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ABSTRACT 

Popula t ions  of Phytophthora infestans, caus ing  
late  blight o f  potato ,  changed significantly in Canada 
in the  mid-1990s. The US-1 genotype  (A1, metalaxyl-  
s e n s i t i v e  [MS])  w a s  d i s p l a c e d  by n o v e l  g e n o t y p e s  
(mainly US-8) in much o f  the  country in 1994 and 1995. 
Many o f  the  n e w  genotypes  were  insens i t ive  to  meta-  
laxyl  and were  o f  the  A2 mating type, a l though meta-  
laxyl-insensit ive (MI)  A1 i so lates  o f  the g l l  (or  US-11) 
genotype  were  found in British Columbia. A tota l  o f  14 
unique mult i locus  genotypes  were  described over  the 
t w o  years  o f  the  s tudy  based  on mat ing  type  (A1 or 
A2) ,  metalaxyl  sens i t iv i ty  (MS or MI), a l lozyme band- 
ing patterns ( Gpi and Pep), and random amplified poly- 
morphic DNA (RAPD) markers.  Six o f  these  genotypes  
could be dist inguished by allozyme banding patterns  at 
the Gpi locus alone; RAPD analysis  revealed addit ional  
variat ion within a l lozyme groupings and def ined addi- 
t ional  genotypes.  Among 82 isolates  col lected from var- 
i o u s  C a n a d i a n  p r o v i n c e s  in 1994,  US-1 and  US-8 
c o n s t i t u t e d  30% and 49% o f  i s o l a t e s ,  r e spec t ive ly ;  
o ther  genotypes  occurred in minor frequency.  Among  
50 isolates  col lected in 1995, US-1 and US-8 const i tuted 
10% and 74%, respec t ive ly .  I s o l a t e s  o f  g l l  (US-11 )  
w e r e  found in Brit ish Columbia  in 1995. Divers i ty  o f  
genotypes  was  greater  in 1994 (11 genotypes )  than in 
1995 ( s i x  g e n o t y p e s ) .  We h y p o t h e s i z e  t h a t  s e x u a l  
reproduct ion may have  been  responsible  for  generat-  
ing some  o f  the genet ic  variability in P. infestans pop- 
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ulations,  during a t ime per iod in which A2 iso lates  first 
migrated into  many provinces  in Canada. 

INTRODUCTION 

The increased incidence and severity of late blight, 

caused by Phytophthora infestans (Mont.) de Bary, observed 
in Canada and the United States in recent years has been 

attributed to new, immigrant strains ofP. infestans that have 

displaced previous forms of the pathogen (Fry et al. 1991, 
1993; Goodwin et al. 1994, 1995b). The new genotypes are 

often insensitive to metalaxyl (Deahl et al. 1993a, 1993b, 
1995) and highly aggressive (Kato et al. 1997; Lambert and 

Currier 1997; Peters 1998). Surveys conducted in Canada 
from 1994 to 1996 revealed that A1, metalaxyl-sensitive (MS) 

isolates of the US-1 genotype were displaced by A2, meta- 
laxyl-insensitive (MI) isolates of the US-8 genotype in most of 

Canada during this time period (Peters et al. 1998b, 1999b). 

In British Columbia, an A1, MI population of the pathogen, 
designated as g l l  (or US-11) by allozyme (glucose-6-phos- 

phate isomerase) genotyping (Goodwin et al. 1998; Peters et 

a/. 1999b), became predominant by 1996 (Peters et al. 1998b, 
1999b). In total, 8 distinct genotypes were described in a col- 

lection of 726 isolates from across Canada during 1994 and 
1996 using mating type, metalaxyl sensitivity and allozyme 

(glucose-6-phosphate i somerase  and pept idase)  markers 

(Peters et al. 1999b). 
The use of additional markers (other than mating type, 

metalaxyl sensitivity, and allozymes) to characterize the iso- 

lates in our collection would provide more detailed informa- 

tion on the genetic variation in populations of P. infestans 

in Canada. The purpose of this study was to assess Canadian 
isolates ofP. infestans collected during 1994 and 1995 using 

RAPD (random amplified polymorphic DNA) analysis to 

detect additional genetic variation in populations of the 

pathogen. 
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MATERIALS AND METHODS 

Source of Isolates 
Samples of potato leaves, stems, and tubers and some 

tomato leaves, stems, and fruits with symptoms of late blight 

were received from across Canada during July to December, 

1994 and 1995. These samples yielded a collection of 299 iso- 

lates ofP. in fes tans  obtained from 138 fields (138 isolates) 
and 161 fields (161 isolates) in 1994 and 1995, respectively. 
The provinces from which samples were obtained and the 

sampling and isolation procedures  have been described 

(Peters et al. 1998b). Isolates were stored at 4 C in glass vials 

containing a liquid medium of organic rye extract (Peters et 

a/. 1998a). Based on results of mating type, metalaxyl sensi- 

tivity, and allozyme genotype (Peters et al. 1998b), a subset of 

82 isolates in 1994 and 50 isolates in 1995 were chosen for 
RAPD analysis. For the purposes of this study, all isolates 

chosen for RAPD analysis were retested for mating type, 
metalaxyl sensitivity and aUozyme genotype, to ensure the 

stability of isolate characteristics following storage. The iso- 
lates were plated onto clarified rye agar medium (Peters et 

a/. 1998a) and kept at 15 C in the dark for a period of two 
weeks to allow growth of the pathogen prior to harvesting 
myceliam for DNA extraction. 

Mating Type Tests 

Isolates from the 1994 and 1995 surveys chosen for 
RAPD analysis were tested for mating type by growing the 

isolates together with known mating types (A1 and A2) on 
clarified rye extract agar in the dark at 15 C for 10 days, after 

which plates were scored for the production of oospores 
(Peters et al. 1998b). 

Response to Metalaxyl 

The metalaxyl sensitivity of isolates was determined 
using protocols described by Peters et al. (1998b). In sum- 

mary, agar plugs (5 mm diameter) taken from the margins of 

two-week-old cultures of P. in f e s tans  were transferred to 
petri plates containing clarified rye extract agar (Peters et al. 

1998a) amended with 0 and 100 ]lg metalaxyl/ml. Growth was 
measured using Vernier calipers (dial-type, Bel-Art Products, 

Pequannock, N J) after incubation for 7 days in the dark at 15 

C. Two categories of sensitivity, expressed as mean growth 
(colony diameter) in the presence of 100 pg metalaxyl/ml as a 
percentage of mean growth in the absence of metalaxyl, were 

recognized: metalaxyl-sensitive (MS) = growth <10~ of con- 
trol and metalaxyl-insensitive (MI) = growth > 10% of control. 

Allozyme Genotype 
Allozyme analysis was carried out according to the pro- 

tocol of Goodwin et al. (1995a) and as described by Peters et 

al. (1999b). Briefly, samples for allozyme analysis were pre- 

pared by adding 1 ml of sterile distilled water to each colony 

and scraping sporangia and mycelium from the agar surface 

with a sterilized rubber policeman. The resulting mixture 
(water, sporangia, and mycelium) was then pipetted into a 
labeled, sterile microcentrifuge tube (1.5 ml, polypropolyene, 

flat top, Fisher Scientific Co., Ottawa, ON). The samples were 

centrifuged (Model 235C Micro Centrifuge, Fisher Scientific 

Co., Ottawa, ON) at 13,000 rpm for 1 min. The majority of the 
supernatant was then decanted and discarded leaving approx- 

imately 100 ~ in each microcentrifuge tube. Samples were 
ground for 1 min with a sterile pestle attached to a motorized 

tissue grinder (VWR Canlab, Dartmouth, NS). The samples 

were centrifuged again at 13,000 rpm for 1 min, leaving a 
supernatant containing enzymes for use in electrophoresis. 

Gel electrophoresis of samples was carried out on cel- 
lulose acetate as described by Goodwin et al. (1995a). Four 

reference isolates representing US-l, US-6, US-7, and US-8 
genotypes (courtesy of S.B. Goodwin and W.E. Fry, Cornell 

U., Ithaca, NY) were always included in each run. Staining 
for Gpi  and Pep  allozymes was accomplished using agar 
overlays (Goodwin et al. 1995a). 

RAPD Analysis of Isolates 
Extraction of DNA from mycelium grown in agar cul- 

ture was carried out using the procedure of Judelson (1996). 
Polymerase chain reaction (PCR) protocols  and pr imer  

descriptions are described elsewhere (Punja et al. 1998). Of 
320 primers screened initially, nine were chosen that exhib- 

ited polymorphisms and provided consistent, clear banding 

patterns among isolates of P. i n f e s t a n s  previously deter- 
mined to be polymorphic at allozyme loci (Punja et al. 1998). 

Genotypes were described by the electrophoretic patterns 
revealed by the nine primers and were compared with ref- 

erence genotypes from the US series (Forbes et al. 1998; 
Goodwin et al. 1998). Novel genotypes ex~hibiting a mini- 

mum of a single band difference were coded as described 
by Punja et al. (1998). 

RESULTS 

The results of RAPD analysis conf~med the genotype 

identity obtained by allozyme analysis. However, some addi- 

tional variation was revealed by the RAPD markers. Of the 
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14 mult i locus genotypes  descr ibed  (Table 1), six could  be 

distinguished based on allozyme banding pat terns  at  the Gpi 

locus alone. The other  genotypes  were variants of  US-1 and 

US-8 allozyme genotypes  as descr ibed by RAPD analysis. In 

1994, of  28 i so la tes  banding  as  Gpi  86/100/100, 89% were  

confirmed as US-1 genotypes with 11% variants (denoted g28 

and g30 in the coding system of  M.D. Coffey, U. of California, 

Rivers ide ,  CA), and  o f  47 i so l a t e s  b a n d i n g  as  Gpi  

100/111/122, 85% were  conf i rmed  as US-8 geno types  wi th  

15% variants (denoted g29, g40, g41, and g42 in the coding 

sys tem of  M.D. Coffey). Of 38 isolates col lected in 1995 and 

banding as Gpi  100/111/122, 97% were confirmed as  US-8 by 

RAPD analysis. Results of allozyme and RAPD analysis were 

corre la ted  with mating type and metalaxyl  sensit ivity data  

(Table 1). 

Of the  82 i so la te s  of  P. i n f e s t a n s  c h o s e n  for  RAPD 

a n a l y s i s  in 1994, the  m a j o r i t y  of  i s o l a t e s  f rom A l b e r t a  

(73%), Mani toba (70%), Saska tchewan  (1OO%), and Prince 

Edward  Is land (100%) were  US-1 (Figure 1A). Other  geno- 

types  were found in low frequency in Alber ta  and Mani toba 

(Figure  1A). Of i so la tes  examined  from Ontario,  Quebec  

and New Brunswick,  the US-8 genotype was  mos t  preva-  

lent  (56%, 60%, and 77% frequency, respect ively) ,  a l though 

US-1 isolates were  also found (22%, 25%, and 3% frequency, 

respect ive ly) .  Other  geno types  were  found  in minor  fre- 

quency  in Ontario,  Quebec,  and  New Brunswick  (Figure  

1A). No i so l a t e s  we re  o b t a i n e d  f rom Br i t i sh  Columbia ,  

Nova Scotia, or  Newfoundland  in 1994. Isola tes  of  the  US- 

8 and  US-1 g e n o t y p e s  c o n s t i t u t e d  49% and  30%, r e spec -  

tively, of  the isola tes  chosen  for RAPD analysis  in 1994. A 

tota l  of  11 unique mul t i locus  genotypes  were  desc r ibed  in 

1994 (Figure 1A). 

Of the 50 isolates ofP. infestans chosen for RAPD analy- 

sis  in 1995, the  m a j o r i t y  of  i so la te s  f rom S a s k a t c h e w a n  

(100%), Manitoba (75%), Ontario (100%), Quebec (85%), New 

Brunswick (100%), Nova Scot ia  (75%), and Prince Edward  

Is land (64%) were  US-8 (Figure 1B). Isolates of  US-1 were  

found in minor  frequency in Manitoba, Quebec, and Prince 

Edward  Island. One isolate of g26 was recovered from Que- 

bec and several isolates of  UN-1 were recovered from Nova 

Scotia  and Prince Edward  Island. In British Columbia, only 

the g l l  (or US-11) genotype was recovered in 1995 (Figure 

1B). No isolates were  obtained from Alberta  or  Newfound- 

land in 1995. Isolates of the US-8 and US-1 genotypes  consti- 

tu ted 74% and 10%, respectively,  of the isolates chosen  for 

RAPD analysis in 1995. A total  of  six unique multi locus geno- 

types were found in 1995 (Figure 1B). 

TABLE 1.--Characterist ics o f  genotypes of  Phytophthora 

infes tansfound i n  Canada i n  1994 and 1995. 

Genotype Mating Metalaxyl Allozyme banding pattern 
designation ~ type sensitivity 2 Gpi 3 PeP 4 

US-1 A1 MS 86/100/100 92/100 
US-6 A1 MI 1O0/100 92/100 
US-7 A2 MI 106/111 100/1OO 
US-8 A2 MI 100/111/122 100/1O0 
gll* A1 MI 100/100/111 100/100 
g26 A2 MI 100/122 100/1OO 
g28 A1 MS 86/100/100 92/100 
g29 A2 MI 100/111/122 100/100 
g30 A1 MS 86/100/100 92/100 
g40 A2 MI 100/111/122 100/100 
g41 A2 MI 100/111/122 100/100 
g42 A2 MI 100/111/122 100/100 

UN-I** A2 MI 100/122 100/100 
UN-2** A1 MI 100/111/122 100/100 

~Designation of US-1,6,7, and 8 genotypes according to Goodwin et al. 
(1998). Designation of other genotypes according to the scheme of M.D. 
Coffey, University of California, Riverside, CA. 
*Also known as US-11 according to Goodwin et al. (1998). 
**Isolates currently not coded in a classification scheme. Isolates 
banded as US-8 via RAPD analysis, but in the case of UN-1, with an 
allozyme banding pattern of 100/122 at the Gpi locus (possibly US-14 
according to Goodwin et al. [1998]) or, in the case of UN-2, of the A1 
mating type. 
2Metalaxyl sensitivity rating reflects the comparison of diameter of 
growth of isolates on a clarified rye agar medium amended with O and 
100 ]~g metalaxyl/mL Metalaxyl sensitive (MS) = growth <10% of control; 
metalaxyl insensitive (MI) = growth _> 10% of control. 
3Glucose-6-phosphate isomerase. 
4Peptidase. 

DISCUSSION 

Results from this study and previous studies (Goodwin 

et al. 1994, 1998; Peters  et al. 1999b) clearly document  the 

displacement  of the US-1 genotype of P. infestans by novel 

genotypes in Canada during 1994 and 1995. Although g l l  (or 

US-11) occurred in British Columbia and US-8 predominated 

in the rest  of  Canada, other novel genotypes were descr ibed 

in each year  of  the study. Isolates of  both  mating types that  

were  ei ther sensitive or  insensitive to metalaxyl  were  found. 

This variabili ty in the pathogen may  have implications for the 

successful management  of late blight in Canada. 

The prevalence of US-8 and g l l  (or US-11) populat ions 

of  P. i n f e s t a n s  in Canada  (Pe te r s  et al. 1999b) p r o b a b l y  

ref lects  an enhanced  f i tness of  these  genotypes  over  pre-  

existing forms (US-l). Kato et al. (1997) found that isolates of  

the US-8 clonal lineage produced  significantly larger lesions 
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FIGURE 1. 
Location and number of  isolates (brackets) of  genotypes of Phy- 
tophthora infestans recovered from various Canadian provinces 
in 1994 (A) and 1995 (B).  

with greater sporulation on detached leaves than isolates of 
the US-1 clonal lineage. Miller and Johnson (1997) found an 

increase in incidence and severity of stem lesions on green- 
house potatoes inoculated with US-8 isolates compared with 

plants inoculated with US-1 isolates. Lambert and Currier 

(1997) noted that isolates of 

the US-8 genotype produced 
faster visible rot on tubers 

than US-1 isolates. Tubers 
inoculated with US-8 isolates 

also produce more diseased 

sprouts (19.4% compared to 
1.9~ than those inoculated 

with US-1 isolates (Marshall 

and Stevenson 1996). Iso- 

lates of  the g l l  (or US-11) 
genotype have been found 

to be more aggressive on 

tuber tissue than US-1 iso- 
lates, but less aggressive 

than US-8 isolates (Peters et 

a/. 1999c). Isolates of minor 

genotypes  (g30, g41, g42) 

were not more aggressive 
than US-1 (Peters et al. 

1999c), which may indicate 
reduced fitness, explaining 
their disappearance in 1995. 

The use of RAPD mark- 

ers showed variability in the 
pathogen that was not 

detected by allozyme analy- 

sis. It is possible that the 
more sensitive RAPD assay 

detected minor genetic vari- 
ation within existing clonal 

lineages. However, some of 
the minor genotypes identi- 

fied by RAPD analysis (g26, 

g28, g29, g30, g40, g41, g42) 
also varied in specific viru- 

lence and aggressiveness 

compared to isolates of defined clonal lineages (Peters 1998; 
Peters et al. 1999c), indicating more substantial genetic differ- 
ences were present. Unfortunately, the RAPDs do not allow 

direct comparison with isolates characterized by restriction 
fragment length polymorphism (RFLP) using probe RG57 

(Goodwin et al. 1994, 1995b, 1998) and described in a global 
database (Forbes et al. 1998). 

In addition to migration, new genotypes also may appear 

in a region as the result of muta t ion  and other asexual  
processes, or by sexual reproduction. These processes prob- 
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ably generated some of the novel genotypes found in this 
study. Variation was revealed within US-1 and US-8 allozyme 

genotypes. Some variation was also revealed within the Gpi 

100/122 allozyme genotype (RAPD analysis described one 

isolate in this group as g26, others as US-8). Miller et al. 

(1997) postulated that the A2, Gpi 100/122 genotype could 
have arisen by the loss of the Gpi 111 allele from the US-8 

genotype. Also, Goodwin et al. (1992) found an isolate in 

Mexico with the Gpi 100/111 genotype that had the same 
mating type and DNA fingerprint pattern as one of the iso- 

lates with the Gpi 100/111/122 genotype. They postulated 

that Gpi 100/111 isolates were derived from Gpi 100/111/122 
isolates by the loss of the 122 allele. Therefore, loss of the 

Gpi 111 allele from the US-8 genotype seems to be a plausi- 
ble mechanism in the derivation of the UN-1 genotype. If so, 

this genotype is probably the same as US-14 described by 

Goodwin et al. (1998). The UN-2 (A1, Gpi 100/111/122) gent- 
type could have arisen by the production of selfed oospores 

by an A2, Gpi 100/111/122 isolate as described by Shattock et 

a/. (1986) or as the result of sexual processes. 
Mexico is the likely source of some of the new strains of 

P. in fes tans  that have appeared in Canada and the United 
States in the 1990s (Goodwin and Drenth 1997). The US-8 

genotype was the most  common genotype on potatoes in 
northwestern Mexico in 1989 (Goodwin et al. 1992). This 
genotype has subsequently become more common in the U.S. 

and Canada. However, additional variation in populations of 

the pathogen (i.e., the presence of other genotypes) may not 
be the result of migration only. Goodwin et al. (1995b) found 

evidence for the occurrence of sexual reproduction in British 

Columbia based on RFLP analysis with probe RG57 of sev- 
eral isolates ofP. in fes tans from the province. The g l l  (US- 

11) multilocus allozyme genotype, predominant in British 

Columbia in 1996 (Peters et al. 1999b), possibly arrived by 
migration (a similar genotype was present in the Columbia 

Basin of Washington and Oregon in 1993 (Miller et al. 1997)), 

but may also be the result of sexual recombination in the pre- 
vious population given the genotypes present (US-6 and US-7) 
in 1993 (Chycoski and Punja, 1996). Punja et al. (1998) postu- 

lated that sexual reproduction was responsible for generat- 
ing some of the novel genotypes found in collections of 

isolates of P. i n f e s t a n s  from British Columbia and New 
Brunswick obtained in the 1990s and characterized by RAPD 
analysis. Direct evidence for sexual reproduction in Canada is 

limited to the discovery of a few oospores in plant tissues 
obtained from British Columbia, New Brunswick (Chycoski 

and Punja 1996), and Quebec (Peters et al. 1998b). 

The increased genotypic diversity in the Canadian P. 

infestans population in 1994 relative to 1995 possibly reflects 
increased opportunities for sexual reproduction in 1994, the 

year in which A2 isolates were fLrst found in many Canadian 

provinces and in which both mating types of the pathogen 
were isolated from several provinces (Peters et al. 1998b, 

1999b). New Brunswick yielded several novel genotypes in 

1994 (no data were available for British Columbia), which is 
consistent with other published work (Punja et al. 1998) and 

the documented isolation of both A1 and A2 mating types 
from single fields in the province (Chycoski and Punja 1996; 

Peters et al. 1998b). The almost complete displacement of 
US-1 by more aggressive genotypes (particularly US-8) in 

1995 probably limited opportunities for sexual reproduction, 

leading to less variability in populations and the predomi- 
nance of a few, highly fit forms. This hypothesis is substanti- 

ated by surveys conducted in Canada which revealed that 

most fields were colonized by populations of single mating 
type demes (Peters et al. 1998b). However, results of a more 

recent study, which assessed genetic variation in a larger col- 
lection of Canadian isolates ofP. in fes tans  using a different 

RAPD marker system, indicated that haplotypic diversity was 
high and similar among collections of isolates obtained in 

1994, 1995, and 1996 (Mahuku et al., 2000). Although the 
results of Mahuku et al. (2000) differ from those presented in 

this paper,  both  studies identified genetic variation in 
pathogen populations not described by other marker systems 

and revealed pathogen diversity on a national scale. Efforts 

to assess the dynamics of populations of P. i n f e s t a n s  in 
Canada using a variety of molecular tools are ongoing. 

On the large scale, oospore formation probably has lim- 
ited epidemiological importance (in terms of a major source 

of inoculum for epidemics) due to the predominance of a 

single mating type (A2) in most  of Canada. However, the 

potential of sexual reproduction to create new forms has sig- 
nificance regionally, and by dispersal of these forms, nation- 

ally as well. Oospores of P. in fes tans  have been shown to 
overwinter  in Europe and subsequently incite disease 

(Drenth et al. 1995). Oospores have also survived exposure 
to a wide range of temperatures in the laboratory (Drenth et 

a/. 1995; Fay and Fry 1997) and have overwintered success- 

fully in eastern Canada (Medina and Platt 1999). British 
Columbia has consistently yielded a diversity of new forms, 

probably as a result of sexual reproduction (Goodwin et al. 

1995b; Peters et al. 1999b; Punja et al. 1998). Although found 

in low frequency, genotypes other than US-1 or US-8 have 
been found in Canada outside of British Columbia in surveys 
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c o n d u c t e d  during the  1990s (Peters  et al. 1999b; Punja  et al. 

1998). Fo r  example,  the  g l l  (US-11) genotype  w a s  found  in a 

t oma to  sample  f rom Ontar io  in 1996 (Peters  et al. 1999b). We 

have  found novel  geno types  o f P .  in fes tans to  be  d i spersed  

on  po ta to  o r  t o m a t o  t i ssue  and  by the  winds  o f  s t o r m  sys- 

t e m s  (Peters  et al. 1999a). The  dispersal  o f  n e w  fo rms  can  

in t roduce  more  aggress ive  genotypes  (such as US-8) into a 

r eg ion  and also p rov ide  loca l ized  oppor tun i t i e s  fo r  sexua l  

reproduct ion .  Sexual  reproduct ion ,  even  if it is occur r ing  at 

l ow  frequency, is significant  s ince it can  result  in the  creat ion 

o f  n e w  variants.  Cont inued  moni tor ing  of  p a t h o g e n  popula-  

t ions  and research  on  the  impac t  of  sexua l  r ep roduc t i on  on 

P. infestans popula t ions  in Canada  is required.  
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