5. aucaule.
However, the syateny between the more distanily related
species S. tuberosum and Lycopersicon esculentum is very
high (Grube et al. 2000), indicating that such translocation
events are rare within the genas Solanum.

In this paper, a PCR-based method has been used to
ideatity Gpa2/Rx] homologues, Remarkahly, some of the
amplitied RGHs gave conflicting results, among others,
with regard to physical mapping. For example, PCR
analyses of nearly completely overlapping BAC clones
(25G18 and 36(3) resulted in totally different RGHs.

Sequence alignments of these RGHs with other RGHs
{two by two) revealed that they were the result of a
chimaeric PCR product derived from two distinct RGHs.
These artificial RGHs consisted of two extraordinary
stretches of several-hundred nucleotides each. One stretch
was 100% identical to one RGH and the other stretch was
i00% identical to another, completely differend, RGH.
These results were obtained with BAC DNA and genomic
DNA as well. Fortunately, chimaeric PCR products were
typically less-frequent than genuine RGHs and occurred
in most cases only once in a series of re-amplified
cojonies. Although PCR techniques are comynonly used to
identify and map RGHs, this phenomenon has to our
knowledge not been described before in the literature.

Despite the importance of potato as a food crop and its
vulpnerability to various pesis and diseases, only few R
zenes have been cloned. To facilitate cloning genes of
interest, an Ultra High Dense genetic map comprising
10,000 AFLP markers bas been constructed [http://
www.dpw.wageningen-ur.nl/uhd/ (Van Os et al., unpub-
fishedy]. This has been accomplished by wusing the
mapping popalation of SH and RH. However, not for
all potato species that harbour interesting R geaes, a dense
genetic map and BAC library will become available. The
production of these tools is still Iaborious and costly, and
the possibility to dissect R gene clusters with specific
primaer combinations in different species is a promising
alternative. Comparative analysis has shown that the
senomes of members of the Solanaceae family have a
farge synteny (Grube et al. 2000). The results described in
this paper indicate that characterising R genes from other
potato (sub)species with PCR-based approaches may be
feasible.
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Summary

Late blight caused by the oomycete Phytophthora infestans is the most destructive disease in potato
cultivation worldwide. New, more virulent P. infestans strains have evolved which overcome the genetic
resistance that has been introgressed by conventional breeding from wild potato species into
commercial varieties. R genes (for single-gene resistance} and genes for quantitative resistance to late
blight are present in the germplasm of wild and cultivated potato. The molecular basis of single-gene
and quantitative resistance to late blight is unknown. We have cloned R17, the first gene for resistance to
late blight, by combining positional ¢loning with a candidate gene approach. The R7 gene is member of
a gene family. It encodes a protein of 1293 amino acids with a molecular mass of 149.4 kDa. The R7 gene
belongs to the class of plant genes for pathogen resistance that have a leucine zipper motif, a putative
nucleotide binding domain and a leucine-rich repeat domain. The most closely related plant resistance
gene (36% identity) is the Prf gene for resistance to Pseudomonas syringae of tomato. R17 is located
within a hot spot for pathogen resistance on potato chromosome V. In comparison to the susceptibility
allele, the resistance allele at the R7 locus represents a large insertion of a functional R gene.

Keywords: late blight (Phytophthora infestans), potato (Solanum tuberosum), resistance gene, positional

cloning, candidate gene approach

Introduction

Late blight is the most destructive disease in potato
cultivation worldwide, causing billion-dollar losses every
year (Kamoun etal, 2001). The causal pathogen is
Phytophthora infestans, an oomycete which also infects
tomatoes (Judelson, 1997). Complete destruction of the
potato crop by late blight caused the ‘Irish potato famine’
in the middle of the 19th century (Salaman, 1985) and
initiated the search for resistant plants. Single genes for
resistance to late blight (R genes) were discovered nearly
100 years ago in S. demissum, a wild potato species
indigenous to Mexico. However, introgression of R genes
conferring race-specific resistance into potato cultivars
provided only transient resistance to late blight, as new
races rapidly overcame the R gene-mediated resistance
(Fry and Goodwin, 1997; Wastie, 1991). Quantitative or

© 2002 Blackwell Science Ltd

field resistance to late blight has also been identified in
wild potato species (Ross, 1986). This resistance is more
durable than that mediated by R genes, but is difficult to
move into cultivated varieties by crossing and phenotypic
selection. Late blight is mostly controlled by the frequent
application of fungicides which lose their efficiency by
selection of fungicide-resistant isolates. Improving the
genetic resistance to late blight is therefore a major issue
in breeding new varieties of potato.

Several R genes originating from introgressions of
S. demissum, S. bulbocastanum and S. berthaultii have
been mapped to potato chromosomes using DNA markers
(EI-Kharbotly etal., 1994; El-Kharbotly etal., 1996; Ewing
etal., 2000; Leonards-Schippers etal., 1992; Li etal., 1998;
Naess etal., 2000). R1is located on potato chromosome V

361
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(Leonards-Schippers etal., 1992) in a hot spot for resist-
ance to various pathogens. Single genes for resistance to
potato virus X have been mapped to the same region
(De Jong etal., 1997; Ritter etal., 1991). This region also
contains major quantitative trait loci (QTL) for resistance to
late blight (Collins etal., 1999; Leonards-Schippers etal.,
1994; Oberhagemann etal., 1999) and the parasitic root
cyst nematode Globodera pallida (Kreike etal., 1994;
Rouppe van der Voort etal., 1997, 2000). The clustering
of functional genes for qualitative and quantitative resist-
ance to various pathogens suggests their evolution from
common ancestors by local gene duplication followed
by functional diversification (Gebhardt and Valkonen,
2001; Leister etal., 1996; Leonards-Schippers etal., 1994;
Oberhagemann etal., 1999). Molecular cloning of the R17
gene should therefore facilitate study at the molecular
level of several factors participating in the control of
qualitative and quantitative resistance to various potato
pathogens.

Here we report the molecular cloning of R1, a first gene
for resistance to late blight that is located in the resistance
hot spot on potato chromosome V. The gene was identi-
fied by a combined positional cloning and candidate gene
approach. The molecular structure of the gene allows
classification of R7 among plant resistance genes contain-
ing a conserved nucleotide binding domain (NBS), a
leucine-rich repeat domain (LRR) and a leucine zipper
motif (Dangl and Jones, 2001; Ellis et al., 2000).

Results

High-resolution genetic mapping of the R1 locus

A high-resolution genetic map of the 3 cM interval
between RFLP markers GP21 and GP179 containing the
R1 locus (Leonards-Schippers etal., 1992) has been con-
structed based on 15 plants with recombination events in
the GP21-GP179 interval (Meksem etal., 1995). To further
facilitate physical mapping of the R17 locus, 16 additional
recombinants in the same interval were selected from 588
new plants and tested for resistance to a P. infestans
isolate with the corresponding avirulence factor Avrl.
Together with the previous experiment, 31 recombinants
were available from 1049 plants, corresponding to 3.0%
recombination frequency between GP21 and GP179.
Recombination frequencies between GP21 and R17 and
between R7 and GP179 were 2.2% and 0.8%, respectively
(Table 1). Two further markers SPUD237 and AFLP1, both
mapping in the interval GP21-GP179 (De Jong etal., 1997;
Meksem etal., 1995) were positioned relative to the R17
locus using the recombinants. These markers flanked R7 at
a genetic distance of one recombination event in 1049
plants (0.1 cM, Figure 1).

Table 1. Number of recombinant individuals in the intervals
GP21-R1, GP179-R1 and GP21-GP179, selected from 1049 plants
of a segregating F1 population

GP21- GP179- GP21-

R1 R1 GP179
Number of recombinants 23 8 31
Recombinants with genotype R7r7 12 4 16
Recombinants with genotype r7r1? 11 4 15
Recombination frequency (%) 2.2 0.8 3.0

Chromosome walking towards the R1 locus and
identification of candidate genes

Marker SPUD237 was used to probe the cosmid library. One
positive clone CosS was identified. End-sequencing of the
CosS insert generated a new marker that was, like
SPUDZ237, separated by one recombination event (0.1 cM)
from the R17 locus. Screening the BAC library with this
marker identified BAC clone BA100e13 (Figure 1). End-
sequencing of the BAC insertion was used to develop a new
PCR marker that mapped three recombination events distal
to R1, thereby orienting BA100e13 relative to R7 on the
genetic map. Using as a probe the BA100e13 end proximal
to R1 for screening the BAC library, clone BA47f2 was
identified. Both ends of BA47f2 were mapped relative to R1.
The BA47f2 end overlapping BA100e13 was separated from
R1 by one recombination event. The proximal end co-
segregated with R1, as did all genetically mapped ends of
the BACs that extended the contig further (right part of
Figure 1). The BA47f2 end that co-segregated with R17
identified BAC clone BA27¢1. The BA27¢1 end not over-
lapping with BA47f2 identified clones BA122p13 and
BA12101. The end of BA12101 that did not overlap with
BA27c¢1 showed highly significant sequence similarity (37%
identity, 56% similarity of translated amino acid sequence)
to the tomato Prf gene for resistance to Pseudomonas
syringae (Salmeron etal., 1996). RFLP mapping using this
resistance-gene-like (RGL) fragment as a marker probe on a
mapping population that did not segregate for R7 (Leister
etal., 1996) identified a small gene family with several
members located on chromosome V in the R1region and at
least one member located on chromosome Xl (not shown).
The RGL fragment was used as probe to re-screen the BAC
library. In addition to BA122p13, several new positive
clones were identified, two of which, BA87d17 and
BA76011, extended the contig on chromosome V
(Figure 1). Both BACs contained full-length copies of the
candidate gene family as judged from the end sequences
which were unrelated to the RGL fragment. The end of
BA87d17 that did not overlap with BAC BA12101 still co-
segregated with the R7locus (Figure 1).

The partially overlapping BACs in the contig shown in
Figure 1 had insertions of between 70 and 100 kb, as
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Figure 1. Genetic and physical map of the R17 region.

RGL

GP21 and GP179 are the markers used to construct the high-resolution map of the R7 region. SPUD237 and AFLP1 are converted AFLP markers (De Jong
etal., 1997, Meksem etal., 1995) flanking R1. Genetic distances are given in cM. CosS is a cosmid clone selected with SPUD237. Remaining clones in the
physical map are BACs with lengths between 70 and 100 kb. Solid black bars: BACs from the chromosome carrying R1. Grey bars: BACs from the
chromosome carrying r1. Mapped BAC ends are indicated by the number of recombinants separating the BAC end from R1. Cosmid and BAC ends used
for chromosome walking are indicated by the vertical arrows. RGL, resistance-gene-like fragment.

estimated from BAC DNA digested with Nofl and size-
separated by pulsed-field gel electrophoresis. Based on
the length of the individual BACs, the length of the
physical map was estimated at 250-300 kb. The region
co-segregating with the R17 locus covered around 200 kb of
the contig.

Line P6/210 from which the BAC library originated is
heterozygous for the R17 resistance allele (R1r17). BACs in
the contig therefore corresponded to either the chromo-
some carrying the R17 or the chromosome carrying the r1?
allele. The polymorphisms of BAC end markers that were
instrumental in mapping and contig construction (data not
shown) were used to assign BAC clones to either the R7 or
the r1 allele. BAC clones BA100e13, BA47f2, BA27¢1 and
BA87d17 (Figure 1) were in cis with the R1 allele, whereas
clones BA12101, BA122p13 and BA76011 were derived
from the homologue with the r1 allele (Figure 1).

Of all BACs in the contig, clone BA87d17 was the best
candidate for hosting R7 because (i) it co-segregates with
the R1locus, (ii) it contains at least one RGL, and (iii) it is
derived from the R7-containing chromosome.

Complementation analysis

Complementation analysis of susceptible cultivar Desirée
with whole BAC DNA confirmed that clone BA87d17
contained the R7 gene (unpublished data). To identify the
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R1gene within the BAC insertion, a random genomic sub-
library with, on average, 10 kb insertions was constructed
from BA87d17. The library was screened by colony
hybridization for clones containing the candidate gene.
Positive clones were evaluated for the presence of a
complete copy of the candidate gene (including the
putative promoter region)by the size of the amplification
products obtained by PCR with forward primers from the
vector borders and reverse primers from the candidate
gene (data not shown). Subclone g10 was selected, which
had an insertion of about 10 kb and contained at least 2 kb
sequence upstream and 4 kb downstream of the candidate
gene. Subsequent sequence analysis confirmed the
presence of a single open reading frame in g10. Clone
g10 was transformed into Agrobacterium tumefaciens and
three different bacterial colonies were used to transform
the susceptible cultivar Desirée. From three transformation
experiments, 15 independent transgenic lines were
regenerated and tested in four independent experiments
for expression of hypersensitive resistance to P. infestans
race 4 (Avr1) (Table 2). Nine transgenic lines consistently
showed a typical HR response, similar to the resistant
line P41 hosting R1? (Figure 2); three lines gave
inconsistent results and the remaining three were sus-
ceptible, like the untransformed Desirée control. When
transgenic lines that expressed HR upon inoculation with
P. infestans race 4 (Avr1) were infected with race 1,4 (avr1)
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Table 2. Test for resistance to P. infestans race 4 of transgenic
potato lines transformed with clone g10

Transgenic Line number Resistance®
10-2° 1° S
10-2 2 R
10-2 3 R
10-2 4 R
10-5 1 R
10-5 2 S
10-5 3 nd
10-5 4 nd
10-5 5 R
10-23 1 nd
10-23 2 R
10-23 3 R
10-23 4 R
10-23 5 R
10-23 ] S

Transgenic lines were tested in four independent experiments
with three leaflets from each line for expression of hypersensitive
resistance to P. infestans race 4

Numbers represent three different transformation experiments;
PNumbers refer to each plant regenerated from independent calli;
“Plants were scored as resistant if HR was visible 8-10 days after
inoculation with P. infestans race 4; R, resistant; S, sensitive; nd,
resistance status not determined as lines showed inconsistent
results.

they were susceptible (not shown). The candidate gene
present in clone g10 was therefore necessary and suffi-
cient to transfer the HR response upon infection with P.
infestans to the susceptible cultivar Desirée. The observed
response was as expected for the R7gene according to the
nomenclature of Black et al. (1953). As line P41 from which
the transgene originated carried only the R7 gene
(Leonards-Schippers etal.,, 1992), we concluded that the
candidate gene present in g10 corresponded to R1.

All transgenic lines that showed the HR response
contained the gene corresponding to cDNA 76-2 (see
below), as demonstrated by the presence of a 1.4 kb PCR
product amplified by the sequence-specific primers 76-
2sf2 and 76-2SR. This product was absent in untrans-
formed Desirée (Figure 3).

Candidate cDNA clones

The whole insertions of BACs BA12101 and BA76011 both
containing copies of the candidate RGL family were used
to screen a cDNA library prepared from infected leaves of
genotype P41 (R1r1). Fourteen cDNA clones were isolated,
eight of which were, based on DNA sequence analysis,
similar to known plant resistance genes. The highest
similarity was obtained with the tomato Prf gene for

Figure 2. R7 complementation test.

Disease symptoms are shown 9days post-inoculation on leaflets
from susceptible cultivar Desirée (A), transgenic Desirée line no.
10-5-56 transformed with clone y10 (B), and the resistant parent P41
(R1r1) (C).

§ Ak

Figure 3. R1-specific PCR.

PCR amplification of a 1.4 kb fragment of the R7 gene using allele-
specific primers 76-2sf2 and 76-2SR and template DNA of (A) Desirée; (B)
resistant parent P41; (C) susceptible parent P40; (D) transgenic Desirée
plant 10-5-5; (E}) BAC clone BA87d17 carrying the R17 allele; (F-J) BAC
clones BA122p13, BA12101, BA76011, BA47F2 and BA27c1, respectively;
(K) negative control.

resistance to Pseudomonas syringae (Salmeron etal.,
1996). The sequences of the eight candidate cDNAs shared
approximately 80-90% identity among each other. The
sequence of one cDNA clone, ¢76-2, was 2292 nucleotides
long and was identical, with the exception of the introns, to
the sequence of the genomic clone g10 used for com-
plementation analysis, thus indicating that the gene
present in clone g10 was functional and expressed in
leaves infected with an incompatible race of P. infestans.
Sequence comparison to known resistance genes in the
database indicated that ¢76-2 was not full-length. Using
RACE analysis, the cDNA was extended at the 5’ end by
1943 nucleotides, resulting in a full-length cDNA sequence
of 4235 nucleotides including a 5’ untranslated region of
59 nucleotides and 297 nucleotides of 3’ untranslated
sequence between the stop codon and the poly(A) tail. The
c¢DNA included a start codon at position 2223 of the
genomic sequence corresponding to the first methionine
in the amino acid sequence deduced from the genomic
clone g10 (Figure 4b). Two adenines were identified at
positions -3 and +4 (with the A of the ATG initiation codon
at position +1), referred to as the ribosome recognition
sequence in plants, insects, yeast and mammals (Kozak,
1991).

© Blackwell Science Ltd, The Plant Journal, {2002}, 30, 361-371

Aardevo Exhibit 1010
Page 1673



R1 gene for potato resistance to late blight 365

TAG

Figure 4. The R1 gene. (a) ATG
(a) Structural organization. Exons are shown —
as boxes and introns as angled lines. (b) 0.5kb

The deduced amino acid sequence. The
leucine zipper motif is underlined twice.
The LRR region is indicated in italics. The
predicted kinase motifs are indicated inside

L\/I W

the boxed regions and N-glycosylation sites (b) ]| MNFNNELSDL KNRFLFRTLR AQKCSDVARD RIDFFIWELK FLNCFLHLQS
are indicated in bold. The conserved motifs 51 FAFASECGML DISQKMIEIC KRFNTPPPHN SFAY WKEVIC KRLCAISIQP

QLPL, CFLY and LHD specific for plant 101 DASSDDGFAC WKKVIWKTKQ EFRAKYSFPK TLLADNKVYD DDDTNPKFVM
resistance proteins are underlined. 151 EFIDAVVGNL NVLVKINDPS SLLFVPGPKE QIEQVLKELK LLRFFVCFVS

201 NKCIEPQYQH TTFYTHALIE ASHIAMVVWL NLPIYGNRNQ DLASSEVSCL
251 LSDFMEMKIK SIQPDISRNN IYIDVLRALK STIPQAQDKH AAESGIVETP

301 THNLMVGLSD QMANLQEMLC LLRDNLIHLP ILDLEFHLQD MDSVIVDAGL
351 LIYSLYDIKG QKEDTTLEDI NQALGFDLPR NIEPIKAMIN LVMQKAFQCN
401 LPRIHGLGYV DFLLKNLKDF QGRYSDSLDF LKNQLQVIQT EFESLQPFLK
451 VVVEEPHNKL KTLNEDCATQ IIRKAYEVEY VVDACINKEV PQWCIERWLL
501 DIEEITCIK AKIQEKNTVE DTMKTVIART SSKLARTPRM NEEIVGFEDV

551 IENLRKKLLN GTKGQDVIS! HGMPGLGKIIT LANSLYSDRS VESQFDICAQ
601 CCVSQVYSYK DLILALLRDA IGEGSVRREL HANELADMLR KTLLPRRYLI
651 LVDDVWENSV WDDLRGCFPD VNNRSRIILT TRHHEVAKYA SVHSDPLHLR
701 MFDEVESWKL LEKKVFGEES CSPLLKNVGL RIAKMCGQLP LSIVLVAGIL
751 SEMEKEVECW EQVANNLGSY IHNDSRAIVD KSYHVLPCHL KSCELYFGAF
801 LEDRVIDISR LIRLWISEAF IKSSEGRRLE DIAEGYLENL IGRNLVMVTQ

851 RSISDGKAKE CRLHDVLLDF CKERAAEENF LLWINRDQIT KPSSCVYSHK

901 QHAHLAFTEM HNLVEWSASC SFVGSVVLSN KYDSYFSTRD ISSLHDFSIS

951 RILPNFKFLK VLDLEHRVFI DFIPTELVYL KYFSAHIEQN SIPSSISNLW

1001 NLETLILKSP {YALRCTLLL PSTVWDMVKL RHLYIPDFST RIEAALLENS

1051 AKLYNLETLS TLYFSRVEDA ELMLRKTPNL RKLICEVECL EYPPQYHVLN

1101 FPIRLEILKL YRSKFKTIPF CISAPNLKYL KLCGFSLDSQ YLSETADHLK

1151 HLEVLILYKV EFGDHREWKY SNGKEPQLKI LKLEYLSLVK WIVADDAFPN

1201 LEQLVLRGCQ DLMEIPSCFM DILSLKYIGV EYCNESVVKS ALNIQETQVE

1251 DYQNTNFKLV LIEFSLOKKA WKLNLTDAED MHNAVKNILA EIR*

PCR primers specific for cDNA ¢76-2 were designed
based on sequence alignment with the other seven
candidate cDNAs (not shown). Primers 76-2sf2 and 76-
2SR (see Experimental procedures) generated a 1.4 kb PCR
product that was present in the diploid line P41 (R1r1), the
source of the R1 gene (Leonards-Schippers etal., 1992), in
BAC clone BA87d17 hosting R1, and in all g10 transgenic
plants showing hypersensitive resistance. The 1.4 kb frag-
ment was not amplified in the susceptible genotypes P40
(r1r1) and cultivar Desirée (r1r1r1r1). The product was also
absent in the other BACs in the contig (Figure 3).

Structure of the R1 gene

The sequence of the complementing genomic clone g10
(GenBank accession no. AF447489) was 10 388 nucleotides
long. It contained one open reading frame (ORF) with
sequence similarity to other plant resistance genes, and
included 2222 base pairs of the putative promoter region
(Figures 4 and 5). No other ORFs or sequence homology
were identified in the public databases. Sequence align-
ment with cDNA ¢76-2 and the 5" RACE product revealed
the presence of three exons and three introns. Two introns
of 92 bp (positions 4878-4970) and 126 bp (positions 6103-
6229) interrupt the coding region. The third intron of 81 bp
(positions 6323-6404) is located in the 3’ untranslated

© Blackwell Science Ltd, The Plant Journal, {2002}, 30, 361-371

region immediately downstream of the stop codon
(Figure 4a). The deduced amino acid sequence suggests
a polypeptide of 1293 amino acids with a molecular mass
of 149.4 kDa (Figure 4b). The predicted R1 protein has a
putative nucleotide binding site (NBS) domain consisting
of P-loop (amino acids 572-578), kinase 2 (amino acids
649-6563) and kinase 3a (amino acids 677-682) motifs
(Figure 4b). Downstream of the kinase motifs were other
sequences with similarity to domains of unknown function
conserved among resistance genes: GLPL (QLPL in R7),
CKLY (CFLY in R7) and MHD (LHD in R17). Searching for
conserved motifs by using the ExPASY algorithm, four
myristylation, nine glycosylation, 43 phosphorylation and
one amidation putative sites were found in the deduced R1
amino acid sequence. The putative leucine-rich repeat
(LRR) domain of R1 has 15/16 imperfect repeats located in
the C-terminal part of the gene. Like some other plant R
proteins with cytoplasmic LRRs, the deduced R1 protein
contains a leucine zipper motif at amino acid positions
308-329, which may fold into a coiled-coil structure
(Hammond-Kosack and Jones, 1997; Lupas, 1996). The
deduced amino acid sequence of the R7 gene is most
similar (36% identity) to the Prf gene for resistance to P.
syringae of tomato (Salmeron etal., 1996). The sequence
similarity extends throughout the deduced polypeptide
sequences with the exception of the first 240 and 785
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Figure 5. Schematic representation of the potato chromosome V region
around the R7 locus.

Boxes filled with vertical lines represent regions homologous between
the chromosomes bearing the R7 and r1 alleles. The functional R7 allele
and the neighbouring locus with the r1.7 and r1.2 alleles are shown as
open boxes. The boxes with diagonal lines including the R7 gene show
the 15 kb insertion present on the Rl chromosome when compared to the
r1 chromosome (deletion marked with dashed line). The genomic clone
g10 (10 kb) used for functional complementation is shown relative to the
R1 gene as straight line.

N-terminal amino acids of R7and Prf, respectively. Like Prf,
R1has all sequence characteristics of coiled coil (CC)-NBS-
LRR genes, including a highly conserved tryptophan at
position 6566 and a second putative coiled-coil domain
between amino acids 536 and 559, corresponding to amino
acids 1087-1110 of Prf (Pan et al., 2000).

Genomic organization of the R1 locus

DNA sequence analysis of BACs BA87d17 (R7) and
BA122p13 (r1) (unpublished data) revealed that BA87d17
contained two highly similar members of the R7 gene
family, one corresponding to the expressed functional R7
gene and the second one being allelic with a single
member present in BA122p13. The functional R7 gene was
part of a 15 kb insertion present in the R7-bearing
chromosome in the region covered by BA87d17, but
absent in the chromosome bearing r1 (Figure 5).

Discussion

R1 was cloned by using a positional cloning strategy in
combination with searching for candidate genes with DNA
sequence similarity to known plant resistance genes (Ellis
etal., 2000; Hammond-Kosack and Jones, 1997). A similar
approach was successful in cloning potato genes for
resistance to potato virus X (Rx1, Bendahmane etal.,
1999) and the root cyst nematode Globodera pallida
(Gpa2, Van der Vossen etal., 2000).

Complementation analysis showed that one of two
candidate genes present in BAC clone BA87d17 was able
to transfer a typical HR response to the susceptible cultivar
Desirée in 60% of all transgenic plants tested. Failure of the
transgene to express the HR response may have been due
to position effects, co-suppression or rearrangements after

transformation, and has also been observed in other
complementation experiments with resistance genes
(Grant etal., 1995; Whitham etal., 1994).

The HR response after transformation of the susceptible
cultivar Desirée was observed upon infection with a P.
infestans strain incompatible with R7. Genetic analysis
using compatible and incompatible races of P. infestans
had demonstrated earlier that, of the 11 known R genes
introgressed from S. demissum (Black et al., 1953}, only R1
is present in the interval GP21-GP179 on chromosome V
of the parental clone P41 from which the cloned R7 gene
originated (Leonards-Schippers etal., 1992). At the mol-
ecular level, however, there is at least one additional
member of the R7 gene family that also co-segregates with
the R7locus. Further paralogous members may be located
in the region between R7 and marker AFLP1 that is not
covered by the physical map. There is the possibility that
the R1 locus hosts more than one R gene with the same
race specificity, or, in addition to R1, other R genes with so
far unknown specificities. Further complementation
studies are required to elucidate the function of the other
members of the R7 family in resistance to P. infestans and
other pathogens.

Based on the deduced protein sequence, R7is a member
of the leucine zipper/NBS/LRR class of plant resistance
genes (Hammond-Kosack and Jones, 1997). The leucine
zipper motif in the N-terminal region is thought to feature
in dimerization or interaction with other proteins. Leucine
zippers may participate in a coiled-coiled secondary
protein structure (Lupas, 1996). Plant R proteins containing
these structural elements are referred to as the CC-NBS-
LRR class to distinguish them from the class of NBS-LRR
resistance genes with a Toll/interleukin receptor domain at
the N-terminal part (TIR-NBS-LRR; Pan etal., 2000; Young,
2000). The downstream putative NBS domain may be
involved in the signal transduction pathway leading to the
onset of the resistance response. The C-terminal LRR
domain matches the consensus sequence for a cytoplas-
mic LRR domain as described by Jones and Jones (1997)
and may function in protein—protein interactions and
ligand binding. It has been shown that the LRR domains
of alleles of the flax rust resistance gene L determine
recognition of specific races of the pathogen (Ellis etal.,
1999). Prediction in silico of four myristylation and 43
phosphorylation sites in the R7 sequence suggests a
possible anchoring of the R1 protein in the plasma
membrane  and phosphorylation/dephosphorylation
steps, respectively, participating in signal transduction
(Dangl and Jones, 2001).

Upon infection of potato with the hemibiotrophic
oomycete Phytophthora infestans, hypersensitive cell
death occurs only when growth of the pathogen proceeds
to the formation of a clearly identifiable haustorium that is
separated from the plant cell cytoplasm by the haustorial
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and plasma membranes (Freytag et al., 1994). The putative
cytoplasmic localization of the R1 protein implies that the
avirulence factor that interacts with R1 is translocated from
the haustorium into the cytoplasm. In the comparable
pathosystem of rice and the hemibiotrophic rice blast
fungus Magnaporthe grisea, it has been shown that only
the processed form of the extracellular avirulence protein
AVR-Pita (Orbach etal., 2000) interacts inside the host
plant cell with the corresponding cytoplasmic resistance
protein Pi-ta (Jia etal., 2000). Alternatively, the R1 protein
may be anchored intracellularly to the plasma membrane
via a myristylation site and interacts directly or indirectly
with the so far unknown product of the Avr? gene of
Phytophthora infestans.

R1is located on the short arm of chromosome V (Dong
etal., 2000; Leonards-Schippers etal, 1992) and shows
greatest sequence similarity to the tomato Prf gene for
resistance to P. syringae that is located on tomato
chromosome 5 within the Pto/Fen resistance gene cluster
(Salmeron etal., 1996). Chromosomes five of potato and
tomato are co-linear with each other except for a
paracentric inversion of the short arm (Tanksley etal.,
1992). The potato locus StPto corresponding to the tomato
Pto/Fen/Prf gene cluster maps more than 10 ¢cM proximal
to R1(Leister etal., 1996), excluding the possibility that R7
and Prfoccupy orthologous positions in the two genomes.
This may be the case, however, when considering the
tomato Bs4 gene conferring resistance to the bacterial
pathogen Xanthomonas campestris pv. vesicatoria. The
position of the potato locus corresponding to tomato Bs4
may be inferred from comparing the molecular maps of
chromosomes five of potato and tomato based on
common RFLP anchor markers (Ballvora etal., 2001;
Tanksley etal., 1992).

Two potato genes for resistance to potato virus X, Rx2
and Nb, map to similar positions as R7 (De Jong etal.,
1997; Leonards-Schippers etal., 1992; Ritter etal., 1991).
The Rx2 gene has been cloned and is, like R1, a member of
the leucine zipper/NBS/LRR class of resistance genes
(Bendahmane etal.,, 2000). The two resistance genes
share 32% sequence identity and are therefore different
members of the same super-family of genes. Nb is located
in the interval GP21-SPUD237 (De Jong etal., 1997) not
containing R1, and is therefore genetically separated from
R1.

The resistance hot spot on potato chromosome V that
includes R1 also contains major QTL (quantitative trait loci)
for resistance to Phytophthora infestans (Collins etal,
1999; Leonards-Schippers etal, 1994; Oberhagemann
etal., 1999) and the root cyst nematode Globodera pallida
(Kreike etal., 1994; Rouppe van der Voort etal., 1997;
Rouppe van der Voort etal., 2000). Linkage disequilibrium
mapping revealed strong association of markers in the
0.8 cM interval SPUD237-GP179 containing R1, with the
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resistance of foliage and tubers to late blight (unpublished
data), supporting the tight linkage between R17 and factors
controlling quantitative resistance to late blight. It has
been suggested, based on the observed genetic linkage,
that R17 and the factors controlling quantitative resistance
to late blight may be alleles of the same gene or members
of a clustered gene family (Leonards-Schippers et al., 1994;
Oberhagemann et al., 1999). The molecular analysis of the
R1locus supports the latter option as R7is a member of a
gene family with at least one additional member physically
closely linked to R1. Further members might be present in
those parts of the SPUD237-GP179 interval not yet
covered by the physical map and/or in other parts of the
potato genome. Now that the R7 sequence is available,
those members can now be identified and characterized
for structure and function. Allelic variants of R7 in S.
tuberosum and homologues in other Solanaceae species,
that are involved in quantitative resistance to P. infestans,
may be isolated.

R1is present as an extra copy in a DNA insertion in the
R1-bearing chromosome when compared to the r?
chromosome. A similar finding has been reported for the
Rpm1locus in Arabidopsis (Stahl et al., 1999). The R1 gene
should have been introgressed into the S. tuberosum
genome from the wild species S. demissum through
heterogenetic chromosomal crossing-over. In crosses
between wild and cultivated Solanum species, hetero-
genetic chromosome pairing is frequently found (Singh
etal., 1989).

The interaction between R17 and the late blight pathogen
is in accordance with the gene-for-gene concept (Flor,
1971; Person etal., 1962}. Transfer of a single gene was
sufficient to elicit in a susceptible host plant the hyper-
sensitive resistance response upon infection with a P.
infestans race carrying the avirulence gene Avrl. Avril
segregates as single dominant factor in offspring of P.
infestans strains heterozygous for Avr1, and was mapped
to linkage group IV of the P. infestans molecular map (Van
der Lee etal., 2001). Further characterization of R7 at the
molecular level and cloning of the Avr1 gene should allow
clarification of how the resistance protein recognizes the
avirulence effector molecule. Cloning of late blight resist-
ance genes that recognize avirulence factors different from
Avr1 may allow identification of the molecular motifs that
determine the specificity of effector recognition, and may
help identification or engineering of R proteins with
broader and more durable resistance to late blight.

Experimental procedures

Plant material

F1 offspring of a cross between the heterozygous diploid clones
H79.1606/1 (R1r1) and H80.696/4 (r1r1), referred to as P41 and P40,
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respectively (Gebhardt etal, 1989; Leonards-Schippers etal,
1992), was used for high-resolution genetic mapping of R7.
Recombinants in the marker interval GP21-GP179 originating
from the P41 (R17r17) parent were selected as described previously
{(Meksem etal.,, 1995). Hybrid P6/210 derived from the cross
P41 X P40 (Leister etal., 1996) which carries R?7 in the hetero-
zygous state was used for constructing genomic cosmid and BAC
libraries. Parent P41 (R1r17) was used for cDNA library construction.

Test for resistance to Phytophthora infestans

Resistance to P. infestans race 4 (Avr1) and race 1,4 {avr?) (kindly
provided by Dr Francine Govers, Wageningen University, The
Netherlands) was determined as described previously (Leonards-
Schippers et al., 1992), except that whole leaflets instead of leaf
disks were used for inoculation. The presence or absence of a
hypersensitive response (HR) was scored 8-10 days post-
inoculation.

Potato genomic libraries

The BAC library was supplied by LION Bioscience AG (Heidelberg,
Germany). The library was constructed from Hindlll partially
digested high-molecular-weight genomic DNA of the potato
genotype P6/210 in the binary vector pCLD04541 (Jones etal,
1992) as described previously {Meksem etal, 2000). The BAC
library consists of approximately 100 000 clones with an average
insert size of 70 kb. With the size of a haploid potato genome
being approximately 10° base pairs, the genome coverage was 6-
7 times per haploid genome. The colonies were stored in 264 384-
microtitre plates {Genetix, Oxford, UK) in 2YT medium {(Sambrook
etal, 1989) with freezing buffer (5.5% w/v glycine, 7 mm
(NH4SO,, 1.5 mm sodium citrate, 0.3 mm MgSO, 13 mm
KH,PO,, 27 mm K,HPO,).

A cosmid library of approximately 150 000 clones was con-
structed using standard procedures {Sambrook etal., 1989) from
Sau3Al partially digested genomic DNA {17-23 kb fragments) of
P6/210 in the same vector (BamHI cloning site) as the BAC library.
Cosmids were packaged using Gigapack |l Gold Packaging extract
(Stratagene, California, USA) and transfected into E. coli strain
SURE (Stratagene). Plasmid DNA was extracted from pools of
about 15600 bacterial colonies (Sambrook etal., 1989). One
hundred and three cosmid pools were generated and screened
by PCR using SPUD237-specific primers (De Jong etal., 1997).
Positive pools were plated and screened by colony hybridization
using standard protocols {Sambrook etal., 1989).

BAC library screening and contig construction

High-density colony filters for hybridization-based screening of
the BAC library were prepared using a BioGRID robot {Oxford,
UK). Clones were gridded in double spots using a5 X 5 array with
6 X 384 arrays per 22.5 X 22.5cm nylon membrane (PALL,
Biodyne, Portsmouth, UK). Each 5 X 5 array contained 2 X 12
colonies with the control position of the array occupied by the
clone pSW1 (PE Biosystems, Foster City, California, USA). This
gridding pattern allowed 27 648 colonies to be represented twice
on each filter. Library screening was performed using a set of four
filters carrying 101 376 clones. Colony filters were incubated on
LB medium for 15 h at 37°C and processed for colony hybridiz-
ation using standard techniques (Sambrook etal., 1989). Filter
hybridization was performed as described previously (Gebhardt

etal., 1989), except that 300 pg of pSW1 control insert were
labelled and hybridized together with the probe to facilitate the
determination of addresses of positive clones. Plasmid DNA was
purified from positive clones and insertions were sequenced from
both ends using T3 and T7 oligonucleotides as sequencing
primers. DNA sequence information for BAC insertion ends was
used to design specific PCR primer pairs. PCR products amplified
with these primers and the respective BACs as template were
used as probes for a new filter hybridization to identify over-
lapping BAC clones, for orientation of overlapping BAC clones
relative to each other, and for mapping in the recombinant plants.
Overlaps were confirmed by sequencing the PCR products.
Direction of contig extension was verified by genetic mapping
using the recombinant plants and RFLP- or PCR-based marker
analysis. To determine the size of BAC insertions, the BAC DNA
was digested with Notl and the fragments were separated by
pulsed-field gel electrophoresis on a CHEF DRIl {Bio-Rad,
Hercules, California, USA) for 12 h at 11°C with an initial pulse
time of 5 sec and a final pulse time of 10 sec, at a 120° angle and
6Vem™.

BAC DNA isolation

BAC DNA was extracted using QlAfilter Plasmid Purification Kit
100 (Qiagen, Hilden, Germany) according to manufacturer's
instructions with minor modifications. A single colony was pre-
cultured in liquid LB medium for 8 h at 37°C. A 75 pl aliquot of
pre-culture was added to 75 ml LB medium and further incubated
for 15 h at 37°C. A centrifugation step was introduced before
passing the supernatant through the QlAfilter to remove bacterial
cellular debris.

Preparation of probes from BAC insertions

A 1.5 ug aliquot of BAC DNA was digested to completion with
Hindlll plus EaR1 and separated from the vector on 0.8% low-
melting-temperature agarose (Sea Plague GTG Agarose,
Bioproducts, Rockland, Maine, USA). Inserted DNA was dissolved
from the gel using the GELase system (Epicentre Technologies or
Biozym) following the manufacturer’s instructions. The DNA was
ethanol-precipitated, dissolved in water and labelled with 32P-
dCTP by random primed labelling (Feinberg and Vogelstein,
1984).

Subcloning of BAC BA87d17

A 10 ng aliquot of BAC DNA was partially digested with 1 U
Tsp5091 for 15 min at 65°C and size-separated on a 0.8% low-
melting-temperature agarose gel (Sea Plaqgue GTG Agarose).
Fragments of about 10 kb in size were eluted using the GELase
system {Epicentre Technologies, Madison, Wisconsin, USA),
following the manufacturer’s instructions. The purified fragments
were cloned into the pCLD04541 binary vector linearized with
EcoRI, dephosphorylated using SHRIMP phosphatase (Roche,
Mannheim, Germany) and transformed into E. coli strain
DH10B (Life Technologies, Rockville, MD, USA). Two hundred
recombinant colonies were picked into microtitre plates.

CDNA library construction and screening

Cut shoots of approximately 8-week-old plants of parent P41
(R1r1) and of the susceptible cultivar Desirée were infected with P.
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infestans race 4 and maintained under a glass cylinder (to
increase humidity) in water in a growth chamber at 17°C with
16 h light. Under these conditions, leaves of the susceptible
control were overgrown by P. infestans mycelium after 8 days.
Equal amounts of uninfected leaves of parent P41 and infected
leaves 2 and 19 h and 3, 7 and 9 days after inoculation were
collected. Poly(A)* RNA was isolated using the RNeasy Plant Mini
Kit and the Oligotex mRNA Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. A AZAP Il ¢cDNA
library (Stratagene) was constructed from the poly{A)* RNA
according to the manufacturer's instructions. The different
c¢DNA preparations were pooled prior to ligation into the AZAP
vector. Approximately 5 X 10° plaque-forming units were plated
and screened by plaque hybridization {Sambrook etal, 1989)
using as probe the insertions of BACs BA12101 and BA76011.

RACE analysis

Total RNA was isolated from uninfected leaf tissue of P41 (R1r7)
using the RNeasy Plant Mini Kit {Qiagen) according to the
manufacturer’s instructions. RACE analysis was performed with
1 ug total RNA using the SMART™" Race cDNA Amplification Kit
(Clontech, California, USA) following the manufacturer’s instruc-
tions. The nested gene-specific primers used for the PCR ampli-
fication were first RT1-1 (5-AAACCCGGTGTTCCAAATCTAAC-
ACT-3) and second RT2-1 (5- CATGTAGTGAGGATATG-
TCACGAGTG-3'). The final PCR products of the RACE reaction
were cloned into pGEM-T vector (Promega, California, USA). Two
independent clones were sequenced.

DNA sequence analysis

Custom DNA sequencing was performed by the ADIS unit at the
Max Planck Institute for Breeding Research. The dideoxy chain-
termination sequencing method was employed using an ABI
PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit and
an ABI377 automated DNA Sequencer (PE Biosystems, Foster
City, California, USA).

DNA sequence analysis was performed using the Wisconsin
Package, version 10.0 (Genetics Computer Group (GCG),
Madison, Wisconsin, USA). Sequence databases were searched
with BlastX and other algorithms available through the National
Center for Biotechnology Information {Bethesda, Maryland, USA)
and the ExPASY www server (Appel etal., 1994).

Transformation of Agrobacterium tumefaciens

Subclone g10 of BAC BA87d17 was electroporated into A.
tumefaciens strain LBA4404 according to the method described
by Wen-jun and Forde (1989). Three Agrobacterium strains,
LBAg10-2, LBAg10-5 and LBAg10-23, were used for potato
transformation.

Agrobacterium tumefaciens-mediated potato
transformation and analysis of transgenic plants

The susceptible potato cultivar Desirée was used in all transform-
ation experiments. Agrobacterium tumefaciens-mediated trans-
formation was performed as described by Rocha-Sosa etal
(1989), except that the MS medium contained 250 mg I" claforan.
Kanamyein-resistant transgenic plants were tested by PCR for the
presence of the g10 insert using the insert-specific primers 87e (5'-
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ATTACAATGGGTTGAACTCAG-3) and 87s (5-ACCTCTTTC-
AATTGTTCTGGTG-3). PCR conditions were: annealing at 55°C
for 45 sec and polymerization at 72°C for 60 sec. Transgenic
plants were screened with the R7-specific primers 76-2sf2 (5'-
CACTCGTGACATATCCTCACTA-3) and 76-2SR (5-CAACCC-
TGGCATGCCACG-3') derived from ¢cDNA ¢76-2. PCR conditions
were: annealing at 55°C for 45 sec and polymerization at 72°C for
90 sec. Tests for resistance to P. infestans race 4 were performed
using three leaflets per plant in each test.
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EUPHYTICA

NETHERLANDS JOURNAL OF PLANT BREEDING

2 No. 3 OCTOBER 1953 p. 173-240

A PROPOSAL FOR AN INTERNATIONAL NOMENCLATURE
OF RACES OF PHYTOPHTHORA INFESTANS AND
OF GENES CONTROLLING IMMUNITY IN
SOLANUM DEMISSUM DERIVATIVES

W. BLACK 1Y), C. MASTENBROEK ?2), W. R. MILLS %), and L. C. PETERSON ¢
Received 27 Aug. 1953

1. INTRODUCTION

A wide interest in physiologic races of Phytophthora infestans and in the genes for
resistance derived from Solanum demissum, has resulted in the accumulation of data
by investigators in many different countries of the world. Each investigator, using his
own symbols for designating races and genes, has had difficulty in following the work
of others and in determining how far the races and genes correspond. In an attempt
to clarify this situation, the authors agreed to exchange differential host plants and
to test the races of the parasite at their disposal. By this means they sought to compare
the immunity genes present in the host series and the races of the parasite that had
been isolated in Scotland, the Netherlands and the U.S.A. and to determine if a sy-
stem of nomenclature suitable for international application could be formulated. This
publication contains the results of these experiments and submits a proposal for the
designation of genes and races that will facilitate the comparison and interpretation
of results of experiments on an international basis.

2. EXPERIMENTS PERFORMED IN SCOTLAND

The three series of differential hosts were inoculated with eleven races of P. infestans.
Only five of these races, viz. A, B', B2, C and D were of local origin, having been
isolated from field plots in Scotland. Of the remainder, race E was obtained from
Tanganyika through the courtesy of Dr. C. B. WALLACE; race F was isolated in the
course of experiments with race E and presumably arose from it; races G and H were
obtained from Kenya through the courtesy of Dr. R. M. NATTRASS; and races I and
J from Peru through the courtesy of Miss C. BAZAN DE SEGURA.

1y Chief Assistant, Scottish Plant Breeding Station, Edinburgh, Scoetland.

2) Senior Phytopathologist, Plant Breeding Station Centraal Bureau, Hoofddorp, the Netherlands.

3) Associate Professor of Plant Pathology, Pennsylvania State College, State College, Pennsylvania,
U.S.A. Authorized for publication on August 25, 1953, as paper No 1816 in the journal series of the
Pennsylvania Agricultural Experiment Station, and as paper No 180 of the Department of Botany.

1} Associate Professor of Plant Pathology, Cornell University, Ithaca, New York, U.S.A.
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The tests were made by inoculating detached leaves of the host plants with spore
suspensions of the different races of the parasite. The results obtained are recorded
in Table 1. From this information it may be concluded that the three host series
contain plants of similar genetic constitution; that the races, despite the different
countries of origin may have some relationship to each other; and that the eleven
races available do not represent a complete series of pathogenic types.

TABLE 1. REACTION OF THE THREE DIFFERENTIAL HOST SERIES TO BLACK'S COLLECTION OF RACES OF
P. infestans

Differential hosts of Races of P. infestans
BLack MASTENBROEK ?,’IE“T‘EL;SZ‘: A BBCDETFGHTI I
S. tub. S. tub. S. tub. S 8§ 8§ 8§ S 8 S8 8 8 s 8
1085(6) 43154-5 Essex R s s R R s s s R R R
1512¢(16) 44158-4 2LY-13 | R R R s R R R s $ R R
1253a(12) 4737-33 R R R R R s s R R s 5
1506b 4431-5 AAB-2 | R R s s s R s R R s R
4651-2 GQT-1 R R R R R R R s R R R
46174-30 R R s R R R s R R R R
4414-2 CDF-9 | R R R s R R R R R R R

R == resistant (immune). s = susceptible.

The probable interrelationships of these races are represented diagrammatically in
Fig.1, using as criteria the types of host plants they are able to attack, and the cir-
cumstantial evidence regarding their origin.

G
Bl
B
H
A / B? F
\J
c

I

FiG, 1. DIAGRAM OF PROBABLE INTERRELATIONSHIPS OF RACES OF P. infestans FMPLOYED FOR TEST
PURPOSES IN SCOTLAND
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3. EXPERIMENTS PERFORMED IN THE NETHERLANDS

The three series of differential hosts were inoculated with the eight races of P. in-
festans isolated in the Netherlands. Two experiments were made in 1951 with plants
grown from detached sprouts and two experiments in 1952 with detached leaves on
moist filter paper. Plants and leaves were sprayed with suspensions containing spores
and swarmspores. The results were similar and are summarized in Table 2.

TABLE 2. REACTION OF THE THREE DIFFERENTIAL HOST SERIES TO MASTENBROEK’S COLLECTION OF RACES
OF P. infestans

Differential hosts of Races of P. infestans
BLACK MasTenproEk | IS804 0 s N4 NS N6 N7 N8 N9
PETERSON
S. tub. S. tub. S. tub. s s S s s s s s
1085(6) 43154-5 Essex R s R R R s s R
1506b 4431-5 AAB-2 R R s R s S s s
1512¢(16) 441584 2L.Y-13 R R R s s R s s
44142 CDF-9 R R R R s R s 8
46174-30 R R R R R s s R
4651-2 GQT-1 R R R R R R 5 R
1253a(12) 4737-33 R R R R R R R s
4739-58 R R R R R R R R

From these experiments, the following diagram (Fig. 2) of relationships and diffe-
rences between the races of P. infestans found in the Netherlands is outlined.

2

m__h/"\a
S
PN

FI1G. 2. DIAGRAM OF RELATIONSHIPS AND DIFFERENCES BETWEEN THE RACES OF P. infestans FOUND IN
THE NETHERLANDS

4. EXPERIMENTS PERFORMED IN U.S.A.

The three series of differential hosts were inoculated with seven races, all of which
have been isolated repeatedly from field plots in New York and Pennsylvania. Inocu-
lations were made by atomizing swarmspores on actively growing, potted plants. The
results obtained are shown in Table 3.

The pathogenic relationships of the races found in New York and Pennsylvania are
expressed in Fig. 3.
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TABLE 3. REACTION OF THE THREE DIFFERENTIAL HOST SERIES TO MILLS’ AND PETERSON’S COLLECTION
OF RACES OF P. infestans

Differential hosts of Races of P. infestans
Brack MASTENBROEK MiLLs and
PETERSON A B C D BC BD

S. tub. ‘ S. tub. S, tub, S s s s s ]

1506b 4431-5 AAB-2 R S R R s s
1512¢(16) 2LY-13 R R s R s R

1085(6) 43154-5 Essex R R R s R S
4414-2 CDF-9 R R R R s R

3WM-19 R R R R R 8
46512 GQT-1 R R R R R R
1253a(12) , R R R R R R

D,

/

o

VA

RN

[2)

F1G. 3. DIAGRAM OF PATHOGENIC RELATIONSHIPS OF RACES OF P. infestans FOUND IN NEW YORK AND
PENNSYLVANIA

5. COMPARISON OF RACES

In order to demonstrate the similarity of races employed in the three sets of experi-
ments the results obtained in the different countries (Tables 1, 2 and 3) are combined in
Table 4. It is clear from this Table that thirteen distinct races are now known to exist,
that six of them are common to all three collections and of the remaining ones five are
found in the collection of BLACK and two in that of MASTENBROEK. The races are
arranged in a sequence based on the reactions they induce in the differential host
plants and are given the proposed international designation in that order. The desig-
nation is that suggested by BLACK (2).

The probable relationships and differences between all these races are illustrated in
Fig. 4. This diagram, which is based on Figs. 1, 2 and 3, is essentiaily similar to that of
BrAcK (2). The construction of this diagram has in fact the same general idea behind
it as the nomenclature of MILLS and PETERSON (5, 6) and the diagram of MASTENBROEK
(3, Fig.12). Apart from the thirteen known races and the three hypothetical ones it is
possible that others, against which the known genes are ineffective, may arise.
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TaBLE 4. A COMPARISON OF RACES OF P. infestans AND THE THREE DIFFERENTIAL HOST SERIES WITH A
PROPOSED SCHEME OF INTERNATIONAL DESIGNATION OF RACES

Differential hosts of Races of P. infestans
Brack - “l'a B " |J ID [G |E [B:|C |1 [ F l
l MASTENBROEK N1 | N2 | N5 N4 N7 | N6 N8 NO
Miris and
l PETERSON | A } D |C B { BD | BC ,
International designation of races P ‘ 1 F 2 l 2 | 4 1,2‘1,3[1,4'2,4 3,4|1,2,4‘1,3,4|2,3,4
| b I | |
S. tub. | S, tub. S. tub. s is s s 1 s is s | s ) S 1 s 5 \ s
1085(6) | 431545 Essex R|s | R|R l R|ls |s s {RIR 5 ‘ s | R
1512c(16) | 44158-4 2LY_13 JRIR|s |R|R|s R R|s |[R| s R | s
1253a(12) | 4737 -33 'R R|R|s IR|R{s |[R|R|s | R | s 5
1506b | 4431 -5 | AAB-2 R|R|R!|ER 1 s | R \ Ris |s |s s E s
4651 -2 I GQT-1 R|R|R|R!R]|s R|R|R R s R R
.4739—58 R | R |R R‘R R s |R | R|R| R s R
46174-30 8WM-19 R |R|{R K R R|R|[s [RIRI| s . s | R
144144 CDF-9 ]R R|R|R RiR)R R s |R' s | R | s

Fi1G. 4. DIAGRAM OF RELATIONSHIPS AND DIFFERENCES BETWEEN RACES OF P. infestans

6. COMPARISON OF GENES CONTROLLING IMMUNITY

It is apparent from the reactions observed and from the segregation ratios obtained
by BLACK (1)}, MASTENBROEK (3, 4) and MiLLs and PETERSON (5, 6), that four different
genes are in operation and that these genes and the different combinations of them
determine the range of resistant types involved. These genes were previously labelled
differently by different authors, but it is now possible to compare them and to adopt
a standard nomenclature suitable for international use. The authors propose that the
nomenclature of BLACK be adopted. The four genes are therefore labelled R;, Ry, R,
and R,, asshownin Table 5. Thus 1085 (6) (BLACK’s gene R,),43154—5 (M ASTENBROEK’S
gene Ry), and Essex (MILLs’ and PETERSON’s gene D) each carries the gene now
designated as R;.

The advantages in designating genes and races in this manner are (a) it probably
allows for any extension that may be necessary in the future; and (b) it illustrates
immediately the interrelationships between races and between genes and races without
referring to diagrams or tables. For example, race I, 2 (pronounced one two, not
twelve) is capable of attacking genotypes R;, R, and R,;R, but is unable to survive
in the presence of genes R; or R,. Thus susceptibility is only possible when the race
has in its designation all the numerals present in the plant genotype. Accordingly
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genotype R;R,, being the natural host of race I, 2, is susceptible to races I, 2, I, 2, 3;
1,2,4and 1, 2, 3, 4 only and immune from the rest.

TABLE 5. A COMPARISON OF GENES FOR RESISTANCE TO P. infestqns IN THE THREE DIFFERENTIAL HOST
SERIES, WITH A PROPOSED SCHEME OF INTERNATIONAL DESIGNATION OF GENES

Genes for resistance in the ‘ Races of Phytephthoera infestans

-]

g £ | differential host series of

=8 — -

S« | —
=g MiLrs | o= w | v | S
8.2 |Buack |MASTENY qng P | o | 2 | 2| 3| ¢ 12(r3|2423) (24|34 2|8 | % | |3
S8 TERSON ) f IR R DRI B
R, R, RY9 D R |s R|([R | R|s s s R R R | s s s R | s
Ry Rs R7 C R R s R R s R R s s R s s R E s
Rs R RS R|R|R s RI R |s R s R s 5 R s 3 ]
R, R, R2,5 B R R R | R s R R s R s s R 8 s $ s

1) Theoretical races; others known races.

7. SUMMARY

(1) The differential host series employed by the four authors were exchanged and the
reactions to the races isolated or employed in the different countries were ascer-
tained.

(2) The results obtained make it possible to standardize the designation of the races
of the late blight fungus and of the genes for immunity derived from Solanum
demissum.

(3) For both purposes the nomenclature of BLACK was chosen.

SAMENVATTING

Een voorstel tot een internationale benaming van physio’s van
Phytophthora infestans en van resistentiefactoren, afkomstig uit Solanum demissum

1. Teneinde na te gaan, in hoeverre de door de schrijvers geisoleerde physio’s van
P. infestans en de thans bekende, uit S. demissum afkomstige factoren voor resistentie
identiek zijn, werden toetssortimenten uitgewisseld en in de drie landen op hun vat-
baarheid voor de daar aanwezige collecties van physio’s onderzocht. De resultaten
hiervan worden vermeld in de tabellen 1, 2 en 3. De verwantschap tussen de gebruikte
physio’s van elk der drie collecties blijkt uit de figuren 1, 2 en 3.

2. In tabel 4 is vermeld, welke physio’s zeer waarschijnlijk aan elkaar identiek zijn.
Een nieuwe, internationaal te gebruiken benaming wordt voorgesteld en opgenomen
in de tabellen 4 en 5. Er blijken thans 13 physio’s met verschillend spectrum bekend te
zijn; zes er van komen in alle drie collecties voor, vijf alleen in die van BLACK, twee
alleen in die van MASTENBROEK. De vermoedelijke verwantschap tussen deze dertien
en nog drie onbekende, maar theoretisch te verwachten physio’s (tabel 5) wordt weer-
gegeven in fig. 4. De verwantschap tussen de bekende physio’s is met getrokken lijnen,
die tussen de bekende en de theoretisch te verwachten physio’s met stippellijnen aan-
geduid. .

3. Teneinde mogelijke verwarring op te heffen en het vergelijken van door de ver-
schillende onderzoekers op dit terrein verkregen resultaten te vergemakkelijken,
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wordt een nieuwe, internationaal te gebruiken benaming voorgesteld, die gebaseerd is

op de verwantschap tussen de physio’s.

4. Uit tabel 5 blijkt, welke resistentiefactoren zeer waarschijnlijk aan elkaar iden-
tiek zijn en tegen welke physio’s zij resistentie oproepen.

5. Ook voor de resistentiefactoren wordt het gebruik op internationale schaal van
één benaming voorgesteld (tabel 5).

6. Zowel voor de physio’s als voor de resistentiefactoren wordt de door BLACK (2)
voorgestelde benaming gekozen. De theoretische achtergrond van de benaming der
physio’s is ook reeds aanwezig in de oude benaming van MILLsS and PETERSON (5, 6)
en in het schema van MASTENBROEK (3, fig.12).

7. De voordelen van de gekozen wijzen van benoeming zijn:

a. dat de vatbaarheid en de resistentie van een plant van bekende samenstelling t.a.v.
de resistentiefactoren kan worden aangegeven, zonder dat een tabel of diagram ge-
raadpleegd behoeft te worden. B.v. een plant in het bezit van factor R, is vatbaar
voor de physio’s 3, 1,3, 2,3, 3,4,1,2,3:1,3,4,2,3,4en 1, 2, 3, 4, dus voor alle
physio’s in welker benaming het cijfer 3 voorkomt. Tegen de overige physio’s is de
plant resistent. Een plant, in het bezit van de factoren R; en R, is vatbaar voor de
physio’s 1, 4; 1, 2, 4, 1, 3,4 en 1, 2, 3, 4, dus voor alle physio’s, waarin 1, 4 voor
komt. Voor alle overige physio’s is zo’n plant onvatbaar (zie tabel 5).

b. dat, omgekeerd, onmiddellijk kan worden gezegd, welk physio voor welke com-
binaties van resistentiefactoren pathogeen is. B.v. physio 1, 2, 4 is pathogeen voor
planten met combinaties van de factoren R;, R, en R,. Planten, waarin factor Ry
aanwezig is, zijn onvatbaar voor physio 7, 2, 4.

c. dat dit systeem waarschijnlijk uitbreiding toelaat, wanneer dit nodig mocht zijn,
zonder dat de benamingen veranderd behoeven te worden.
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ABSTRALY

Porats (Solanun suderossm Loy nnd tomate {{nperstion ssidenbunt} ave memberentthe Sclznsrene
{riglatshisde farnibyy wind Rave the ssree basic chiromedons wumber {o s 18 Bawever, they sanvot be
srosshiybridized xad, wntll pow, Tt was prbooswen how somerved the geoe order muight be betwenn
these two species, We teport herely this constrnetion of 3 genetie fnkage wap of potsso Chroresomes
tased nn genoric snd <DNA dones from tomato, The potate map was diwe frone segregation data
serived from the interspecific orosy & phureis X {§ fuberosn W 8 shacsense) (3n = 2u = 24}, and
congiste of 145 warkers defining 12 disine lnkage groups. Neaddy ail of the tomate probes rested
hybridteed 1o potato DNA, and in mant cases, the copy rawber of the emploved dones wis the same
iy Dol spactes. Farthermars, all dlotes tapped to the e linkage group in both spevies. For s
shromosomes, the order of doct appesrs 1o be identical In the ven species, while for the ather stewe,
inteachromaroma] rearrsngements are spparent, 3l of which appear 1o he parscentric inversions with
ong breabpoint st or mesr the cemredrers. These resals sre consistent with eyrogenetie theary,
previonsly wntmsted i plass, which pradioes that peraceniris Inversions will hgve the lesst negative
effect on Htness sud thus be the most Bhely forwof cloomosomad rearrangenesniyto survive theough
evolutionsry tirge. Linkage ntaps based on & common set of rescrlation fragment leogth pelymorphiim
markers provide a bashs for uaiting the previonsly scparate disciplings of wman and potato genstion.
Using thisee maps, 11 may now be possible W test theorlos showt homelogies vy orthalogles of ather

gonws, incleding those coding Hir disease vasdetunnes and stresy rolerances,

IHE potars (Selanwm fnberosem LY & the miost

L important food crep of the plant family Selan-
aoeae, which sorstedns some 3800 species fnchuding
rovates {lacefersivon esoufentum ML), tobacoe (M-
tang fndecwm L) plrunia {Petunie dydride Host
Vi~ Aredr.), epgplont Selonum selonpene LY, sl
gavden pepper {Cepeition ennusm L) The tuber-bear-
ing Sokunoo are one relaively evell group of a very
brge genos and achude approdimately 170 species
The base chromosome pureber of potaro, ke most
ather solanaceous species, o ¥ = 18 ared wild forms
range from diplolds to hevaploida.

Tomate and potaie are mermbers of the same tribe
{Bolanacene) (FFARCY IBVE) have searly identical
Raryorypes  and  contaln  comparable monoploid
s of mlear BNA (3.7 pgl The Sict thay the
two species carpat be cross-hyheidized has prevented
detaifed comparative genstic stadies and, by-in-large,
gentics of the 1wo species have remained distinet and
ronoverkpping. In addition, the heterngygoas (G
breedingl, wiopdsd nature of the colterted potats,
and lack of usefil geanetic markers, has hindered the
constraction of @ genetic Enkage map for s speeivs,

The abjectives of the resenrch veported hove wery
{1} o conmruct » Hirdage nwyp of potate based on
resteicrion fragrent lengeh polymorphise (RFLP)

(g
o

Gasation 3 TR0 {Dacerhar, THEE;

markers, and (2} o determine the degree of similarity
between putala and tomate chromosomes with respent
1o geue order. Gonetically, tomase e onig of the best-
characterized pliot species with welbpopulated link-
age maps based o both pwrphologies! and moleaudar
markers {Tangseey, Mursontas and Ricw 1887 By
wing previosly mapped clones solated Huon the
tonte, we have bees able o rosevaplish both of the
stated goale, The construction of compansive maps
based oiex common set of cloney provides » basls for
urdting waxate and potate genelics, an sotoraplish-
mert muauslly sdwonageous for research e both
species.

MATERIALS ANE METHOUE

Plant waterials for segregation snalysiss Parones sk
weber progeny of an intespecifie, diploid Solanwm cross
were odianed from G, 119008 wnd D. Dovcwss, Ustversity
of Californis, Duwis. The pistiflate parent’ of e crass
{B45810} was an aonession of the diplold species Solanum
Shurdie fue ey Bok, The stavdrate garent {704} was an
perspeoifin clone obtained by the hybridization of & dihap-
tosid Solemen tubgrovum (= ¥y = 24Y and a member of the
diplotd spectes Selanwm phasoenes B, Supractive featurey of
this population wers itz dipledd constitution, prior charac
tergeation of sesyre lock (Dovcies and Qomny 1987, and
the high Rlelthood thar iwould exbibly polymorphism at
the BNA Jevel. The mapping population oosisted of 85 8,
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progeay, amarg which segregation of alleles from the uer
apectfic parent was moniiored v genctic mappby. Plaras
were propagated clonafly in the greenhouse st Cornelt Ut
veesity, The 3. ghwrge clone an(i the 8 iuberosmm 28
chacaenss hybrid will te referced 1o hereafieras phu and
she, respestiveshy (Huaman and Rosd 1985
A fend tﬁm\ restrietion digesis, slectropboresis and

ﬁiaﬁtmg* Isoiation of potd genonss DNA from leaf tiwsue
was as deseribed Ror ronwgo {Brsmarery and Tansszy
198823, excepr that sodinm bisulfite was used insweed of
Iz*amgsimth&na Eogemns o with the ‘C‘)}(‘Kkﬁ& endanucie-
asey {BRE} wers pet formed aconrding e the manuwfacturer’s
mstbyngions asing 2 units of engtime per pg of BN & BeeRY,
FeoBV, Haedbll, Deal, Xoal, Nadl, Basiih Tk, M&oi
Mgl and Hintl Soven microgram of digested potaie DN
weve louded and separgied on 0.5% agerose ok ch*rw
phoresis snd Sowhary Moting were conducted as describied
by BervaTary and Tanusiey (1388). The wnly modifice
pans of theabovementivned pratous’s were the swbstititine
of Gen "scr&ml plos {NER)Y ii‘tar' for Zewbing, snd the use
of capiilary blows instead of dey Blotting On survey Hlters,
the parenss wars represeatest i oach of 1 pirs of restric.
ton A Agests, Popr to s e p} cated progeny filery, schuding
ore ke of digestad tomate BNA {8 ssowlentum ov. VE3S),
88 p)t:s‘i;a, PYDERIY, ass% sne jane of each of the potate
parental FRAs, were prepared from bull digests with each
BREEnes

DA pmbes, Ishelbag ami Fvbridisetions Soth oA
arad gesnowds Plones were wand a8 prodey oy mapping the
PORAS genome,

Consruction of the cONA and
Pl or eoRY genanic Hbraries t:ma*-’} bave h@m
dunrribed eisewhere eb“m\h TERY “mi Tanssipy 1588
TANKBLEY o al. 1887} The loct detented by hyleidisation
of cIFNA slones wers m:;;gsxa wed COE OR2, et and thoae
deresied by the goramic clones are {i&ﬁ!gﬂaft\j req, .'.?‘{}‘g.,
stes Ruplicate lodi homologons o 2 single probe were sud
Hvwdd with sieﬁigm*‘ians A oo, Slones of sevevad buown
geven were: alw wed in o the compaeative mapg mg sty
sl sobadt yibulese bispheaphate carbesylase \5 esk chice
mph}i: &/b binding protein (Oad), and she $8x major ribe
sconad repeas (93, The Rbos xed Gab dones were fram
tomato. (PRORERSKY 2 2l 1985, 1D88Y and the ribusowal
clone was from pea {JORGENSEN o f. 1888} The clones
nsad i this stidy had prevm;siv heen wapped o aribolor
gous focl in romete, and are distrihured s .hrmz;ahms*’ B of
the 1937 oM oo RELE map Bt invervaly averaging 11
oM (T anssey of o 1887) Figure 1B

Whols plasmids w e:rt: sither sick-tranelated or wndom-
hexemerfbnied with PRACTP (Ricer & sf VETE; Fenys
meRG and Voosrstww 19883} Porwo psresial survey op
progeny flrery were hybridized m.*z*'rmght as p aviously de-
seribed (BERNATZEY 3nd TANESLEY 1986hy. B lrees werg
washed t medivm steingeroy {005 # S8 857y st plassd
an Meray Blw for 15 days.

Dz from eloven bsozyme murkers srsd 1l s ranepholugieal

wecker deteradning tiber fest color (Howare 197 0, sep-

by

Q
f

r{fg‘as;“g{ e rhe saree fimimc* § «pui,x“ims, siere hindhy Ay
e b*‘ L&WS‘

¥

HICHES, These dats were included In the
by their cosepregativn with the DNA

R}f‘i? az‘aa.hms and anap construciion: Enzyme-probe
£ eore selected for which the @hrshe ,3*6?!
mp\ ared 1 %»0 haterarygons, while the Qshzfr parer (g
was sitber bomazygaus, or heterarygous buy with Sifferen
sileles, Potential Geterosygosty with a given ;m‘e%w Wy
taferrad by the presence of fnove than ong hyhridiaing
restriction fragmams per digestion on pareota) survey Shers,

and polymorphisny between the parends vequired that at
imasy oner fragment be unique te the parent e guestinn,
Segrepation of aisles from frshe were verified xnd seoved

By ek progeny, &nalyals of segreganion darx was performed
5 i LM P A“‘ com;mtcs wsing SPES softwarg: Recoms

nation & *eq«mm;e; were soxrverted 1o map wnbis sccerding
o Bosamss {18445

In some msmm‘ei, hersrosygous Iogh n the phe parent
wars g4isg oi’s.fz*rvui HSEgreRR ae iv m.;zmgmy gad & second
sy of ruaspiproy daty was poliseted

BESULTA

Dascription of the potate Hokage map A tog] of
134 segregating UNA and souyme warkers wers as
sigreed w12 Hivdage groups e e potate gersme.
The high degree of sservation of shrasassme con-
tent betwesn tamato and potate fsee following ssaion)
aliowed the asigriment of the potwe finkage groups
W chrarncaomes. b i‘hrmsgh 12 by howmeology w the
tomatn. clossassomes (Figore 1A}, Fach of the oo
mosomes iy merrked by 5ram w18 Boked looi, with
adfjacent markers s:&p&mtfsd by -84 map unua,

The lindhage grosp fb1-8hd4 7, which Dencis and
Quisos {1847 reported 16500 & CONLTDMETIC TEEID
of an wiidentified potate chromseomne, posmgregated
i potate with several BNA mavkers from IR
shromosome {, placing ¥ in the | map ;\L ory i
the twrs species. Lipkage soalvsie sleo places six ather
By o P 3, Pemd, Pewl, Got2 arad ? ;}wm
chromestrsal locatiors corvesponding wits °?mw pre-
s»i wiy reported for romato. Thres isozyme ke

g‘ff 3, e}nz? and MdhIwhich have not ver h
aapped i toiste were found fo be gghtly hin
with RFLP mérkers o shroscedmes ¥ zmd £
yotato, The ciwommsome § lavevme markers ‘észﬁf
and B M\ have been reporied roispan & contravaeric
region in potaty (Do snd {,:NU}\}\Q@ 1988), and
ong of them, SPpdh? had previpwly been asddgned w
!’J‘if{‘}‘i}(?‘*n?ﬂ!" Sin raraaio ng*}" B‘Sb(iﬁ‘l{‘ &\O;‘,’xkg{‘. &I}%{i}‘;.k
bay pot maepped 1R speciiic posttion within the dhve-
mosonw { T awRseEy and Kupse 1885

Alletes of Pgid, MdR? and ¥ were segregating only
from the g parent, and the fnchusion of these thres
foct i the powte map was made posgdle by their
Hrdage with RFLPF merkers for which both parents
were DRiRroTyEms, TE’:@ szm‘ &6 ma\ pes:i fy se;z;rr:v
gation from phu are de
agterisk,

’3 w
]
She ot

»

7
.
G 7.,
%2 4
e
s

=
3,

e

P

&
g
5

py
%

%
f‘d
s
&
;3
Sl
&
&
o
=z

T mesrk !msm‘s\ LETITHC if,}ne TE2Eand v
thivd locusfo 21 {CBRIC), which were not poly-
i}"‘ﬂi‘i?}'ﬁ{" i {( TYHITEY e B\E’.i}in"ﬁ 18 '3{3?.232»} v {hf
suosoowy 7 oand & x«ﬁ:}catxwiy. f*}u focus CD2IT
sxtonds potate chromossiie & beyond the termin s}
DA marker (G2 on the vepata homselog (Figw
2,. Asangd 8}

Comparivon of the tomate and potete lakage
maps: The momatomeap with which the potaio map s

betog compared, was based on an Fy population from
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swas even e severely redosed, For exapds oo
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o

TR ufﬁiizi}{'}ﬂ 0

g‘mi‘“w i“‘s& than 25% of that ub
ot Gn the h:mg

DRIRAREAR o

i e xnterval contams

S,

dmsn fore ey et

"niam‘ extasepie s
craRiey, b os}i‘c
1o popiation ;
5 ’ stbreche parent and i sonEe WwEences,
alser for boet beterpupgons v the phee parent (Figure
Asan indeperdont IR z*%‘m; e iAo in

by was cwduored

aire,

LAY
~F

rhe Selanum gonome
for 17 rz:m:iomh '

clepie :
£ SERTEFEn £l ; ,*::ss g RTRYH, iw - claic, whil e
et rapresersting sl lodd, provided w basia for ccenpar
vz reennirEtion Fraquency BB HIBRE, Ehv: W

A

N*sg:e-csé' Cpotate parent, and the *»&a claree {Fable 13
UM the mterealy compared, onty one varied sigaiti

¢ the three popudations. On chirosaosome
cab betsecers TOI2Y aned TOIR shoswed
rechuced umm?s nation g 4B COIT
wred wWith romatow2 s ‘s.ii‘w vats

%

o% yaoanhi ﬁ;s.tf»‘ fperval

{48 x\ﬂ Wi

YArEnt, }f g s;hms’iz}__

g i i'i e Y
5 af s:hs*-:>nz\w<vnw & 8,

doviant ratice chister vn §¥ar
i

7 &and IO {Vad - These veglions were
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front tiﬁ %:s pazwu: ave zightiz%‘ iis ; ::‘i 3! -,\hzu 1‘:{3:«01 ne é,
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onpsar more ol the 11 restointios
studdy; ptengial polynsorphis

venryees used i thi
heterpuygasity’ was

fosnd B the theechs pares for 8% nfthe DNA clores
exaningd, (mngdwv with 1% for the phw parent

The kvl of betferanygosity o S —— the pise ; wrent
.ugges‘s thiat natuy Al prpulaticrs of this asoros &
species. of Solamas wre tikely 10 Qurotain sig mi n

o

& mouni of restreiction fragment kngds po wmmp% Y,
Restriction enzymies most SHCLess s in detsaiing pob
sroorphism betwesn the parents were BeoRE, EaaBV,
FindlIL, fral and Xbal.

Compparison of N A sod genomis clones: cONA
clearmes wul singde copy gevwnse slones were smarly
ogual bt the froguaney with which they detecied v
sriction fragmers Jength polymorphisr i dhe o
ARG ; srents, With all of the snzyrs cprbe soreli-
rations used, the siRAs and the genemi slones
sietee 1i‘§j *m?vmm} shasr i JER 38 = BT, and %42/

579 = 60% of the casns, respectively.

Changes tr genomic cone copy monber and ho-
ma&sgv* In contrast o oDNK clones, pwo of the o
mata single © a;:w genomic clones wers fourad to by
brifdize with mul Li;:nt* copies i the potate. genomes

ey TEI7 and }'{;}.;, which mark single loct on

E wnidsomes 4 ared 3 In tomastn, sack hx’brzc{sze“i 25
repetitive elersents ang §<s>zx§s~ not be mapped in pate
{Figure 4%

Two additionsl single copy g‘” nomis clanss,
ared DEIF from tomdte chranosomes 7 and 4,
fot be aepped o potato d\se i fack of wf‘i
atrlogy with corresporsling porsig segquences (F
s 4Ry

{((

e

FHSCUSSINN

Chramosorse  eveluthae Cur isdwled ge @ abmi
chrofusome. evolotion t higher plante B based
targely on metatic soalysis and camparisars of karys
arypes. The formey s wemamiy restrivied o nters
fertle specits, s the analyus i performed oo hybeld
pi's*z The latter; while no :is it € crossable spes
cies, bas poas resabaion, snce changes in karvotypss
can be brpoght about by wwany g differens pmc s And
often these changes are not At prgnichable by por-
phologival comparieons of mitotie chromasomes.

The fansly Solanacoae s s‘sfz‘nwsm;; orthat nee
wins & higldy diverse § grovg of sponies, yet ruost &hzma

the same hassc t‘hmmﬂwme munber ;‘a: Changes
BY bassé{' sheomosone nuniher, o§ S0y eci,ai}}: dyaploid dex
ereasns, ave believed o be tacilitated by chivomosomul
ranslonations zExmw 1872 We report here that
sivee the divergense of potato ard tomato from their

ASE CONIMION ANCERY, the ondy detectalde chramao.
sonal changes }.a.\“t‘ hsen pararentric inversions. The
orcurrence ol Gy this type of rearmangemen, which
doss yiat Yesult v changes in ka‘?s"cmpz:, & cormistent
with ovitole gi b observiations repomﬁ the conssTva-
tion of relativs Shwomosomal arm 1 iengths between the
e apecies (Yre and Prioguns 1868)
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Recombinatiore The segregation data wed 0 gene
erate the fomate dad potato maps presentsd hove were
derived from single segregating popudations, Since
miotic. recombination can vary among individuals
within a speries, € would e prowstars o swwlude
that potato chromiosomes, in general, experience less
crogsing wver than do theilt tomaty counterparts, Ax
achtitional confounding fater I that in both teaats
sl potate, buenspeciic ornsses wers used w deter.
e wigy distanees, and s i knewn o affect recom-
binatie (Riog 1869

The eutcome of vur compurison of recpmbinmtion
i the fhrche versus the phu potate pareots {Table 1)
suggests that, at least in opeinstance, the bsser recons
bination sween In vl a8 comparad 16 WEBAG B oot
& gesersd phenvmenon in potate, but wag a function
of the vross nsed for derermining recombination,

Bouesses and Ourrox {1887, 19881 aks nwed re-
duced recomBination levely for several cheomosome
regions when they comparsd geneorntromers map
distarmes in the interspeciiin hybrid used in this study
{hreche, TTHG with thosy of “nondybeid” digleid
stonks of 8. fubsrosum. The the-che parent i homozyr
gous for the parallel spindies mutation {8 which
atfords ithe option of prodocing 2 gametes by fizw
dtvision restliation (FDR) (Mos and Prooguas 1978y,
bat i dogs not sxprassany of the recognized asynaptic
ov desynaptlc mutant genes (reviewed i Doucas
ared CRorRos 1888} which have beenshonery 1o raduce
rerombinutiont {n other dipdoid Solanmm stocks.

Although the hypothesds cdiffiouk to test, B would
be pderssting 1o deterrame i areas of the potste
geoome that we god otbery (Doveses and Qumes
1888} have tleotiBed ¢ having entremely reduoced
reswabinatdon o Ineenspecin populstions might be
indieative of structucal pelvmerphism among Selanus
spmcies, 1 the interspenific potato parent used to-con-
stries the present map were heterozygous for fver-
sians, one eonsequenice world be genotypespecific
{thrche vs. P} reduced recombination in distina
regions of the genome such as we have observedd on
chrarcsonm § (ee Table 13 The redused vecombl
mation we observed between the genstic oaps of to-
mate wrel potdn could be due ro the presence of
snrecogrized genes which influence ctossing over gr
10 8 bk of bomoseguenuadity of the geocmes un
which the potats map was bxeed,

Nuclentide sequence hamology of potate aad to-
waate BRA& It b apparvent frore ths study avd from
the work of Zavur and Tasgase (1985} thay thers
i 2 high degres of consereation of most coding re-
gions and gagle copy DN A seguences between tonwto
arsd potato, and that the Hnkage groups of the ton
spesies are welloonserved. In conteast, most highly
vepeated frantion of the fwo genomes has diverged to
the poind that there i hutde or no orosshvbridic

1iGL

zation. Qvdy one of the dove mos ighly repested,
noseribosnmal DNA repeate from tomate b found
i oporto (Gavar, Lawran and Tangsiey 1988
Scrwriees of ol 1O8R) S of the meoare highly
vepatitive, fa-evolving sequencey sre tandendy or
ganized and naight be seprcied o underge rapid and
eoncerted changes within isolaed speciss (ARNERI
1883y However, athevs are highly wate
throughout the genome {GaNaL, Laroran and Tane-
SLEY 1888} 1t apparent from this veport that these
interspersed sequenees must ako be evelving o =
coreserted manner, independerndly of gross chromo-
somal rearsangemsnts

Unitdog potsto and tomatn genetiess Powsto und
somag,. being major evep species, have long histories
of genetic ared breeding research. Despite the fant thay
they are mernbirs of closely related geners, thers b
been e conaauy griund betwern the two disck
plines. Genetic daps based oo v donunan sep o DNA
probes provide's bushy for begiradig tounite the twe
fields. Based on the comparative reaps reparted hers,
we now know whith regions of the pataro and wosmate
chromosomes are songeryed, aod where the differ
enges soont b tomaly, rewre ghan 400 nwdecudar
markers huve now beer Totated oo thy genetle swap
{Tamwsixy & of 1987; and wnpoblished dara, this
laboratery). Based on the positon of the donss o
retddy roapped I potaia, s possilde 1o predics the
position of the addivonsd 200 cloned sarkers from
womnaie. For practond purposss thers, the potadt mag
o comprised of the saste monber of loct tapped in
rornaee. Positions of wonapped booyme ael By potato
can alio be prediciesd based @ their position in the
tomate map. The potate and omato comparative
maps have alsady ovided 8 basis for deternining
the chramosnal localizstion of patatiecoding geses
i boch spechs (80D Tasksery, ML W Bopsarate
and W, D, Pank, oopublished duta)

Perhaps nne of the most exciting outcomess of wups
hased on common dones will be the abiliy o wk
nuestinns ahout the komology and orthalogy of geoes
that have not yei been cloned and whoss gene prods
nety are not kncwn. For example, tomatseand potsto
are common hosts 1o patfogens from a wide rauge of
chsses—including nematodes, vivuses, bacteria and
foogl (Hoowsr 1981) Reslsaness o rosny shared
pests have been identified among he genstic re-
scatroes of both species, yut the relaionship among
resistanies genes frone thy twa species i paknown,
Clommon map positicas way be wsed o nfer homob
oy of residance geney foured in these two, hevetofare,
indepersient pools of vesources, s thedties concevns
ing the inheritance and mechanisns of gene notion
proposed for ose speciey sy be suggested for the
oiher.

Fraction! sspects of poetate RFLP mapping Pras-

Aardevo Exhibit 1010
Page 1706



pige S.W. Bonierdule, B L. Phisted gl .8 Taoksley

applications of the ve 9 orted Hinkage map e -

e genetios and breeding will stem from the

atinn of moleg p%a i:dk‘fm“?'ﬁ with useful genes. Ti"?f,ee
snens. respurces. of he potno ave vast, sud many

souvnes of desirable wwaits have been identified in wild

spec s (Havdesman and Bamuerae 1988), vet these

sve widom beer included irs seneptable

cultivars. ‘mmng the bavriers which can ; vede thes
explottaion of wild species bs cwnwmia % wending
smethods are {1) the association of desived toaits with
srfavorable agr@mmic zraits from nnwdepred

sonrees, and {2 the complicated matoe of the inher-
garee of ceripin desirable trais

Genes conroling quantigively iffierited charag
wors fre omate (OSB0RY, ALEXANDES and Fours 1987,
Tamrsiey and Hewrry 1988, prpper {TaNgsLey and
FCURstAS-OLIvAs T8, wnd s tee (BTUREN, EDWARDR
sl Wakngl T9ET: Eowsros, STusER and Wenosy
1987Y have beor detenied with volecoler markers:
The ability 1o s:.ia‘te:rs‘, mayp, and monitor oo affecting
both gualitative wwd qoaraliative talis by their lidayge
t moleculay markies promises r increase the ¢ff
ciengy of thedr introgressiet Buo destrabde ;;gﬁm*sis‘
b ‘?gs sunds. The reap ping of groes of futerest based

ol thetr m?«igs‘: with RFLP warkears oay coliznce
selection o segregating populetions by pﬂ*suitris‘tn‘ 4

5

saery exacthy ascssment of the groetvps of indrd-
uzzis ghan is possible bosed an phermtype or progeoy
resting alone. May ket-sohanosd selectio ot iy alve be
nsed to ideify reomntioant ndivideals which hear
the genies to be intrograss
Rarking BNA Youns wied Targsusy 1888).

The f;aci that chromosame Cotients sre consepved

bBetwosern pt:\im:s) and wmato suggests the possibilivy of
;**’omsm*-g, chrommsgme *ai.z‘:‘}stﬁ.t\:‘ti(‘:ri Hnes between the
species, Heports have cdwsi he issued regarding
somatio fuston of‘ the WO Spenes \‘d CHER, BAURIS-

Tan gnd Holoer 1978, Chromossne substitution

fires mrighy cermediale sep W the
?\I}t;‘csgz‘:*\a T the potsts an “E LWRNRIG
geus posls Lcmg stmz.c‘nes ::s{ homossquentid

i
i\.e usedd av an I

e foe:
pott

TGS SEEMENA Lol facifitate hom afa;.;ms PRSI
biviation i metoshs of future chrommsomsa! sxchange
Hiney that might he derived from somagic fusion prads

BELS,
The hetoroxygous, polypleld smwmtitation of the
r:uitw*s sk potate s pm:\amv the pe in cipal resson for
he previpus lack of a genetin linkage map. Although
zh& CUTTENE AR was fimrio;,ed ar the d.g. cid {evel,
the linsar grder of the oot decetind b capected to be
the mame at the §:&t3‘sa§)§g>is:§ fevel, and the map repoTie
b ehids paper should therefore serve most gooatic and
bravding studiss in the cultivated ;\ata&u ‘snuaii v ot
RFLUPs ni’ pzi‘:@.icuim‘ imporiance o b eeders of poly
: 3

¥
; said, ¢ a

v codaminant sas
of assessing adlelie

sséed with dstnel smoents of

fraquencies jo individesds and tmmimrin.g EnGLyEC
shifts in pupulations, T*}(’ selection of breeding par-
ents with high plex levels for paedoular sdesivable
adledes can be ai‘mm;s}izhsd dirven E‘e, andd the ability of
aliernate bresdi ing 5 hemes fo approsch the goak of
particudar pognslation improvement programs can be
efficiently evaluared,
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Abstract Seventy eight clones from the cross between
SCRI clone 12601abl and cv Stirling were used to
explore the possibility of genetical linkage analysis in
tetraploid potato (Solanum tuberosum subsp. tuber-
osum). Clone 12601abl had quantitative resistance to
Globodera pallida Pa2/3 derived from S. tuberosum
subsp. andigena. The strategy adopted involved identi-
fying single- (simplex) and double- (duplex) dose AFLP
markers in the parents from segregation ratios that
could be unambiguously identified in their offspring,
detecting linkage between a marker and a putative
quantitative trait locus (QTL) for resistance, and
placing the QTL on the linkage map of markers. The
numbers of scorable segregating markers were 162
simplex ones present only in 12601abl, 8§87 present in
Stirling, and 32 present in both; and 72 duplex markers
present only in 12601abl and 45 present in Stirling. The
total map length was 9909 cM in 12601abl and
484.6 cM in Stirling. A QTL with a resistance allele
present in double dose (QQqq) in 12601abl was infer-
red from the associations between resistance scores
(square root of female counts) and two duplex markers
linked in coupling, which, in turn, were linked in coup-
ling to four simplex markers also associated with resist-
ance, but to a lesser degree. The largest marker
class difference was the one for the duplex marker
P61M34 =15. It accounted for 27.8% of the
phenotypic variance in resistance scores, or approxim-
ately 30% of the genotypic variance. Subsequently, this

Communicated by G. Wenzel

J. E. Bradshaw (1) - R. C. Meyer -
M. S. Phillips - R. Waugh

Scottish Crop Research Institute, Invergowrie,
Dundee DD2 5DA, UK

C. A. Hackett - J. W. McNicol
Biomathematics and Statistics Scotland,
Scottish Crop Research Institute, Invergowrie
Dundee DD2 5DA, UK

D. Milbourne

duplex marker was found to be linked in coupling with
a duplex SSR allele Stm3016 = a, whose locus was
shown to be on chromosome IV in a diploid reference
mapping population. The other QTLs for resistance
segregating in the progeny were not identified for one
or more of the following reasons: the markers did not
cover the whole of the genome, there were unfavour-
able repulsion linkages between the QTLs and mar-
kers, or the gene effects were not large enough to be
detected in an experiment of the size conducted. It is
concluded that prospects appear good for detecting
QTLs and using marker-assisted selection in a tetrap-
loid potato breeding programme, provided that, in
future, the population size is increased to over 250 and
more SSR markers are used to complement the AFLPs;
the same is likely to be true for other autotetraploid
Crops.

Key words Potato + Solanum tuberosum +
Nematode resistance + Globodera pallida +
Linkage in autotetraploids *

Quantitative trait locus

Introduction

The European cultivated potato (Solanum tuberosum
subsp. tuberosum) is a tetraploid species (2n = 4x = 48)
which displays tetrasomic inheritance. It was derived
from a narrow genetic base of a few introductions of
subsp. andigena from South America in the late 16th
century, and possible further casual introductions in
the 17th and 18th centuries (Bradshaw and Mackay
1994). As a consequence, it lacked genes for adequate
levels of resistance to pathogens and pests such as late
blight [Phytophthora infestans (Mont.) de Bary] and
potato cyst nematodes (PCN) (Globodera spp.) which
became problems once it had assumed its role
as a staple food crop (Bradshaw and Mackay 1994).
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During the 20th century, attempts have been made to
remedy these deficiencies by the introgression of resist-
ance genes into subsp. tuberosum from the wild and
cultivated Solanum species of Central and South Amer-
ica (Hermsen 1994). However, a Solanum demissum-
derived major gene resistance to late blight failed to
give durable resistance (Malcolmson 1969) and the
widespread deployment of the H1 gene from subsp.
andigena CPC1673 to control pathotype Rol (and
Ro4) of the golden potato cyst nematode [ Globodera
rostochiensis (Woll.)] has inadvertently selected for the
white potato cyst nematode [ Globodera pallida (Stone)]
(Bradshaw et al. 1996). More recently, cultivars with
high levels of field resistance to late blight, such as
Stirling and Torridon, have been bred from S. tuber-
osum germplasm derived from S. demissum, but they
have not been widely grown (Wastie 1991; Bradshaw
et al. 1995 a). Furthermore, high levels of quantitative
resistance to G. pallida have also been incorporated
into subsp. tuberosum from subsp. andigena (for
example, SCRI clone 12601ab1), and to both nematode
species from Solanum vernei, but only partial resistance
has been achieved in successful cultivars such as Santé
and Nadine (Bradshaw et al. 1996). The major gene
resistances to G. pallida found to-date are only effective
against some of the populations/pathotypes found in
Europe; for example the H2 gene for resistance to
pathotype Pal from Solanum multidissectum (Dunnett
1961) and Gpa?2 for resistance to pathotype Pa2 from
S. tuberosum subsp. andigena CPC1673 (Rouppe van
der Voort et al. 1997).

Therefore, in Europe, there is a pressing need to
combine the high levels of quantitative resistance to
late blight and the white potato cyst nemalode, avail-
able in subsp. tuberosum, with the commercially accept-
able yields and qualities demanded by processors and
supermarkets. Hence, it seemed timely to explore the
possibility of genetical linkage analysis in tetraploid
potato as a prerequisite to using molecular-marker-
assisted selection to achieve this objective in a tetrap-
loid breeding programme, without the need to spend
time and effort on haploidisation, diploid analysis, and
polyploidisation in order to avoid the complexities of
tetrasomic inheritance. The efficient introgression of
new resistances from wild species is a different issue,
and is not the subject of this paper.

AFLPs (Vos et al. 1995) were chosen as the primary
marker system because they allow a large number of
segregating markers to be followed in a single experi-
ment. They are based on the selective PCR amplifica-
tions of small restriction fragments (80—-400 bp) of
genomic DNA and are normally dominant markers.
They have already been used in diploid potatoes for the
construction of high-density linkage maps (Van Eck
et al. 1995), the saturation mapping of potato chromo-
some VII around the Grol gene for resistance to
G. rostochiensis (Ballvora et al. 1995) and mapping the
Gpa?2 gene for resistance to G. pallida (Rouppe van der
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Voort et al. 1997), as well as by Milbourne et al. (1997)
for the analysis of genetical relationships in tetraploid
potato cultivars. Subsequently, some of the highly poly-
morphic co-dominant SSR-based markers which are
currently being developed for potato (Milbourne et al.
1998) were included to aid the chromosomal identifica-
tion of a linkage group containing a putative quantitat-
ive trait locus (QTL) for resistance to G. pallida.

The cross between clone 12601abl and cv Stitling
was chosen because these parents were known to
have both high levels of resistance to G. pallida and
P.infestans, respectively, and also high general combin-
ing abilities for these resistances (Bradshaw et al.
1995 b). The PCN results are presented and discussed
in this paper; the blight results and more detailed the-
ory on the construction of the marker linkage map can
be found elsewhere (Hackett et al. 1998; Meyer et al.
1998).

Materials and methods

Plant material

The cross 12601ab1 x Stirling was one of a diallel set of crosses made
in 1992 (Bradshaw et al. 1995 b). The reciprocal cross was made in
1993. Seedlings were raised from seed in a glasshouse in 10-cm-
square pots during the summer of 1994 and tubers were harvested in
mid-September from 331 plants (262 from the cross and 69 from its
reciprocal). The 331 clones were maintained by growing two plants
of each in 12.5-cm-square pots in a glasshouse in 1995, the spare
tubers being used to raise plants for a foliage blight test. The
maintenance plants were harvested in mid-September and the tubers
keptin a dark store at 8°C until required. By mid-January 1996 they
were just beginning to sprout. Two tubers of each clone were again
planted for maintenance, leaving the remainder for use in testing for
resistance to potato cyst nematodes (PCN).

PCN tests

There were sufficient tubers of 281 clones for them to be assessed for
resistance to G. pallida Pa2/3 (Lindley) in a closed container test with
four replicates, as described by Phillips et al. (1980). The test was set
up on 13 and 14 February 1996 with one tuber per 60-ml Clearopac
container unless the tubers were very small, when two were used.
The numbers of females visible through the transparent walls of the
containers were counted from 16 to 22 April 1996. Since small tubers
of clone 12601abl and cv Stirling were not available at the same
physiological age as those of the clones, they were assessed later in
the year along with 18 clones covering the range of female counts
found in the first test. This second test also comprised four replicates
and was set up on 17 June 1996 and scored on 8 August 1996. The
variance-stabilising square-root transformation was performed on
the female counts before doing more detailed statistical analyses on
the resulting PCN scores.

Mapping population and DNA extraction

A subset of 94 clones was randomly chosen for the initial mapping
population from the first 211 of those available from the cross
12601ab1 x Stirling. Between 5 and 10 g of young, fully expanded
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leaves were harvested from the plants grown in the glasshouse and
freeze-dried. Total genomic DNA was extracted from the freeze-
dried leaf material using the CTAB method of Saghai-Maroof et al.
(1984). The quality and quantity of DNA were evaluated after
ethidium-bromide staining of 0.8% agarose gels and UV transil-
lumination.

AFLP assays

AFLP assays were performed using a modification of the protocol of
Vos et al. (1995) as described by Milbourne et al. (1997). The 6-bp
cutting enzymes EcoRI and Pstl were obtained from Boehringer
Mannheim and the 4-bp cutting enzyme Msel from New England
Biolabs. T4 DNA ligase and T4 polynucleotide kinase came from
GIBCO BRL. AmpliTag and AmpliTag LD DNA polymerase, as
well as 1 x PCR buffer (10 mM Tris-HC], 1.5 mM MgCl,, 50 mM
KCl pH 8.3), were purchased from Perkin Elmer and the nucleotide-
triphosphates from Pharmacia. Finally, AFLP primers and adapters
were obtained from Genset, Paris. Autoradiograms were scored
manually and independently by two people. Each band was treated
as a locus with a dominant versus a recessive allele. Intensity differ-
ences were observed in segregating bands, but visual interpretation
was not considered reliable enough to assign allelic dosage to a given
clone.

SSR assays

Sufficient forward primer for 100 PCRs was 5" end-labelled with
p32P-ATP in a 20-pl reaction consisting of 0.3 pmol of primer,
30 pCi of 4500 Ci/mmol y32P-ATP (ICN), 30 U of T4 Polynucleo-
tide Kinase (Gibco) and 1 x Gibco Forward Reaction Buffer (70 mM
Tris-HC1pH 7.6, 10 mM MgC1,, 100 mM KC1, 1 mM 2-mercapto-
ethanol), incubated at 37°C for 1h, after which the reaction was
terminated by heating to 70°C for 10 min.

Ten-microliter PCRs consisted of 20ng of genomic DNA,
1 x PCR buffer (10 mM Tris-HCI, 1.5 mM MgC1,, 50 mM KCI pH
8.3), 0.3 U of Tag polymerase (Boehringer-Mannheim), 0.3 uM of
forward and reverse primers and 200 pM of dNTPs. The cycling
conditions for PCR on a PE 9600 thermocycler or MJ Research
DNA Engine were as follows: 94°C for 3 min, followed by 25 cycles
of 94°C for 30s, annealing temperature for 30s, 72°C for 30s,
followed by 72°C for 5 min. Equal volumes of electrophoresis load-
ing buffer (95% formamide, 10 mM EDTA, 0.5 mg/ml bromophenol
blue and xylene cyanol) were added to the samples, which were then
denatured at 95°C for 5 min, snap-cooled on ice, and subjected to
polyacrylamide-gel electrophoresis on 6% acrylamide, 7M Urea
Easigel (Scotlab) in 1 x TBE (89 mM Tris-Borate, 2 mM EDTA). An
M13 sequencing marker (prepared by performing the control reac-
tion in the Sequenase V.2 sequencing kit from Amersham) was also
run to estimate product sizes. Visualisation of results was achieved
by exposure of fixed, dried gels to X-ray film.

Identification of segregation type

Markers occurring in just one parent were accepted as present in
single- (simplex) or double-(duplex) dose if their observed segrega-
tion ratio was not significantly different from 1:1 or 5:1, respective-
ly, as tested by a y* goodness of fit with a 1% significance level.
Markers occurring in both parents were likewise accepted as present
in single-dose if their segregation ratio was not significantly different
from 3:1, but this time at the 5% significance level to avoid overlap
with markers giving the 11:1 segregation ratio expected from a
duplex x simplex cross. These are the only segregation ratios that
can be distinguished with the population size used (Bailey 1961).
Although no double reduction (Fisher and Mather 1943) is assumed,

its presence would not prevent the unambiguous identification of the
three types of cross, Aaaa xaaaa, AAaa x aaaa and Aaaa x Aaaa,
where A is the dominant marker present in either single- or double-
dose. Histograms were plotted of the number of simplex and duplex
AFLP bands from each parent carried by each clone in order to
identify any selfs or anomalous results. As a consequence, 16 clones
were eliminated from the experiment (see later), and the analyses
repeated on the remaining 78 clones.

Linkage-map construction

Recombination frequencies and lod scores were calculated between
pairs of markers as described by Hackett et al. (1998) and Meyer
et al. (1998), using the statistical programme Genstat (Genstat
5 Committee 1993). These were then used for input to the linkage
software, JoinMap 2.0 (Stam and Van Ooijen 1995) to obtain com-
bined maps for each parent in which homologous groups were
merged. The maps were printed with Drawmap (Van Ooijen 1994).

QTL analysis

For all segregating markers, a single-marker analysis was performed
by determining the difference in mean PCN scores between the two
marker classes, presence and absence of marker, and evaluating its
significance by a t-test. All differences significant at the 5% level
were noted, whilst recognising that some of them could have arisen
by chance. Hence, a more appropriate threshold value for declaring
a significant QTL effect was sought through the empirical method of
Churchill and Doerge (1994). This was done for the markers seg-
regating 1:1 and 5: 1 from each parent and for those segregating 3:1,
making five sets of analyses in total. In each analysis, the PCN scores
for the 78 clones were shuffled, analysed for QTL effects at all
markers in the set, the largest ¢-value stored, and the entire proced-
ure repeated 1000 times. The stored ¢-values were then ordered and
the 95% quantile taken as the estimated critical value at which the
overall type-I error rate for the experiment was 0.05 or less. The
differences between marker classes are functions of the frequency of
recombination (ie. recombinant chromatids) between the marker
and the QTL and the genotypic values of the genotypes at the QTL
(there could be up to eight different alleles segregating), but these can
not be estimated from a simple single-marker analysis.

Results
AFLP marker analysis

Thirty nine AFLP primer combinations allowed 3173
loci to be surveyed and, of the 1066 markers which
segregated in the population, 573 were considered scor-
able with the required accuracy. The percentage of
informative loci was not significantly different between
the EcoRl and Pstl templates, but the Pstl auto-
radiograms were much clearer and easier to score than
the EcoRI gels due to a reduced number of bands
per gel.

Although analysis of the parental source of markers
in the 94 clones failed to detect any selfs, it did highlight
a distinct group of 16 clones with an unusually low
number of paternal products (Fig. 1). As there was no
obvious experimental or genetical explanation for the
origin of these distinct clones, they were omitted from
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Fig. 1 Low number of paternal markers in 16 out of 94 clones from
the cross 12601abl x Stirling

the subsequent marker, QTL, and linkage analyses
which were, therefore, done on the remaining 78 clones.
This left 559 scorable, segregating markers, of which
446 were present in one parent and absent in the other,
while 113 were present in both parents.

Figure 2 shows the observed segregation ratios for
the 446 markers which were present in one parent and
absent in the other, and the theoretical distributions for
284 markers segregating 1:1(53:25 is more likely to be
al:1thana5:1ratio)and 162 markers segregating 5:1
(54:24 is more likely to be a 5:1 than a 1.1 ratio). For
a population size of 78, one would expect a clearcut
separation of single- and double-dose markers, but this
was not observed. Therefore, the linkage analyses were
confined to markers that could be accepted as present
in single- or double-dose on the crileria given earlier,
whilst recognising that extreme but acceptable ratios

Fig. 2 Observed and expected 30
(1:1 and 5:1) segregation ratios
for 446 markers present in one
parent in either single-(Aaaa) or 5
double-dose (AAaa) and absent
in the other (aaaa)
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appeared to be more numerous than expected by
chance. These markers amounted to: 162 simplex mar-
kers present only in 12601abl; 87 present in Stirling;
and 32 present in both; and 72 duplex markers present
only in 12601abl and 45 in Stirling.

AFLP linkage map

The map for 12601abl comprised 17 groups of four or
more markers and 13 groups of just two or three
markers with 35 out of 266 markers remaining unlin-
ked (8/162 single-dose 1:1 markers, 10/72 double-dose
5:1 markers, and 17/32 single-dose 3:1 markers). The
sizes of the linkage groups ranged up to 96.6 cM, with
a total length of 990.9 cM.

The map for Stirling comprised nine groups of four
or more markers and 17 groups of just two or three
markers with 47 out of 164 markers remaining unlin-
ked (12/87 single-dose 1:1 markers, 19/45 double-dose
5:1 markers, and 16/32 single-dose 3:1 markers). The
sizes of the linkage groups ranged up to 73.0 cM, with
a total length of 484.6 cM.

The parental maps contained seven bridging (3:1)
markers which allowed seven maternal groups to be
identified as homologous to seven paternal groups.

PCN scores

The histogram of PCN scores for the 78 clones is
shown in Fig. 3. The differences between clones were
statistically significant (P < 0.001), and an analysis of
the components of variation (between clones and
clones x replicates interaction) revealed that 93.7% of
the observed variation was genetical. The correlation
between the scores of the 18 clones in the first and in the
second test was r = 0.859 (P < 0.001) and the regres-
sion equation, test 1 = 0.895 + 1.23 test 2, allowed the

1 -
R § \ §§ 511
£ S
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Fig. 3 PCN(G. pallida) scores of 78 clones from the cross 12601abl
(resistant) x Stirling (susceptible)

parental values to be estimated as 1.203 for 12601abl
and 7.102 for Stirling. These are also shown in the
histogram.

QTL analysis

The single-marker analysis detected a number of asso-
ciations between PCN scores and AFLP markers when
the significance level was 5% (t =~ 2.00): 12(1:1), 7(5:1)
and 1 (<5:1) in 1260labl, 12 (1:1), 4 (5:1) and
4 ( > 5:1) in Stirling, and 3 (3:1). However, just 2 (5:1)
associations in 12601abl, together with the 1 ( < 5:1)
association, remained significant on using the more
stringent t-value of 349 found by the method of
Churchill and Doerge (1994).

Table 1 PCN resistance associated with AFLP markers and SSR
marker Stm3016 on chromosome IV (b and ¢ are homologous
chromosomes)

Marker t-test Percentage  PCN score
( —single dose, variance
= double dose) accounted Marker  Marker
for present  absent
1Vb
Stm3016 = a — 438 211 3.62 5.44
P46M37 —5 — 247 6.6 3.55 4.45
P61M34 =15 —536%*% 278 3.60 6.01
E34Me61 — 27 —1.87%8 34 3.69 443
E44M42 =6 —4.84%*% 238 3.63 5.86
E35M37 -6 —1.90™ 35 3.65 4.36
E39M42 — 22 —211* 4.7 3.65 4.45
E38M39 — 37 — 1.40M 13 371 424
E31M61 =17 —0.34"8 0.0 3.95 421
E35M121 —2 — 12008 0.7 377 424
E34M121 =5 —0.15™ 0.0 3.96 4.06
P40M34 — 11 —2.28% 5.8 3.65 4.53
E46M37 =9 —0.56™¢ 0.0 3.94 427
P61M47 —1 —1.16™ 0.5 381 427
IVe
Stm3016 = a — 438 211 3.62 5.44
P61M34 =15 —536%*% 278 3.60 6.01
E44M42 =6 —4.84%*% 238 3.63 5.86
P46M37 —4 —222% 5.2 3.55 437

¥*EP < 0.001; **P 0.01-0.001; *P 0.05-0.01; NS, not significant

The two duplex markers associated with PCN resist-
ance, P61M34 = 15 and E44M42 = 6, were closely
linked in coupling (Table 1 and Fig. 4). Furthermore,
they were also linked in coupling to four simplex (1:1)

Fig. 4 AFLP markers ) IVa Vb Ve vd
( — simplex, = duplex, * simplex
also present in Stirling) and SSR — P75M48*11
locus (STM3016) on four
homologues of chromosome IV
(———repulsion linkage of FH—-STM3016-b """’"j':‘;'__STM301 6=a STM3016=a
simplex and duplex marker, i P46M37-5
—duplex marker, - -- alleles at <7 [T P61M34=15
. ’ T 7-6<.

SSR locus) in the female parent E46M37-6 o A E34M61-27 T P61M34=15
12601ab1 and their association KON _[E44M42=6
(bold print) with PCN resistance — P40M34-4<------ En % Eggmzz:gz | | E44M42=6

FEstueT=7 R

B = E35M121-2

- E46M37=9 E34M121=5-.. P46M37-4

—i P4OM34-11 ::—{ Po3aM121ed ——— P238M121=4
tE46M37=9 =
P61MAT-1~.__
“-H- p23sMi21=3 P238M121=3
—ESIMB1-14c- - 1L paomad=3 P40M34=3
—— E35M42=3 E35M42=3
LL E31MB1=22 E31M61=22
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markers which were associated with PCN resistance by
the t-test. Three of these markers, P46M37-5,
E39M42-22 and P40M34-11, were linked to each
other in coupling, while the fourth (P46M37—4) was on
a homologous chromosome. As all of these markers
were associated with increased resistance, one can pos-
tulate that a QTL with an allele for PCN resistance in
double-dose (QQqq) was present in the 12601abl par-
ent and that the two copies of the allele were linked to
the duplex and simplex markers in duplex/duplex and
simplex/duplex coupling, respectively (AQ/AQ/aq/aq
x aq/aq/ag/aq where A is P61M34 = 15).

It is not possible to obtain an accurate estimate of
the magnitude of the effect of the resistance gene be-

cause the marker class difference (A --- — aaaa) of 2.41
for marker P61M34 = 15 depends on four unknown
parameters, the recombination frequency (r) and three
genotypic values (p):

A--- —aaaa = $[(1 — 6r)pigoqq + U1 — 31 + 3r)4ggeq
— (5 —12r + 61°)tyqqq -

However, one can say that marker P61M34 = 15 ac-
counted for 27.8% of the variance in PCN scores (Fig. 5).

The third marker associated with PCN resistance,
E39M42 = 11, was not placed on the linkage map
because it did not make the criterion for acceptance as
segregating 5: 1. It accounted for 14.7% of the variance
in PCN scores, but one can not rule out the possibility
that it may be linked to the markers just described.

The lack of associations between the PCN scores and
the other markers in the linkage group (Table 1 and
Fig. 4) can be attributed to unfavourable linkage rela-
tionships between the markers and the two copies of
the resistance allele.
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Fig. 5 PCN (G. pallida) scores (square root of number of females
rounded to nearest whole number to give a 0 to 9 scale) of clones
with and without the AFLP marker P61M34 = 15 which was pres-
ent in a double dose in [emale parent 12601ab1 but was absent [rom
the male parent Stirling
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Chromosomal identification of the linkage group
containing PCN resistance

Subsequently, newly developed SSR-based markers
(Milbourne et al. 1998) were included to aid the chro-
mosomal identification of the linkage group containing
the putative QTL for resistance to G. pallida. Of 79
alleles from 36 loci, 34 segregated 1:1, 13 segregated
5:1, and 20 segregated 3:1. The single-marker analysis
detected eight associations between PCN scores and
these SSR alleles when the significance level was 5%
(t &~ 2.00), but just one association remained significant
with the more stringent ¢-value used for the AFLP
markers. It involved allele Stm3016 = a which seg-
regated 5:1 and was linked in coupling with the AFLP
duplex marker P61M34 = 15 (Table 1 and Fig. 4).
Furthermore, the Stm3016 locus was mapped in the
diploid potato population of Gebhardt et al. (1991) and
this allowed the linkage group to be identified as chro-
mosome IV.

Discussion

The use of AFLPs allowed a large number of segregat-
ing markers to be followed in a single experiment. The
occurrence of 117 markers displaying a 5:1 segregation
ratio confirmed that S. tuberosum is a tetraploid which
displays tetrasomic inheritance. The large number of
markers also revealed 16 anomalous clones which
would not have been detected by their phenotypes for
a single trait, although they did resemble the female
parent for PCN scores. More experimental work is
needed to determine the origin of these clones as there
is no obvious explanation in terms of selfing, contami-
nation, or experimental error. A detailed study of mei-
osis in the parents and offspring is one possible line of
inquiry. It was also clear from the segregation ratios of
all of the markers present in one parent and absent in
the other, that there were departures from the theoret-
ical separation into two groups segregating 1:1 and
5:1. Again, further work is required to determine the
causes but, assuming no misclassification of markers,
three possibilities are worthy of investigation. Although
potatoes have small chromosomes with few chiasmata
per chromosome, double reduction is known to occur,
an example being the inheritance of resistance to Po-
tato Virus Y (Mendoza et al. 1996). Double reduction
would be expected to reduce the mean number of A---
phenotypes in a progeny of size 78 (Fig. 2) from 39
towards 35.75 (simplex markers) and from 65 towards
60.67 (duplex markers), and also create a new peak at
or above 74.75 {triplex markers), but one would still
expect two non-overlapping distributions. The second
possibility is departures from tetrasomic inheritance
due to non-random pairing of homologous chromo-
somes, with the extreme being disomic inheritance. In
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other words, a marker present in one parent in double-
dose could segregate with a ratio between 5:1 (65:13)
and 3:1 (583:19%). This might occur in regions of the
genome where genes from wild species have been in-
trogressed into subsp. tuberosum. However, in order
to get the apparent excess of markers between a
1:1 (39:39) and 3:1 ratio (Fig. 2), one would need
linked duplicate genes (loci 1 and 2) under tetrasomic
(AjAy/a,a,/a a5/a18; X a,a,/a,3,/a185/a,a,) or  dis-
omic inheritance (A, A,/a,a, x a,a,/a,a,), which is un-
likely with AFLP markers. The third possibility is
distorted segregation from the linkage of markers to
genes affecting survival ability, a likely occurrence in an
outbreeding crop like potato, which is known to suffer
inbreeding depression. Distorted segregation ratios
have already been reported in diploid genetical studies
with potatoes (Bonierbale et al. 1988; Gebhardt et al.
1991). Clones and markers displaying anomalous re-
sults were eliminated from the further analyses in order
to avoid unnecessary difficulties of interpretation.

The PCN scores displayed continuous variation
(Fig. 3), as previously found by Dale and Phillips (1982)
in a cross with this source of G. pallida resistance from
subsp. andigena (Howard et al. 1970). One genetical
component of this resistance has been identified in this
present experiment, a gene in 12601abl, in the duplex
state, linked in coupling to marker P61M34 = 15, also
in the duplex state, and accounting for 27.8% of the
phenotypic variance in PCN scores, or approximately
30% of the genotypic variance. It is perhaps not sur-
prising that the resistance gene was present in the
duplex state as it could have been inherited from
both the maternal and paternal grandparent of
12601abl  {[HIH3(6)xP. Ivory]x[HI/H3(32)xP.
Ivory]}, where the HIH3 clones were from crosses
between the subsp. andigena source and subsp. tuberosum.
Itis also clear from Fig. 5 that this gene is necessary for
high levels of resistance to G. pallida. Hence it might
be worthwhile cloning and sequencing the AFLP
fragment corresponding to the duplex marker
P61M34 = 15 in order to develop an STS primer for
use in marker-assisted selection and for confirming the
chromosomal location of the gene on chromosome IV
of the published diploid map of potato (Gebhardt
et al. 1991), as already done by Meyer et al. (1998)
for a blight resistance QTL. However, the SSR marker
Stm3016 =a may prove even more suitable for
marker-assisted selection.

As there is synteny between the 12 chromosomes of
potato and tomato (Gebhardt et al. 1991; Tanksley
et al. 1992; Milbourne et al. 1998), one can tentatively
conclude that the Gpa QTL from 12601abl is on the
same arm of chromosome IV (near GP221) as the Hero
gene {near GP180) which gives a wide spectrum of
resistance against G. rostochiensis in tomato (Ganal
et al. 1995). Other genes for PCN resistance discovered
to-date are as follows. Kreike et al. (1994) found that
about 50% of the variation in quantitative resistance to

G. pallida pathotypes Pa2/3 from Solanum spegazzinii
could be explained by a major locus Gpa on chromo-
some V, whereas two minor loci on chromosomes IV
and VII accounted for less than 10% each. The major
dominant gene Gpa?2 for resistance to pathotype Pa2 of
G. pallida has been mapped at the distal end of
chromosome XII (Rouppe van der Voort et al. 1997).
Dominant major genes for qualitative resistance to
G. rostochiensis pathotype Rol have been mapped to
chromosome V: HI from S. tuberosum ssp. andigena
(Gebhardt et al. 1993; Pineda et al. 1993) and GroV1
from Solanum vernei (Jacobs et al. 1996); and to chro-
mosome VII: Grol from S. spegazzinii (Barone et al.
1990). The HI gene was in fact present in single dose in
12601abl and was found to be linked in coupling to
AFLP markers E40M42-1 and P238M61-1, at
21+ 4.7cM from the latter (data not presented). It
remains to be seen if other chromosomes contain genes
for resistance to potato cyst nematodes.

Although cv Stirling was not the source of PCN
resistance in the population under study, clones more
susceptible than Stirling are known (Bradshaw et al.
1995 b) and hence one can not rule out the possibility
that some of the variation in PCN scores came from
Stirling, although no associations with Stirling markers
were clearly identified.

There are a number of possible reasons which alone,
or in combination, could explain why the other QTLs
which must have been segregating for PCN resistance
were not identified in this experiment. They could have
been missed because the markers did not cover the
whole of the genome. The total tetraploid female map
length of 990.9 cM is only about 25% of the genome,
based on a known total diploid map length of 1120 cM
(Jacobs et al. 1995). They could also have been missed
because of unfavourable linkages between the QTLs
and markers, for example, AQ/Aq/aQ/ag. Indeed, in
Table 1 and Fig. 4, one can see the importance of
favourable linkages for the detection of a QTL and
markers suitable for marker-assisted selection in an
autotetraploid. The production of dihaploids from
12601abl and QTL analysis in appropriate diploid
crosses would make detection easier, but one would
then encounter problems in deciding if any markers
found linked to QTLs were suitable for marker-assisted
selection in the tetraploid population because dihap-
loid AQ/aq could have come from the suitable linkages
AQ/AQ/ag/aq and AQ/ag/aq/aq, the less suitable
AQ/aQ/ag/aq, or the unsuitable AQ/aQ/Ag/aq and
AQ/Ag/aq/aq. Similar problems would occur if
12601abl was crossed to tetraploid clones containing
the marker A, but lacking PCN resistance. However,
these problems may be overcome as more of the highly
polymorphic co-dominant SSR-based markers which
are currently being developed for potato become avail-
able (Milbourne et al. 1998). A third possibility is that
gene effects were not large enough to be detected in an
experiment of the size conducted. If, as found by the
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permutation test, a t-value of 3.32 is required to declare
a significant association with a marker segregating 1:1,
then the smallest marker class difference that could
have been detected with a population of 78 clones
would be about 1.20, based on the standard error of
0.362 for the largest difference actually found of 0.98.
For comparison, the difference in PCN scores between
12601ab1 and Stirling was 5.90. Doubling the popula-
tion size would reduce the detectable difference from
1.20 to 0.85, and doubling it again would reduce it to
0.60. Hackett et al. (1998) concluded that a population
size of at least 150 individuals should be used in future
to develop a linkage map in an autotetraploid species
and that a larger number, say 250, would provide
a better chance of identifying homologous chromo-
somes. These population sizes would also seem sensible
for detecting the major QTLs segregating in a tetra-
ploid population.

Therefore, with an increased population size of 250
and SSR markers to complement AFLPs, prospects
appear good for marker-assisted selection in a tetrap-
loid breeding programme. Indeed, the necessary devel-
opment work could be done as part of the second stage
of the breeding strategy advocated by Bradshaw and
Mackay (1994) for clonally propagated potatoes.
Namely, having used progeny tests to identify the best
crosses, 250 seedlings of each are raised from residual
seed in a glasshouse for subsequent clonal evaluation
and cultivar production. As selection is not practised in
the glasshouse, such populations are ideal for
phenotypic and marker evaluation with a view to
marker-assisted selection in later clonal generations, in
choosing parents for the next round of crossing, and in
subsequent cycles of recurrent selection.

Finally, given these encouraging results, it would
seem worthwhile developing the theory and practice of
QTL analysis in autotetraploids by considering the
effects of distorted ratios and double reduction in more
detail, as well as the prospects for more sophisticated
approaches to locating QTLs and determining their
effects using marker means and individual observations
in the marker regression and interval mapping techniques
already developed in diploids (Kearsey and Pooni 1996).
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Abstract The mapping of resistance to Meloidogyne chit-
woodi derived from Solanum bulbocastanum is reported.
A population suitable for mapping was developed as fol-
lows. A somatic hybrid of nematode-resistant S. bulbocas-
tanum and cultivated tetraploid potato was produced. This
was backcrossed to tetraploid potato, and a single resist-
ant BC, was selected and backcrossed again to the same
recurrent tetraploid parent. The mapping population con-
sisted of 64 BC, progeny scored for restriction fragment
length polymorphic (RFLP) markers and 62 of these were
evaluated for the reproductive efficiency of race 1 of M.
chitwoodi. Forty-eight polymorphic RFLP markers, orig-
inally derived from tomato and mapped in diploid culti-
vated potato, were assigned to 12 chromosomes of . bul-
bocastanum. Of the 62 progeny screened for nematode re-
sistance, 18 were non-hosts and four were poor hosts. The
rest were highly susceptible (good hosts). Analysis of the
resistance (including non-hosts and poor hosts) as both a
qualitative trait and as a meristic trait on which QTL anal-
ysis was applied supported the same genetic hypothesis.
Genetic control was localized solely to factor(s) lying at
one end of chromosome 11. The level of expression of re-
sistance in the S. bulbocastanum parent and the resistant
portion of the BC, was essentially the same. This fact, to-
gether with the highly significant LOD scores for one end
of the chromosome-11 marker array, supports a genetic
model equivalent to monogenic dominant control.
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Introduction

Molecular markers have expanded the analytical capabil-
ity of geneticists by providing virtually unlimited polymor-
phism spanning the entire genome. This is especially use-
ful in the breeding of crops where associations of markers
with phenotypes can be utilized in an analytical fashion to
select progeny and parents for crossing (Tanksley 1993).
The introgression of traits from wild relatives is one area
where the slow rate of progress, and the high rate of fail-
ure, in trait transfer invites the use of polymorphic molec-
ular markers to analyze donor trait introduction and the na-
ture of its incorporation into the cultivated genome.

Columbia root-knot nematode (Meloidogyne chitwoodi
Gold) is an important pest of potato (Solanum tuberosum
L.) in the Pacific Northwest of the United States, and a po-
tentially important pest in the Netherlands (Evans and
Trudgill 1992). Several studies have revealed resistance to
two of the three races of the nematode in wild tuber-bear-
ing Solanum species (Brownetal. 1989, 1991, 1994), while
extensive screening in cultivated potato has failed to find
resistance (Hoyman 1974; Martin, unpublished). Solanum
bulbocastanum, a Mexican diploid (2n=24) which is dif-
ficult to cross with cultivated potato, was found to have re-
sistant accessions (Brown et al. 1989). Cultivated tetra-
ploid 2n=48) Solanum tuberosum ssp tuberosurm and dip-
loid S. bulbocastanum were combined by protoplast fusion
to produce hexaploid (2n=72) somatic hybrids (Austin
et al. 1993). Nematode-resistant F; hybrids were crossed
to cultivated tetraploid potato and nematode resistant BC,
introgressants were verified (Brown et al. 1994, 1995). The
present study presents the localization of resistance to
race 1 of M. chitwoodi on a restriction fragment length
polymorphism (RFLP) map of S. bulbocastanum chromo-
somes assigned in a BC, progeny population segregating
for nematode resistance and polymorphic markers.
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Materials and methods
Pedigree

The derivation of the segregating population used to establish poly-
morphic markers and assemble the RFLP map is shown in Fig. 1.
Nematode resistance was detected in several accessions of S. bulbo-
castanum (Brown et al. 1989). A single selected nematode-resistant
clone of S. bulbocastanum was somatically hybridized with cultivat-
ed tetraploid potato 203900 obtained from NRSP-6, Potato Introduc-
tion Station, Sturgeon Bay, Wisconsin. A somatic hybrid, designat-
ed CBP233, found to be resistant to the nematode (Austin et al. 1993;
Brown et al. 1994), was hybridized with a second cultivated tetra-
ploid, A84118.3, obtained from Dr.J. Pavek, USDA/ARS, Aberdeen,
Idaho. A single nematode-resistant BC, individual, DG 17, was hy-
bridized to A84118.3 again to produce the BC, (Brown et al. 1995).
Markers were scored and resistance was measured within this pop-
ulation of BC, progeny.

DNA extraction and hybridization with probes

Fresh leaves, 20--35 g, from greenhouse-grown plants were macer-
ated in a blender with ice-cold buffer and DNA extracted, according
to Bonierbale et al. (1988). Ten micrograms of purified potato nu-
clear DNA was digested separately with 30—50 units of the restric-
tion enzymes (RE) Dral, EcoRV, BamH1, Pstl, Xbal, HindlIl, or Eco-
RI following manufacturers’ recommendations. Digested DNA was
run at 80 mA in 0.9% agarose gels for 14-16 hin NEB (neutral elec-
trophoresis buffer, Tris, 10 mM; EDTA, 1 mM, sodium acetate,
1.25 mM; adjusted to pH=8.1). The gel was de-purinated with 0.25
N HCI (aq) for 10 min and rinsed with distilled water. DNA was
transferred to Amersham Hybond-N-plus (RPN.203N) with 0.4 N
NaOH (aq) overnight using capillary action. After quick plasmid
preparations were performed (Birnboim and Doly 1979; Kraft et al.
1988) plasmids containing the RFLP probes as inserts were oligo-
labelled using the Multiprime DNA labelling system (RPN.1601Y,
Amersham) with *2P-dCTP. Hybridization was carried out at 65 °C
overnight and the filter washed to high stringency starting at 2 x SSC
plus 0.1% SDS for 30 min and completed at 0.5 xSSC plus 0.025%
SDS.

Mapping

Markers were obtained from Dr. S. D. Tanksley, Department of Bi-
ometry and Plant Breeding, Cornell University, Ithaca, New York.
These consisted of cDNA clones from the tomato genome previous-
ly mapped to locations in a diploid cultivated potato X wild potato F;
progeny (Tanksley et al. 1992). Markers were selected on the basis
of providing coverage of the 12 homologues of potato. This allowed
an initial identification of the chromosome(s), and regions thereon,
that co-segregate with nematode resistance. As a first step, Southern
analysis was performed on batches of genomic DNA of the resistant
S. bulbocastanum parent and the susceptible cultivated potato par-

Introgression of S. bulbocastanum

2n=24 2n =48
S. bulbocastanum (fus) S. tuberosum (S. tbr)
(275187.1) (203900)
2n=72 2n =48
F1 (CBP233) x S tbr (AB4118.3)
2n =54 2n =48
BC1 (DG17) X S. tbr (A84118.3)

BC2 (mapping population)

Fig. 1 Derivation of the BC, mapping population
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ents restricted with different REs, using the cDNA markers as probes.
Polymorphism was identified for particular marker XRE combina-
tions, with an emphasis on the size fragments unique to S. bulbocas-
tanum.

Linkages and map distances were calculated using the computer
program MAPMAKER/EXP (Lander et al. 1987). Determination of
LOD scores for quantitative data of nematode resistance was calcu-
lated using MAPMAKER/QTL (Paterson et al. 1988).

Nematode inoculation

Rooted cuitings of 62 BC, progeny, the resistant S. bulbocastanum
and susceptible recurrent parents 203900 and A84118.3, approxi-
mately 7 cm tall, were transplanted into plastic pots (10 cm diame-
ter) containing loamy sand (84% sand, 10% silt, and 6% clay) and
were fumigated with methyl bromide. The nematode population used
in this experiment, WAMc1 (M. chitwoodi, race 1), was maintained
at the Washington State University-Irrigated Agriculture Research
and Extension Center, Prosser, Wash., collection (Pinkerton et al.
1987). Inoculum was derived from single-egg mass cultures, and pre-
pared by collecting eggs after shaking infested roots of tomato (Ly-
copersicon esculentum Mill cv Columbia) in 0.5% NaOCi (Hussey
and Barker 1973). At transplanting, an aliquot containing 5000 eggs
was pipetted into depressions in the soil around the base of the plants
of five replicated pots arranged in a completely randomized design.
Potato (cv Russet Burbank), tomato (cv Columbia), alfalfa (Medica-
go sativa L., cv Thor), and wheat (Triticum aestivum L., cv Gaines)
were included as experimental entries. Potato and tomato, suitable
hosts for M. chitwoodi, were used as susceptible standards. Alfalfa,
anon-host for race 1, was included to detect cross-contamination by
race 2 of M. chitwoodi, for which it is a suitable host; while wheat,
anon-host for M. hapla, was used to check against this possible con-
taminant. Plants were grown with regular watering and fertilization
at 24 =3 °C for 55 days, and eggs were extracted and counted (Hus-
sey and Barker 1973).

Chromosome counts

Root tips for chromosome counts were taken from cuttings rooted in
vermiculite. Root tips measuring 3 mm in length were immersed in
distilled water at 1°C for 24 h. They were then placed in fixative
(3:1, 95% ethanol: glacial acetic acid) for 24 h and transferred to
70% ethanol for long-term storage at 4 °C. Root tips were placed in
1 N HCl (aqg) at 55 °C for 8 min, washed with tap water, placed in a
drop of acetocarmine (45% acetic acid with 2% w/v carmine), mac-
erated, and heated gently over an aicohol flame before and after a
cover slip was placed over the tissue which was smeared by tapping
the coverslip sharply with the eraser tip of a pencil. Chromosome
counts were made at 1000 x.

Results
Development of the map

The RFLP markers had been previously selected to pro-
vide broad coverage of the linkage groups. Forty-eight
markers were placed on 12 linkage groups (Fig. 2). Four
markers were not associated with any groups and two oth-
ers were closely linked to each other but did not lie on any
of the established linkage groups. Four of the forty eight
markers were established in linkage groups that differed
from their assignment in the diploid potato linkage map
(Tanksley et al. 1992). The marker TG20 changed from
chromosome 7to 1; TG176 from chromosome 8to 1; TG71
from chromosome 1 to 4; and TG275 from chromosome 6
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Fig. 2 RFLP map of S. bulbocastanum with the assignment of the
putative M. chitwoodi resistance locus, Ry, ;, to chromosome 11

to 11. This might indicate a disruption of synteny between
S. bulbocastanum (Series Bulbocastana) and cultivated po-
tato (Series Tuberosa; 8. bulbocastanum has in fact been
found to be a genetic outlier in several studies of genetic
relationship (Bonierbale et al. 1990; Debener et al. 1990).
The homosequentiality between S. bulbocastanum and cul-
tivated potato and/or tomato is, however, sufficient to serve
as a guide for the selection of markers.

The F; somatic hybrid was determined to have a 2n =72
constitution. The BC, parent selected as the parent of BC,
had 2n=54.

Pattern of segregation of nematode resistance

Reproductive efficiency (R =final population/initial pop-
ulation) depends on the fecundity of a proportion of the
primary inoculum and the intermediate generations that
successfully infest the host and reach reproductive matur-
ity. Reproductive efficiency is one measure of resistance
of a host crop to species of Meloidogyne (Oostenbrink
1966; Sasser et al. 1984). This measurement was chosen
as the resistance parameter in the present study. Host status
is generally divided into three categories on the basis of R
values as follows: Ry>1.0, suitable host; 0.1 <R¢<1.0,
poor host; R,<0.1, non-host (Sasser et al. 1984).

The population of 62 BC, individuals separated into
three groups. Eighteen progeny were classified as non-
hosts (Ry<0.1) and four as poor hosts (0.1 <R;<1.0), while
the remainder were classified as good hosts (R;>1.0). The
distribution of the mean natural logarithm of nematode
counts of the progeny is shown in Fig. 3. The data were
used as a meristic trait for quantitative trait analysis. For
convenience, the graph is divided into the three host suit-
ability categories discussed above.

e T 235 Teas 2111 Ta11s I 8.5
: . TG240 -
G711+ TG379 14.4
16.5 14.4 TG162
TG4s 4 57 TG3s51 104
18. .
S TGe9
37.9
Ta12s 4
4 5 6
Tars 165, . TG
TGS52 TG46 4
235 1626 ————— 1% 185 —F 32
: TG30—"" 1 144 12 73
TG420 TG497 ¥+ - 1
TG408 10.4 1G194 L 28 TG402 6.7
TG523—"L &0
Mc1 —
10
>
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D Non-host <
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]
L
g
= 2 T | |
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Ln (Egg No.)

10 11

12 13

Fig. 3 Distribution of Ln (no. eggs) for 62 BC, progeny. Host suit-
ability regions are indicated

The treatment of Ln (no. of eggs) as a quantitative trait
locus (QTL) is presented in Fig. 4. LOD scores were only
significant for certain markers on chromosome 11. Resis-
tance factor(s) appear to be located unambiguously on the
left-hand portion of the map of chromosome 11 as depicted
in Fig. 4. Resistance was also treated as a discrete trait
where BC, progeny exhibiting non-host and poor-host
responses were classified as resistant. A putative nema-
tode resistance locus, Ry, maps 8 cM distal to TG523
(Fig. 2).

The chromosome number of the BC, parent was less
than would be expected from a totally balanced megaspor-
ogensis. Masuelli et al. (1995) examined the microsporo-
genesis of the hexaploid F; hybrid, CBP233, used in the
present backcross study and found pollen mother cells ex-
hibiting either regular or completely disrupted meiosis
with unequal partitioning of chromosomes to tetrads.
While CBP233 was hexaploid, 2n=72, DG17 had 2n=54.
It would appear that DG 17 was a product of irregular meio-
sis. However, it is likely that the chromosomes Jost were
those of the S. tuberosum genome as DG17 was selected
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Fig. 4 1.OD scores for QTL analysis of Ln (no. eggs) of BC,. Chro-
mosome 11 was the only linkage group with significant scores

not only because it was resistant, but also because it pos-
sessed a full complement of S. bulbocastanum markers.

The level of resistance appears to be undiminished
between the resistant S. bulbocastanum parent and resist-
ant BC, segregants. One-third of the progeny are resistant,
while the QTL analysis attributes genetic control to one
portion of chromosome 11, distal to marker TG523, and to
no other location on the map. The model of inheritance is
consistent with a completely dominant monogene. How-
ever, this analysis cannot exclude the possibility that sev-
eral linked loci are reponsible for resistance.

All of the somatic hybrids produced from the original
fusions were resistant to the nematode. The plants arose
from a single callus and may have been derived from a
single heterofusion cell (Austin et al. 1993). Four of the
20 BC, progeny evaluated were resistant to the nematode
(Brown et al. 1995), while 35% of the BC, progeny were
resistant. The QTL analysis shows an unambiguous attri-
bution of genetic control to a particular region of chromo-
some 11. Considering that the inheritance is consistent with
monogenic dominant genetic control and the segregation
pattern in the BC, and BC, generations, it would appear
that the single selected clone of S. bulbocastanum was het-
erozygous for this locus. The polysomic composition of
the populations and the deviation from a 1:1 segregation
in both the BC; and BC, generations would not by them-
selves have permitted such a conclusion. The RFLP map,
combined with resistance segregation data, has served,
therefore, as a valuable elucidative analytical tool.

Discussion

Potato has been the beneficiary of extensive mapping stud-
ies. Bonierbale et al. (1988) and Gebhardt et al. (1989,
1991) described genetic maps of potato and tomato, based
on RFLP markers, and the uses to which the maps could
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be put to enhance breeding efficiency. Debener et al. (1990)
and Bonierbale et al. (1990) used RFLPs to determine phy-
logenetic relationships between distinct species of Sola-
num. This has led to the knowledge that S. bulbocastanum
is distinct from other species of wild and cultivated potato.
Molecular markers have proven useful in the mapping of
a number of other traits in cultivated potato. Kreike et al.
(1993) reported the association of two regions on chromo-
somes 10 and 11 with quantitative resistance to Globo-
dera rostochiensis pathotype Rol. Resistance to G. rosto-
chiensis (Golden nematode) derived from S. tuberosum
ssp. andigena germ plasm accession CPC 1673 has been
mapped to chromosome 5 using RFLP markers, and closely
linked markers have been identified (Gebhardt et al. 1993;
Pineda et al. 1993). The genetic control of trichome char-
acters originating from Solanum berthaultii that provide
insect resistance when backcrossed into cultivated potato
has been attributed to several different chromosome re-
gions as QTLs (Bonierbale et al. 1994). Molecular map-
ping of QTLs affecting tuber dormancy has assigned con-
trol to several chromosomes of potato with a predominant
effect ascribed to chromosome 7 (Freyre et al. 1994).

Mapping of traits has also been important in other crop
species. The effect of introgressed chromosome segments
of the wild species Lycopersicon chmielewskii on the ex-
pression of quality traits and yield in cultivated tomato has
been determined by Azanza et al. (1994). Significant con-
tributions were attributed to wild donor chromosomes 7
and 10. Random amplified polymorphic DNA (RAPD)
markers have been found that are linked to the single gene
in Beta vulgaris, originating from Beta patellaris, control-
ling resistance to the Beet cyst nematode, Heterodera
schachtii (Uphoff and Wricke 1992). RAPD-based mark-
ers have been identified that flank this gene, Hs/ pat-
(Salentjin et al. 1995).

The Mi gene, controlling resistance to Meloidogyne in-
cognita, derived from Lycopersicon peruvianum and intro-
gressed into L. esculentum, has been mapped to chromo-
some 6 of tomato and closely linked markers have been
identified (Williamson et al. 1994). The level of homose-
quentiality between the tomato and potato genomes is high
(Gebhardt et al. 1991; Tanksley et al. 1992). It is interest-
ing to ask the question whether the resistance factors de-
scribed here are related to the Mi gene of tomato. The de-
termination that the location of genetic control of resis-
tance to M. chitwoodi is located on chromosome 11 in
S. bulbocastanum argues for an unrelated gene or gene(s)
in this wild species rather than the expression of an homo-
eologous Solanaceous or potato-related “Mi” factor. The
placement of resistance on a genetic map should facilitate
the identification of more closely linked markers that will
accelerate the Jaborious process of selecting resistance to
M. chitwoodi in segregating potato breeding populations.
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Charscteristics of Resistance to Columbia Root-knot Nematode
Inirogressed from several Mexican and Norvth American
Wild Potato Species
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ABSTRACT

High carotenoid potato may have particular value
for human health due to the antioxidant properties and
the therapeutic value for eye health in patients at risk
for macular degeneration. Carotenoid concentrations
were determined among the progeny of a cross between
two high carotenoid lines derived from diploid Papa
Amarilla germplasm from South America. The total
carotenoid content ranged from 82 to 2686 ng / 100 g
fresh weight (FW). The higher values greatly exceeded
the mid-parent value of the cross. An index for yellow
tuber flesh color was determined for a subset of the
progeny. A cleaved amplified polymorphic sequence
(CAPS) assay was developed to distinguish the alleles of
beta-carotene hydroxylase (bch) in the two high-
carotenoid parents. A bch allele (denoted B) common to
the high carotenoid parents co-segregated with yellow
flesh in the progeny of a white-flesh x yellow-flesh cross,
making bch an excellent candidate for the classical ¥
locus, required for yellow tuber flesh. The same allele
was also present in all other yellow-fleshed potato
clones tested. Genotype at bch explained a portion of
the variation of total carotenoid (R? = 0.42). Clones
homozygous for the B allele (BB) contained, on average,
slightly more carotenoid than heterozygous Bb clones,
which in turn had much more carotenoid than homozy-

Accepted for publication 4 May 2006.

ADDITIONAL KEY WORDS: Solanum, xanthophyll, breeding, yellow
index, Phureja, Stenotomum, Goniocalyx, Papa Amarilla, lutein, zeax-
anthin, cleavage amplified polymorphic sequence marker

gous bb clones, suggesting a partially dominant gene
model. Similarly, bb flesh was significantly less yellow
than Bb and BB, the latter two being quite close. Total
carotenoid varied considerably between progeny in the
Bb and BB genotype eategories, suggesting that varia-
tion at one or more additional loci have a significant
effect on total carotenoid levels. Since the total
carotenoid levels in many Papa Amarilla cultivars and
progeny are much higher than those in white- and yel-
low-fleshed tetraploid cultivars, it may be possible to
breed for high carotenoid values in tetraploid
germplasm by introducing one or more genes derived
from Papa Amarilla germplasm.

RESUMEN

Las papas con alto contenido de carotenoides
podrian tener particular valor en la salud humana debido
a las propiedades antioxidantes y al valor terapéutico
para la salud ocular, en pacientes con riesgo de degen-
eracion macular. La concentraciéon de carotenoides fue
determinada en la progenie de un cruzamiento entre dos
lineas con carotenoides, derivadas de germoplasma del
diploide Papa Amarilla de Sudamérica. El contenido
total de carotenoides varié de 82 a 2686 microgramos
por 100g de peso fresco. Los mayores valores totales
excedieron al valor del progenitor medio de los cruza-
mientos. Para un subconjunto de la progenie, se deter-
miné el indice del color amarillo de la pulpa. Se
desarrollé una prueba de division de secuencia polimér-
fica amplificada (CAPS) para distinguir alelos de beta
caroteno hidroxilasa (bch) en dos de los progenitores
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con alto contenido carotenoideo. Un alelo bch (desig-
nado B), comin en progenitores de alto caroteno co-seg-
regoé a pulpa amarilla en la progenie de un cruzamiento
de pulpa blanca x pulpa amarilla, haciendo bch un exce-
lente candidato para el clasico locus Y, requerido para
pulpa amarilla del tubérculo. EI mismo alelo estuvo tam-
bién presente en todos los otros clones de pulpa amar-
illa probados. La explicacion de la variaciéon de una
porcion del total de carotenoide (R? = (0.42) la dio el
genotipo bch. Clones homocigotas para el alelo B (BB)
contenian en promedio, ligeramente mas carotenoide que
los clones heterocigotas Bb, los cuales a su vez tienen
mucho mas carotenoide que los clones homocigotas bb,
sugiriendo un modelo de gen parcialmente dominante.
Similarmente, la pulpa de bb fue significativamente
menos amarilla que Bb y BB, siendo las dos dltimas muy
parecidas. El total de carotenoide varié considerable-
mente entre progenies en las categorias de genotipo Bb
y BB, sugiriendo que la variacion en uno o mas loci,
tienen efecto significativo sobre los niveles totales de
carotenoide. Desde que el total del nivel de carotenoide
en muchos cultivares y progenies de Papa Amarilla son
mucho mas altos que en los cultivares tetraploides de
pulpa blanca y amarilla, seria posible hacer cruzamien-
tos para mayores valores de carotenoide en el germo-
plasma tetraploide, introduciendo uno o mas genes del
germoplasma derivado de Papa Amarilla.

INTRODUCTION

Potato (Solanum spp.) tubers vary widely with respect to
the types and concentrations of carotenocids they contain.
White-fleshed clones contain low levels of carotenoid, while
yellow-fleshed varieties contain more. The yellow flesh trait is
considered to be controlled by a single locus (Y/¢) mapped to
chromosome 3 (Bonierbale et al. 1988). Even so, yellow-fleshed
varieties vary greatly in degree of yellow coloration and con-
centration of carotenoid (Brown et al. 1993, 2005; Lu et al
2001). The carotenoids in tubers are primarily xanthophylls;
tubers contain only a trace of beta-carotene. The presence and
concentrations of xanthophylls vary in different potato geno-
types, with lutein predominating. Zeaxanthin, violaxanthin, and
others have been reported in various studies (Iwanzik et al.
1983; Brown et al. 1993; Lu et al. 2001; Nesterenko and Sink
2003). The highest levels of tuber carotenoid are found in

Vol. 83

potato varieties of the Andes of South America, which are
collectively known as Papa Amarilla (yellow potato). Papa
Amarilla is represented by diploid cultivated potatoes
Solanum tuberosum L. in the Groups Phureja and Goniocalyx.
A number of reports of carotenoid content have contributed to
the knowledge base in the last 60 years. These are summarized
in Table 1. The first reports indicated that white-fleshed potato
contained less than 100 ng / 100 g fresh weight (FW), while yel-
low-fleshed tubers contained more. Intensely yellow flesh was
accompanied by levels reaching 560 ng. However, it is only in
the last 15 years that very high levels of carotenoid have been
recognized. Brown et al. (1993) reported wide variation in seg-
regating genotypes derived from Papa Amarilla germplasm,
with some clones exceeding 2000 pg. Several other studies
have reported such high levels (Lu et al. 2001; Brown et al
2005). Haynes et al. (1994) found that yellow color was more
intense in smaller tubers. In a report by Brown et al. (1993), the
existence of a so-called orange allele, O, was postulated for the
Y7y locus. The effect of O was to confer accumulation of a high
level of zeaxanthin in the tuber flesh. Heritability of yellow
intensity (YIE313) was determined by Haynes (2000) to be
extremely high (h? = 0.99), which also agreed with a well-
expressed and highly heritable and possibly simple genetic
component. Transmission of high expression of carotenoid by
crossing the O allele into non-Papa Amarilla germplasm was
not successful (unpublished breeding results) in producing
progeny with high levels, forcing the search for better expla-
nations of genetic control. The identification of possible can-
didate genes for the potato Y/ locus, based on mapping
carotenoid pathway genes in other Solanaceae provides an
opportunity to explore candidate gene polymorphism in popu-

TABLE 1—Citations of total carotenoid content in potato
JHlesh expressed as ug / 100 g fresh weight

(FW).
Concentrations (ng/ 100 g FW)
of total carotenoids in flesh Citation
14-187 Caldwell et al. 1945
60 Brunstetter and Wiseman 1947
199-560 Kasim 1967
102-219 Tevini et al. 1984, 1986
27-329 Iwanzik et al. 1983
Segregation > 2000 (Papa amarille) Brown et al. 1993
97-536 Hale 2003
1435-2200 Lu et al. 2001
48-879 Nesterenko and Sink 2003

40-795 Brown et al. 2005

Aardevo Exhibit 1010
Page 1733



2006 BROWN et al.: SEGREGATION OF CAROTENOID 367

lations showing a range of carotenoids accumulation (Thorup
et al. 2000; Hirshberg 2001). The present report provides addi-
tional information that incrementally improves our under-
standing of the genetic control of carctenoid level.

MATERIALS AND METHODS

Genetic Materials

The majority of the potato genotypes analyzed here were
from a progeny between a cross between two high carotenoid
lines (Yema de Huevo and 91E22). Yema de Huevo was
obtained from Dr. Nelson Estrada, INIA, Tibaitat4a, Colombia.
The clone 91E22 was selected from crosses between clones
originally obtained from populations derived from Groups
Phureja and Stenotomum provided by Dr. Frank Haynes,
Department of Horticulture, North Carolina State University,
Raleigh, NC (Brown et al. 1993). True seed derived from the
cross was soaked for 24 h in 1500 mg L' gibberellic acid
(Sigma, St. Louis). Seed was sown in soil (Sunshine Mix, No. 1,
Sun Gro Horticulture Distributing, Bellevue, WA), seedlings
were transplanted to 20.3-cm-diameter plastic pots and plants
were grown to maturity in a greenhouse. Tubers derived from
this were planted after breaking dormancy. These tubers were
grown in the same manner as the seedlings described above;
tubers were harvested and stored at 4 C in 85% relative humid-
ity. One month after storage, tubers were removed from stor-
age and carotenoids were extracted from them. Two replicates
(derived from separate pots) of each genotype were processed
for carteonoid extraction and three replicates (from separate
pots) were evaluated for yellow intensity. A related family was
constructed by crossing 91E22 (as a male) with 07248-02. The
latter clone was kindly provided by H. De Jong (Agriculture
and Agri-Food Canada), and has only Solanum tuberosum
group tuberosum in its immediate ancestry.

Beta-carotene Hydroxylase Cloning and
Development of CAPS Assay

Potato EST accessions BI179773 and BM111217 are simi-
lar in sequence to the tomato beta carotene hydroxylase gene
located on chromosome 3. Primers BCH-F1 (5'CCAGTTCTGT-
TCTTCTCTCCG) and BCH-R1 (5'TCAAAAGGTCCTTCTCT-
TGGTCTA) are based on these ESTs and were used to amplify
genomic DNA isolated from 91E22, with the following thermal
profile: 94 C for 2 min, followed by 35 cycles of (94 C, 15 s;
55 C, 15 s; 72 C, 60 s). This and other amplifications below

were carried out in a volume of 50 pL. and contained 200 nM of
each primer, 200 pM dNTPs, 10 aM Tris-Cl pH 8.3, 50 mM KCl,
2.5 mM MgCl,, 0.05% Nonidet-P40, 50-200 ng of template DNA,
and 2.5 units of Taqg DNA polymerase. The resulting PCR prod-
ucts were ligated into vector pGEM-T following the manufac-
turer’'s (Promega) instructions. Seven clones were obtained
and sequenced, revealing two alleles that could be differenti-
ated by virtue of a polymorphic Tag I restriction site. To mon-
itor the segregation of these alleles in progeny, PCR was
performed with primers BCH-F2 (5'CATGACATAGTTTG-
AATTTTGAGTC) and BCH-R2 (5'CGTTTGGCGCTGCCGTA-
AGTT), with the following thermal profile: 94 C for 2 min,
followed by 35 cycles of (94 C, 156 s; 55 C, 15 s; 72 C, 30 s).
Amplification products were then digested with Tag 1.

Genomic DNA of cultivars and breeding clones was also
evaluated with the CAPS assay. The following yellow-fleshed
cultivars were evaluated: Amandine, Austrian Crescent,
Banana, Bintje, Carola, Cynthia, French Fingerling, German
Butterball, Keuka Gold, Ozette, Peanut, Penta, Regina, Rose
Finn Apple, Rote Eersteling, Sandy, Sieglinde, Sylvia, Yagana,
Yellow Finn, and Yukon Gold. The following white-fleshed
clones were evaluated: AC Candy Cane, Allegany, Bake King,
Cara, Chieftain, Chippewa, Dakota Rose, Dark Red Norland,
Genesee, Green Mountain, IdaRose, Katahdin, Kennebec,
Lenape, Marcy, Monticello, NY99, NY115, NY118, NY120,
NYL2354 (Prince Hairy), Purple 5, Red Pearl, Redsen, Rideau,
Sebago, Stirling, and Superior. Primers YellowF1 (5'TAAT-
TACTCCATTCTTTTGCT) and BCH-F2 (5'ATTTACATGA-
CATAGTTTGAATTTTG) were used for allele-specific PCR,
using the following thermal profile: 94 C for 2 min, follow by
45 cycles of 94 C, 15 s; 50 C, 30 s; and 72 C, 120s.

Carotenoid Extraction and Quantitation

Total carotenoid was extracted and quantitated using the
methods reported by Brown et al. (2005), which contained
minor modifications of procedures presented in Breemen
(2001). Briefly, carotenoid was extracted in a chloroform:
methanol phase separation, retaining the chloroform phase
accumulated in two separations, drying and re-dissolving in
methanol. Concentration was determined by optical density
spectrophotometrically at 450 nm wavelength using the extinc-
tion coefficient for zeaxanthin in methanol. Total carotenoid

was expressed as pg / 100 g FW.
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Yellow Index

The yellow index was measured using a Colorimeter
(Minolta Chroma Meter Cr-200, Minolta Corporation, Ramsey,
NJ). Tubers were sliced midway between the apical and stem
end, patted dry on a paper towel, and immediately evaluated
by placing the aperture of the colorimeter against the cut sur-
face. A yellow index (YIE313) (American Society for Testing
Materials 1991; Haynes et al. 1994) was derived from the three
chromaticity values, Y, y, and z, using the algorithm YI E313 =
100 x [(1-(0.8467{Y/y(1-x-y)])/y]. Three replications per
progeny were measured.

Statistical Analysis

The segregation of bch alleles was tested by chi-square
analysis against the model of a 1:2:1 ratio of b/b:B/b:B/B. One-
way analysis of variance, single degree of freedom orthogonal
comparisons, and population standard deviation were per-
formed according to Steel and Torrie (1980). Regression analy-
sis of bch genotype vs carotenoid content was performed using
the regression procedure in SAS (version 9.1.3, Cary, NC) pro-
gram. Regression analysis was performed of total carotenoid
regressed on the yellow index using Microsoft Excel Trendline
Function testing linear and curvilinear options. The function
with the highest coefficient of determination was selected.

RESULTS

Thorup et al. (2000) have previously suggested that the
potato Y locus on chromosome 3 may correspond to bch. To
test this hypothesis further, both alleles of bck were sequenced
from diploid 91E22. One bch allele, which we designate B, con-
tained a single Tag I restriction site and gave a diagnostic prod-
uct 233 bp in length after amplification and subsequent
digestion with Taq I (Figure 1). The other allele, which we des-
ignate b, contained two Tag I restriction sites and yielded a
diagnostic fragment 147 bp in length with our CAPS assay
(Figure 1). Allele B was found to absolutely co-segregate with
yellow tuber flesh color in 155 progeny (82 yellow: 73 white) of
a cross between 91E22 and a white-fleshed S. tuberosum
diploid, 07248-02 (Figure 1). The carotenoid content of 10 ran-
domly selected yellow-fleshed clones of this cross averaged
389 ng / 100 g FW (range 236-620), while 10 white-fleshed
clones averaged 153 ng/ 100 g FW (range 107-204).

When the same CAPS assay was used to examine an addi-
tional 21 yellow- and 28 white-fleshed varieties and breeding
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clones, the fragment diagnostic for allele B was detected in all
of the yellow-fleshed clones tested (Figure 2A and data not
shown). The same restriction fragment was clearly absent in
many white fleshed cultivars, e.g., Allegany and Superior
(Figure 2A). Interpretation was nevertheless more difficult in
other white-fleshed cultivars, e.g., Green Mountain and
Katahdin, as the latter displayed a faint doublet of DNA frag-
ments that migrated similarly to the 233 bp fragment of allele
B (Figure 2A). Sequencing portions of bch from a cultivar
(Bake King) that exhibited the doublet indicated that the dou-
blet is most likely an artifact that results from recombination
between alleles during PCR. One Bake King allele was found
to contain two Tagq I sites, while another allele contained none.
Recombination between these alleles would be expected to
yield two novel products, each with a single 7aqg 1 site. Consis-
tent with the recombination hypothesis, the doublet was only
observed in potato clones that contained both no-cut and two-
cut bch alleles (Figure 2A and data not shown).

To further test for the presence of a unique allele of bch
associated with yellow flesh color, but without complications
arising from recombination, a pair of primers specific to allele
B was also developed. Amplification with these allele-specific
primers yielded an identically sized 397 bp product from all 21
yellow-fleshed cultivars and breeding clones tested (Figure 2B
and data not shown). The same primers amplified no product
from any of the 28 white-fleshed clones tested (Figure 2B and
data not shown). These results provide strong circumstantial
evidence that the Y locus codes for beta-carotene hydroxylase,
although formal proof of this relationship will require comple-
mentation. Alternatively, it is possible that bck allele B and the
dominant allele at the ¥ locus are tightly linked.

QIaAB-2

while

FIGURE 1.

Agarose gel showing that an allele of bch co-segregates with
yellow tuber flesh in the progeny of cross between 91E22
(yellow flesh) and (7248-02 (white flesh). A fragment of bch
was amplified by PCR and then digested with restriction
enzyme Taq I. Products were separated on an agarose gel. A
unique 233 bp fragment diagnostic of an allele we designate
“B” can be seen in 91E22 and all progeny with yellow flesh.

Aardevo Exhibit 1010
Page 1735



2006

white fogh yellow Hoah white fizah

1 ladder

~
o
e

A - p— ‘

3 ‘g\\\ - S \:\:\\\;\Q\g\é\

FIGURE 2.

Panel A. The CAPS assay illustrated in Figure 1 was applied to yellow- and
white-fleshed varieties and breeding clones. The diagnostic allele B was
detected in all yelow-fleshed clones. Allele B was clearly absent from the white-
fleshed clones shown to the left, but it was difficult to determine if allele B was
present in the white-fleshed clones shown to the right (partial results pre-
sented ). Panel B. Primers designed to specifically amplify allele B were applied
to the same clones as in panel A. These primers directed amplification of the
expected 397 bp product only from yellow-fleshed clones (partial results
shown).
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FIGURE 3.

The parents in the cross 91E22 x Yema de Huevo were heterozygous at the bch
locus, each containing alleles B (one Taq I site) and b (two Taq 1 sites). The
progeny conform to expectations of a 1:2:1 ratio of BB:Bb:bb from a Bb x Bb
cross (partial results shown).
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Exceptionally wide variation in tuber flesh
color and carotenoid content was observed in
the progeny of a cross between diploid parents
91E22 and Yema de Huevo. To further assess the
relationship between bch and yellow flesh color,
as well as between bch and carotenoid content,
the co-dominant bch CAPS marker described
above was used to evaluate the parents and
progeny. As shown in Figure 3, both 91E22 and
Yema de Huevo were heterozygous at the bch
locus, each containing alleles B (one Tagq I site)
and b (two Taq I sites). The progeny of this cross
are expected to segregate 1:2:1 for BB:Bb:bb.
Actual numbers were 38:568:21 (2 = 4.9, 0.05 < P
< 0.1). Thus the genetic model of 1:2:1 segrega-
tion was not rejected. Total carotenoid values of
the progeny span a large range, extending from
82 to 2686 pg / 100 g FW. This distribution,
including the parental values (see arrows), are
shown in Figure 4. The parents 91E22 and Yema
de Huevo had carotenoid levels of 794 and 932,
respectively. Some progeny far exceed the value
of both parents, transgressive segregation is pro-
nounced. The total carotenoid values of 12
progeny (13.5% of the population) were more
than one standard deviation (Gppuaion = 554 Ng/
100 g FW) above the mid-parent (MP) value (MP
= 863 pg / 100 g FW). The total carotenoids of
three progeny exceeded the mid-parent value by
two standard deviations.

The progeny are shown in Figure 5 grouped
according to bckh genotype in order of ascending
total carotenoid value. There were significant
differences between genotypes. Orthogonal
comparisons planned a priori (Table 2) found
significant differences in carotenoid content
between all groups (i.e., b/b [ X =286] < B/b [X =
1059] < B/B [ X = 1233]).

Tubers of 44 progeny, Yukon Gold (yellow
flesh) and Russet Burbank (white flesh) were
assessed for yellow index and carotenoid con-
tent. The yellow index (YIE313) showed a natural
logarithmic relationship with carotenoid content
{Figure 8). The colorimeter failed to measure
greater yellowness above about 1000 pg. This
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FIGURE 4.

Distribution of total carotenoid in 89 progeny of the cross $1E22 x Yema de Huevo. The range
of the distribution suggests transgressive segregation.
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FIGURE 5.

Distribution of total carotenoids grouped by beta-carotene hydroxylase (bch) genotype. Vari-
ation in total carotenoids within the bch genotypes is very large. Orthogonal comparisons
found significant differences between the groups bb, Bb, and BB.
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FIGURE 6.

Scatter plot of yellow index YIE313 in relation to total carotenoids. A natural logarithmic
function more closely aligns with the data points than linear regression. The colorimeter
failed to measure greater yellowness above approximately 1000 pg/ 100 g FW.
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FIGURE 7.

Arrangement of yellow index (YIE313) values grouped according to beta-carotene hydroxylase
genotype values. Orthogonal comparisons showed significant differences between all groups,
although mean yellow indexes of Bb and BB are similar. Bars labeled 1 and 2 are Russet Burbank

and Yokon Gold, respectively.

TABLE 2—ANOVA and orthogonal comparsions of bb, Bb,
and BB groupings of beta-carotene hydroxylase
genotypes for total carotenoids (89 genotypes)
and yellow index (44 genotypes). Progeny
were derived from the cross of 91E22 x Yema

de Huevo.
Total Carotenoids Yellow Index

Source df Significance df Significance
Genotypes 88 P <0.001 45 P < 0.0001

bb vs Bb 1 P <0.001 1 P < 0.0001

Bb vs BB 1 P <0001 1 P <005

bb vs BB 1 P <0.001 1 P <0.001
Error 89 92

suggests that neither visual evaluation nor measurement by col-
orimetry will efficiently identify the highest levels (e.g., above
2000 ng) of carotenoid or differentiate them from the interme-
diate levels (1000 to 2000 pg). Extraction followed by optical
quantitation will be necessary to select for the highest levels.
The yellow index measurements of the progeny are presented
grouped according to the bch genotype and ordered in ascend-
ing magnitude within group (Figure 7). Once again there were
significant differences between genotypes. Three orthogonal
comparisons found significant differences in the mean yellow
index between the means of the bb, Bb and BB groupings
(Table 2). The mean yellow index of bb (48.1) was significantly
less than the means of Bb and BB genotype groupings (68.2 and
69.2, respectively).

DISCUSSION

Although bch polymorphism provides a loose explanation
of the total carotenoid levels in the progeny of the cross stud-
ied here, the degree of variation within bch genotypes suggests
that important contributions of other gene(s) will also be found
for this population. Other polymorphisms, possibly within
carotenoid biosynthetic genes like phytoene synthase and
zeaxanthin epoxidase, need to be explored to obtain greater
predictability and a more substantial association.

The highest levels of total carotenoid reported in the liter-
ature are all from germplasm derived from taxa in the Groups
Phureja, Stenotomum and Goniocalyx that have been main-
tained in relatively closed populations at the diploid level with-
out introduction of genes from other cultivated germplasm
pools (Brown et al. 1993, 2005; Lu et al. 2001; Nesterenko and
Sink 2003). These populations thus provide the most promising
source for novel alleles that can be used to increase carotenoid
content in cultivated tetraploid germplasm.

Romer et al. (2002) produced an increase of zeaxanthin in
yellow-fleshed potato by transformation of sense and antisense
constructs of zeaxanthin epoxidase. This inhibited conversion
of zeaxanthin into violaxanthin. Increases in zeaxanthin over
wild type ranged between four- and 130-fold. The highest lev-
els of zeaxanthin reached 40 pg / g dry weight (approximately
1000 pg/ 100 g FW). In a study of candidate gene expression of
high (Solanum phureja) and low (S. tuberosum) carotenoids
content, there was an inverse relationship between level of

Aardevo Exhibit 1010
Page 1738



372 AMERICAN JOURNAL OF POTATO RESEARCH

zeaxanthin epoxidase transcript and carotenoids content dur-
ing several stages of tuberization. Alternatively, relatively
higher expression of RNA transcripts of certain enzymes in the
carotenoid synthesis network in the early stages of tuberiza-
tion (swelling stolons and developing tubers), was found for
lycopene-< -cyclase and isopentenyl pyrophosphate isomerase
in S. phureja (Papa Amarilla) type compared to S. tuberosum
cvs Pentland Javelin and Desiree (Morris et al. 2004). Identifi-
cation of polymorphic alleles of genes encoding enzymes in
the carotenoid pathway is the first step to elucidation of con-
tribution to the high carotenoid phenotype characteristic in
Papa Amarilia. The ability to transfer the high carotenoid trait
from South American Papa Amarilla germplasm to cultivated
North American and European tetraploid cultivars may
require assembling a number of exotic alleles including the B
allele of bch identified in this study.

LITERATURE CITED

American Society for Testing Materials. 1991. ASTM Standards on
Color and Appearance. 39 ed. Amer Soc Testing Materials,
Philadelphia. pp 239-242.

Boniebale MW, RL Plaisted and SD Tanksley. 1988. RFLP maps based
on a common set of clones reveal modes of chromosomal evo-
lution in potato and tomato. Genetics 120:1095-1103.

Breemen RB van. 2001. Carotenoid. In: RE Wrolstad (ed), Current Pro-
tocols in Food Analytical Chemistry. Wiley, New York. pp F2.1-
F2.4.6.

Brown CR. 2005. Antioxidants in potato. Amer J Potato Res 82:163-172.

Brown CR, CG Edwards, C-P Yang and BB Dean. 1993. Orange flesh
trait in potato: Inheritance and carotenoid content. J Amer Soc
Hort Sci 118:145-150.

Brown, CR, D Culley, C-P Yang, R Durst and R Wrolstad. 2005. Variation
of anthocyanin and carotenoid contents and associated antioxi-
dant values in potato breeding lines. J Amer Soc Hort Sci
130:174-180.

Brunstetter BC and HG Wiseman. 1947. Carotenoid pigments in tubers
of the Katahdin variety of Irish potatoes. Plant Physiol 22:421-
437.

Caldwell JS, BC Brunstetter, CW Culpepper and BD Ezell. 1945. Causes
and control of discoloration in dehydration of white potatoes.
Canner 100(13):35.

Hale AL. 2003. Screening potato genotypes for antioxidant activity,
identification of the responsible compounds, and differentiating
Russet Norkotah strains using AFLP and microsatellite marker
analysis. PhD dissertation, Texas A&M University, College Sta-
tion.

Haynes KG. 2000. Inheritance of yellow-flesh intensity in diploid pota-
toes. J Amer Soc Hort Sci 129:63-65.

Haynes KG, WE Potts, JL Chittams and DL Fleck. 1994. Determining
yellow-flesh intensity in potatoes. J Amer Soc Hort Sci 119:1057-
1059.

Vol. 83

Hirschberg J. 2001. Carotenoid biosynthesis in flowering plants. Curr
Opin Plant Biol 4:210-218.

Iwanzik W, M Tevini, R Stute and R Hilbert. 1983. Carotinoidgehalt und
Zusammensetzung verschiedener deutscher Kartoffelsorten und
deren Bedeutung fur die Fleischfarbe der Knolle. Potato Res
26:149-162.

Kasim M. 1967. Beitrag zur qualitativen analyse der carotinoide von
kartofflen. Tinode Nahrung 11:411-415.

Lu WH, K Haynes, E Wiley and B Clevidence. 2001. Carotenoid content
and color in diploid potatoes. J Am Soc Hort Sci 126:722-726.

Morris WL, L Ducreux, DW Griffiths, D Stewart, HV Davies and MA Tay-
lor. 2004. Carotenogenesis during tuber development and stor-
age in potato. J Exper Bot 55:975-982.

Nesterenko S and KC Sink. 2003. Carotenoid profiles of potato breed-
ing lines and selected cultivars. HortScience 38:1173-1177.

Romer S, J Libeck, F Kauder, S Steiger, C Adomat and G Sandmann.
2002. Genetic engineering of a zeaxanthin-rich potato by anti-
sense inactivation and co-suppression of carotenoid epoxida-
tion. Metabol Engin 4:263-272.

Steel RGD and JH Torrie. 1980. Principles and procedures of statistics:
A biometrical approach. McGraw-Hill, New York.

Tevini M, W Iwanzik and G Schonecker. 1984, Analyse vorkommen und
nerhalten von carotinoiden in kartoffeln und kartoffelproduk-
ten. Jahrbuch Forschungskreis Ernahrungsindustrie V 5:36-53.

Tevini M and G Schonecker. 1986. Occurrence, properties, and charac-
terization of potato carotenoids. Potato Res 29(2):265.

Thorup TA, B Tanyolac, KD Livingstone, S Popovsky, I Paran and M
Jahn. 2000. Candidate gene analysis of organ pigmentation loci
in the Solanaceae. Proc Natl Acad Sci USA 97:11192-11197.

Aardevo Exhibit 1010
Page 1739



Joumal of Experimental Botany, Vol. 62, No. 10, pp. 3519-3534, 2011
doi:10.1098/jxb/err043  Advance Access publication 10 March, 2011

This paper is available online free of all access charges (see http://jxb.oxfordjournals.org/open_access.html for further details)

xperimental
Botany

RESEARCH PAPER

Induction of vacuolar invertase inhibitor mRNA in potato
tubers contributes to cold-induced sweetening resistance
and includes spliced hybrid mRNA variants

David A. Brummell'*, Ronan K. Y. Chen', John C. Harris'T, Huaibi Zhang', Cyril Hamiaux?, Andrew V. Kralicek?®
and Marian J. McKenzie'

" The New Zealand Institute for Plant & Food Research Limited, Food Industry Science Centre, Private Bag 11600, Palmerston North
4442 New Zealand

2 The New Zealand Institute for Plant & Food Research Limited, Mount Albert Research Centre, Private Bag 92169, Auckland 1142,
New Zealand

 Present address: Australian Centre for Plant Functional Genomics, Waite Campus, University of Adelaide, PMB1, Glen Osmond, SA
5064, Australia
* To whom correspondence should be addressed. E-mail: david.brummell@plantandfood.co.nz

Received 5 December 2010; Accepted 27 January 2011

Abstract

Cold storage of tubers of potato (Solanum tuberosum L)) compromises tuber quality in many cultivars by the
accumulation of hexose sugars in a process called cold-induced sweetening. This is caused by the breakdown of
starch to sucrose, which is cleaved to glucose and fructose by vacuolar acid invertase. During processing of
affected tubers, the high temperatures involved in baking and frying cause the Maillard reaction between reducing
sugars and free amino acids, resulting in the accumulation of acrylamide. cDNA clones with deduced proteins
homologous to known invertase inhibitors were isolated and the two most abundant forms, termed INH1 and INH2,
were shown to possess apoplastic and vacuolar localization, respectively. The INH2 gene showed developmentally
regulated alternative splicing, so, in addition to the INH2« transcript encoding the full-length protein, two hybrid
mRNAs (INH23*A and INH2B*B) that encoded deduced vacuolar invertase inhibitors with divergent C-termini were
detected, the result of mRNA splicing of an upstream region of INH2 to a downstream region of INH71. Hybrid RNAs
are common in animals, where they may add to the diversity of the proteome, but are rarely described in plants.
During cold storage, INH2«a and the hybrid INH28 mRNAs accumulated to higher abundance in cultivars resistant to
cold-induced sweetening than in susceptible cultivars. Increased amounts of invertase inhibitor may contribute to
the suppression of acid invertase activity and prevent cleavage of sucrose. Evidence for increased RNA splicing
activity was detected in several resistant lines, a mechanism that in some circumstances may generate a range of
proteins with additional functional capacity to aid adaptability.

Key words: Cold-induced sweetening, cold stress, hybrid RNA, invertase inhibitor, RNA splicing, Solanum tuberosum.

Introduction

Due to their sessile nature, plants must adapt their 2002; Rabbuani #r o/, 2003). Some of these stress-responsive
metabolism to cope with abiotic stresses such as drought, genes encode regulatory proteins, whereas others protect
high salinity, and low temperature. These three environmen- cells by causing the accumulation of metabolic proteins and
tal stresses are related to some extent, and there are genes cellular protectants including sugars (Yamaguchi-Bhinozaki
expressed in response to all three challenges as well as those and Shinozaks, 2006). These stress-induced responses enable
specific to a particular stress (Kreps e of , 2042; Seki er 2/, the plant to adapt its physiology and survive.
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Potato is now the third most important food crop in the
world, and the most important non-grain food crop
(FAOSTAT, 2667). Metabolic stability of potato tubers
during long-term cold storage is one of the prime trait
targets for breeding programmes worldwide. Potatoes need
to be cool-stored throughout the year to maintain un-
interrupted supply to industry, and storage at low temper-
ature (<8 °C) is beneficial because it reduces bacterial soft
rots, decreases water and dry matter loss, and prevents
sprouting without the need to add sprout inhibitor chem-
icals (Sowokinos, 26¢1). However, in many cultivars, low
temperature storage causes glucose and fructose to accumu-
late at substantial levels (Sowsckinos, 2860i; Blenkinsop
et af, 2004). This is termed cold-induced sweetening, and is
one of the most serious problems facing the processing
industry. When affected potatoes are processed into crisps
or chips, the high temperature associated with frying or
baking causes these reducing sugars to react with free amino
acids by the Maillard reaction, resulting in an unacceptable
blackening and unpalatability of the product (Kumar er «l.,
234) and accumulation of the potent neurotoxin and
probable carcinogen acrylamide (Motirarn ef af , 2082;
Stadler e i, 2002). Variability in resistance to cold-
induced sweetening between cultivars is presumably due to
a composite of differences in mRNA expression patterns
and post-transcriptional events.

Cold-induced sweetening occurs due to an imbalance
between the rate of breakdown of starch and metabolism of
the resulting sucrose, some of which enters the vacuole
where it can be irreversibly cleaved by acid invertase to the
hexose sugars glucose and fructose (Sowckinoes, 2001;
Blenkinsop ef of, 2004). The pathway from starch break-
down to hexose sugars is complex (Maicue et 2f, 2(46), and
several enzymes are potentially involved. Cold storage has
been found to cause increases in mRNA abundance or
enzyme activity of forms of B-amylase, UDP-glucose
pyrophosphorylase, sucrose phosphate synthase and acid
invertase (Lrenner er af, 1993; Hill er o, 1996; Niolsen
et af., 1997, Reimbalz e of, 1997, Mchamtc et al, 2003).
Transgemc mampulanons have also suggested roles in cold-
induced hexose accumulation for UDP-glucose pyrophos-
phorylase (Borovkov er «f, 1996), sucrose phosphate
synthase (Krause ¢r «f, 199%), sucrose phosphatase (Chen
et af., 2088), glucan- water dikinase, and phosphorylase-L
(Rommens ef al, 2006). However, the activity of acid
invertase is the most significant factor in determining the
accumulation of hexose sugars, and correlations between
acid invertase activity and the hexose:sucrose ratio have
been made in cultivars exhibiting varying resistance to cold-
induced sweetening (Richardson ef ¢f., 199G; Jrenner of ol
1996; Matsaura-Endo er qf, 2004; McKenwie er o, Z003).
Indeed, transgenic suppressmn of acid invertase prevents
hexose accumulation and cold-induced sweetening of stored
tubers (Jrenner ef of | 1996; Bhaskar of af ) 2010).

Invertase activity may be controlled post-translationally
in planta by invertase inhibitors, which have long been
known to be present in potato tubers (Schwirnuer ¢f af,
1961; Pressey, 1966, 1967; Pressey and Shaw, 1968). Storage

of susceptible potato tubers results in a cold-induced
increase in acid invertase activity over ~3 weeks, followed
by a decline that appears to be due to accumulation of the
invertase inhibitor protein (Pressey and Shaw, 1968). Over-
expression of a tobacco (Nicotiana tabacum 1.) vacuolar
invertase inhibitor in transgenic potato tubers strongly
reduced acid invertase activity and the formation of re-
ducing sugars ({Greiger ¢f af, 1999). These observations
suggest that endogenous potato invertase inhibitors, if
present in particular cultivars, could potentially be impor-
tant in determining the extent of cold-induced sweetening.

Invertase inhibitors are small (~17 kDa) proteins that
bind to invertases, forming an inactive complex (Prassey,
1967; Bracho and Whitaker, 1990q, b; Rausch and Greiner,
2604). Invertase inhibitors are closely related to pectin
methylesterase inhibitor proteins (Hothorn ef af., 2004q, b)
and are of two types, found in the apoplast and vacuole,
respectively. The sequences of invertase inhibitors have been
determined from several species including tobacco, Arabi-
dopsis, soybean, sweetpotato, maize, rice, and tomato
(Grefner 21 al, 1998, 1999 Bate ef of, 2004 Link ef ai
2084; Rausch agd Greiner, 2004; Reca ot ¢f, 2008; Jin o7 al
2449), but not so far from potato. The aim of this work was
to characterize the invertase inhibitor genes of potato, and
to examine the expression of the members of this gene
family both in a range of tissues and in the mature tuber
during cold stress. Invertase inhibitor mRNA accumulation
was assessed in a range of lines to determine if invertase
inhibitor gene expression correlates with resistance to cold-
induced sweetening.

Materials and methods

Plant material

Flowers were collected from greenhouse-grown plants and sepa-
rated into sepal, petal, stamen, and gynoecium. Leaves and stems
were collected from young plants. Tubers were harvested from
immature developing plants and staged by size, then peeled and
central tissues collected. All tissues were immediately frozen in
liquid nitrogen and stored at —80 °C until required. For cold
storage studies, mature tubers of breeding lines 1021/1 (resistant to
cold-induced sweetening), 937/3 (sensitive to cold-induced sweeten-
ing), and selected lines from a mapping population were harvested
from field-grown plants after the above-ground vegetative organs
had died, and stored in the dark at ambient temperature to
equilibrate for 1 week. After this time (T0), tubers were randomly
sorted into groups and stored for 2 or 4 weeks at either 4 °C to
develop cold-induced sweetening or at 10 °C as a control. At the
end of the storage period, tubers were peeled and central regions
chopped into cubes of ~5 mm then snap-frozen in liquid nitrogen
and stored at —80 °C until required.

cDNA cloning and sequence analysis

Total RNA was prepared using the hot borate method (3an and
Witkins, 19%4) from tubers of 937/3 and 1021/1 that had been
stored for 2 weeks at 4 °C as above. mRNA was selected using
a Dynabeads mRNA purification kit (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. A cDNA
library for each cultivar was constructed using 5 pg of poly(A)*
RNA and a ZAP-cDNA synthesis kit (Stratagene, La Jolla, CA,
USA) following the manufacturer’s instructions. To generate
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a template for probe synthesis, degenerate primers INHAF and
INHdR (Sapplementary Table S1 available at JXB online) were
designed to conserved amino acid domains in tomato and tobacco
invertase inhibitors, and used to PCR-amplify a band of ~300 bp
from potato tuber cDNA, which was ligated into pBluescript and
some clones sequenced. A clone with homology to known in-
vertase inhibitors was used as a template for preparing a labelled
probe by the random prime method (Feinherg and Vogelstein,
1983). The labelled, purified probe was used to screen both cDNA
libraries at moderate temperature (57 °C) according to the
manufacturer’s instructions. Positive plaques were subjected to
a second round of purification followed by in vivo excision and
sequencing. Sequences were aligned and compared with existing
invertase inhibitors using CLUSTALW?2 (Larkin ei i, 2807), and
the major forms designated INH! and INH2. The unusual C-
terminus of the deduced protein of INH2 did not show conserva-
tion with a similar sequence from tobacco (GenBank accession no.
Y12806), so the downstream region of the cDNA was further
analysed by 3'-RACE (rapid amplification of cDNA ends) using
nested primers INH2-O and INH2-1 (Supplementary Table S1),
oligo d(T),; primer, and potato tuber cDNA as a template. This
confirmed the sequence originally found (termed /NH2pf) and led
to the discovery of an additional form, termed INH2u. Full-length
clones of INH2« and INH2f were amplified from cDNA or
genomic DNA as below. Signal peptide prediction was carried out
using SignalP 3.0 (http/fwww.chs.dtu.dlo fservices/SignalPy).

To examine the diversity of INH2f forms present in cDNA,
primers were designed to the non-coding flanking regions of the
cDNA for INH2f (sense primer INH2F and antisense primer
INH2R2; Supplementary Table Si). cDNA was synthesized from
tuber RNA of both 937/3 and 1021/1 using SuperScript reverse
transcriptase (Invitrogen) and oligo d(T),; according to the manu-
facturer’s instructions. PCR amplification using the primer pair,
cDNA template, and PCR Extender proofreading 7ag DNA
polymerase (5 Prime Co., Gaithersburg, MD, USA) resulted in a
band of ~800 bp, which was ligated into pBluescript and six clones
sequenced for each cultivar.

Genomic characterization

Genomic DNA was prepared from young leaves of cultivars 937/3
and 1021/1 using a urea method. For investigation of the allelic
diversity of INHI and INH2, primers were designed to the non-
coding flanking regions of the cDNA for INHI (sense primer
INHIF2 and antisense primer INHIR4) and for INH2 (sense
primer INH2F and antisense primer INH2R; Supplemeniary
Table §i). Genomic DNA was PCR-amplified using the above
primer pairs and Pwo (Roche, Auckland, New Zealand), Triple-
Master (Eppendorff, Hamburg, Germany), or HiFidelity (Qiagen,
Valencia, CA, USA) proofreading DNA polymerase. Two clones
(for INHI) or at least 12 clones per genotype (for INH2) were
sequenced on both strands.

For DNA gel blot analysis, aliquots of genomic DNA of the
tetraploid cultivar 1021/1 and the diploid cultivar 3T were ex-
haustively digested with the indicated restriction enzymes, and
either 20 pg (1021/1) or 12 pg (3T) of DNA was loaded per lane
onto a 1% agarose gel. After separation of the DNA fragments by
electrophoresis, the gel was blotted to Hybond-XL membrane
(Amersham, Auckland, New Zealand) overnight. Short probe
templates (~150 bp) were prepared from flanking non-coding or
divergent coding regions that had previously been amplified by
PCR from plasmids (for INHI1, sense primer INH1F2 and anti-
sense primer INHIR2; for INH2, sense primer INH2F4 and
antisense primer INH2R4). These templates were labelled by PCR
as previousLy described (Brummell ef of, 199Y9), using the antisense
primer, [¢-**P]dATP, unlabelled nucleotides (dACTP, dGTP, dTTP),
and Tag polymerase with 10 cycles of 94 °C for 1 min, 50 °C for 1
min, and 72 °C for 1 min. The denatured probes were hybridized
with the gel blot in Church and Gilbert {1984} solution at 65 °C

overnight, then washed several times in 0.5x SSC/0.1% SDS at 65
°C and exposed to Kodak (Rochester, NY, USA) Biomax-MS film.

Subcellular protein localization using green fluorescent protein
(GFF) fusions

For INH1, primers INHIGFPF and INHIGFPR (Supplementary
Table 51) were used to PCR-amplify a fragment encoding the
N-terminal 32 amino acids, and for INH2 primers INH2GFPF
and INH2GFPR were used to amplify a fragment encoding the
N-terminal 52 amino acids. In each case, an EcoRI site upstream
of the translation start codon and a downstream BamHI site were
used to ligate the fragment into the CaMV35S-GFP expression
vector. The in-frame BamHI site added a glycine and a serine
residue to the predicted protein between the INH fragment and the
GFP. Plasmid DNA (1 ng) of the 35S:INHINterm:GFP:ocs and
35S:INH2Nterm.GFP:ocs constructs or 35S:GFP:ocs alone (as
a control) was mixed with 1 um gold particles and bombarded
into the adaxial epidermis of bulb of onion (Allium cepa) or white
petals of lisianthus (Eustoma grandiflorum) as described (Shang
et ., 2307). Tissues were incubated on hormone-free Murashige
and Skoog medium at 25 °C in the dark for 36 h, and transformed
cells were examined under a Leica laser scanning confocal
fluorescence microscope or an Olympus fluorescence microscope.

mRNA analysis

Total RNA prepared as above (10 pg per lane) was separated by
electophoresis in 1.2% agarose denaturing formaldehyde gels, then
blotted to Hybond-XL membrane (Amersham) overnight. DNA
templates and labelled probes were produced as for genomic DNA
gel blot analysis, and hybridized with the RNA gel blots in Church
and Gitbert (1924} solution at 65 °C overnight. Blots were washed
in 0.5x SSC/0.1% SDS at 65 °C and exposed to Kodak Biomax-
MS film.

For quantitative real-time PCR analysis, DNA was eliminated
from RNA samples by treatment with DNase I (Invitrogen).
Aliquots of RNA (1 pg) were converted to ¢cDNA using oligo
d(T)2, dNTPs, and SuperScript III reverse transcriptase (Invitro-
gen). Products were diluted 25-fold in water prior to use and
aliquots of 2.5 pl used per reaction (10 pl final volume) in the
presence of 0.5 pM clone-specific primers (Supplementary Table
51) and Light Cycler 480 SYBR Green I master mix (Roche).
Primer pairs used were: INHI, INHIRTF+INHIRTR; INH2q,
INH2RTF+INH2aRTR; INH2B, INH2RTF+INH2BRTR; and
actin, ActRTF+ActRTR (Supplemeniary Tabie 51). Real-time
PCR was performed in triplicate on a Rotor-Gene RG-3000
(Corbett Research, Sydney, Australia) following the manufacturer’s
instructions. Experiments were repeated using a minimum of two
independent RNA preparations. Data acquisition and analysis were
carried out using Rotor-Gene Series 6000 software version 1.7
(Corbett Research). Actin was used as the reference gene for
calculation of relative transcript abundance, using the Relative
Quantitation feature of the software. Melt analysis and visualiza-
tion of the final products on agarose gels were used to ensure that
products were a single band.

Sugar analysis

Frozen potato tissue was powdered in liquid nitrogen and sugars
were extracted with 62.5% (v/v) methanol at 55 °C for 1 h.
Sucrose, fructose, and glucose concentrations in the clarified
extract were estimated against standards using a Sucrose, D-
Fructose and p-Glucose assay kit (Megazyme, Bray, Ireland)
according to the manufacturer’s instructions.

Recombinant protein expression

Synthetic genes encoding INH2a*A1l, INH2B*A1, and INH2B*B1,
in each case harbouring an N-terminal tobacco etch virus (TEV)
protease cleavage site and flanked by Gateway recombination
sequences, were synthesized by GenScript (Piscataway, NJ, USA).
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For all three proteins, the encoded sequence began with the
tyrosine residue at amino acid 27, since this appeared to be the
mature protein based on structural studies (Hothorn ¢r 4, 2304a).
Genes were ligated into the pDEST566 vector (Addgene plasmid
11517, www.addgene.org) by Gateway recombination, to add an
N-terminal Hisg-maltose-binding protein (MBP) domain. Plasmids
were transformed into Escherichia coli Rosetta Gami 2 cells
(Novagen, San Diego, CA, USA) and grown at 37 °C in Terrific
Broth until they reached a density of Ag=0.6, then induced by
addition of 0.5 mM isopropyl-p-p-thiogalactopyranoside (IPTG),
and grown at 20 °C for 18 h. Harvested cells were resuspended in
buffer containing 20 mM TRIS-HCI, pH 8.0, 300 mM NacCl, and
antiprotease cocktail (Roche), and lysed using a C5 emulsifier
(Avestin, Mannheim, Germany). The supernatant after centrifuga-
tion at 20 000 g for 30 min was loaded on a His-Trap HP column
(GE Healthcare, Piscataway, NJ, USA), washed with 20 mM
TRIS, pH 8.0, 300 mM NaCl, and fusion proteins were eluted with
buffer containing 20 mM TRIS, pH 8.0, 150 mM NacCl, 300 mM
imidazole. Fractions containing the fusion protein were pooled,
and dialysed against 20 mM TRIS, pH 8.0, 50 mM NaC(l at 4 °C
for 18 h. The fusion proteins were then further purified by anion
exchange on a HiTrap Q HP column (GE Healthcare), using
a 50-500 mM Nacl linear elution gradient, and size exclusion
chromatography on a Superdex 75pg HiLoad 16/60 column (GE
Healthcare) using 20 mM TRIS, pH 8.0, 150 mM Nac(l as eluant.
In all cases protein was collected as soluble aggregates in the void
volume of the column. The control was produced by TEV cleavage
of a His-MBP-a/f hydrolase (from Arabidopsis) fusion protein and
purification of the His-MBP domain as above. Protein concen-
trations were calculated from absorption at 280 nm, using
extinction coefficients calculated from their respective amino acid
sequences. For SDS-PAGE analysis, samples were denatured for
30 min at 37 °C with either SDS loading buffer or SDS loading
buffer containing 6 M urea.

Invertase activity

Potato samples frozen in liquid nitrogen were powdered using
a mortar and pestle in 3 vols of buffer containing 50 mM HEPES-
KOH, pH 7.5, 15 mM MgCl,, 2 mM EDTA, 2 mM dithiothreitol,
10% (vlv) glycerol, and 2% (w/v) polyvinylpolypyrrolidone. Crude
extracts were centrifuged at 14 000 g and the supernatants desalted
using Sephadex G-25 columns according to the manufacturer’s
instructions. The extracts were shaken for 90 min rapidly enough
to generate foaming, to minimize the activity of endogenous
invertase inhibitor proteins (Pressey, [%66). Enzyme assays con-
tained 60 pl of protein extract, 60 mM phosphate-citrate buffer, pH
5.0, and 40 mM sucrose. Reactions were carried out at 30 °C for
30 min, and were stopped by heating to 94 °C for 1 min. Control
reactions for each sample were performed by heating the reaction
aliquots of protein extract to 94 °C for 1 min before addition of
substrate and buffer. Glucose formed was determined against
a standard curve using Sumner’s reagent (Suminer, 1%21). Protein
was determined using a protein assay kit (Bio-Rad, Hercules, CA,
USA) with bovine serum albumin as a standard. Activity was
expressed as nmol of glucose formed h™' mg™" protein.

In experiments where the activity of invertase inhibitors was
examined, aliquots of crude protein extract from cold-stored
tubers of cultivar Summer Delight prepared as above were
incubated with dilutions of purified recombinant invertase in-
hibitor fusion proteins at 37 °C for 30 min to allow binding, prior
to assay for invertase activity.

Results
Characterization of INH1 and INH2 genes and mRNAs

Library screening and PCR analysis identified several
c¢DNAs with deduced proteins showing homology to known
invertase inhibitors (Table 1). All deduced proteins pos-

sessed four conserved cysteine residues believed to be
important in invertase inhibitor protein three-dimensional
structure, but were of two distinct types. The first type had
deduced proteins with a predicted signal peptide of 19 amino
acids and a putative apoplastic localization (¥ig. 1A). Two
closely related cDNAs were isolated, probably representing
allelic forms of the same gene. This gene was termed INH]I,
and the allelic forms INHI*A and INHI*B. INHI*A and
INHI1*B deduced proteins differed in only six amino acids,
and both were highly homologous to invertase inhibitors
from Nicotiana tabacum (NtINH1, GenBank accession no.
Y 12805) and Solanum lycopersicum (SIINH, AJ010943) (¥ig.
{A). Variants of SIINH have been termed SolyCIF (¥eca
et al, 2008) and SIINHINV1 (Jin er af, 20609). Apoplastic
invertase inhibitors do not appear to be glycosylated (Weil
ef af., 1994; Reea ef of, 2008), and INH1*A and B lacked
sites for N-glycosylation. Sequencing of two potato genomic
clones found that both were INHI*B, and that the gene
possessed an intron of 1242 bp located after nucleotide +297
(GenBank accession no. GU980592). The location of the
intron was almost identical to that in the orthologous
tomato gene SolyCIF (Reca et ol , 2008).

The second type of invertase inhibitor lacked a predicted
signal peptide, and existed in several forms differing at the
C-terminus of the deduced proteins and in the 3’-untrans-
lated regions (UTRs). These were termed INH2a (encoding
the full-length protein) and INH2p (encoding truncated and
altered variants of the INH2 protein). Five alleles of INH2ua
were identified from sequencing of ¢cDNA and genomic
clones amplified from both potato cultivars (937/3 and 1021/
1), although not all alleles were present in each cultivar. The
alleles possessed four different deduced amino acid sequen-
ces, which were designated INH2o*A-D, all of which
showed homology throughout their length to a putative

Table 1. INH forms isolated from potato genotypes 1021/1 and
937/3 using a combination of cDNA library screening and PCR
amplification from genomic DNA and cDNA.

INHZ2 produced multiple transcripts from the same gene, with
INHZ2« representing allelic versions of mRNAs encoding the full-
length protein, and INHZ"A and B representing spliced, hybrid
mMRNAs encoding deduced proteins that are truncated and altered
at the C-terminus.

Name Introns Deduced Sites for N- Putative Accession
amino glycosylation localization no.
acids

INH1*A 1 171 0 Apoplastic AY864819

INH1*B 1 171 0 Apoplastic AY864820

INH2o*A1 O 181 1 Vacuolar FJ810205

INH2o*A2 O 181 1 Vacuolar FJ810206

INH2¢*B 0O 180 1 Vacuolar FJ810207

INH20*C O 178 1 Vacuolar FJ810208

INH2o*D O 178 1 Vacuolar FJ810209

INH2B*A1  Cryptic? 153 0 Vacuolar AY864821

INH2B*A2  Cryptic? 153 0 Vacuolar GU980593

INH2p*B1  Cryptic? 158 1 Vacuolar GU980594

INH2p*B2 Cryptic? 158 1 Vacuolar GU980595
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l\ + +
S1INH mkiliflimflamllvtsgNNNLYVETTCKNTPNYNLCVKTLSLDKRSEKAGDITTLALIM 60
StINH1*B mkillflmmflamlivtkgNNNLVETTCKNTPNYNLCVKTLSLDKRSETAGDITTLALIM 60
StINH1*A mkififlmmflamllvtngNNNLVETTCKNTPNYNLCVKTLSLDKRSETAGDITTLALIM 60
NtINHL mknlifltmfltillqtnaNN-LVETTCKNTPNYQLCLKTLLSDKRS—-ATGDITTLALIM 58

Kk gakk hhkgphg Kk, Kk KARABKKAAERKIREgHEK  KkRR  gRRAAARKFAL

+

S1INH VDAIKSKANQAANTISKLRHSNPPQAWKDPLKNCAFSYKVILPASMPEALEALTKGDPKF 120
StINH1*B  VDAIKYKANQAANTISKLRHSNPPQAWKDPLKNCAFSYKVILTASMPEATEALTKGDPKF 120
StINHL*A VDAIKSKANQAANTISKLRHSNPPQAWKDPLKNCAFSYRVILTASMPEATEALTKGDPKF 120
NtINHL VDAIKAKANQAAVTISKLRHSNPPAAWKGPLKNCAFSYKVILTASLPEAIEALTKGDPKF 118

Nk Rk KRR Rk Rk AR A AR h Ak KA RRARRRIRIR | Kk g RRE AR AR F XA

+

S1INH AEDGMVGSSGDAQECEEYFKATTIKYSPLSKLNIDVHELSDVGRAIVRNLL 171
StINHI*B  AEDGMVGSSGDAQECEEYFKAITIKYSPLSKLNIDVHELSDVGRAIVRNLL 171
StINH1*A  AEDGMVGSSGDAQECEEYFKAITIKYSPLSKLNIDVHELSDVGRAIVRNLL 171
NtINHL AEDGMVGSSGDAQECEEYFKGS---KSPFSALNIAVHELSDVGRAIVRNLL 166

N e e P Y
E3 + +

StINH20*A MRNLFPILMLITNLALNNDNNNNNNNNNNYNLIHATCRETPYYSLCLTTLQSDPRSNEVE 60
StINH2¢:*B MRNLFPILMLITNLALNNDNNNNNNNNN-YNLIHATCRETPYYSLCLTTLQSDPRSNEVE 59
StINH20*C MRNLFPILMLITNLALNNDNNNNN--NN-YNLIHATCRETPYYSLCLTTLQSDPRSNEVE 57
StINH2¢*D MRNLFPILMLITNLALNNDNNNNN--NN-YNLIHSTCRETPYYSLCLTTLQSDPRSNEVE 57
NtINH-h MRNLFPIFMLITNLAFN-DNNNSN-=-~=- NIINTTCRATTNYPLCLTTLHSDPRTSEAE 53
AkRAkkykkkk Ak gk KAEE X RpkpIFEAK Kk kkkkkkpkkkky Kk
+
StINH2a*A GDDAITTLGLIMVDVVKSKSIEIMERIKELEKSNPEWRAPLSQCYVAYNAVLRADVIVAV 120
StINH20*B GDDAITTLGLIMVDVVKSKSIEIMEKIKELEKSNPEWRAPLSQCYVAYNAVLRADVIVAV 119
StINH20*C GDDAITTLGLIMVDAVKSKSIEIMEKIKELEKSNPEWRAPLSQCYVAYNAVLRADVIVAV 117
StINH2u*D GDDAITTLGLIMVDAVKSKSIEIMERIKELERSNPEWQAPLSQCYVAYNAVLRADVIVAV 117
NtINH-h GAD-LTTLGLVMVDAVKLKSIEIMKSIKKLEKSNPELRLPLSQCYIVYYAVLHADVTVAV 112

ok kKK g R Kk kR KKy KK pRKRKAKE 3 KKK KKg K kkkgRERRKHK

+
StINH20*A EALKKGVPKFAEDGMDDVVVEAQTCEYSFNYYNKLDFPISNLSREITELSKVAKSITRMLL 181
StINH20*B EALKKGVPKFAEDGMDDVVVEAQTCEYSFNYHNKLDFPISNLSREIIELSKVAKSIIRMLL 180
StINH20*C EALKKGVPKFAEDGMDDVVVEAQTCEYSFNYYNKLDFPISNLSREIIELSKVAKSIIRMLL 178
StINH20*D EALKKGVPKFAEDGMDDVVVEAQTCEYSFNYYNKLDFPISNLSREIIELSKVAKSIIRMLL 178
NtINH-h EALKRGVPKFAENGMVDVAVEAETCEFSFKY-NGLVSPVSDMNKEITELSSVAKSIIRMLL 172

HEAK KK KKK KK kK Kk KAk akkkpkKpk ok K Kykgg

Fig. 1. Deduced amino acid sequences of StINH1 and StINHZa.
(A) Two allelic forms of StINH1 aligned with NtINH1 from tobacco
{(GenBank accession no. Y12805) and SIINH from tomato
(AJ010943). Predicted signal sequences are shown in lower case.
(B) Four allelic forms of StINH2a aligned with NtINH-h from
tobacco (Y12806). Potential sites for N-glycosylation are under-
lined. Four cysteine residues believed to be important in the
formation of two disulphide bridges (conserved in both apoplastic
and vacuolar invertase inhibitors) are marked with crosses. Amino
acid identity is represented by asterisks, highly conservative
changes by double dots, and conservative changes by dots.

vacuolar invertase inhibitor from tobacco (Fiz. iB).
INH2o0*A-D differed from each other predominantly in the
number of amino acids present in a run of consecutive
asparagine residues near the N-terminus of the protein.
INH2a*C and D also differed from each other by three
amino acid residues elsewhere in the protein, as well as
extensive differences in the 3'-UTR (data not shown). Two
versions of INH2a*A were detected, differing only in the
length of a stretch of adenine nucleotides upstream of the
translation start codon. All of the potato INH2« forms had
a single site for potential N-glycosylation, located near the
C-terminus of the protein (Fig. 1B). No introns were
detected in any INH2o genomic clones.

DNA gel blot analysis revealed that INHI and INH2 are
both likely to be encoded by very small gene families,
probably two genes per haploid genome for INHI and with
the possibility of a small number of closely related members
for INH2 (¥ig. 7). Preliminary data released by the Potato
Genome Sequencing Consortium (2009) have so far identi-
fied a single gene for each of these two families, both located
on chromosome 12 with a tandem orientation (Fig. 3).

Subcellular localization of INH1 and INHZ proteins

Initial experiments using DNA constructs that fused the
entire coding regions of INHI and INH2 to GFP did not

N INH2
10214 3T 102144 K1)
- 2 == — 2 = —~ == - > =
EET %%t 5o %%5 s
G0 s L O 00D w0 LA TG TN - R & R & R T~
oW I o oW oW I X U TS et WS 'Y S 1 S
T

Fig. 2. DNA gel blot analysis. Genomic DNA of the potato
tetraploid variety 1021/1 and the diploid variety 3T was digested
with the indicated restriction enzyme and separated by gel
electrophoresis. A blot of the gel was hybridized with labelled
probes specific for INHT or INHZ2 as shown, and washed at high
stringency.

result in visible fluorescence upon transient transformation
into onion bulb epidermis or flower petals. Consequently,
constructs were produced that fused the N-terminal quarter
of each INH protein, including any putative signal sequence,
to GFP. As a control, GFP alone was transiently expressed
in onion bulb epidermis cells by particle bombardment, and
was detected as relatively weak GFP fluorescence present
only in the cytoplasm (Fig. 4A-C). In contrast, the
INHINterm—GFP fusion protein was detected strongly in
the cytoplasm, but also in the cell wall of epidermal cells of
both onion bulb (Fig. 4{+-}) and lisianthus petal (Fig. 45).
Plasmolysis of lisianthus cells caused the cytoplasm to
withdraw from the apoplast, revealing clear GFP fluores-
cence in the cell wall (Fig. 4¥). INH2Nterm—GFP fusion
protein was detected transiently in onion bulb epidermal
cells, but degraded immediately upon exposure to light (data
not shown). Expression of INH2Nterm—GFP fusion protein
in lisianthus petals, where vacuolar proteins are more stable,
showed that the majority of the fusion protein was in the
cytoplasm, but that the protein also accumulated in the
vacuole (Fig. 4(3-1). These data show that although the bulk
of INHINterm—GFP and INH2Nterm-GFP proteins was
present in the cytoplasm, where proteins are synthesized, the
signal sequences present on these fusion proteins caused a
proportion to enter the cell wall or the vacuole, respectively.

Characterization of INH23 mRNAs

INH2f (subsequently termed INH2p*AI) was originally
isolated from a cDNA library screen. An additional
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Fig. 3. Tandem location of INHZ2 and INHT genes on potato chromosome 12. Numbers show nucleotide positions on the
StBGIO1_000038 Scaffold of version 1 of the potato (S. tuberosum RH) assembly (Fotais Genoma Sequencing Consoriium, 2009).

Fig. 4. Subcellular localization of INH1 and INH2 N-terminal peptides fused with GFP. GFP (control) and INH1Nterm-GFP and
INH2Nterm—-GFP fusion proteins were expressed transiently in adaxial epidermal cells of onion bulb or lisianthus flower petals and
visualized using confocal laser scanning microscopy (A-l) or fluorescence microscopy (J and K) 36 h after particle bombardment with

a gene gun. (A, D, G) Fluorescence image; (B, E, H) differential interference contrast image; (C, F, I) merged image. (A—C) Accumulation
of GFP in the cytoplasm of an onion epidermal cell (0.2 um optical section). (D-F) Accumulation of INH1Nterm—GFP fusion protein in the
cytoplasm and cell wall of an onion epidermal cell (0.2 um optical section). (G-I) Accumulation of INH2Nterm—-GFP fusion protein in the
cytoplasm and vacuole of a lisianthus petal cell (0.5 pm optical section). (J) Accumulation of INH1Nterm-GFP fusion protein in the
cytoplasm and cell wall of a lisianthus petal cell. (K) A similar cell to that shown in J plasmolysed in 1 M sucrose for 10 min, showing
fluorescence remaining in the wall after the protoplast has withdrawn. Inset boxed: the plasmolysed region of the cell with contrast
enhanced to show GFP clearly in the cell wall.
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Fig. 5. INH28 is a hybrid RNA homologous to INH2 upstream and
to INH7 downstream of the junction. (A) Alignment of the deduced
amino acid sequence of four allelic forms of INH2B with that of
INH2a*C. Potential sites for N-glycosylation are underlined, and
four conserved cysteine residues are marked with crosses. Amino
acid identity is represented by asterisks, highly conservative
changes by double dots, and conservative changes by dots. (B)
Part of the cDNA sequence of INH2”A and B aligned with that of
INH20, and INHT. The region shown is the junction where
sequence conserved with that of INHZ« (shown in green) is spliced
10 sequence conserved with that of INHT (shown in blue). Two
different splice junctions are evident, INH2*A possessing more
upstream sequence derived from INHT than does INH2*B.
Putative short homologous sequences present in both INHT and
INHZa, located at the apparent splice sites, are underlined in red.
Translation stop codons are boxed. Nucleotide identity is indicated
by asterisks, and gaps introduced into the alignment by dashes.

transcript termed INH2p*A2 was isolated from cDNA of
cultivar 1021/1 by PCR amplification, and differed from
INH2p*A1 by 10 nucleotides and four deduced amino
acids. The deduced amino acid sequences of INH2B*A were
highly similar to that of INH2a (almost identical to the
INH20*C allele) throughout most of the length, but di-
verged sharply near the C-terminus (Fig, SA). At this point
the DNA sequence differed from INH2o completely, and,
surprisingly, the sequence downstream of this junction was
identical to INHI (Fig. 58) with a splice junction in the first
exon (Fig. $C). This apparent fusion of the mRNA
sequences of INH2 and INHI provided the hybrid
INH2*4 mRNA with an alternative and longer 3'-UTR
to that of INH2«, but had the effect of adding just 11 amino
acid residues to the predicted protein before a translation
stop occurred, so that INH2B*A was 25 amino acid residues
shorter than INH2a*C (Fig. 2A, C).

Subsequent isolation of further INH2f cDNA clones by
PCR amplification found that INH2f*A1 was the pre-
dominant form, but that a variant, termed INH2p*B, also
existed in both genotypes (Fig. 5A, B). In INH2[*B, the
splice junction occurred further downstream, at the intron
splice boundary at the beginning of exon 2 of INHI (Fig.
513). A comparison of INH2p*B sequences isolated from
genotypes 1021/1 and 937/3 found four single nucleotide
differences, resulting in two amino acid residue changes, all
of these differences being in the region of the DNA conserved
with INH2o. These forms were termed INH2F*BI and
INH2[(*B2, respectively (Fig. SA).

Although INH2p*B possessed the entire exon 2 from
INHI, the exon was in a different reading frame so that
translation caused the addition of only 16 amino acid
residues before a translation stop codon occurred (¥ig.
54A). This frameshift meant that there was no conservation
in amino acid sequence between the C-terminal regions of
INH2B*B and either INH2B*A or INH2q, although, like
INH2«a, the INH2B*B form had a site for potential N-
glycosylation of the protein (Fig. 5A, D).

It was not possible to carry out genomic DNA gel blot
analysis for INH2p, since this does not possess any unique
DNA. Attempts to isolate genomic versions of INH2 [} using
an array of nested primers (12 different primer pair
combinations) spanning the apparent INH2/INH]I junction

(C) Schematic diagram showing the regions of INHZ2«

{green) and INHT (blue) mRNA that make up the spliced

INHZB*A transcript. Whether the intron derived from INHT
appears in the pre-mRNA of INHZ2*A and is then processed

out, or splicing occurs after formation of the mRNA is unclear.
Exons are shown as boxes, and introns and untranslated

regions as lines. The exons derived from INHT are out-of-frame in
INHZ2B, resulting in a shorter coding region. (D) Schematic
diagram showing the regions of INHZ2« (green) and INHT (blue)
MRNA that make up the spliced INH2*B transcript. The exon
derived from INHT is out-of-frame in INH2 "B, resulting in a shorter
coding region. Potential sites for N-linked glycosylation in the
corresponding deduced proteins are represented by Y-shaped
symbols.
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were unsuccessful, although all primer pairs successfully
amplified a product from tuber cDNA (data not shown).
Data released by the Potate Genome Seguencing Consor-
fium {2609 have also found no evidence for the existence of
such hybrid sequences in the genome. These data suggest
that INH2 [ may exist as a transcript but not as a gene.

Presence of alleles of INH2a and INH2B in cultivars
1021/1 and 937/3

Although several different allelic forms of the various genes
are described above, it should be noted that not all alleles
were found in each cultivar. This was particularly clear for
INH2o, where cultivar 1021/1 had alleles A1, A2, and D,
while cultivar 937/3 had alleles 4/, B, and C (data not
shown). Since the number of clones sequenced was limited
and because only particular primer pairs were used, it is of
course possible that other alleles of INH2 (or related genes)
are present in these genotypes. Both cultivars had the
INH2p*A1 mRNA, and both cultivars had an INH2p*B
mRNA, although these were INH2f*BIl and INH2p*B2,
respectively.

Expression of invertase inhibitors in potato plants

Examination of various tissues of potato plants, including
flower parts, vegetative tissues, and developing tubers,
found that INH20 mRNA accumulated in all tissues,
though to varying extents (}:ig. ¢A). INH2a mRNA was
present at very low abundance in some flower parts (sepal,
petal, and gynoecium) and leaf, and at higher abundance in
stamen, stem, stolon, and developing tubers. In contrast,
INH2f mRNA was undetectable in flower parts, leaf, stem,
and stolon, and accumulated at low but increasing abun-
dance in tubers as they developed (Fig. ¢B). When present,
the abundance of INH2 mRNA was several fold less than
the accumulation of the INH2« transcript. These data
suggest that INH2 [ transcript accumulation may be specific
to tubers. INHI mRNA was present at very high abundance
in flower parts, and at levels exceeding those of INH2¢ in all
other tissues (Fig. 6C).

Abundance of invertase inhibitor mRNASs during potato
tuber storage

In order to produce cold-induced sweetening, tubers of the
susceptible cultivar 937/3 and the resistant cultivar 1021/1
were stored at 4 °C for 2 or 4 weeks and compared with
tubers stored at 10 °C. In 937/3, soluble sugars accumulated
drastically at 4 °C, increasing by 3-fold between 2 and 4
weeks (Fig. 7). The majority of this sugar was the reducing
sugars glucose and fructose, with only a minor proportion
being retained as sucrose. In contrast, in 1021/1, soluble
sugars increased during cold storage to a lesser extent than
in 937/3, and the majority of the soluble sugar was sucrose,
with hexoses providing only one-fifth of the total sugar on
a molar basis. In both genotypes, soluble sugar showed little
change in amount during storage at 10 °C.
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Fig. 6. MRNA accumulation of INH1, INHZ2w«, and INHZ in various
tissues of potato plants determined using quantitative real-time
PCR. (A) Relative INH2« mRNA abundance. (B) Relative INHZ2
MRNA abundance. (C) Relative INHT mRNA abundance (note
scale difference from A and B). Data shown are for cultivar 1021/1
{cultivar 937/3 was similar; data not shown). Bars denote SDs from
a minimum of two replicate RNA preparations.

For examination of invertase inhibitor mRNA abundan-
ces (Fig. 8), RNA was prepared from the same samples of
stored tubers as shown in Fig. 7. Since it was not possible to
design a probe for RNA gel blot analysis that would be
specific for INH2f and not show cross-hybridization with
either INH2o or INHI, quantitative real-time PCR was
used to discriminate between INH2« and INH2S mRNAs
(Fig. 8R). INH2a and INH2J mRNAs accumulated at
much higher levels in the resistant cultivar 1021/1 than they
did in 937/3, especially after storage at 4 °C. In 1021/1,
INH20o mRNA abundance increased several fold during
treatment at 10 °C, and at 4 °C accumulated slightly later
but to even higher levels. INH2f mRNA remained at very
low abundance in 937/3 after all treatments, and in 1021/1
did not accumulate at 10 °C but increased during treatment
at 4 °C.
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Fig. 7. Hexose sugars accumulate in cold-stored tubers of the
cold-induced sweetening-sensitive cultivar 937/3, whereas su-
crose accumulates in the resistant cultivar 1021/1. Tubers of two
genotypes of potato with differing sensitivity to cold-induced
sweetening were stored at 10 °C or 4 °C for 2 or 4 weeks (W).
Contents of sucrose and the reducing sugars glucose and fructose
were determined in extracts and are expressed on a molar basis.
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The estimations of mRNA abundances by real-time PCR
(Fig. 8B) were confirmed using RNA gel blot analysis (¥ig.
gA). Hybridization of an RNA gel blot with a probe that
would detect the sum of both INH2« and INH2 [ transcripts
found that INH2a+f mRNA was at low abundance in
cultivar 937/3 in all treatments, but accumulated substan-
tially in cultivar 1021/1 (¥ig. 8A). INHZo+ mRNA
abundance increased during storage at 10 °C, and increased
more slowly at 4 °C but to a greater extent by 4 weeks of
treatment. The mRNA abundances determined by RNA gel
blot analysis were in good agreement with those estimated
by quantitative real-time PCR. These data show that
accumulation of INH2« and INH2f mRNAs is indepen-
dently developmentally regulated, and suggest that in
cultivars resistant to cold-induced sweetening accumulation
of the INH2o mRNA is promoted by both chilling (10 °C)
and cold (4 °C), whereas INH2 mRNA accumulation is
promoted by cold treatment. INHI mRNA was induced
strongly after 2 weeks at 4 °C, and accumulated at much
higher levels than INH2o or INH2 [ (Fig. #{). However, the
increase in mMRNA accumulation was transient and oc-
curred in both susceptible and resistant genotypes.

To investigate the wider applicability of these observa-
tions, lines with known cold-induced sweetening properties
were selected from a mapping population, and fresh tubers
were stored at 4 °C for 4 weeks. In the cold-induced
sweetening-susceptible lines Karaka, Summer Delight,
K056, S343, S190, and S130, cold storage resulted in a high
accumulation of soluble sugars of which the majority was
glucose and fructose (¥ig. %A). In the cold-induced sweet-
ening-resistant lines K184, S028, S341, S217, S166, 1021/1,
and K068, soluble sugars accumulated to low levels after
storage and hexoses formed a minor proportion of the total.
In general, the cold-induced sweetening-susceptible lines
exhibited high acid invertase activity after storage, whereas
the resistant lines had low activity (Fig. 9). An exception
was line S130, which had a high hexose sugar content but
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Fig. 8. mRNAs of INHZ« and  accumulate during cold storage of
tubers in the cold-induced sweetening-resistant cultivar 1021/1
but not in the sensitive cultivar 937/3. (A) RNA gel blot hybridized
with a probe that will detect both INHZ2« and 8 mRNAs. (B) Relative
abundance of MRNAs of INHZ2« and f determined using quantita-
tive real-time PCR. (C) Relative abundance of mRNA of INHT
determined using quantitative real-time PCR (note scale difference
from B). Tubers were stored at 10 °C or 4 °C for 2 or 4 weeks (W).
Bars denote SDs from three replicate RNA preparations.

low acid invertase activity. Examination of a time course of
treatment would be necessary to determine if acid invertase
activity had been higher at earlier points during storage in
this line. In the majority of lines, low acid invertase activity
was correlated with moderate or high accumulation of the
sum of INH2u« plus INH2 mRNAs (Fig. ), suggesting
that invertase inhibitors may contribute to lower levels of
acid invertase activity in certain cultivars. The correlation
was not complete, however, with line S217 having low
INH2o+f abundance and low acid invertase activity, and
lines S130 and K184 having similar INH2o+f mRNA
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Fig. 9. Sugar content, acid invertase activity, and abundance of
INH mRNAs in cold-stored tubers of lines selected from a mapping
population. (A) Content and composition of soluble sugars. The
least significant difference (indicated by a bar) at P=0.05 was 11.0
umol g~' DW. (B) Soluble acid invertase activity. Data are means
of triplicate determinations from at least two independent protein
extractions £SE. (C) Relative abundance of mRNAs of INHZ« and

abundance and acid invertase activity but different sugar
accumulation. It is interesting that most of the cold-induced
sweetening-resistant lines had mRNAs of both INH2« and
INH2[5, whereas most of the susceptible lines had either
INH2o or INH2 mRNA but not both (Fig. 8C). The
significance of this, if any, remains to be established. The
abundance of INHI mRNA did not correlate with acid
invertase activity, sugar accumulation, or cold-induced
sweetening status (Fig. 313).

Activity of invertase inhibitor variants

Attempts to express INH proteins in E. coli or Pichia
pastoris did not result in soluble or active protein and,
although soluble protein could be obtained using a wheat
germ cell-free system, no activity could be detected (data
not shown). However, expression as fusion proteins with
MBP in E. coli did result in soluble protein, although the
fusion proteins were not susceptible to cleavage by TEV
protease. Consequently, after purification, the fusion pro-
teins were tested for inhibitory activity against acid in-
vertase. All three of the recombinant His-MBP-INH fusion
protein preparations were found to form high-ordered
complexes, eluting in the void volume of the size-exclusion
column. When examined by SDS-PAGE, they all showed
the presence of a band of the expected size plus substantial
amounts of higher molecular weight complexes (Fig. 1GA).
These complexes disappeared when samples were denatured
in SDS buffer containing 6 M urea prior to SDS-PAGE
analysis, showing that the preparations were reasonably
pure with no major contaminants (¥Fig. {4A). The His-MBP
control protein did not form high molecular mass com-
plexes, suggesting that the presence of the INH domain was
responsible for the aggregation of the proteins. The
presence of mild detergents or 50 mM arginine and 50 mM
glutamic acid reduced, but did not prevent, protein
aggregation (data not shown), and recombinant fusion
proteins were therefore tested for activity as high-ordered
complexes.

The His-MBP-INH2a fusion protein was strongly in-
hibitory to acid invertase activity, with 94% inhibition being
observed at the highest concentration of fusion protein
tested (¥ig. 108). The His-MBP protein alone was not
active (data not shown), and evidently the presence of the
His-MBP domain in the fusion protein did not prevent
interaction of the INH2a protein domain with acid
invertase. However, the His-MBP-INH2B*A and His-
MBP-INH2B*B fusion proteins were substantially less
active. The His-MBP-INH2B*A protein inhibited invertase
by only ~13% at the highest concentration tested, and so
possessed only approximately one-seventh of the activity of

p determined using quantitative real-time PCR. (D) Relative
abundance of mRNA of INHT determined using quantitative real-
time PCR. Tubers were stored at 4 °C for 4 weeks. In C and D,
bars denote SDs of triplicate measurements from two independent
CDNA preparations.
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Fig. 10. Activity of recombinant His-MBP-INH fusion proteins. (A)
SDS-PAGE of the three putative vacuolar His-MBP-INH fusion
proteins and the His-MBP control. Samples were denatured in
SDS loading buffer (left hand panel) or SDS-urea loading buffer
{right hand panel) for 30 min at 37 °C prior to loading aliquots of
1.3 ng of protein per lane. Expected molecular masses were: His-
MBP-INH2B*A, 59.4 kDa; His-MBP-INH23*B, 60.2 kDa; His-
MBP-INH2q, 62.5 kDa; His-MBP, 43.9 kDa. (B) Inhibition of acid
invertase activity by recombinant His-MBP-INH fusion proteins.
Dilutions of fusion protein were incubated at 37 °C for 30 min with
crude protein extracts (~12.5 pg of protein) from potato tuber,

His-MBP-INH2a. His-MBP-INH2B*B did not possess
significant activity in the concentration range examined.

Since the presence of both INH2o and INH2f transcripts
was detected in several of the lines most resistant to cold-
induced sweetening, the effects of mixing His-MBP-INH2«
with either His-MBP-INH2B*A or His-MBP-INH2p*B
were examined (Fig. 10C). However, the presence of either
His-MBP-INH2p*A or His-MBP-INH2(3*B did not result
in an inhibition of acid invertase activity greater than that
due to His-MBP-INH2« alone.

Discussion

The deduced proteins of invertase inhibitors isolated from
potato were highly similar to deduced proteins from
tobacco (Fig. 1), which is also a solanaceous species.
Indeed, INH1 and INH2 were more similar to their
orthologues from tobacco (86% and 71% for mature
proteins, respectively) than they were to each other (43%).
INHI had a predicted signal peptide, which would target
the mature proteins to the endoplasmic reticulum for
eventual secretion to the apoplast, and the protein was
shown to accumulate in the cell wall (Fig. 4). In tobacco,
direct protein sequencing of NtINHI1 determined that
a signal peptide of 19 amino acids was removed to produce
the mature protein ({Greiner er @, 1998). NtINHI was
localized in the apoplast and acted as an inhibitor of cell
wall invertase (Weil ef 2/, 1994; Greiner e af, 1998), as has
also been shown for the tomato orthologue SolyCIF/
SIINVINHI (Reca ef ol 2008; Ho of af , 2609).

The INH2 gene showed developmentally regulated alter-
native splicing, with the unspliced INH2a mRNA encoding
the full-length protein and the two hybrid INH2 mRNAs
encoding altered INH2 proteins. Analysis of the deduced
protein sequences of the INH2« and f transcripts with
SignalP 3.0 did not unambiguously determine the intracel-
lular target. The homologous protein NtINH-h from
tobacco (¥ig. 1B) has been assigned a putative vacuolar
localization, since overexpression of NtINH-h in potato
strongly inhibited vacuolar invertase but not cell wall
invertase (Gretoer e wf, 1999). A fusion of the N-terminus of
potato INH2 to GFP was detected in the vacuole (¥Fig. 4),
and the high homology between the INH2o and B forms
suggests that all are probably localized to the vacuole.

INHI mRNA accumulated to the highest levels in potato
flower parts and was low in roots (Fig. 6C), similar to

prior to assay for acid invertase activity. Activity is shown as

a percentage of that with no addition of recombinant protein. His-
MBP was not inhibitory to acid invertase activity, and has been
omitted for clarity. Means are calculated from three experiments
carried out in triplicate +SE. (C) Effect on acid invertase activity of
the presence of 0.133 nmol of His-MBP-INH2« alone, or with an
equivalent amount of either His-MBP-INH2*A or His-MBP-
INH2B"B. Means are calculated from one experiment carried out in
triplicate +=SD.
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NtINHI mRNA in tobacco ({reiner ef «f, 199%) and
SolyCIF in tomato (Heca «f «f, 2008). INHI mRNA could,
however, accumulate to high abundance in cold-stored
tubers (Fig. 8C). The mRNA accumulation was substantial,
but occurred transiently in both lines 937/3 and 1021/1
about 2 weeks into cold storage and had declined by 4
weeks (Fig. 80). The reason for this transient increase is
unclear, but may possibly be a part of the initial mechanism
of coping with chilling stress. In two of the cold-induced
sweetening-susceptible lines, S343 and S190, the abundance
of INHI mRNA was very high after 4 weeks of cold storage
(Fig. 913), higher than in the other lines examined, although
it is possible that the transient accumulation of INHI
mRNA was occurring later in these two lines.

Resistance to cold-induced sweetening correlated, in
general, with low acid invertase activity, several fold lower
than in susceptible lines (Fig. ¥B). The susceptible line 937/3
(¥ig. 7) is also known to have high acid invertase activity,
up to 7-fold greater than that of the resistant line 1021/1
(MeKenzie er af, 2003). These observations are consistent
with analysis of other populations that also found a correla-
tion between low acid invertase activity and either low sugar
accumulation or a low hexose:sucrose ratio (Lrenner ef al.,
1996; Matsoura-Endo e ol 2004; McKenzie er al, 2005),
and indicate that the level of acid invertase activity is
a major component of resistance to cold-induced sweeten-
ing. However, other factors may be involved since total
invertase activity does not always correlate with hexose
accumulation (line S130 of Fig. 9, and Hichardson et of,
1994), and quantitative trait loci (QTLs) for several genes
other than acid invertase have been implicated (Menéndes
et af., 2002). The abundance of vacuolar invertase inhibitor
proteins may be one such factor. INH2a mRNA was most
abundant in potato tubers (Fig. 64), particularly after cold
stress (ig. 88). Lines resistant to cold-induced sweetening
in general had greater accumulation of the sum of INH2«
plus f mRNAs (Fig. 9C), presumably resulting in greater
abundance of invertase inhibitor proteins. Attempts to
destroy endogenous invertase inhibitors through foaming
(Pressey, 1966) resulted in highly irreproducible data,
although some increase in acid invertase activity was always
seen (data not shown).

Cold stress can result in altered expression of genes, but
also in altered processing of transcripts. In potato plants,
exposure to cold stress caused exon skipping in an invertase
mRNA, and presumably led to the formation of a version
of the protein with altered properties (Hournay ef @/, 1999).
In stored tubers of some potato lines, cold stress caused the
formation of the spliced INH2f mRNAs. There are two
explanations for how a hybrid INH2 mRNA could arise.
INH?2 and INH]I are both located on chromosome 12, and
have a tandem orientation, with JNH2 being upstream (¥ig.
3). The genes are separated by ~5.5 kb with no obvious
intervening genes. Although the two genes exhibit distinct
developmental expression patterns, and the very different
transcript abundances in different tissues indicate that they
are probably independently transcribed (Figs ¢, &), one
possibility is that a single transcript could be derived by

read-through transcription from the INH2 promoter into
the downstream INHI gene. This large pre-mRNA tran-
script could then be processed i cis using cryptic splice sites
into the INH2p*A and INH2p*B mRNAs observed. The
tissue-specific accumulation of INH2f is related to that of
INH2a (Fig. &), which could be considered consistent with
this possibility. Alternative splicing of exons in cis is
a common feature of plant mRNAs (Waung and Brendel,
2006; Reddy, 2007). However, the INH2 gene does not
possess introns, and the splice junction found in the major
INH2 transcript (INH2f*A4) did not correspond to an
intron splice site in INHI (Fig. 5C). RNA folding into
extensive secondary structures is exacerbated at low temper-
atures (¥hu ef ai, 2007) which, combined with increased
RNA splicing in the cold (L.es ¢f «i, 2006), could result in
multiple splicing products in cis using cryptic splice sites.

mRNAs can be also be spliced via #rans mechanisms.
Trans splicing occurs when two (or more) independently
transcribed pre-mRNAs are trans-spliced to form a single
functional mRNA. It has been best described in animals
(Dorn ef af, 2001; Fischer ¢ ol 200K), but also occurs in
organelles and seeds of plants (Chapdelaine and Honen,
1991; Kawasak: ef ol 1999 Schmitz-Linneweber e al,
2606). However, trans-splicing uses canonical splice sites to
join together exons from different pre-mRNAs (Horinchi
and Algaki, 2006), which is not the case for INH2f since
INH?2 does not have an intron. The splicing of two separate
mRNAs without the involvement of canonical splice sites
produces what have been termed chimeric RNAs and, while
rarely described in plants, 45 000 examples have been
described in yeast, fruit fly, mouse, and human (i er @,
26449). In these organisms, about half of the chimeric RNAs
had an non-conserved short homologous sequence of at
least four nucleotides present at the junction site in both
donor mRNAs. This was observed for both INH2*A4 and
INH2S*B, where a six nucleotide domain (AAACTT) and
a five nucleotide domain (TAATT) were common to both
INH2 and INHI at the splice site, respectively (Fig. 5B).
This short homologous sequence has been shown to be
important for production of the spliced RNA (Li ¢f af,
2009),

It remains unclear whether the INH2f mRNA arises
though splicing in cis or trans, since the presence at the
splice junctions of weak cryptic splice sites (data not shown)
and short homologous sequences (Fig. 51) is consistent with
either mechanism. The detection of INH2S mRNA only in
tubers implies a tissue-specific regulation of this splicing
event, which produces at least two variants. In Arabidopsis,
alternative splicing of pre-mRNAs of serine/arginine-rich
genes was also regulated in a tissue-specific manner (Painsa
et af, 2007), and was greatly increased by abiotic (particu-
larly temperature) stress (Reddy, 2007). Indeed, increased
RNA splicing under cold stress conditions appears to be
part of the acclimation mechanism of plants (lee ef af,
2606).

The deduced proteins of INH2a and both forms of
INH2B possessed the four cysteine residues believed to be
important in the formation of two disulphide bridges that
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stabilize the protein three-dimensional structure (Scogranii-
glio er al, 2003; Hothorn er af, 200d4a). INH2[ shared
sequence identity with INH2« in the upstream region of the
cDNA sequence, encoding most of the length of the
deduced proteins. The sequence diverged within the codon
for the fourth conserved cysteine, but in both INH2*4 and
B the fusion with the mRNA of INHI provided the
nucleotides necessary to complete the codon as a cysteine.
However, when assayed as His-MBP-INH fusion proteins,
only INH2a had strong inhibitory activity against potato
acid invertase (Fig. 108). INH2B*A exhibited weak in-
hibitory activity against acid invertase, while activity could
not be detected for INH2B*B. Examination of the likely
three-dimensional structure of invertase inhibitors (Hothor
et af., 2004a) suggests that both INH2B*A and INH2B*B
are likely either to be partially lacking or to possess
a substantially altered fourth o-helix.

Low temperature stress causes large changes in the
metabolome and transcriptome (Cock er af, 2004; Lee
et al, 2005, Vogel e ol | 2005; Kaplan ¢/ af |, 20867), resulting
in the accumulation of small molecules such as sucrose and
other sugars that may be part of the mechanism for
stabilizing proteins and membranes and maintaining cell
osmotic pressure (Yamaguchi-Shinozaki and Shinozaki,
2006). Comparisons of different species of potato (S.
tuberosum and S. phureja) have shown wide differences in
their ability to acclimate to cold stress, which was correlated
with differences in global gene expression including carbo-
hydrate metabolism (Dufir 7 «f, 2068). In potato tuber
many cold-responsive genes involved in carbohydrate me-
tabolism showed a biphasic pattern of mRNA accumula-
tion, with a rapid increase over 3-5 d being followed by
a decrease and, in many cases, a subsequent sustained
increase over the next 20 d (Bagnaresi ef o/, 20608). Acid
invertase mRINA showed this pattern (Bagnaresi ef af,
2808), and in a potato cultivar resistant to cold-induced
sweetening (1021/1), INH2¢ mRNA also accumulated to
high levels during the 28 d of cold storage (¥ig. 8). Overall,
the data are consistent with low acid invertase activity being
the primary cause of resistance to cold-induced sweetening.
Whether this is due to reduced expression of acid invertase
or the expression of alleles with low activity will vary
between genotypes, but may be assisted in some cultivars by
a high mRNA accumulation of vacuolar invertase inhib-
itors. These proteins therefore play an important role in the
resistance of certain potato cultivars to cold-induced
sweetening by suppressing acid invertase activity.

Plants have several ways other than gene expression in
which to modify the transcriptome. Three mechanisms used
to produce more than one protein product from a single
gene are alternative transcription initiation, alternative
splicing of exons, and alternative translation initiation
(Reddy, 2007; Wamboldt er of | 2009; Tanaka ef of, 2610).
Alternative splicing is regulated in a specific manner, since it
can vary between tissues, during development, and in
response to stresses (Reddy, 2067). Increased RNA splicing
activity was detected in the tubers of many potato lines
resistant to cold-induced sweetening, and the existence of

such a mechanism under cold stress conditions may be
a way for the plant to expand the variety of proteins beyond
the one-gene one-protein model, and generate a range of
proteins with the potential for additional and more diverse
functional capacity to aid adaptability.

Supplementary data

Supplementary data are available at JXB online.
Table %i. Primers used for PCR amplification and
quantitative real-time PCR.
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