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Abstract: This study investigated fungicide sensitivity of progeny of Phytophthora infestans at the University
of Wales, Bangor. Sexual progeny were derived from an A2 parent that was Metalaxyl Sensitive (MS) with
three A1 parents that were: MS, MS and MR (metalaxyl resistant). Sporangial and zoosporangial progeny from
the parent and from some sexual progeny were also assessed. The different isolates were grown on Rye B Agar
amended with different concentrations of one of five different fungicides: Metalaxyl, Propamocarb
hydrochloride, Cymoxanil, Fluazinam and Azoxystrobin. The results indicated that in metalaxyl, the sensitivity
of sporangial progeny was similar to that of the parent isolates, however that of zoosporangial progeny ranged
from being Intermediate (MI) to being Resistant (MR) if the parents were Resistant (MR) or from Sensitive
(MS) to being Intermediate (MI) if the parents were Sensitive (MS). No resistance was observed among
progeny that were exposed to Azoxystrobin. With the other fungicides, there was a variation in the sensitivity
of sporangial and zoosporangial progeny e.g. some sensitive sporangia gave rise to highly resistant zoospores.
The results showed that resistance to the most commonly used fungicides against late blight is possible.
Although no resistance to the new fungicide azoxystrobin was observed, the appearance of resistance to it
among other fungal pathogens has been reported. Therefore, breeders are faced with a challenge of coming up
with cultivars with reduced susceptibility to late blight and plant pathologists are to come up with a wide range
of fungicides so that their use can be rotated to avoid build-up of resistance isolates.

Key words: Azoxystrobin, cymoxanil, fungicide resistance, metalaxyl sensitivity, phenylamides, Phytophthora
infestans, propamocarb hydrochloride 

INTRODUCTION

Phytophthora infestans (Mont.) de barry, is the causal
agent of late blight of potato (Solanum tuberosum L.),
tomato (Solanum lycopersicon L. syn. Lycopersicon
esculentum Mill.) and some other solanaceous plants, is
a heterothallic pseudofungus reproduces sexually by
means of two mating types (Smoot et al., 1958)
designated A1 and A2 (Gallegly and Galindo, 1958). In
potato and tomato growing countries, this disease is a
major problem. Although there are fungicides which are
recommended to control the disease, use of such
fungicides quickly results in appearances of resistant
strains. As a result, isolates of this pseudofungus can be
classified into Metalaxyl Resistant (MR), Metalaxyl
Intermediate (MI) and Metalaxyl Sensitive (MS)
(Shattock, 1988). Controlling epidemic development of P.
infestans is mainly the routine application of fungicides
(Bradshaw and Vaughn, 1996). Thus if the presence of A2
mating type means possibilities of sexual reproduction, a
knowledge of the efficacy of these fungicides to sexual
progeny is important.

Propamocarb   hydrochloride:   Propamocarb
hydrochloride, an oxygen analogy of prothiocarb, a
thiocarbamic acid developed in 1966 by Schering AG and
first released in 1974 for control of soilborne oomycetes
(Cohen, 1986), is a systemic fungicide first introduced in
1980 (Bardsley et al., 1996). Since 1993 propamocarb
hydrochloride, in combination with mancozeb or
chlorothalonil, has been introduced for the control of late
blight (Löchel and Birchmore, 1990). It is acropetally
translocated in plants (Cohen, 1986). 

Metalaxyl: Metalaxyl, the widely used phenylamide, is
used as a systemic fungicide to control many soilborne
plant pathogens of the oomycetous fungi. Although it is
still being used to control late blight, insensitive
phenotypes to the fungicides appeared soon after it was
released commercially (Dowley and O’Sullivan, 1981;
Davidse et al., 1989; Pappas, 1985; Deahl et al., 1993).

Metalaxyl resistance in P. infestans in the United
States and Canada is thought to have originated from two
sources (Goodwin et al., 1996). First, it is thought to have
been introduced by migration from northwestern Mexico,
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where by 1989, metalaxyl resistance was almost 100%
(Matuszak et al., 1994). The alternative hypothesis is that
resistance arose by mutation within United States.

Large  variation,  in  metalaxyl  sensitivity,   among
P. infestans has been reported (Marshall and Stevenson,
1995).  Peters et al.  (1998), reported that populations of
P. infestans changed from being A1 metalaxyl-sensitive
isolates to be dominated by A2 Metalaxyl Insensitive
(MI) within two years in Canada. Mosa et al. (1989)
reported an increase in A2 in Japan from 61% in 1987,
when A2 was first detected, to 90% in 1989. These
authors also observed that the A2 mating type isolates
were more aggressive than the A1 isolates, causing more
epidemics and producing a larger lesion size than A1
isolates. 

The most common protocol for metalaxyl sensitivity
testing is in vitro testing, whereby isolates are grown on
metalaxyl-amended medium. Sensitivity is expressed as
a percentage growth on metalaxyl-amended medium
divided by the growth of the same isolate on media
without metalaxyl. The relationship between in vitro and
in vivo sensitivity to metalaxyl has been investigated and
the results were found to be similar (Shattock et al., 1990;
Matuszak et al., 1994). The concentration of metalaxyl
used differs with different researchers; some use 10
:g/mL  (Shattock,  1988;  Shattock et al., 1990; Sedegui
et al., 2000), while some use two concentrations, 5 and
100 :g/mL (Therrien et al., 1993; Forbes et al., 1996;
Mukalazi  et  al.,  2001),  or  0.5 and 5 :g/mL (Fabritius
et al., 1997) and other researchers use more. Daayf and
Platt (2002) used three different concentrations: 1, 10 and
100 :g/mL, respectively.

Cymoxanil: Cymoxanil, a cyanoacetamide-oximes
(Serres and Carraro, 1976, as cited by Schwinn and
Urech, 1986), is more effective against hyphal growth
stages than early growth phases (the release of zoospores
and their germination) (Hewitt, 1998). It is locally
systemic with penetrant and translaminar activity (Cohen
and Gisi, 1993). It is preventative and curative by also
inhibiting disease development after infection. It has
acropetal systemicity. In Scotland, in 2000, 59 657 were
sprayed with cymoxanil (Anonymous, 2000), and in
England by 2002, 120,000 ha were treated with
cymoxanil, which is 87% of area grown (Anonymous,
2003).

Fluazinam: Fluazinam is a non-systemic, contact
fungicide that belongs to the pyridinamine group. Its
mode of action is through uncoupling activity on
mitochondrial oxidative phosphorylation (Tomlin, 1994;
Hewitt, 1998). This means that these compounds permit
electron transport to proceed with the maximum uptake of
oxygen, but without the production of ATP necessary for
cellular energy (Hewitt, 1998). In Scotland, in 2000, 46
146 ha were sprayed with fluazinam, while in England by

2002, 89 840 ha, which is 65.1% of area grown, were
sprayed with fluazinam.

Azoxystrobin: Azoxystrobin is a commercially available
analogue of strobilurin. Strobilurins were found to inhibit
electron transfer in complex III (bc1 complex) of the
mitochondrial electron transport chain by binding to the
Qo site (the outer, quinone oxidizing pocket) of
cytochrome bc1 enzyme complex (Becker et al., 1981).
This causes inhibition of mitochondrial respiration thus
blocking the ATP synthesis i.e. energy production within
fungi and oomycetes is stopped (Wiggins and Jager,
1994). Therefore, highly energy-demanding stages of
fungal development are particularly sensitive to the
effects of strobilurins. 

Objective: The aim was to assess the inheritance of
fungicide sensitivity among the sexual progeny of
metalaxyl susceptible A2 crossed with two metalaxyl
resistant A1 parents and with a metalaxyl susceptible A1
parent; and to assess that of some asexual sporangial and
zoosporangial progeny, originating from parents and some
from the single oospore progeny.

MATERIALS AND METHODS

Metalaxyl sensitivity testing: Testing of metalaxyl
sensitivity was done in vitro, first, using a method of
Goodwin et al. (1996), and later using a method of
Shattock (1988). In the former, two different
concentrations of metalaxyl: 5 and 100 :g/mL, and in the
latter, only one concentration (10 :g/mL) was used. The
fungicide was incorporated into rye B agar medium from
a stock solution of 100 mg/mL made in Dimethyl
Sulfoxide (DMSO). For 5 µg/mL, 50 µL of stock solution
per litre of agar was used, for 10 :g/mL, 100 :L of stock
solution per litre of agar was used, and for 100 :g/mL, 1
mL of stock solution per litre of agar was used. Control
(no fungicide) medium contained 0.1% DMSO (Matuszak
et al., 1994; Sujkowski et al., 1995). DMSO solutions
with or without fungicide were added into molten, cooled
agar (ca. 50ºC) before the medium was dispensed into
Petri dishes. Discs of agar with mycelium (7 mm
diameter) were cut from margins of actively growing
isolates of 7-10 day old colony growing on rye A agar,
using a cork-borer. The agar discs were placed with the
mycelium in contact with the test medium. Each Petri dish
was inoculated with two agar plugs (2 isolates) at 180º
from each other. And each isolate was inoculated into
three (or 2 in the latter method) Petri dishes: control (no
metalaxyl), 5 and 100 :g/mL agar replicated twice,
respectively. The Petri dishes were then incubated at 18ºC
without illumination. After 7 days the radius of the
colonies were recorded. The radius was then corrected for
the size of the initial agar disc (7 mm). 
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Propamocarb hydrochloride sensitivity testing: The in
vitro testing was performed using the fungicide
concentrations: 10, 50, 100, 250 and 500 :g/mL. These
were added into Rye B that had been amended with
Rifamycin, Ampicillin and Nystatin (RAN) to control
bacterial and fungal contaminations. Each isolate was
replicated twice.

Cymoxanil sensitivity testing: Cymoxanil was tested In
vitro. Three different concentrations were used. These
were 1, 10 and 100 :g/mL and the control contained no
fungicide. The procedure was similar to the one for
metalaxyl. Each plate was inoculated with two isolates at
either end and each isolate was replicated twice. The Petri
dishes were incubated at 18ºC in the dark and mycelial
growth was recorded 6 days after inoculation.

Fluazinam sensitivity testing: The procedure for testing
fluazinam sensitivity was similar to the one described
above (Cymoxanil). However, only two concentrations
were used: 10 and 100 :g/mL.

Azoxystrobin: The concentrations used were 1 and 10
:g/mL. 

In all the testing, the colony radius was measured
daily for 7 days. Percentage growth (relative growth) was
calculated by subtracting the diameter of the agar plug (7
mm) from the radius of each colony and dividing by the
radius of the unamended control colonies after 7 days.

RESULTS

The parental isolates that were used in this study
were chosen mainly because of their metalaxyl sensitivity
status (Table 1).

Although different concentrations of the different
fungicides were used for the in vitro experiments, only the
10 :g/mL concentration was used to differentiate
sensitivity of isolates. However, for propamocarb
hydrochloride, 50 :g/mL was used as it was the lowest
concentration that showed differences among isolates.
Isolate were considered sensitive if they had relative
growth of less than 10%, intermediate if they had a
relative growth greater than 10% but less than 40% and
resistant if their relative growth was over 40%. The same
categories were used for all In vitro testing for all five
fungicides.

UK A1 parental isolate 96.89.43 (RF 032) was
sensitive to all fungicides tested (Table 1). The other UK
A1 parental isolate 96.69 (RF 039) exhibited different
levels of insensitivity (>40 growth on fungicide amended
agar) for all fungicides tested except azoxystrobin. The
A2 UK isolate was sensitive to metalaxyl and to
azoxystrobin, it was intermediate in its response to
propamocarb hydrochloride and fluazinam, although on
the two latter fungicides it was towards the lower scale,
namely 17 and 20% of growth relative to control. The
Californian parental isolate P9463 was chosen for its
insensitivity   to  propamocarb  hydrochloride (Bardsley
et al., 1998). This isolate also exhibited very high level of
insensitivity  against  metalaxyl  (Table 1, Fig. 1a and b).

Table 1: Sensitivity of the parental isolates of P. infestans to five different fungicides in vitro
Prop. statusb Cymox. Azoxys

Isolate Origin MT Met. statusa statusa Fluazin. statusa statusa

96.70 UK A2 MS (8)c PI (17) CR (50) FI (20) AS (0)
96.69 UK A1 MR (45) PR (45) CR (62) FR (45) AS (3)
96.89.43 UK A1 MS (9) PS (9) CS (8) FS (0) AS (0)
P9463 California A1 MR (142) PR (53) CR (58) FS (0) AS (0)
a: 10 :g/mL or :g/mL used; b: 50 :g/mL used; c: Figures in parentheses indicate mean percentage growth in presence of fungicide

Fig. 1: Two parental isolates, A1 Californian isolate P9463 and A2 UK 96.70, after seven days on Rye B (with RAN) amended with
different fungicides at different concentrations.  Plate a is the control; b contains 10 :g/mL metalaxyl; plates c, d and e
contain 1, 10 and 100 :g/mL of cymoxanil, respectively; and plates f to j contain 10, 50, 100, 250 and 500 :g/mL of
propamocarb hydrochloride, respectively
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The isolate also exhibited different levels of insensitivity
to cymoxanil but it was very sensitive to fluazinam and
azoxystrobin. This parental isolate consistently had a
higher relative growth on all concentrations of
propamocarb hydrochloride, i.e., it grew on all
concentrations (Fig. 1 f to i). 

Sensitivity to metalaxyl:
Sexual progeny: The ratio of metalaxyl phenotype of
Single Oospore Progeny (SOP) of a UK A1 Metalaxyl
Sensitive (MS), RF 032 parental isolate (96.89.43), and
UK A2 metalaxyl sensitive, RF 040, parental isolate
(96.70), was 31:134:25, for MS: MI: MR, respectively
(Fig. 2a). For the SOP that were sensitive, the ratio of A1s
to A2s to selfs to undetermined, was 16:7:4:4; for the
intermediate the ratio was 100:27:3:4; and for the
resistant, it was 15:6:2:2. Of the 25 resistant SOP, none
had a colony radius greater than that of the control.

When a UK A1 Metalaxyl Resistant (MR), RF 039
parental isolate 96.69, was crossed with a UK A2
Metalaxyl Sensitive (MS), RF 040 parental isolate 96.70,
the ratio of metalaxyl phenotype of the sexual progeny
was 13:40:117, for MS: MI: MR, respectively (Fig. 2b).
Among the sensitive SOP, there were more A1 than A2s
(9:2, A1:A2). There were also more A1s among the
resistant SOP (64:47, A1:A2). However, on the MI
category, there were more A2s than A1s (13:20, A1:A2).
Of the 117 resistant SOP, 18 had a colony radius greater
than that of the control and two progeny had radius equal
to that of the control. There were equal numbers of A1
and A2 among these super resistant progeny (9, 9 and 2,
A1, A2 and selfs, respectively).

When a Californian A1 MR (RF not determined),
P9463, was crossed with a UK A2 MS (RF 040), 96.70,
the ratio of metalaxyl phenotype of sexual progeny was
20:37:128, for MS: MI: MR, respectively (Fig. 2c). In this
cross, the ratio of A1 to A2 progeny that were sensitive
was almost 1:1 (11:8), for the MI, the ratio was 6:1 (26:4),
and for the MR the ratio was almost 3:1 (84:30). Of the
128 resistant progeny, 24 had colony radius either equal
to, 9 (6 A1 and 3 A2), or greater than, 15 (10 A1, 4 A2
and 1 self), that of the control (Fig. 3).

Asexual progeny: The sensitivity reaction of parental
isolates, their sporangia (5), their zoosporangia (5 from
each sporangium), one SOP from each cross with its
sporangia and zoosporangia are presented in Table 2.
Although resistant sporangial and zoosporangial progeny
were obtained sometimes even from a sensitive parent,
none of these had mycelial radius greater than the control,
i.e. negative relative growth, as observed with single
oospore progeny.

All five single sporangial progeny from each of the
two UK parental isolates (96.70 and 96.89.43) were
metalaxyl sensitive too. Metalaxyl intermediate SOP (80)
from the mating between these two metalaxyl sensitive

parents had sensitive and intermediate phenotype in their
single sporangial progeny but no resistant phenotypes.
Metalaxyl resistant parent (96.69) and its resistant SOP
(9) both yielded intermediate and resistant but no
sensitive sporangial progeny. 

Zoospore progeny from the sporangial progeny of
parental isolate 96.70 (A2, MS) were mainly sensitive or
intermediate,  however,  one zoosporangial progeny was
resistant (Fig. 4b). Those of sporangial progeny of
resistant parent, 96.69, were either intermediate or
resistant but two of them were sensitive (Fig. 4a).
However, those from its resistant SOP (SOP 9) were
mainly intermediate, few were either sensitive or resistant,
3 and 5, respectively (Fig. 4c). Zoosporangial progeny of
sporangial progeny of sensitive parent, 96.89.43, were
mainly sensitive and a few were intermediate but none
was resistant. Equivalent progeny from intermediate
phenotype SOP (80) were either sensitive or intermediate
with five of them being resistant (Table 2). 

Propamocarb sensitivity: For propamocarb, 5 different
concentrations were used for the study (10, 50, 100, 250
and 500 :g/mL) in in vitro). However, the concentration
that was used to differentiate sensitivity of parental
isolates and their progeny was 50 :g/mL for the in vitro
method.

The UK A1 (96.69) was resistant, whilst among its
sexual progeny from cross #2, the ratio of PS: PI: PR was
43: 98: 29. No sporangial progeny were found to be
sensitive, but were either PI (2) or PR (3). Also, no
zoosporangial  progeny  were found to be sensitive, they
were mainly PI (22) and a small number (3) was resistant.
One sexual progeny that was an intermediate phenotype,
had no sensitive sporangial progeny, but instead two were
intermediate and the other three were resistant. Also, no
zoosporangial progeny were sensitive, instead almost
equal number were PI (13) and PR (12).

The other UK A1 parental isolate 96.89.43 of cross
#1 was sensitive to propamocarb hydrochloride. Single
oospore progeny from this isolate (and the UK A2 isolate)
had a ratio of 143:35:12 (PS: PI: PR). The intermediate
and resistant progeny had relative growth on the low end
of the scale Sporangial progeny of this isolate were all
sensitive and so too were the zoosporangial progeny,
except for one zoosporangial progeny that was
intermediate. When one sensitive SOP from this isolate
(and  the  UK  A2  96.70)  had  its asexual progeny tested,
three sporangial progeny were sensitive and two were
intermediate. Zoosporangial progeny derived from the
five sporangial progeny were 11:8:6, PS: PI: PR,
respectively.

For the Californian A1 parental isolate of cross #3,
P9463 (propamocarb insensitive), there was no difference
across the range of concentrations used except for the
lowest concentration which had mycelial growth similar
to  the  control. The  ratio  of   PM:  PI:  PR for the sexual
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Fig. 2: In vitro sensitivity of single oospore progeny and parental isolates of three crosses of Phytophthora infestans to 10 :g/mL
of metalaxyl.

Fig. 3 : Two Single Oospore Progeny (SOP) from cross #3 (Californian A1, P9463 and UK A2, 96.70) after seven days on Rye B
(with RAN) amended with different fungicides at different concentrations. Petri dishes a and b contain 10 and 100 :g/mL,
respectively of fluazinam.  Petri dish c is the control; d contain 10 :g/mL of metalaxyl; plates e, f and g contain 1, 10 and
100 :g/mL, respectively, of cymoxanil; and plates h to l, contain propamocarb hydrochloride at concentrations, 10, 50, 100,
250 and 500 :g/mL, respectively.
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Fig. 4: In vitro sensitivity of five sporangial isolates (shaded blocks) and five zoosporangial isolates (blank blocks) from each
sporangial isolate of Phytophthora infestans to 10 :g/mL of metalaxyl. The zoosporangial were derived from the sporangial
isolate (on the left of every five sporangial isolates). a) UK A1 parental isolate (96.69) and its asexual progeny; b) UK A2
parental isolate (96.70) and its asexual progeny; c) SOP9 and its asexual progeny

Table 2:In vitro sensitivity of five sporangial isolates and five zoosporangial isolates from each sporangial isolate of Phytophthora infestans to 10
:g/mL of metalaxyl 

Sensitivity of sporangial isolates Sensitivity of zoosporangial 
Met. status of isolate ------------------------------------------------ ---------------------------------------------------- 

Isolate and its origin isolates MS MI MR MS MI MR
96.70 (UK A2) MS 5 0 0 14 10 1
96.69 (UK A1) MR 0 2 3 2 10 13
96.69-9 (SOP A1) MR 0 2 3 3 17 5
96.89.43 (UK A1) MS 5 0 0 19 6 0
96.89.43-80 (SOP A1) MI 2 3 0 11 9 5
Total 12 7 6 49 52 24

progeny was 8:41:136. About 60% of the resistant
progeny grew to more-or-less same diameter in all
concentrations (Fig. 5). No asexual progeny were assessed
for this parental isolates or for any of its sexual progeny
(i.e., no sporangia from any sexual progeny was assessed)

The UK A2, isolate used in all three crosses, was
intermediate for propamocarb hydrochloride, however, it
was on the lower end of the scale (17% of the control).
Sporangial progeny from it were also intermediate. The
zoosporangial  progeny  were  mainly intermediate (22),
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Fig. 5: Single oospore progeny of parental isolate P9463 (Californian A1) and 96.70 (UK A2) showing their growth of control (top
Petri dish) and growth on different concentrations of propamocarb hydrochloride (bottom row). The concentrations were 10,
50, 100, 250 and 500 :g/mL, left to right

Fig. 6: Cymoxanil sensitivity, at 10 :g/mL of two UK parental isolates of Phytophthora infestans, their asexual progeny (sporangia
and zoosporangia) and a single oospore progeny and its asexual progeny. Sensitivity of each of five zoosporangial isolates
is represented by blank blocks. a) UK A1 parental isolate and its asexual progeny; b) UK A2 parental isolate (96.70) and its
asexual progeny; c) SOP and its asexual progeny
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only one was sensitive and 2 were at the border between
intermediate and resistant (41 and 42% of the control).

Cymoxanil: The ratio of CS: CI: CR among the sexual
progeny of cross #1 (96.89.43 × 96.70, both UK) was
161: 24:5 Sporangial progeny from the A1 parent were all
sensitive but the zoospore derived cultures were 9:14:2,
for CS: CI: CR, respectively. Three of the sporangial
progeny of the cymoxanil intermediate SOP (80) were
sensitive and the other two were intermediate, while none
were resistant. When zoosporangial progeny derived from
these sporangial progeny were tested, 12 were sensitive
and 13 were intermediate, again none were resistant.

Among single oospore progeny of cross #2 (96.69 ×
96.70, UK/UK), the ratio of CS: CI: CR was 26:79:65.
Sporangial  progeny  from  UK  A1  (96.69)  were
sensitive   (2),    intermediate    (2)    and    resistant   (1)
(Fig. 6a).Zoosporangial progeny derived from them were

mainly intermediate (19), only one was resistant and five
sensitive. When an intermediate SOP (9) had its
sporangial and zoosporangial progeny assessed, the
sporangial progeny were either sensitive (3) or
intermediate (2) (Fig. 6c). However, the zoosporangial
progeny were mainly intermediate (17), only one was
resistant and 8 were sensitive.

Sporangial progeny of the A2 isolate (96.70), with
relative growth of 50% and therefore classed as a resistant
phenotype were either sensitive (2) or intermediate (3).
Zoosporangial progeny derived from these sporangial
progeny were either sensitive (8), intermediate (10), or
resistant (7) (Fig. 6b). 

Single oospore progeny from the Californian A1
isolate P9463 (and UK A2, 96.70) had the ratio 17:4:164
for CS: CI: CR, respectively. No asexual progeny were
tested for this isolate or for any of its single oospore
progeny.

Fig. 7: Fluazinam sensitivity, at 10 :g/mL of two UK parental isolates of Phytophthora infestans, their asexual progeny (sporangia
and zoosporangia) and a single oospore progeny and its asexual progeny. Sensitivity of each of five zoosporangial isolates
is represented by blank blocks, a) UK A1 parental isolate and its asexual progeny; b) UK A2 parental isolate and its asexual
progeny; c) SOP and its asexual progeny
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Fluazinam: None of the single oospore progeny of cross
#1 (96.89.43 × 96.70), involving sensitive A1 and
intermediate A2 parents, were resistant or intermediate to
fluazinam. When five sporangial progeny from it were
tested, they were sensitive too. Zoosporangial progeny
derived from the sensitive sporangial progeny, however,
produced two intermediate as well as 22 sensitive
progeny.

Among the sexual progeny from cross #2 (96.69 UK
(fluazinam resistant) × 96.70 UK (fluazinam
intermediate)), the ratio of FS: FI: FR was 91:47:32.
Sporangial progeny of UK A1 (96.69 FR) were either
sensitive (2) or intermediate (3) and none were resistant
although the parental isolate was resistant (Fig. 7a).
Zoosporangial progeny were mainly resistant (11), five
were sensitive and four were intermediate. Sporangial
progeny from an intermediate SOP (9) were mainly
intermediate (4), one was resistant and none was sensitive
(Fig. 7c). 

Sporangial progeny from A2 (FI) isolate were all
intermediate, although the zoosporangial progeny were
mainly intermediate (19), only one was sensitive and 5
were resistant (Fig. 7b). 

For cross #3, the Californian A1 P9463 (fluazinam
sensitive) and UK A2 96.70 (FI), the ratio was 103: 52:
30, FS: FI: FR, respectively. Again, no asexual progeny
from either A1 parent or from any of the single oospore
progeny was assessed for sensitivity to fluazinam.

DISCUSSION 

Plant pathogen resistance to fungicides can be
brought about through: 

C Presence of naturally occuring resistant individuals,
initially at very low frequency, originating from
recurrent mutations conferring resistance, which
increase in frequency due to selection pressure e.g.
fungicide use

C Also  from  sexual  and  asexual recombination
 (Gisis et al., 2002). The results in this chapter show
that resistance can occur among sexual as well as
among asexual progeny even when the parental
isolates are sensitive.

Shattock (1988) showed that metalaxyl sensitivity is
controlled by a single locus exhibiting incomplete
dominance. A metalaxyl-resistant and a sensitive parent
produced intermediate sexual progeny. However, in this
study cross #1 (96.89.43 x 96.70), both sensitive parents,
produced mainly intermediate progeny (134 SOPs) and
almost equal numbers of sensitive and resistant sexual
progeny (31 and 25, sensitive and resistant, respectively).
More recent study, using RAPDs markers to characterise

resistance in different geographical locations has shown
that there Dutch, North American and Mexican isolates
nap to the same locus (MEX 1), while UK isolates map to
a different locus (MEX 2), however, both loci map to the
same linkage group (Fabritius et al., 1997; Judelson and
Roberts, 1999). Not all alleles are functionally equivalent,
and minor genes interact with MEX loci, and therefore
sexual progeny from controlled matings expresses a range
of response to metalaxyl (Shattock, 2002).

There was no significant difference in the frequency
of metalaxyl resistance among A1 sexual progeny and A2
sexual progeny in all three crosses in this study. However,
in natural conditions there has been observation of higher
frequency of metalaxyl resistance among A1 than A2
isolates (Hermansen et al., 2000). Gisi and Cohen (1996)
did not find any correlation between metalaxyl resistance
and the proportion of either mating type, but they stated
that the A2 genotypes are primarily metalaxyl-sensitive.
However Peters et al. (1998) after sampling for three
years (1994, 1995 and 1996) observed a dramatic change
from the traditional A1, metalaxyl-sensitive phenotype in
1994, to a complete replacement by isolates of A2 mating
type, which were predominantly insensitive to metalaxyl
by 1996. Genetic studies indicate that there is no linkage
between the locus for metalaxyl resistance and mating
type locus (Lee et al., 1999). Day and Shattock (1997)
demonstrated that metalaxyl-resistant isolates in England
and Wales were less pathogenic on detached leaves than
sensitive isolates. These were isolates occuring under
natural conditions (wild-type). The data presented in this
chapter indicate that most of the progeny were as
aggressive as their parents and yet were more insensitive
to fungicides than the parents. From the three crosses
(with a total of 540 single oospore progeny), 88% of them
were pathogenic on the most susceptible potato cultivar
Bintje, and from all three crosses, only 12% of them were
sensitive to metalaxyl. Sexual recombination has already
been suspected to give rise to metalaxyl lineage. The
metalaxyl resistant lineage US-11 in the USA is thought
to have risen through sexual recombination between US-6
and US-7 or US-8 (Gavino et al., 2000). The same clonal
lineage (US-11) has been isolated in Taiwan, a country
where the US-6 or 7 had never been isolated before,
indicating an introduction of this lineage from the USA,
as    opposed   to  arising  from  within  the  country
 (Deahl et al., 2002).

Although metalaxyl is known to inhibit vegetative
growth as well as asexual reproduction in P. infestans,
metalaxyl  stimulated  vegetative  growth  of  isolates of
P. infestans have been observed (Zang et al., 1997). These
authors studied five isolates, three A1s and two A2s,
isolated from tomato as well as from potato, using two
concentrations of metalaxyl, 20 and 100 :g/mL. While
only one isolate (potato A1) grew well on unamended
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medium (typical of a sensitive isolate), the other four
isolates were considered resistant as their colonies grew
better, or were retarded by no more than 25% in other
cases, compared to cultures grown on medium lacking
metalaxyl. In fact, one of these resistant isolates grew well
in presence or absence of metalaxyl at both
concentrations, and the other two resistant isolates were
not only resistant to metalaxyl, but stimulated by the
fungicide. Similar results were observed in this study. In
cross #2 (UK metalaxyl resistant A1 parent and UK
sensitive A2 parent) had two single oospore progeny that
were not affected by metalaxyl (1 A1 and 1 A2), and 18
SOPs that actually stimulated by presence of metalaxyl (8
A1s, 8A2s and 2 self-fertile). In cross #3, the Californian
metalaxyl resistant A1 and UK sensitive A2, there were
nine SOPs (6 A1s and 3 A2s) that were not affected by
presence of metalaxyl, and there were 15 SOPs (10 A1s,
4 A2s and 1 self-fertile) that were stimulated by presence
of metalaxyl.

A study by Mayton et al. (2000), where they assessed
the role of three fungicides: cymoxanil, propamocarb
hydrochloride and chlorothalonil (cymoxanil and
propamocarb hydrochloride were mixed with
chlorothalonil as a protectant), in the epidemiology of
potato late blight observed that while the fungicides could
reduce disease development in established epidemics,
they could not significantly suppress sporulation from
established lesions. In this study the effect of
propamocarb hydrochloride on subsequent infection by
sporangia produced from propamocarb treated leaves was
not tested. However, resistance of both sexual and asexual
progeny (sporangial and zoosporangial progeny) was
observed to both propamocarb hydrochloride and
cymoxanil.

A study by Wong and Wilcox (2000), where they
measured the distribution of baseline sensitivities to
azoxystrobin among isolates of Plasmopara viticola (a
causal agent of grapevine downy mildew) showed that the
fungicide was active both in the prevention of infection
and in restricting the mycelial growth when infection
became established, indicating that azoxystrobin can
affect multiple stages of the fungal life cycle. The efficacy
of the fungicide was observed in this study as it was able
to reduce mycelial growth of all isolates tested, parents,
sexual and asexual progeny. Although this fungicide
seems promising is controlling late blight, its use in
controlling other fungal diseases has already been
hampered by appearance of resistance to it, e.g. in cereal
powdery mildews (Fraaije et al., 2002), in grey leaf spot
of maize (Vincelli and Dixon, 2002), in rice blast (Avila-
A  dame   and  Koller,  2003)  and  in  maize  smut
(Ziogas et al., 2002). Other new fungicides which are
promising in controlling P. infestans include famoxadone,
a broad-spectrum fungicide that, at low doses inhibits
sporangial differentiation and zoospore release, and at

higher concentration can even inhibit mycelial growth and
direct germination of sporangia (Andrieu et al., 2001).
However, this new fungicide has a similar mode of action
as azoxystrobin, i.e., mitochondrial electron transport
blocking function (Sternberg et al., 2001). Since
resistance to azoxystrobin already exist among other
fungi, the future of other fungicide with similar mode of
action to strobilurins is not promising.

In conclusion, the results in this study showed that
resistance to the most commonly used fungicides against
late-blight is possible. Although, there was no resistance
to the new fungicide azoxystrobin observed even among
progeny, however, the appearance of resistance to it
among other fungal pathogens shows that resistance of P.
infestans is also possible. Therefore, for sustainable
control of late-blight, chemical control should not be the
only means. Kirk et al. (2001) have shown that the use of
cultivars with reduced susceptibility to late blight with
reduced fungicide rates and longer application intervals
can offer more economic control of this disease.
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