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IDENTIFICATION OF MATING TYPES AND 
METALAXYL RESISTANCE IN NORTH AMERICAN POPULATIONS 

OF PHYTOPHTHORA INFESTANS 

K. L. Deahl 1, S. E DeMuth ~, S. L. Sinden 1, and A. Rivera-Pefia 2 

Abstract 

The A 2 mating type of  Phytophthora infestans was first repor ted  in the 
United States in 1990. Concurrently, P. infestans strains resistant to metalaxyl 
were found in the Pacific Northwest. Collaborative surveys were under taken 
dur ing 1991-1993 to investigate the frequency of  occurrence o f A  2 mating 
types and metalaxyl resistant strains in populations of  P infestans isolated 
from outbreaks of  late blight in potato and tomato crops in North America. 
In vitro testing indicated that isolates from the northeastern U.S. and Atlan- 
tic Canada were primarily (52/55) metalaxyl sensitive and all were A ~ mat- 
ing types. Among 85 isolates from late blight epidemics in Florida and Texas, 
greater than 61% were both metalaxyl resistant and A 2 mating type. Metalaxyl 
resistance and A 2 mating types were identified also in a few tomato isolates 
from North  Carolina. Although the majority of 134 isolates from the Pa- 
cific Northwest (British Columbia and Washington) were metalaxyl resis- 
tant, only 2 isolates from Washington were A 2 mating types. Among  111 
isolates from 2 sites in central Mexico, 63% and 77% were both metalaxyl 
resistant and A 2 mating types. The data indicate also a higher  frequency of  
metalaxyl resistance in A 2 isolates, than in A 1 isolates, among  isolates from 
Florida and Texas. Highest metalaxyl resistance levels were found, how- 
ever, in A ~ isolates f rom California, where no A 2 isolates were recovered. 

Compendio 

E1 tipo reproduct ivo A 2 de Phytophthora infestans rue repor tado por  
p r i m e r a  vez en los Estados  Un idos  en 1990. S imul t f ineamente ,  se 
encont raron  en el noroeste del Pacifico variantes de P infestans, resistentes 
al metalaxyl. Durante  1991-1993, se llevaron a cabo encuestas colaborativas 
para investigar la frecuencia conque se presentan los tipos A 2 y las variantes 
resistentes al metalaxyl en las poblaciones de P infestans aisladas, en las 
epidemias de tiz6n tardio, de' los cultivos de papa y tomate en Norteam~rica. 
La pruebas in vitro indicaron que los aislamientos del noreste de los Estados 
Unidos y de la zona canadiense del Atlfmtico fueron principalmente (52/  
55) sensibles al metalaxyl, per teneciendo todos ellos al tipo reproductivo 
A ~. Entre 85 aislamientos de epidemias de tiz6n tardio en Florida y Texas, 
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m as de 61% fueron resistentes al metalaxyl y del tipo reproductivo A 2. Se 
identificaron tambi~n la resistencia al metalaxyl y los tipos reproductivos 
A 2 en algunos aislamientos de tomate en Carolina del Norte. Aunque la 
mayoria de 134 aislamientos del noroeste  del Pacifico (Columbia Briffmica 
y Washington) fueron  resistentes al metalaxyl, s61o dos aislamientos de 
Washington fueron de los tipos reproductivos A 2. Entre 111 aislamientos 
de dos lugares del centro de M~xico, 63% y 77% fueron tanto resistentes al 
metalaxyl como de los tipos reproductivos A 2. Los datos tambi6n sefialan 
una mayor frecuencia de resistencia al metalaxyl en los aislamientos A 2 que 
en los A 1 efectuados en Florida y Texas. Sin embargo, se encont raron  niveles 
m~s altos de resistencia al metalaxyl en los aislamientos A I de California, 
donde  no  se recuperaron  aislamientos A 2. 

Introduct ion 

Pathogenic strains ofP. infestansresistant to metalaxyl were first repor ted  
in the Pacific Northwest of  the United States and Canada in 1991 (7, 8). 
During extremely favorable weather  conditions that had prevailed the pre- 
vious two years, late blight developed and spread rapidly on metalaxyl-treated 
potato crops. It was de te rmined  that the presence of metalaxyl-resistant 
strains accounted for the lack of  disease control  with this systemic fungi- 
cide (8). Studies in o ther  countries had similarly established that contin- 
ued  application of  metalaxyl to diseased crops had induced a shift in the 
pathogen populat ion to greater  metalaxyl insensitivity, as indicated by the 
higher  f requency of  resistant isolates present  in late blight leaf samples 
taken f rom fungicide-treated fields or f rom tuber samples obta ined from 
potato storages (4, 9, 22, 27). 

Research on the genetic diversity of  the late blight pathogen led to 
postulation that the P. infestans: Solanaceaepathosystem had central Mexico 
as its center of  origin (13, 14). Recent genetic diversity studies using mating 
type analyses, virulence loci, and DNA fingerprint ing probes have substan- 
tiated this hypothesis (15). Until 1984, the A 2 mating type o f  this hetero- 
thallic, sexually reproducing  species was thought  to be conf ined to central 
Mexico where it was isolated as frequently as the A 1 mating type (14). 

A retrospective study repor ted  in 1991 indicated that single isolates of  
the A 2 mating type had been recovered in the late 1980s in Pennsylvania 
and British Columbia (6). These were the first reports of  the occurrence  of  
the A 2 mating type in natural fungal populat ions in North  America, outside 
of  Mexico. Although the commonly  occurr ing A 1 mating type was isolated 
in these same locations, sexual spores (oospores) were not  recovered. In an 
independen t  study of  mating types in P. infestans populations in the United 
States and Canada, Goodwin et al. (15, unpubl ished results) found  that the 
A 2 mating type was rare and not  widely distributed; of 178 isolates, only 2 
isolates from a single field in British Columbia were found to be A 2. 
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FIG. 1. Collection sites of Phytophthora infestans in North America from 1985-1993 (6,8). Lo- 
cation - state or province; Host - potato or tomato; Average metalaxyl response - sensitive 
(MS) or resistant (MR); Isolation of mating type A ~ or A s. • - Sites ofA 2 isolations -k - Loca- 
tion of first A 2 isolations in the United States and Canada. 

Discovery of  the rare A 2 mating type in North America followed its re- 
covery from other  sites outside of  Mexico during the mid 1980s. The initial 
repor t  in 1984 of  the existence of  A 2 isolates in Switzerland (17) p rompted  
extensive sampling in other  potato growing regions; results of  these studies 
showed the A 2 mating type to be widely distributed in several countries in 
Europe and the Middle East (5, 16, 17, 21, 27, 30), however, at a low fre- 
quency (27). More recently, workers in Japan have reported the sudden 
appearance of  the A 2 mating type, as well as a rapid increase in its isolation 
frequency (22, 23). They also recovered viable oospores from whole plants 
or plant tissues that had been experimentally inoculated with paired iso- 
lates of  compatible mating type that were derived from the same growing 
region, thus demonstrating the population's capacity to become sexual (23). 

Despite co-existence of  both mating types in central Mexico, field col- 
lections of  P. infestans in nor thern  Mexico from 1950 to 1970 had yielded 
only the A 1 mating type (24). More recent  analysis of  genetic structure in 
populations of  P. infestans from nor thern  Mexico has revealed the exist- 
ence of both mating types in this area (15). In light of  the fairly recent  
spread of  the A 2 mating type to nor thern  Mexico, further  spread to the 
United States seemed probable. 

Collaborative surveys of  various sites of  commercial  potato production,  
as well as home garden tomatoes, in the United States, Canada, and Mexico 
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TAB~E 1 . - -Or ig in  and coUection date of  P h y t o p h t h o r a  infes tans  isolates 

evaluated in this study. 

Collection No. of Reported 
Location Date Host isolates severity a Collector 

United States 
Florida 2/93 Potato 19 
California 6/93 Potato 35 
Maine 7/92 Potato 5 
North Carolina 7/92 Tomato 2 
North Dakota 8/92 Potato 21 

Tennessee 8/92 Tomato 3 
Texas 3/93 Potato 68 
Washington 8/91 Potato 28 

West Virginia 8/92 Tomato 3 
Canada 
Alberta 8/92-3/93 Potato 43 
British Columbia 9/91 Potato 30 

Prince Edward 8/92 Potato 45 
Island 

Mexico 
Chapingo 

Toluca 

light-severe P. Weingartner 
light-spotty R. Hoopes 
light R. Goth 
moderate E Shoemaker 
moderate-severe N. Gudmestad, 

G. Secor 
moderate N. Lapp 
moderate J. Wallace 
moderate D. Inglis, 

G. Pelter, 
O. Riberio 

moderate R. Young 

high-severe R. Howard 
moderate-high G. McCollum, 

D. Ormrod 
moderate-severe B. Platt, 

M. Clark, 
R. Reddin 

8/92 Potato/wild 48 severe K. Deahl, 
Solanum spp. M. Cadena 

8/92 Potato/wild 63 severe K. Deahl, 
Solanum spp. A. Rivera-Pen~i 

aCollectors' estimate of late blight severity on host plants from which the sample was taken 
(light-severe). 

were  u n d e r t a k e n  to d e t e r m i n e  the i n c i d e n c e  o f m e t a l a x y l  resis tance in f ie ld  

p o p u l a t i o n s  o f  P. infestans. We have a t t e m p t e d  also to d e t e r m i n e  the  fre- 

q u e n c y  o f  the  A 2 m a t i n g  type in these  popu la t ions ,  and  to de t ec t  any cor re -  

la t ions a m o n g  meta laxyl  r e sponse  and  m a t i n g  type react ions .  

Materials  and M e t h o d s  

Qua~nntine Precaut ions- - Iso la tes  f r o m  Mex ico  were  i m p o r t e d  in to  the  

U n i t e d  States u n d e r  strict q u a r a n t i n e  gu ide l ine s  f r o m  the  U.S. D e p a r t m e n t  

o f  Agr i cn l tu re  (USDA).  All in vitro studies were  c o n d u c t e d  in a laminar-  

flow, biosafety cab ine t  (Class II, Type A) in an a p p r o v e d  q u a r a n t i n e  labora-  

tory. All mater ia l s  were  au toc l aved  at the  e n d  o f  each  e x p e r i m e n t .  In vivo 
i nocu la t ions  us ing ster i le  p l an t  tissues were  p e r f o r m e d  only with isolates 

f r o m  the  U.S. 
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Isolation From Naturally-Infected Material--Isolates were ob ta ined  f rom 
commercia l  pota to  crops, pota to  storages, h o m e  gardens,  and wild Solanum 
spp. (Table 1). Many of  those ob ta ined  f rom commercia l  pota toes  were 
collected f rom plants that  had  received several applications of  metalaxyl, 
a l though precise records of  fungicide t rea tment  were incomplete .  From 
each sample of  late blight, one  (or more)  isolates of  P. infestans was estab- 
lished in pure  culture, each taken f rom a single lesion on infected potato  
or  tomato  foliage or stems, pota to  tubers, or  tomato  fruits. Infec ted  tissues 
were surface-sterilized in 0.5% NaOC1 for three minutes,  blot ted on a ster- 
ile pape r  towel, r insed in sterile deionized water, and plated on rye agar 
m e d i u m  (see below). The  isolation plates were incubated at 15-16 C in dark- 
ness for  48-72 hours. Spores and  mycelia f rom the infected tissue pieces 
were examined  with the aid of  a dissecting microscope,  then t ransferred to 
fresh rye m e d i u m  a m e n d e d  with antibiotics [100 p p m  each of  penicillin G, 
pimaricin,  and  polymyxin (25)] and  incubated at 18-21 C in darkness. Agar 
plugs (4 m m  diam) conta in ing each fungal isolate were t ransfer red  to 
u n a m e n d e d  rye grain agar to initiate pure  cultures. 

Culture Maintenance--P. infestans isolates were main ta ined  at 18-21 C in 
darkness on rye grain agar m e d i u m  p repa red  by s teaming rye seed (100 g /  
L deionized water) for  25-30 min, with 1.5% agar added  to the resulting 
bro th  filtrate. Mycelial mass transfers to fresh media  were made  at 30-day 
intervals with plugs cut f rom the outer  zones of  active hyphal  growth. Some 
isolates were also main ta ined  on rye agar m ed ium containing 0.05% glu- 
cose, because added  glucose improved  growth. 

Determination of Mating Reaction--The mating (or compatibility) type 
of  each isolate was de t e rmined  by centrally inoculat ing plates of  rye grain 
agar with a mycelial plug (5 x 5 nun) f rom the isolate of  unknown mat ing 
type; mycelial plugs f rom known A' and  A 2 isolates were each t ransferred to 
opposi te  sides (at a distance of  2 cm) of  the unknown strain. Test plates 
were incubated  at 18-21 C for 10-15 days in darkness and  examined  micro- 
scopically for  the presence  of  gametangia  (oogonia  with amphigynous  an- 
theridia containing matu re  oospores)  at the interface of  the advancing 
colonies. When gametangia  were fo rm ed  in the A 2 pairing, the isolate was 
rated as an A1; when gametangia  were fo rm ed  in the A 1 pairing, the un- 
known isolate was rated as an AL To eliminate the possibility that gametangial  
format ion  was the result of  mat ing between the known test strains, oospore  
format ion was conf i rmed by single pairings with known A 1 or A 2 strains. All 
isolates were mated  at least twice, and tester isolates were mated  periodically 
with each other  to verify compatibility type. Some isolates were also evalu- 
ated on rye-glucose or rye-lima bean agar, when these media improved growth. 

In Vitro Response to Metalaxvl--In vitro growth response of  each isolate 
to metalaxyl was assessed by compar ing  radial mycelial growth in metalaxyl- 
a m e n d e d  rye agar media  to growth in metalaxyl-free controls. Metalaxyl 2E 
(Ridomil®) containing 25.1% active ingredient  (a.i.) was added to por- 
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T~a~LE 2.--Metalaxyl response of North American strains of P h y t o p h t h o r a  
in fes tans  isolated during 1991-93. 

Metalaxyl Responses 

Location Sensitive Intermediate Resistant Total 

Canada 
Alberta 32 (84) a 6 (16) 0 (0) 38 
British Columbia 4 (13) 8 (27) 18 (60) 30 
Prince Edward Island 42 (93) 3 (7) 0 (0) 45 

Mexico 
Chapingo 1 (2) 11 (23) 36 (75) 48 
Toluca 16 (25) 39 (62) 8 (13) 63 

United States 
California 0 (0) 2 (6) 32 (94) 34 
Florida 7 (39) 1 (6) 10 (56) 18 
Maine 5 (100) 0 (0) 0 (0) 5 
North Carolina b 0 (0) 0 (0) 2 (100) 2 
North Dakota 21 (100) 0 (0) 0 (0) 21 
Tennessee b 3 (100) 0 (0) 0 (0) 3 
Texas 14 (21) 3 (4) 50 (75) 67 
Washington 0 (0) 1 (4) 27 (96) 28 
West Virginia b 3 (100) 0 (0) 0 (0) 3 

Totals 148 74 183 405 

"Percent of total. 
bIsolates from infected tomatoes. 

t ions  o f  m o l t e n  rye  s eed  aga r  p r i o r  to  au toc lav ing ,  to y ie ld  f inal  c o n c e n t r a -  
t ions  o f  1.0, 10, a n d  100 ~tg/ml .  Aga r  m e d i u m  was p r e p a r e d  as d e s c r i b e d  
above,  wi th  a d d i t i o n  o f  0 .05% glucose .  F o r  each  test, i n o c u l a  cons i s t ed  o f  
aga r  p lugs  (5 m m  d i a m )  cu t  f rom the  o u t e r  zones  o f  active g rowth  f r o m  
cu l tu re s  a g e d  10-20 days. T h r e e  p lugs  were  p l a c e d  e q u i d i s t a n t  on  f resh  me-  
d i a  wi th  o r  w i thou t  me ta l axy l  a m e n d m e n t ,  fo l lowed  by i n c u b a t i o n  at  18-21 
C in darkness .  Growth  was m e a s u r e d  typically af ter  6-7 days, excep t  for  slower 
g rowing  isola tes  tha t  were  t e s t ed  o n c e  rad ia l  g rowth  h a d  r e a c h e d  25 m m  or  
m o r e ,  usual ly  with 2-3 days a d d i t i o n a l  i n c u b a t i o n .  P. infestans c o n t r o l  s t ra ins  
i n c l u d e d  with each  set o f  tests were  ine ta laxyl  s t a n d a r d s  575 (meta laxyl -  
sensit ive,  MS) a n d  1100 (meta laxyl - res i s tan t ,  MR) [ o b t a i n e d  f r o m  W. Fry, 
Corne l l  Universi ty] ; p lus  MEX-178, a res is tant  Mex ican  isolate.  In vitro growth  
r e sponse  for  each  isolate  was ca l cu la t ed  a c c o r d i n g  to the  fo l lowing equa t ion :  

P e r c e n t  = avg d i a m  (-5 m m )  on  m e t a l a x y l - c o n t a i n i n g  m e d i a  (X 100%) 

g rowth  avg d i a m  (-5 m m )  on  meta laxy l - f ree  m e d i a  
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All P. infestans isolates, including controls, were designated as metalaxyl- 
resistant (MR), -intermediate (MI), or-sensitive (MS) according to Shattock 
(26), based on percen t  growth in the presence of  10 gg metalaxyl/ml,  rela- 
tive to the metalaxyl-free control.  Isolates classified as MR, MI, or MS exhib- 
ited >60%, 10-60%, or <10% growth, respectively. 

In Vivo Mating Reaction--To de te rmine  if isolates f rom selected P. 
infestans populations had the potential to become sexual, sterile potato plants 
(cv. Katahdin, R0) were inoculated with isolates of  compatible mating types 
(A 1 x A 2) that had been isolated from the same potato growing area. Asexual 
sporangia consisting of  1: t mixtures of  each mating type were inoculated 
onto  de tached leaflets placed on rye grain agar, then incubated unde r  low- 
light conditions at 15 C. Infected tissues were examined for the presence of  
oospores beginning five days after inoculation. 

Results  and Discussion 

During 1991 to 1993, a total of  413 P. infestans isolates f rom the United 
States, Canada, and Mexico were characterized for metalaxyl sensitivity and 
mating type. The  geographic origin, collection date and source, host plant, 
and repor ted  late blight severity that prevailed in collection sites are indi- 
cated in Table 1. During this period,  several states or provinces had experi- 
enced  outbreaks of  late blight that, according to cooperators '  evaluations, 
varied in severity f rom mild damage to severe epidemics in areas where 
conditions were highly favorable to disease development.  

Metalaxyl Testing--There was marked variation in metalaxyl response 
from isolates obtained from different  geographic locations (Table 2). From 
Prince Edward Island, 42/45  isolates were metalaxyl-sensitive (MS), as were 
all 5 isolates from Maine. Isolates f rom PEI were obtained from potato plants 
that had received several applications of  metalaxyl, yet only 3 /45  isolates 
yielded low level (i.e., designated as metalaxyl-intermediate, MI) resistance. 
Thirty-two of  38 isolates f rom Alberta, Canada were MS, and the rest were 
MI. Twenty-one o f  21 isolates f rom Nor th  Dakota were MS. Isolates f rom 
these four sites were collected dur ing Summer  1992, and in the case of  
Alberta, through Spring of  the following year. 

Other  samples yielded primarily MR, or MR and MI isolates. Among 30 
isolates collected in British Columbia in 1991, 18 were MR, and 26 were 
ei ther  MR or MI. Thirty-four of  34 isolates from California were MR or MI; 
most (32/34) were MR. Among Texas isolates, 53 /67  were MI or MR, and 
50 /67  were MR. Eleven of 18 isolates from Florida were MR or MI, and the 
majority (10/18) were MR. Isolates from California, Texas, and Florida were 
collected during Spring and Summer  1993. Smaller samples were obta ined 
in Summer  1992 from additional sites of  late blight infection in the eastern 
Uni ted States, including Nor th  Carolina, Tennessee, and West Virginia. 
Unlike the isolates ment ioned  thus far, which were collected from infected 
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TABLe 3.--Mating types of North American strains of E infes tans  isolated 
during 1991-93. 

Mating Type 

Location A 1 (%) A 2 (%) Total 

Canada 
Alberta 38 (100) ~ 0 (0) 38 
British Colmnbia 28 (93) 2 (7) 30 
Prince Edward Island 45 (100) 0 (0) 45 

Mexico 
Chapingo 10 (21) 38 (79) 48 
Toluca 9 (14) 54 (86) 63 

United States 
California 35 (100) 0 (0) 35 
Florida 7 (37) 12 (63) 19 
North Carolina h 0 (0) 2 (100) 2 
North Dakota 21 (100) 0 (0) 21 
Maine 5 (100) 0 (0) 5 
Tennessee b 3 (100) 0 (0) 3 
Texas 15 (22) 53 (78) 68 
Washington 28 (100) 0 (0) 28 
West Virginia h 3 (100) 0 (0) 3 

Totals 247 161 408 

"Percent of total. 
blsolates from infected tomatoes. 

pota toes ,  these  were o b t a i n e d  f r o m  tomatoes ,  f rom e i t he r  c o m m e r c i a l  

p l an t ings  in the case of  Nor th  Caro l ina  a n d  Tennessee ,  or  f rom h o m e  gar- 
dens  in West Virginia.  Six isolates f rom Tennes se e  a n d  West Virginia,  three  
f rom each state, were MS. Two isolates f rom N o r t h  Caro l ina  were MR. 

MS, MI, a n d  MR p h e n o t y p e s  were isolated f rom two sites in  cen t ra l  
Mexico (Table 2). F r o m  Chap ingo ,  4 7 / 4 8  were MR or  MI, a n d  3 6 / 4 8  were 
MR. Samples  f rom Toluca  yie lded a h ighe r  p r o p o r t i o n  of  sensitive or inter-  
med ia t e  isolates; 16 /63  were MS, a n d  3 9 / 6 3  were MI. T h e  s amp l ing  sites at 
Toluca a n d  C h a p i n g o  are 75-100 km apar t  and  are separa ted  by h igh  m o u n -  
ta in  ranges,  thus the isolates col lected f rom these two locat ions  p robab ly  
d id  no t  o r ig ina te  f rom the same p o p u l a t i o n  (15). 

A e Frequency--Most C a n a d i a n  isolates were A ~ m a t i n g  type (Table 3). 

Of  113 isolates col lec ted  f rom 3 loca t ions  in eas tern  a n d  wes te rn  Canada ,  
only  2 isolates f rom British C o l u m b i a  were N-' m a t i n g  type. These  were col- 
lected f rom diseased pota to  p lants  in an  area n e a r b y  the site where  the first 
A 2 m a t i n g  type was f o u n d  in C a n a d a  in  1989 (6). 
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In central  Mexico, the A 2 mat ing  type was isolated 4-5 times more  fre- 
quently than was the A 1 mat ing  type. The  frequencies  o f A  2 isolation were 
38/48 for Chapingo,  54 /63  for Toluca, and  92/111 overall. In a genetic 
analysis of  the P. infestans populat ion in central Mexico, Goodwin et al. found 
nearly equivalent numbers  of  A ~ and  A 2 mat ing types in central  Mexico 
(15). This ratio verified the findings of  Gallegly and  Galindo (14), who first 
discovered two P. infestans mating types in the Toluca Valley, and who had  
postulated the existence of  nearly equivalent  numbers  for a fungal popula-  
tion that  was primarily reproduc ing  by sexual means.  More testing must  be  
done  to de te rmine  whether  our  findings of  higher  frequencies  of  A 2 mat- 
ing types in this area indicate that  these isolates may be more  fit. 

The  high frequency of MR isolates found in field isolations f rom Mexico 
in this investigation suggests also the need  for additional sampling and study. 
Others  have found  that  MR field isolates ofP. infestans have a higher  degree  
of  fitness than MS isolates (19, 20). In these studies of  Israeli P. infestans 
isolates, under taken  because late blight outbreaks had become  more  fre- 
quent  and severe in a five-year per iod following initial detection of  metalaxyl 
resistance, a composi te  fitness index was c o m p u t e d  f rom several fitness 
componen t s  including lesion area, infection frequency, and sporulat ion 
capacity. Others  have also observed that metalaxyl resistant strains f rom 
Mexico (15) and Scotland (18) have an equal  or  a higher  fitness in pota to  
leaves and tubers. 

Significant number s  of  A 2 mat ing  types were isolated as well f rom sev- 
eral collection sites in the Uni ted  States. From Florida, 12/19 isolates were 
A 2 mat ing type, and  53/68  Texas isolates were AZs (Table 3). These isolates 
were collected in Spring 1993 f rom infected pota to  plants in two Texas 
locations and  f rom several counties in Florida. From these sites, A ~ and  A 2 
mat ing types were somet imes isolated f rom the same infected field. Two A 2 
isolates were obta ined also f rom infected tomato  plants in Nor th  Carolina 
in Summer  1992. 

Other  collection sites yielded only A ~ mat ing types. Only A 1 isolates 
were obta ined  f rom Washington (28 total) in 1991, and  f rom North  Dakota  
(21), West Virginia (3) and  Maine (5) in 1992. Similarly, only Als were ob- 
tained f rom 35 California isolates in S um m er  1993. Overall, 67 of 184 iso- 
lates collected in the Uni ted  States dur ing the per iod of  this study were A ~ 
mat ing types, and 117 of  184 isolates were A ~ mat ing types. 

A e Or ig in - -We  repor ted  in 1991 the isolation of  the A 2 mat ing type 
f rom a collection site in Pennsylvania, which was the first publ ished repor t  
of  the N-' in the Uni ted States (6). This single isolate came f rom infected 
potatoes  in a h o m e  garden  in that  state. Addit ional  Aes have been  isolated 
in subsequent  testing in the New York area (Fry, personal  conmmnica t ion) .  
As indicated previously, o ther  workers have repor ted  dur ing the past de- 
cade the isolation of  the A 2 outside of  Mexico, the site of  origin of  the P. 
infestans:potato pathosystem; fu r the rmore ,  Shattock et al. (27) have postu- 
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TABLE 4. - -Metalaxy l  response and mating type of  Phytoph thora  infestans 
isolates recovered from late blight-infected Solanum spp. in central Mexico. 

Number of isolates 
Metalaxyl Response a Mating Type 

Solanum species S I R A ~ A 2 

S. verrucosum 0 4 4 0 8 
S. stoloniferum 0 0 8 0 8 
S. demissum 0 8 6 7 7 
S. iopetalum 0 0 3 0 3 
S. edinense 0 0 4 4 0 

Classified as Resistant (R), Intermediate (I), or Sensitive (S), based on percent growth on 
media containing 10 ~ag metalaxyl/ml versus metalaxyl-free control. R = >60% growth, I = 10- 
60% growth, and S = <10% growth. 

lated that the A 2 may have existed elsewhere at low, undetectable  levels. Since 
only limited sampling of  the mat ing  type frequencies  in fnngal populat ions  
in the United States has been  done  dur ing this period, it is not  clear whether  
the A 2 has also been  present,  pr ior  to the initial r epor t  o f  its recovery. 

Long-lived, resistant oospores  resulting f rom sexual mat ing between 
compat ib le  mat ing  types have been  identified in plant  tissues in Mexico, 
where  the two sexual types co-exist (13, 14). Thus,  co-isolation of  the two 
mat ing types in natural  fungal popula t ions  signifies that  sexual mat ing may 
occur, and  therefore,  deve lopmen t  of  new, more  virulent  fungal races is 
possible. Our  findings indicate that  A 2 mat ing types exist in high frequen- 
cies in certain areas of  the Uni ted  States. Multiple sampling f rom specific 
sites, a long with virulence testing, has not  been  done,  but  would help  to 
de t e rmine  if genetic changes,  with deve lopmen t  of  enhanced  virulence 
profiles, are occurr ing in these areas. 

Comparison o f  Mat ing  Type and Metalaxyl Response - -Funga l  isolates f rom 
late blight samples f rom central  Mexico included isolates f rom natural  in- 
fections in wild Solanum species growing nearby in commercia l  pota to  re- 
search plots. Metalaxyl responses and mat ing reactions for 37 isolates ob- 
tained f rom 5 wild potato  species in Toluca and Chapingo  are shown in 
Table 4. All 37 isolates were MR or MI; the majority (25/37) were MR. 
Since these host plants were not  sprayed directly with the fungicide, resis- 
tant isolates may have originated nearby in fungicide-treated plantings. Nine- 
teen of  19 isolates that  were obta ined  f rom S. iopetalum, S. verrocosum, and S. 
stoloniferum were A z mat ing types; no A~s were recovered  f rom these plants. 
All four  isolates f rom S. edinense were A ~ mat ing type. There  was an equal  
ratio of  A ~ and  A 2 mat ing types f rom S. demissum. Overall, 26 /37  isolates 
f rom wild Solanum species were A 2 mat ing type. 
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TABLE 5.--Metalaxyl response and mating type among P h y t o p h t h o r a  i n f e s t a n s  

isolates from populations from selected locations in North America. 

Growth as Percent of Control at Three 
Metalaxyl Concentrations (I.tg/ml) 

100 10 1 
Mating Metalaxyl 

Location Type ~ Avg Range b Avg Range Avg Range Response ~ 

Chapingo 1 72 51-88 82 66-97 97 81-108 R 
2 47 2-106 68 4-112 88 14-117 S / I / R  

Toluca 1 7 0-17 28 0-47 68 31-94 S/I  
2 18 0-75 36 0-85 64 0-135 S / I / R  

Texas 1 4 0-31 3 0-25 6 0-28 S/I  
2 68 16-103 92 44-113 99 74-140 I /R  

Florida 1 0 0-0 0 0-0 0 0-0 S 
2 60 0-104 79 0-116 92 0-115 I /R  

California 1 95 66-246 109 34-231 90 26-159 I /R  
2 . . . . . . .  

Prince 1 3 0-20 3 0-22 5 0-27 S/I  
Edward Island 2 . . . . . . .  

Alberta 1 3 0-13 3 0-18 5 0-23 S/I  
2 . . . . . . .  

"Sexual mating type - A 1 or A 2. 
bpercent growth relative to unamended control, expressed as average value and range of 
values. 
~Classified as Resistant (R), Intermediate (1), or Sensitive (S), based on percent growth on 
media containing 10 lag metalaxyl/ml versus metalaxyl-free control. R = >60% growth, I = 10- 
60% growth, and S = <10% growth. 

D i r e c t  c o m p a r i s o n s  o f  m a t i n g  r e a c t i o n s  a n d  m e t a l a x y l  r e s p o n s e  pa t -  

t e r n s  a m o n g  i s o l a t e s  f r o m  f u n g a l  p o p u l a t i o n s  i n  t h e  U n i t e d  S ta te s ,  M e x i c o ,  

a n d  C a n a d a  a r e  s h o w n  i n  T a b l e  6. A m o n g  M e x i c a n  i s o l a t e s  f r o m  t h e  two  

c o l l e c t i o n  s i tes  ( i n c l u d i n g  i s o l a t e s  f r o m  w i l d  p o t a t o  s p e c i e s ) ,  4 0 / 6 3  f r o m  

T o l u c a  a n d  3 7 / 4 8  f r o m  C h a p i n g o  w e r e  b o t h  A 2 m a t i n g  t y p e  a n d  e i t h e r  M I  

o r  MR.  I s o l a t e s  f r o m  C h a p i n g o ,  o f  b o t h  m a t i n g  types ,  w e r e  m o r e  r e s i s t a n t  

t h a n  t h o s e  f r o m  t h e  T o l u c a  Val ley;  2 6 / 4 8  o f  t h e  t o t a l  s a m p l e  f r o m  C h a p i n g o  

w e r e  MR,  c o m p a r e d  to  8 / 6 3  f r o m  t h e  l a t t e r  si te .  C h a p i n g o  A 1 i s o l a t e s  w e r e  

m o r e  r e s i s t a n t ,  o n  a v e r a g e ,  t h a n  AZs f r o m  t h i s  s i te .  I s o l a t e s  f r o m  t h e  T o l u c a  

s i te  c o n t a i n e d  a c o m p a r a t i v e l y  h i g h e r  p r o p o r t i o n  o f  s e n s i t i v e  i so l a t e s  a m o n g  

t h e  A "~ p o p u l a t i o n ,  1 4 / 6 3  v e r s u s  1 / 4 8  f r o m  C h a p i n g o  ( T a b l e  6) .  
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TABLE 6.--Distribution summary of metalaxyl response and mating type among P. 
infestans populations from selected locations. 

Mating Metalaxyl Response 

Location Type S I / R  ;~ 

Chapingo 1 (10) u 0 0/10 
2 (38) 1 11/26 

Toluca 1 (9) 2 7/0 
2 (54) 14 32/8 

Texas I (15) 14 1/0 
2 (52) 0 2/50 

Florida 1 (7) 7 0/0 
2 (11) 0 ]/10 

California l (34) 0 2/32 
2 (0) 0 0/0 

Prince Edward 1 (45) 42 3/0 
Island 2 (0) 0 0/0 

Alberta 1 (38) 32 6/0 
2 (0) 0 0/0 

~Number of intermediate isolates/number of resistant isolates. 
bTotal number of each mating type, A' or A 2. 

Texas and Florida each yielded a similar correlat ion between metalaxyl 
response and mat ing type, with high numbers  of  isolates that were MR or 
MI, and A 2 mat ing type (Table 6). C o m p a r e d  to Mexican samples, the Texas 
and Florida samples yielded higher  frequencies  of  isolates that  were bo th  
A 1 mat ing type and MS, 14/67 a m o n g  Texas isolates and 7 /18  among  Florida 
isolates. A m o n g  the Mexican isolates, 2 /63  f rom Toluca and  0 /48  f rom 
Chapingo were AJ/MS. Overall, 99-100% of  isolates f rom Florida and Texas 
were either A' and MS, or  A z and MI/MR.  

A very different  pat tern was found  a m o n g  California isolates; 34 /34  
were A ~ mat ing type and 34/34  isolates were MI or MR (Table 6). Among  
California isolates, the average growth response at 100 gg meta laxyl /ml ,  
relative to u n a m e n d e d  control  media,  was 95% (Table 5). Similarly, Cana- 
dian isolates f rom Alberta and  PEI yielded only the A ~ mat ing type. The  
majority, however, were MS; 32 /38  and 42 /45  isolates f rom these sites, re- 
spectively, were bo th  A ~ mat ing type and MS (Table 6). 
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Mycelial growth in vitro among  California isolates in particular appeared  
to be  st imulated by increasing levels of  metalaxyl (Table 5). Average growth 
responses among  34 resistant isolates were 95%, 109%, and 90% in the 
presence  of  100, 10, and 1.0 btg meta laxyl /ml ,  respectively. At 100 btg/ml, 
growth responses a m o n g  individual isolates ranged  to 246% of the growth 
in u n a m e n d e d  control  media,  and  for 12/35 isolates, pe rcen t  growth ex- 
ceeded  100%. The  reasons for this response are not  known, a l though oth- 
ers have found  that metalaxyl may stimulate growth of  Phytophthora in vitro 
(2, 11). In one  study of P. parasitica, increased l inear growth in metalaxyl- 
a m e n d e d  media  was not  associated with increased biomass in liquid cul- 
ture, and  the single isolate tested was more  sensitive to the fungicide in 
liquid than on solid media  (11), indicating that  growth media  characteris- 
tics may influence fungicide resistance measurements .  

Correlation with In Vivo Resistance We previously r epor t ed  high level 
in vitro resistance among  a collection of 73 isolates f rom northwestern Wash- 
ington (7,8), and also discussed some of  the limitations of  in vitro resis- 
tance testing (8). In that  study, growth response pat terns  in artificial media  
were c o m p a r e d  with metalaxyl bioassays in excised plant  tissues. For most  
of  the 50 isolates tested in both  systems (68%), there was good correlat ion,  
in te rms of  overall metalaxyl sensitivity or  resistance, between the two test 
systems. The re  were, however, significant quantitative differences in the 
resistance values obta ined  for a n u m b e r  of  isolates. Likewise, o ther  investi- 
gators have addressed the validity of  metalaxyl response evaluation by test- 
ing in artificial media  or  in plant  tissues (1, 3, 26, 27, 28, 29, 32). Most of  
these studies have shown good correlat ion between the two test forms, par- 
ticularly when large sample numbers  have been  evaluated (26, 27, 28, 32). 

In particular, the significance of  MI isolates and  their  role unde r  natu- 
ral disease condit ions remains  unclear. Unlike others  (26, 27), we failed to 
detect  a clear distinction between MR and MI isolates when mult iple assay 
systems were used (8), a l though we have found  in l imited testing that  MI 
isolates possess modera t e  to high level resistance when tested in vivo. In 
our  previous study, 14/73 isolates collected in Washington in 1991 were 
classed as M1 f rom in vitro evaluation. All ten isolates f rom this g roup  that  
were also tested on potato  leaf disks or tuber  disks were resistant to 1-10 btg 
meta laxyl /ml .  Fur thermore ,  13 MI isolates f rom the cur ren t  study, most  of  
them f rom Maine or Wisconsin, were tested independent ly  by Tom Young 
[Ciba, Vero Beach, FL]. He  found  that  all were metalaxyl-resistant when 
tested in vivo on excised potato  leaves (personal  communica t ion) .  

Oospore Formation In Vivo--Finally,  we de t e rmined  whether  oospore  
fo rma t ion  could occur  in vivo a m o n g  selected P infestans isolates f rom 
Florida and Texas since these part icular  populat ions  conta ined  both  mat- 
ing types, and in some collection sites, both  mat ing types were isolated f rom 
a single infected field. When six each o f A  ~ and A 2 mat ing  types were com- 
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b i n e d  in 1:1 ra t ios  o f  asexual  sporang ia ,  o o s p o r e  init ials were  f o r m e d  o n  

the  surfaces  o f  s ter i le  p o t a t o  leaves in five days. Ma tu re  o o s p o r e s  were  de- 

t ec ted  within  l ea f  tissues in 10-12 days. Use  o f  steri le p l an t  tissues y i e lded  

m o r e  cons i s ten t  results  than  d id  a t t empts  to use non-s te r i l e  s tem and  lea f  

tissues, which,  as o the r s  have f o u n d  (6, 12), rapidly  d e t e r i o r a t e d  f r o m  sec- 

o n d a r y  bac te r ia l  infec t ions .  O o s p o r e s  tha t  were  p r o d u c e d  in mat ings  be- 

tween isolates f r o m  these  two sites a p p e a r e d  to be  m o r p h o l o g i c a l l y  ident i -  

cal to those  p r o d u c e d  in vitro. A l t h o u g h  it is u n c l e a r  w h e t h e r  these  sexual  

spores  are capab le  o f  n o r m a l  g e r m i n a t i o n  a n d  d e v e l o p m e n t  in to  viable 

progeny,  o c c u r r e n c e  o f  c o m p a t i b l e  m a t i n g  types wi th in  these  p o p u l a t i o n s  

suggests  tha t  sexual  r e p r o d u c t i o n  in na tu ra l  p o p u l a t i o n s  in  the  f ie ld  is pos- 

sible, and  also suggests  the  po t en t i a l  fo r  new g e n e t i c  segregants  with in- 

c reased  meta laxyl  res is tance.  
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