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Identification of DNA Markers Linked to Metalaxyl Insensitivity Loci in Phy-
tophthora infestans

Seung-Hee Eom, Kwon-Jong Kim, Hee-Sun Jung, Sang-Pyo Lee and Youn Su Lee*

Plant Molecular Biology and Microbial Biotechnology Laboratory, Division of Applied Plant Sciences, College of Agriculture and Life
Sciences, Kangwon National University, Chuncheon 200-701, Korea

(Received October 28, 2003)

A total of 24 isolates of Phytophthora infestans were tested and analyzed for their resistance to metalaxyl fungicides. Sen-
sitivity to metalaxyl was determined by growing isolates on 20% V8 medium amended with 0, 5, and 100 ug/m! metalaxyl.
Four isolates among the 24 tested were resistant to metalaxyl. Eleven isolates were intermediate and nine isolates were sen-
sitive. Amplified fragment length polymorphism (AFLP) assay was used to identify the amplification products of resistant
isolates. As a result, selected fragments were cloned, sequences and primer pairs were developed which linked to metalaxyl
insensitivity in P. infestans using competitive PCR.
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Late blight has reemerged over recent years as a signifi- based on their isozyme and DNA fingerprints (Forbes et
cant threat to potato and tomato production worldwide al., 1998; Goodwin et al., 1998), and it follows that insen-
(Fry and Goodwin, 1997). This can be largely attributed sitivity likely evolved on multiple occasions. However, it
to genetic changes in the pathogen, Phytophthora is not known whether a change at the same locus is
infestans (Mont.) de Bary. The development of resistance always responsible. By analogy with other systems, insen-
to fungicides is a major problem in the management of sitivity might result from a variety of mechanisms includ-
plant diseases (Russell, 1995). Phenylamide fungicides ing inactivation, altered transport, or altered metabolism of
such as metalaxyl, when they were first introduced, dis- the fungicide, or a change at the phenylamide target (Stef-
played excellent performance as systemic fungicides with fens et al., 1996). Therefore, several different loci could
protective, curative, and long-lasting activity against many contribute to insensitivity. The precise cellular target of the
important plant pathogenic fungi within the Peronospo- phenylamides remains to be elucidated, but biochemical
rales (Schwinn and Staub, 1995). However, strains insen- studies indicate an effect on the synthesis of ribosomal
sitive to phenylamides have since appeared in many RNA (Davidse, 1995; Fisher and Hayes, 1984). Under-
important crop systems (Gisi and Cohen, 1996). For standing the basis of insensitivity would help illuminate
example, not long after the introduction of metalaxyl to the target and metabolism of this important class of fungi-
the European market in the 1970s, insensitive strains of cides.
the late blight pathogen P infestans were detected The objective of this study was to characterize the
(Davidse et al., 1981; Dowley and O’Sullivan, 1981) and, genetic basis of metalaxyl insensitivity in P. infestans, and
by the 1990s, insensitivity was reported in North Amer- to lay the groundwork for future molecular studies of the
ica and other regions (Deahl ef al., 1993; Goodwin et al., trait molecular markers linked to metalaxyl insensitivity
1996). Metalaxyl insensitivity has also developed in other loci were studies.
Phytophthora species (Bhat et al., 1993; Goodwin and
McGrath, 1995; Hunger et al, 1982), downy mildews Materials and Methods
(Crute, 1987), and related pathogens (Mathur et al., 1995;
Morton and Urech, 1988; Sanders, 1984), although pheny- Phytophthora infestans strains and culture conditions.
lamides are still effective in many situations. While the Isolates of P, infestans used in this study are described in
occurrence of resistant strains has been well documented, Table 1. These were collected from various places in
much remains to be learned conceming the genetic and Korea. Mycelia from the surface of the slice were picked
molecular basis of resistance and the development of and aseptically transferred to V8 medium. The plates were
insensitive genotypes. Insensitive strains of P infestans incubated at 17~20°C and, after seven days, sporangia
from different parts of the world are genetically diverse were transferred to 20% V8 medium for subsequent studies.
Mycelium for isolation of DNA was obtained by growing
*Corresponding author <E-mail: younslee@kangwon.ac kr> P, infestans in liquid V8 medium for five to ten days.
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Table 1. Fungal isolates used in this study

Line
Isolates name Host Source
number
1 20B02 Solanum tuberosum L. Buyeo
2 KNU(Z)10 S. tuberosum L. Kangnung
3 KNU@)11 S. tuberosum L. Kangnung
4 SC2-3 S. tuberosum L. Sacheon
5 WS2-1 S. tuberosum L. Wangsan
6 WS2-5 S. tuberosum L. Wangsan
7 WS2-10 S. tuberosum L. Wangsan
8 WS§4-3 S. tuberosum L. Wangsan
9 WS4-15 S. tuberosum L. Wangsan
10 WSe6-14 S. tuberosum L. Wangsan
11 WS8-10 S. tuberosum L. Wangsan
12 WS9-1 S. tuberosum L. Wangsan
13 SC2-2 S. tuberosum L. Sacheon
14 SC1-6 S. tuberosum L. Sacheon
15 SCI1-3 S. tuberosum L. Sacheon
16 KJ-2 S. tuberosum L. Kimje
17 WS2-3 S. tuberosum L. Wangsan
18 NW-7 S. tuberosum L. Namwon
19 KR-3 S. tuberosum L. Unknown
20 YY-11 S. tuberosum L. Yangyang
21 YY-12 S. tuberosum L. Yangyang
22 YY-15 S. tuberosum L. Yangyang
23 YY-19 S. tuberosum L. Yangyang
24 YY-27 S. tuberosum L. Yangyang

Metalaxyl test. Sensitivity to metalaxyl was determined
for the 24 isolates using 20% V8 medium supplemented
with metalaxyl at concentrations of 0, 5 and 100 ug/ml.
The test was replicated 3 times. Metalaxyl was prepared
as a 100 mg/ml stock solution in pure dimethylsulfoxide
(DMSO) and appropriate volumes were added to molten
(40°C) agar after autoclaving to bring it to the desired
concentrations. Agar plugs approximately 9 mm in diame-
ter were cut from the edges of 10~14 day old colony and
placed at the center of each metalaxyl amended plate.
After incubation for 10 days at 17~20°C, diameters of
each colony were measured. Estimation of the growth rate
relative to the control (0 ug/ml metalaxyl) were also cal-
culated. Subsequently, isolates were separated into groups
depending on their sensitivity to metalaxyl following the
procedures used at the International Potato Center (Forbes,
1997). Sensitive isolates were those with growth <40% of
the control at 5 and 100 ug/ml; intermediate isolates had a
growth 240% of the control at 5 ug/ml but less than 40%
of the control at 100 ug/m!; resistant isolates had growth
2>40% of the control at 100 ug/ml.

AFLP analysis. AFLP DNA fingerprinting was per-
formed essentially as described by Vos et al. (1995).
Genomic DNA (1 ug) was digested with the restriction
endonucleases EcoRl and Msel. Doble-stranded adapters
were then ligated to the ends of the restriction fragments
followed by ethanol precipitation and resuspension in

40 Wl of distilled water. Pre-amplification PCR was per-
formed using standard adapter primers containing no
selective nucleotides, followed by selective amplification
using similar primers with two or three selective bases.

The sequence of the adapter fitting the EcoRlI site was
as follow;

5-CTCGTAGACTGCGTACC
CTGACGCATGGTTAA-5

The sequence of the adapter fitting the Msel site was as
follow;

5-GACGATGAGTCCTGAG
TACTCAGGACTCAT-5

Pre-amplification PCR started with a cycle of 30s at 94°C,
1 min at 60°C, and 1 min at 72°C and was followed by 20
cycles. After the pre-amplification, the reaction mixture
was diluted to 200 u! with distilled water. For the selec-
tive amplification of a limited number of DNA restriction
fragment, the secondary template DNA was amplified
with primers containing two or three selective 3' nucle-
otides (E+2 or E+3 and M+3 primers). Sixty six primer
combinations were used. In the E+2 or E+3 primers, the
core sequence E was 5-GACTGCGTACCAATTC. In the
M+3 primers, the core sequence M was 5-GATGAGTC-
CTGAGTAA. The following primer combinations were
used: E+AT/M+CAG, E+AT/M+CAC, E+AT/M+CTA, E+
AT/M+CTT, E+AT/M+CAA, E+AT/M+CTC, E+AC/M+
CAG, E+AC/M+CAC, E+AC/M+CTA, E+AC/M+CTT,
E+AC/M+CAA, E+AC/M+CTC, E+TA/M+CAG, E+TA/
M+CAC, E+TA/M+CTA, E+TA/M+CTT, E+TA/M+CAA,
E+TA/M+CTC, E+TG/M+CAG, E+TG/M+CAC, E+TG/
M+CTA, E+TG/M+CTT, E+TG/M+CAA, E+TG/M+
CTC, E+AG/M+CAG, E+AG/M+CAC, E+AG/M+CTA,
E+AG/M+CTT, E+AG/M+CAA, E+AG/M+CTC, E+TC/
M+CAG, E+TC/M+CAC, E+TC/M+CTA, E+TC/M+
CTT, E+TC/M+CAA, E+TC/M+CTC, E+AA/M+CAG,
E+AA/M+CAC, E+AA/M+CTA, E+AA/M+CTT, E+AA/
M+CAA, E+AA/M+CTC, E+ACT/M+CAG, E+ACT/M+
CAC, E+ACT/M+CTA, E+ACT/M+CTT, E+ACT/M+
CAA, E+ACT/M+CTC, E+AGC/M+CAG, E+AGC/M+
CAC, E+AGC/M+CTA, E+AGC/M+CTT, E+AGC/M+
CAA, E+AGC/M+CTC, E+ACC/M+CAG, E+ACC/M+
CAC, E+ACC/M+CTA, E+ACC/M+CTT, E+ACC/M+
CAA, E+ACC/M+CTC, E+ATC/M+CAG, E+ATC/M+
CAC, E+ATC/M+CTA, E+ATC/M+CTT, E+ATC/M+
CAA, and E+ATC/M+CTC. For the selective amplifica-
tion, the following PCR profile was used; the first cycle
with 30s at 94°C, 30s at 65°C, and 1 min at 72°C fol-
lowed by 11 cycles with a stepwise lowering of anneal-
ing temperature by 1°C in each cycles and 23 cycles with
an annealing temperature of 56°C. Amplification products
were separated using standard 6% denatured polyacyla-
mide gel-electrophoresis and detected using autoradio-
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graphic procedures.

Cloning and sequencing of the metalaxyl-resistant
AFLP markers. The fungicide resistance-associated
band, generated by AFLP with the E+3 and M+3 primer
combination from the metalaxyl resistance isolates of P,
infestans, was recovered from agarose gels, by selective
amplification of AFLP as described above. Selective
amplification products were cloned into pGEM-T® Easy
(Promega, USA) and transformed into electro-competent
E. coli (Strain JM109) according to the suppliers instruc-
tions (Promega, USA). Selected clones were sequenced
using the Dye Terminator Sequencing (Bionex, Korea).
Primer3 was used for the selection of primers for use in
PCR (Lincoln et al., 1991). As a result, two primer pairs
RI1F/RIR and R2F/R2R were generated for the detection
of metalaxyl resistant isolates.

Dot-hybridization. Standard molecular biological meth-
od was used unless otherwise stated. The AFLP DNA
fragment was labelled using DIG-11-dUTP (digoxigenein-
3-O-methylcarbornyl-(-amino-caproy1-5-(-3-aminoallyl)-
uridine-5"-triphosphate) according to the menufactuers’
instructions (Specific PCR Reaction, Boehringer-Man-
nheim, Germany). A total of 100 u/ of the PCR labeling
reaction mixture containing 10 ng of template DNA, 0.5
UM of the each primers (PUC/M13 forward and PUC/
M13 reverse), I1xPCR buffer, 5 units of Taq polymerase
(Quantum, USA), 0.1 mM of dGTP, dCTP and dATP,
0.09mM dTTP and 1mM dUTP . (Boehringer-Man-
nheim, Germany) was prepared and reacted in a program
of 90s at 94°C, 90s at 50°C, 2 min at 72°C for 24 cycles
and 4 min at 72°C. PCR products amplified by designed
primer set (R1F/R1R and R2F/R2R) were electrophoreti-
cally separated on 0.8% agarose gel. They were trans-
ferred onto Hybond N membranes (Quantum, USA) using
a vacuum fransfer system. Identification of homologous
sequences of DNA, using a labelled probe, was possible
with the DIG-detection chemiluminescent method (Boe-
hringer-Mannheim, Germany).

Results and Discussion

Metalaxyl resistance test. The addition of metalaxyl to
culture medium significantly reduced growth rates in most
of the isolates tested (Table 2). However, among the
twenty-four tesed isolates, four P, infestans isolates were
considered to be resistant to metalaxyl.

Their growth rates at 100 pg/ml ranged from 57.6 to
83.3% (20B02, KNU(Z)10, KNU(Z)11 and SC2-3). Over-
all, eleven isolates tested were intermec-ate resistant to
metalaxyl (WS2-1, WS2-5, WS2-10, WS4-3, WS4-15,
WS6-14, WS8-10, WS9-1, SC2-2, SC1-6 and SCI1-3),
nine showed sensitivity (KJ-2, WS2-3, NW-7, KR-3, YY-

Table 2. Mean colony diameter (mm) after 10 days of
incubation and percent (%) mycelial growth rates
relative control of P infestans isolates at two
metalaxyl concentration

Control colony % growth rates

. . Resistance
Isolates diameter in e
mm (0 pg/m) (5 ug/mly (100 ug/ml) ra
20B02 78.0 94.9 83.3 R
KNU(@Z)10 81.0 91.3 67.0 R
KNU@Z)11 83.0 859 64.7 R
SC2-3 74.0 923 57.6 R
WS2-1 68.8 419 319 IR
WS2-5 67.0 443 35.1 IR
WS2-10 67.0 43.9 324 IR
WS4-3 66.8 433 353 IR
WS4-15 69.9 44.6 35.6 IR
WS6-14 60.6 42.4 323 IR
WS8-10 63.7 434 28.0 IR
WS9-1 63.3 59.4 28.9 IR
SC2-2 72.0 52.1 39.2 IR
SC1-6 69.0 49.8 325 IR
SC1-3 71.4 41.2 30.2 IR
KJ-2 66.5 23.8 143 S
WS2-3 71.2 26.3 13.9 S
NW-7 85.0 36.5 12.9 S
KR-3 85.0 37.6 15.2 S
YY-11 85.0 353 15.3 S
YY-12 85.0 31.8 15.2 S
YY-15 65.0 0 0 S
YY-19 73.0 242 11.9 S
YY-27 81.0 374 15.7 S

‘R: Resistance; IR: Intermediate resistance; S: Sensitive.

11, YY-12, YY-15, YY-19 and YY-27; Table 2).

AFLP analysis. AFLP analysis was performed on twenty-
four isolates of P. infestans using sixty six primer combi-
nations to identify amplification products of resistant iso-
lates. Two primer combinations produced amplification
profiles in which at least one fragment was common to
resistant isolates of P, infestans and not shared by any iso-
lates (primer combination: M+CAA/E+ACT and M+CTA/
E+ACC) which were selected for further study (Fig. 1).
Primer combination M+CTA/E+ACC strongly amplified a
fragment of approximately 220 bp from DNA of resistant
isolates, and the other combination amplified a fragment
of approximately 180 bp. These fragments were named
R1 and R2, respectively. The two selected fragments were
isolated, cloned into pGEM-T® Easy (Promega, USA) and
transformed into E. coli strain JM109 as described above.

Sequencing of the AFLP markers. The AFLP frag-
ments R1 and R2 were amplified, cloned and sequenced
(Fig. 2). The data obtained showed the presence of the
initial AFLP primers used at both ends of the insert DNA.
The specific primer pairs, RIF(5-GCTACATGTGAG-
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M+CAA/E+ACT

M+CTA/E+ACC

8 12 16

Fig. 1. Amplification fragment length polymorphism profile.
DNA fingerprints generated by primer combination
M+CTA/E+ACC and M+CAA/E+ATC. The marker
fragments are indicated by arrows. List of isolates in
this study was described in Table 1.

R1 Fragment

I GACTGCGTAC CAATTCACTA CGTGTATCAA ACGTGCTAGA TGTGAGGAAA

51 BFBBTTCTGG AGACGGCAAA- GCCGGCAAAT TGTCTATGAT CGATCTTGCG

101 TCTGAGGTCT GTCAAGGAGA GTTGAACGAC CAGGTGGTCC ACGCGTGCTC

GETGUCTIAC CITGITACTC  AGGACQTCATC

R2 Fragment
| GACTGCGTAC CAATTCACCA ACAGEGACAT GGCATGABAC AGAGCGGAAT

5t TTCGCATCCA CTTGAGCTGT AGCCGTATCC ATCGGGATCG TAGTCGGCGA
101 GCCAAATCGG AACCGTGTGG TGAAGTCGTC GCTGAAAAAG  ATTCTAAGGT

151 GAAATACTGT AGEYCAATOT GGGTGTGTTA GITACTCAGG ACTCATCAAT

Fig. 2. Sequence of the marker fragment R1 and R2. The
position of the primer M+3 and E+3 are underlined
and the specific primer RIF, RIR, R2F, and R2R are
shaded.

GAAA ATCC-3"), RIR(5-GTAAGGCACGTAATCAGTT-
39, R2F(5-AACAGGGACATGGCATGA GA-3"), and R2R
(5-ACACACCCAGATTGAGCTAC-3) were designed
from the sequence of the selected clone (R1 and R2
clone), and used to amplify DNA from resistant isolates
of P, infestans (Fig. 2).

Specific PCR and Dot-hybridization. The two primer
pairs, R1IF/RIR and R2F/R2R, were used to amplify spe-
cific fragment from resistant isolates. PCR primers were
designed from the sequence of the cloned AFLP markers.
These primer combinations amplified the DNA of four

Fig. 3. Amplification of DNA from P infestans using primer
pair A. RIF/RIR and B. R2F/R2R. Lanes 1~24: DNA
from isolates 20B02, KNU(Z)10, KNU@Z)11, SC2-3,
WS2-5, WS2-10, WS4-3, WS4-15, WS6-14, WSS-10,
WS9-1, SC2-2, SC1-6, SCI1-3, KJ-2, WS2-3, NW-7,
KR-3, YY-11, YY-12, YY-15, YY-19, and YY-27.

4 8 12 16 20 24

M 4 8 12 16 20
-

Fig. 4. Dot-hybridization profiles uvsing the cloned R1 frag-
ment (upper figure) and R2 fragment (lower figure) as
a probe.

resistance isolates of P. infestans and none of the other
intermediate and sensitive isolates (Fig. 3). Southern blot-
ting of the specific. PCR gel, and hybridization with
labeled insert DNA from pR1 and pR2, showed that the
PCR products were homologous to the original metalaxyl
resistance  AFLP marker (Fig. 4). No signals were
observed in lanes of other intermediate and sensitive iso-
lates.

In this study, the basis of insensitivity to metalaxyl in
twenty four isolates of P infestans was examined. Result
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of metalaxyl test revealed that four P infestans isolates
were considered highly resistant to metalaxyl. Amplified
fragment length polymorphism assays were used to iden-
tify amplification products characteristic of resistant iso-
lates. DNA markers linked to insensitivity were obtained
using AFLP. DNA markers were identified that flanked
the major insensitivity locus. A previous study by Dr.
Judelson laboratory revealed a complex pattern of inherit-
ance for insensitivity in P. infestans involving both major
and minor loci (Fabritius et al., 1997). That major deter-
minants (MEX loci) existed concurred with conclusions by
other groups based on studies of various Phytophthora
spp. (Bhat er al., 1993; Chang and Ko, 1990; Shattock,
1988; Vorobeva ef al., 1992). The nature of the molecular
changes that confer insensitivity to phenylamides cur-
rently can only be the subject of speculation. Phenyla-
mides are reported to specifically inhibit the synthesis of
ribosomal RNA, but their precise target is unknown
(Davidse, 1995; Davidse et al., 1983; Fisher and Hayes,
1984). RNA polymerase I is sometimes suggested as the
target, but the complex nature of the eukaryotic transcrip-
tional apparatus presents multiple potential targets (Halle
and Meisterernst, 1996). Moreover, the ability of phenyla-
mides to impair transcription in mycelial extracts, but not
purified nuclei, may suggest a less direct mode of action
(Davidse er al., 1983). Assuming that more than one
major locus may be implicated in P. infestans, the genet-
ics of phenylamide insensitivity would be similar to that
of carboximide and kasugamycin resistance in which mul-
tiple mechanisms have been described (Gunatillkeke et al.,
1976; Taga et al., 1978). DNA markers linked to metal-
axyl insensitivity loci have applications beyond those pre-
sented here. Such markers may be used to study the
development and spread of insensitivity through popula-
tions or for assays to predict insensitivity; probes tightly
linked to the gene should be more appropriate than the
unlinked markers that are currently employed (Goodwin
et al., 1996). Also, whether homozygous resistant isolates
resulted from selfing, mitotic crossing-over, or second
mutations in heterozygotes might be determined with the
aid of the flanking DNA markers. Such studies may indi-
cated how resistance to new fungicides might develop.
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