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Host–Pathogen Interactions Between Phytophthora infestans and the Solanaceous 
Hosts Calibrachoa × hybridus, Petunia × hybrida, and Nicotiana benthamiana 

M. C. Becktell, C. D. Smart, C. H. Haney, and W. E. Fry, Department of Plant Pathology, Cornell University, 
Ithaca, NY 14853 

Phytophthora infestans Mont. (de Bary), 
the causal agent of late blight, is often 
associated with its two most common 
hosts, potato and tomato (13). However, P. 
infestans has an extensive host range that 
includes many members of the Solanaceae, 
a large family that includes many eco-
nomically important species (21,39). 
While many hosts are in the genus So-
lanum (1,10,11,13–15,24,40,41), other 
members of this family, such as petunia 
(Petunia × hybrida), Calibrachoa (Calibra-
choa × hybridus), and Nicotiana bentha-
miana have also been implicated as hosts 
(9,13,24,41,42). 

Calibrachoas resemble miniature petu-
nias and, in fact, are closely related to 
petunias (57,58). Calibrachoas have be-
come popular ornamental plants in the 
United States, but their susceptibility to 
late blight is not known. However, because 
of their increasing popularity and the fact 
that greenhouse production practices may 
put them in close proximity to tomatoes 
and petunias, their susceptibility to late 
blight is of practical epidemiological inter-
est. 

Petunias, like calibrachoas, could also 
be in close proximity to tomatoes during 
production, so their susceptibility to P. 
infestans is likewise of interest. Prelimi-
nary observations in our lab confirmed 
previous reports that petunias are hosts of 
P. infestans (8,13,22,51,52). We also con-
firmed previous reports that petunias tend 
to be less susceptible to late blight than 
susceptible cultivars of potatoes or toma-
toes (24,41). Therefore, in addition to the 
susceptibility of petunias to late blight, 
several aspects of resistance in the petu-
nia–late blight system were investigated, 
including differential resistance, the hyper-
sensitive response (HR), and the effect of 
plant age on resistance. 

N. benthamiana has become an impor-
tant tool for studying host–pathogen inter-
actions involving P. infestans (29). Previ-
ous work has suggested that naturally 
occurring isolates of P. infestans from 
Europe, North America, and Mexico can-
not induce disease on N. benthamiana 

(29). However, when the inf1 elicitin gene 
was silenced in one isolate, that isolate 
became pathogenic on N. benthamiana 
(29). Elicitins are 10-kDa proteins secreted 
by Phytophthora species that induce the 
HR, particularly in Nicotiana species 
(3,30). The fact that an inf1-silenced iso-
late could infect and develop sporulating 
lesions on N. benthamiana suggested that 
resistance of N. benthamiana to P. in-
festans was dependent on the recognition 
of the INF1 protein and that INF1 is an 
avirulence factor. These results are consis-
tent with findings from the Phytophthora 
parasitica–Nicotiana tabacum pathosys-
tem. Isolates pathogenic on N. tabacum 
produced low levels of the elicitin para-
siticein, while nonpathogenic isolates pro-
duced high levels of the elicitin para-
siticein (3,30,45). However, in preliminary 
tests, we and others had observed that 
common North American isolates of P. 
infestans could readily infect and develop 
sporulating lesions on N. benthamiana. It 
was not known whether these isolates had 
the inf1 gene. 

The goal of this study was to gain a bet-
ter understanding of the host–pathogen 
interactions involving P. infestans and 
species in three non-Solanum genera in the 
Solanaceae. This knowledge will be valu-
able to the greenhouse industry and may 
provide incentive to modify production 
practices to prevent the spread of disease 
between species. Our specific objectives 
were: (i) to determine if several calibra-
choa cultivars, several petunia cultivars, 
and N. benthamiana could be infected by 
common North American isolates of P. 
infestans; (ii) to more fully characterize 
several aspects of resistance in the petu-
nia–late blight interaction; and (iii) to de-
termine whether isolates of P. infestans 
that can cause disease on N. benthamiana 
lack the inf1 gene. 

MATERIALS AND METHODS 
P. infestans isolates and inoculum 

preparation. A diversity of P. infestans 
isolates (Table 1) were obtained from the 
culture collection at Cornell University. 
Routine growth of the cultures was on rye 
agar medium (5). Inoculum consisted of a 
sporangial suspension prepared from 
sporulating lesions on detached tomato or 
potato leaflets. Sporangia were rinsed from 
the leaflets into 100 ml of distilled water, 
and the concentration of sporangia was 
determined using a hemacytometer (aver-
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age of three readings) and adjusted as 
needed. The inoculum concentration for 
each experiment is described below. Spo-
rangial suspensions were incubated at 4°C 
for 1 to 2 h to induce zoospore production. 
Plants were spray inoculated to runoff with 
a hand held sprayer. 

Susceptibility of Calibrachoa × hy-
bridus, Petunia × hybrida, and N. ben-
thamiana to late blight. Growth chamber 
trials. The susceptibility of 10 calibrachoa 
cultivars, 24 petunia cultivars, and N. ben-
thamiana to several isolates of P. infestans 
(Table 2) was determined. The plant mate-
rial in these experiments also included 
tomatoes, potatoes, and N. tabacum. Plants 
were grown in a soilless mix (Cornell mix) 
consisting of a 1:1 (vol/vol) peat–
vermiculite mix with 0.4 kg each of nitro-
gen, phosphorus, and potassium per cubic 
meter of mix. Natural sunlight was sup-
plemented with 400W high-pressure so-
dium lamps on a 12-h light/dark cycle. 
Temperatures were maintained between 24 
and 29°C. The plants were fertilized once 
or twice a week with liquid fertilizer con-
taining 300-ppm nitrogen. The calibra-
choas were grown from unrooted cuttings 
(Goldsmith Plants, Inc., Gilroy, CA) in 4-
inch (10.16-cm) plastic pots (one plant per 
pot). The petunias were grown from seeds, 
plugs, or unrooted cuttings (Ball Seed, 
Chicago, IL, or Goldsmith Plants) in 5-
inch (12.7-cm) plastic pots or 10 × 18 inch 
(25.4 × 45.72 cm) flats containing eight 
six-packs. Each pot or six-pack of petunias 
contained 5 to 10 plants depending on the 
germination rate. The N. benthamiana, N. 
tabacum, and tomato plants were grown 
from seed in 6-inch (15.24-cm) plastic pots 
(containing one, one, and two plants per 
pot, respectively). The potatoes were 
grown from tubers in 6-inch (15.24-cm) 
plastic pots (one plant per pot). Individual 
pots or individual six-packs were used as 
experimental units. 

The inoculations involved one or two 
isolates that are more aggressive on pota-
toes (US940480, MX980085) and one or 
two isolates that are more aggressive on 
tomatoes (US990025, US970001) (35,36, 
48,53). Three pots of each species/cultivar 
were inoculated within a trial; two trials 
were conducted on the calibrachoa culti-
vars and three trials were conducted on the 
petunia cultivars and the N. benthamiana. 
Noninoculated petunias or noninoculated 
calibrachoas served as negative controls 
(for the petunia and calibrachoa trials, 
respectively), N. tabacum plants served as 
negative, nonhost controls, and susceptible 
potato (cv. Kathadin, Kennebec, or Atlan-
tic) or susceptible tomato (cv. Sunrise) 
plants were included in all trials as positive 
controls for the potato and tomato special-
ized isolates. The experiment was con-
ducted using a split-plot design where the 
plants were arranged in blocks according 
to the isolate with which they were inocu-
lated, and the location of the blocks was 

Table 1. Characteristics of the Phytophthora infestans isolates used in experiments presented in this 
paper 

 
Isolate 

Clonal  
lineagea 

Country  
of origin 

 
Pathotypeb 

 
GPI locusc 

US930468 US-1 United States NDd 86/100 
US940480 US-8 United States 1,2,3,4,5,6,7,8,10,11 100/111/122 
US990025 US-11 United States ND 100/100/111 
US970001 US-17 United States 1,7 100/122 
MX990005 ND Mexico 1,2,3,4,5,6,7,8,9,10,11,12 86/100 
MX980085 ND Mexico 1,2,5 86/100 
EC930750 EC-1 Ecuador 1,3,7 90/100 
KE980014 ND Kenya 1,3,5,7 86/100 
UG980010 US-1 Uganda 1,2,5,6,7 86/100 

a Clonal lineage determined using the RG57 genomic fingerprint, allozyme genotype, and mating type
(16).   

b Pathotype determined previously by inoculating detached leaflets from a population of differentially 
resistant potatoes in which each individual possessed a different R gene; race numbers designate 
potato R genes that the isolate is able to overcome (43). 

c Glucose-6-phosphate isomerase allozyme pattern.  
d Not determined. 

Table 2. Results of several independent growth chamber experiments showing the susceptibility of
petunias, calibrachoas, Nicotiana benthamiana, and N. tabacum to several isolates of Phytophthora 
infestansa 

 P. infestans isolates 

Host US940480 US970001 US990025 MX980085 

Petunia cultivars     
Carpet Plum  + + + + + + -- 
Super Cascade Blue  + + + + + + -- 
Super Cascade White + + -- + + -- 
Super Cascade Pink HR -- HR HR 
Frost Velvet  NR/+ + + + + -- 
Midnight Dream  + + + + + + -- 
White Dream + + -- + + -- 
Pink Dream + + -- + + -- 
Ultra Red  NR/+ + + +/+ + -- 
Ultra White + + -- + + -- 
Ultra Pink + + -- + + -- 
Sugar Daddy NR/+/+ +/ HR +/HR NR/+/+ +/HR NR/+/+ +/HR 
Pink Daddy + + -- + + -- 
White Madness  + + + + + + + + 
Sugar Madness HR -- HR HR 
Pink Madness + + -- + + -- 
Storm White + + -- + + -- 
Storm Pink + + -- + + -- 
Jamboree Blue Vein  NR/+ NR/+ -- -- 
Jamboree Burgundy  NR/+/++ +/+ + -- -- 
Jamboree Hot Pink +/+ + + + -- -- 
Jamboree Light Blue NR/+/+ + NR/+/+ + -- -- 
Jamboree Violet +/+ + +/+ + -- -- 
Jamboree White II +/++ NR/+/+ + -- -- 

Calibrachoa cultivars     
Callie Blue NR NR/+ -- -- 
Callie Dark Blue NR NR -- -- 
Callie Ivory II NR NR/+ -- -- 
Callie Lavender NR/+ NR/+ -- -- 
Callie Pink II NR/+/++ NR/+/+ + -- -- 
Callie Rose NR NR/+ -- -- 
Callie Scarlet Red NR/+/+ + NR/+ -- -- 
Callie Sunrise NR NR/+ -- -- 
Callie White NR/+/+ + NR/+/+ + -- -- 
Callie Yellow NR NR/+ -- -- 

N. benthamiana +/+ + + + + + + + 
Controls     
Potato (PC) + + -- -- + + 
Tomato (PC) -- + + + +  
Noninoculated (NC) NR NR NR NR 
N. tabacum (NC) NR NR NR -- 

a NR = no reaction; + = expanding, nonsporulating lesions; HR = macroscopic hypersensitive response
(nonsporulating, nonexpanding) lesions; ++ = expanding, sporulating lesions; -- = not inoculated; PC 
= positive control; NC = negative control. 
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randomly assigned. The plants were spray-
inoculated to runoff (using an inoculum 
concentration of 6,000 to 10,000 sporan-
gia/ml) in an inoculation chamber within a 
controlled-environment, walk-in growth 
chamber (15°C; 16-h light/8-h dark photo-
period). The inoculation chamber con-
sisted of a PVC frame covered with semi-
clear plastic sheeting and contained a Trion 
model 500 automatic humidifier (Hummert 
International, Earth City, MO) that ran 
periodically throughout the day and night 
to maintain 100% relative humidity (RH). 
The plants were monitored daily for dis-
ease development and were visually and 
qualitatively rated for the presence or ab-
sence of disease lesions up to 10 days after 
inoculation (DAI). Disease lesions were 
further characterized based on the presence 
or absence of sporulation and as expanding 
or nonexpanding. The qualitative ratings 
were compiled over all trials and are pre-
sented in Table 2 (see Results). 

Field trial. The susceptibility of ‘White 
Madness’ and ‘Sugar Daddy’ petunias and 
N. benthamiana was determined under 
field conditions at the Homer C. Thomp-
son Research Farm in Freeville, NY. N. 
tabacum plants were used as nonhost, 
negative controls, and potatoes (cv. Atlan-
tic) were used as positive controls. Ap-
proximately 200 potatoes were planted 
from tubers as a border around the petu-
nia/Nicotiana plots on 30 June 2000. Six- 
to seven-week-old greenhouse grown N. 
benthamiana, N. tabacum, and petunia 
plants were transplanted on 7 August 2000 
into a 50 × 50 ft. field plot inside the po-
tato border. The petunias were planted in 
three 12-plant plots, and the N. bentha-
miana and N. tabacum were planted in 
three 2-plant plots using a randomized 
complete block design. Four days after 
transplanting, all plants, including the 
potato border, were spray-inoculated (us-
ing an inoculum concentration of 150 spo-
rangia/ml) to runoff with an isolate from 
the US-11 clonal lineage (US990025). This 
isolate had been compatible with petunias 
and N. benthamiana in previous inocula-
tions. Inoculation occurred at dusk after 
the foliage had been wetted via sprinkler 
irrigation. Conditions favorable for late 
blight development in the field were main-
tained by frequent overhead irrigation; the 
plots were irrigated at an approximate rate 

of 0.1 inch (0.25 cm)/h for 1 to 4 h every 
evening, except when it had rained. Visual 
assessments of disease severity (percent-
age of plant area showing symptoms) as 
described previously (25) were taken of 
each plot every 3 to 5 days after the initial 
appearance of symptoms for a total of 37 
days. Disease severity ratings were also 
recorded for five potato plants randomly 
selected from the potato border. Changes 
in disease severity over time were visual-
ized using disease progress curves and the 
area under the disease progress curves 
(AUDPC) (47). Disease progress curves 
and AUDPCs for each plant type were 
generated from the disease severity ratings 
using Statistical Analysis System 8.2 (SAS 
Institute, Cary, NC). 

Resistance of petunias to late blight. 
Differential resistance trials. The potential 
for differential resistance against late 
blight in petunias was investigated by test-
ing whether resistance was effective 
against some, but not all, isolates of P. 
infestans. The presence of differential 
resistance would indicate the possible 
presence of resistance (R) genes against P. 
infestans in petunias. The seven isolates 
used for this experiment (US930468, 
US970001, MX990005, MX980085, 
EC930750, KE980014, UG980010) came 
from a variety of geographic locations and 
represented a diversity of pathotypes and 
genotypes (Table 1) (16,43). The four pe-
tunia cultivars (identified based on results 
from growth chamber trials described 
above) included a cultivar that had been 
susceptible to all isolates of P. infestans 
(‘White Madness’), a cultivar that had 
been partially resistant (‘Sugar Daddy’), 
and two cultivars (‘Sugar Madness’ and 
‘Supercascade Pink’) that had been highly 
resistant (developed macroscopic HR le-
sions) to isolates in the growth chamber 
trials. Susceptible potatoes (cv. Atlantic or 
Kathadin) and tomatoes (cv. Sunrise) were 
included as positive controls. All isolates 
were tested on three plants (pots) of each 
type within an experiment, and the entire 
experiment was conducted twice. The 
experiment was conducted using a split-
plot design where the plants were arranged 
in blocks according to the isolate with 
which they were inoculated and the loca-
tion of the blocks was randomly assigned 
in each trial. Plants (4 to 5 weeks old) were 

spray-inoculated to runoff (using an inocu-
lum concentration of 10,000 to 20,000 
sporangia/ml) with a hand-held sprayer 
and subsequently incubated in a humid 
chamber as described above. The plants 
were monitored daily for 7 to 10 days and 
qualitatively rated for the presence or ab-
sence of disease lesions and/or macro-
scopic HR lesions. The data were com-
piled for the two trials and are presented in 
Table 3 (see Results). 

Microscopic characterization of resis-
tance responses in petunia. The presence 
or absence of the HR in petunias at the 
microscopic level was investigated. Based 
on the results of our initial growth cham-
ber inoculations (Table 2), three types of 
interactions were investigated: compatible 
(‘White Madness’), partially resistant 
(‘Sugar Daddy’), and highly resistant 
(‘Sugar Madness’). One flat of each culti-
var was planted, and the petunia seedlings 
(5 to 7 weeks old) were each spray inocu-
lated (using an inoculum concentration of 
20,000 sporangia/ml) with US970001 or 
US940480 and incubated in a humid 
chamber as described above. To visualize 
cells that had undergone the HR, infected 
leaves were cleared and stained according 
to the methods of Colon et al. (7). Three 
leaves were removed from each flat at 6, 
12, 24, 48, 72, 96, and 120 hours after 
inoculation (HAI) and immediately placed 
into a clearing and fixing solution (100 ml 
of glacial acetic acid, 600 ml of 95% etha-
nol, and 300 ml of chloroform per liter) 
until cleared (several hours to days). 
Cleared leaves were stained overnight at 
60°C with lacto-phenol trypan blue (per 
300 ml: 25 ml of phenol, 25 ml of lactic 
acid, 25 ml of 70% glycerol, 25 ml of dis-
tilled water, 0.03 g trypan blue, and 200 ml 
of 95% ethanol). Stained leaves were then 
vacuum infiltrated with chloral hydrate 
(2.5 g/ml) and destained at 42°C for sev-
eral hours to several days. The destained 
leaves were mounted on microscope slides 
(75 × 50 mm) in 70% glycerol and ob-
served with light and fluorescence micros-
copy. The light microscopy was performed 
on an Olympus BH-2 compound micro-
scope (Olympus America, Inc., Melville, 
NY). Fluorescence microscopy was per-
formed using an Olympus BX-60 equipped 
with a UV lamp, a 425- to 475-nm excita-
tion filter, and a 485-nm barrier filter. The 
pathogen and affected host cells were lo-
cated with bright field microscopy. Plant 
cells that were either dark blue or brown 
under bright field conditions were subse-
quently examined under UV light; cells 
exhibiting the HR fluoresced bright yellow 
when exposed to UV light. 

Plant age and susceptibility. The effect 
of plant age on late blight susceptibility of 
petunias was determined. Three-, five-, and 
seven-week-old susceptible ‘White Mad-
ness’ petunias and susceptible ‘Sunrise’ 
tomatoes (for comparison purposes) were 
used; two flats of petunias (10 × 18 inch 

Table 3. Reactions of four petunia cultivars in two trials to inoculations with a diversity of Phy-
tophthora infestans isolatesa 

Isolate White Madness Sugar Daddy Sugar Madness Supercascade Pink 

US930468 + + HR HR 
US970001 ++ + HR ++ 
MX990005 ++ ++ ++ ++ 
MX980085 ++ ++ HR HR 
EC930750 ++ ++ ++ ++ 
KE980014 + + HR HR 
UG980010 + + HR + 

a Results were consistent in both trials. HR = macroscopic hypersensitive response lesions; ++ =
sporulating lesions; + = nonsporulating, expanding lesions. 
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[25.4 × 45.72 cm] containing eight six-
packs) and four pots of tomatoes (two 
plants per pot) were inoculated per age 
group. The experiment was conducted 
three times using a split-plot design. The 
plants were arranged in discrete blocks in 
the growth chamber based on the isolate 
with which they were being inoculated; the 
blocks were randomly located in the 
chamber in each trial. The plants were 
spray-inoculated (using an inoculum con-
centration of 20,000 sporangia/ml) with 
US970001, an isolate that had been consis-
tently compatible with petunias and toma-
toes in previous inoculations. The plants 
were incubated in a humid inoculation 
chamber as described above. Visual as-
sessments of disease severity (percentage 
of plant area showing symptoms) modified 
from a previously described potato late 
blight rating method (25) were performed 
on each flat at 7 DAI. 

The plant age data were analyzed with 
Statistical Analysis System 8.2 (SAS Insti-
tute) and SPSS (Chicago, IL). The general 
linear model (GLM) was used to determine 
whether age had a significant effect on 
resistance, and a regression analysis was 
used to determine the relationship of age to 
resistance. Because of a large trial effect, 
one-way analysis of variance (ANOVA) 
and regression analyses were performed on 
each petunia trial and on each tomato trial. 
The assumptions of normality and homo-
geneity of variance needed for the ANOVA 
and regression analyses were checked. A 
transformation (arcsine of the square root 
transformation) was sufficient to meet the 
assumption requirements in all trials ex-
cept the first petunia trial. The nonpara-
metric Mann-Whitney test was used to test 
the significance of plant age on resistance 
in the first petunia trial. The results of this 
test indicated a significant effect; there-
fore, a regression was ultimately per-
formed on the data from this trial as well. 

Tests for the presence of the inf1 gene. 
The presence of the inf1 gene, the expres-
sion of the inf1 gene, the production of 10-
kDa proteins in vitro, and the biological 
activity of the putative INF1 protein were 
determined for each of four isolates of P. 
infestans (US940480, MX980085, 
US990025, and US970001) found to be 
compatible with N. benthamiana in the 
growth chamber trials. In addition, the inf1 
genes from three of the four isolates 
(US940480, US970001, and MX980085) 
were sequenced, and the amino acid se-
quence for the INF1 protein was predicted. 

The presence of the inf1 gene in the four 
isolates described above was determined 
using Southern analysis. DNA was ex-
tracted from lyophilized mycelia (19) that 
had been grown in minimal media (per 
liter, 0.5 g of KH2PO4, 0.25 g of 
MgSO4·7H2O, 1.0 g of asparagine, 1.0 mg 
of thiamine, 0.5 g of yeast extract, and 25 
g of D+ glucose [31]) for 10 to 14 days. 
The DNA from each isolate was digested 

separately with BamH1 and Sal1. DNA 
fragments were separated in an agarose gel 
and subsequently transferred to a nylon 
membrane (Hybond N+ membrane; Amer-
sham, Arlington Heights, IL) (46). South-
ern blots were probed with full-length, 
fluorescein labeled (Renaissance nonra-
dioactive kit; NEN Life Sciences, Boston, 
MA) inf1 cDNA clones (kindly provided 
by Sophien Kamoun, ORADC, Wooster, 
OH) as described by the manufacturer. 

The expression of the inf1 gene in the 
four isolates described above was deter-
mined using northern analyses. RNA was 
extracted from lyophilized mycelia that 

had been grown in pea broth for 10 to 14 
days (19) using a hot phenol protocol 
modified from Gu et al. (20). RNAs were 
separated by gel electrophoresis on a 1.2% 
agarose gel, transferred to a nylon mem-
brane (Hybond N+ membrane, Amersham) 
(46), and probed with radiolabeled inf1 
cDNA clones. 

The four isolates compatible with N. 
benthamiana were also tested for the pro-
duction of 10-kDa proteins in vitro. Iso-
lates were grown for 10 to 14 days in 
minimal media as described above. The 
liquid culture medium from each of the 
isolates was separated from mycelium by 

 

Fig. 1. Symptoms and signs of disease caused by Phytophthora infestans isolate US940480. A, lesions 
on ‘Callie Pink II’ calibrachoa. B, Lesions with light sporulation on ‘Callie Scarlet Red’ calibrachoa 7 
days after inoculation (DAI). C and D, lesions and sporulation on ‘White Daddy’ petunias 5 to 7 DAI. 
E and F, lesions and sporulation on Nicotiana benthamiana 10 DAI. 
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sequential filtrations through Whatman no. 
1 filter paper (Whatman, Maidstone, Eng-
land) and 0.22-µm cellulose acetate filter 
(Corning Incorporated, Corning, NY). 
Proteins in the culture filtrates were sepa-
rated using Novex, 10 to 20% Tris-Tricine 
precast gradient gels (Invitrogen, Carlsbad, 
CA). The gels were loaded with 20-µl 
samples consisting of 13 µl of culture fil-
trate, 2 µl of NuPage 10× sample reducing 
agent, and 5 µl of Tricine SDS 2× sample 
buffer (Invitrogen) and run for 60 to 70 
min at 128 volts. Two molecular weight 
markers were included: the Mark 12, un-
stained, molecular weight standard (20 µl) 
(Invitrogen) and the Precision Protein 
standard, unstained, broad-range marker 
(10 µl) (Bio-Rad Laboratories, Hercules, 
CA). Following electrophoresis, the pro-
teins present in the gels were silver stained 
according to the directions using a Bio-
Rad Silver Stain Plus kit (Bio-Rad Labora-
tories). 

To determine if the sequence of inf1 in 
isolates pathogenic to N. benthamiana was 
the same as the previously published se-
quence (28), the gene was cloned from 
three isolates (US940480, US970001, and 
MX980085). The sequence of inf1 from 
isolate US990025 was not obtained. Poly-
merase chain reaction (PCR) amplification 
was performed using oligonucleotide 
primers designed based on the inf1 se-
quence (28). The forward and reverse 
primer sequences were 5′ GAT-
GAACTTTCGTGCTCTGT 3′ and 5′ 
TACCGCAGCTGCTACACTATTACA 3′, 
respectively. Each 30-µl PCR reaction 
included 100 ng of genomic DNA, 1× PCR 
reaction buffer (Invitrogen), 2.5 mM 

MgCl2, 2 µM dNTP, and 3 U AmpliTaq 
DNA polymerase (Invitrogen). The ampli-
fication conditions included one denatur-
ing cycle at 95°C for 5 min followed by 35 
cycles consisting of 72°C for 1 min, 55°C 
for 1 min, and 95°C for 30 s. The final 
extension cycle ran at 72°C for 5 min. The 
PCR products were cleaned using a Wizard 
PCR clean-up kit (Promega, Madison, WI) 
and cloned into a TOPO PCR-II vector 
(Invitrogen) according to the manufactur-
ers’ instructions. Cleaned PCR products 
were sequenced at the Cornell University 
BioResource center, and the sequence 
analyses were performed using Lasergene 
v5.0 (DNASTAR, Inc., Madison, WI). 

The biological activity of the culture fil-
trates of the four isolates described above 
was evaluated via infiltration assays. Cul-
ture filtrates from each isolate were infil-
trated into leaves of N. tabacum and N. 
benthamiana as described previously 
(31,32). Culture filtrate containing INF1 
produced by Escherichia coli with a 
pFB53 expression vector (provided by 
Sophien Kamoun, ORADC, Wooster) was 
included as a positive control. The expres-
sion of inf1 by E. coli was achieved ac-
cording to previously described methods 
(28). The total protein concentration of 
each sample was determined using a Brad-
ford assay (Bio-Rad Laboratories), and all 
samples were diluted to 1 µg/ml. The cul-
ture filtrate was infiltrated into two differ-
ent leaves on each of two plants within a 
trial, and three trials were conducted. Dis-
tilled water, LB/ampicillin medium 
(pFB53 growth medium), and minimal 
medium were used as negative controls. 
The presence (necrotic lesion at the site of 

infiltration) or absence of the hypersensi-
tive response was assessed at 24 and 48 h 
after infiltration. 

RESULTS 
Susceptibility of Calibrachoa × hy-

bridus, Petunia × hybrida, and N. ben-
thamiana to late blight. Growth chamber 
trials. Calibrachoas were less susceptible 
to P. infestans than the petunia, potato, and 
tomato cultivars tested here. Three of the 
10 calibrachoa cultivars tested were sus-
ceptible to both isolates used (US940480 
and US970001), six cultivars were either 
completely or partially resistant to both 
isolates, and one cultivar was partially 
resistant to one isolate and completely 
resistant to the other (Table 2). Lesions 
were typically visible within 5 to 7 DAI 
and were similar to those seen on petunias; 
however, sporulation on calibrachoa late 
blight lesions was sparse compared with 
sporulation on petunia late blight lesions 
(Fig. 1A and B). 

Overall, petunias were susceptible to P. 
infestans, but less so than commonly 
grown, susceptible cultivars of potatoes or 
tomatoes; 22 of the 24 cultivars were in-
fected by at least one of the four isolates of 
P. infestans (Table 2). Symptoms of infec-
tion were typically evident within 5 DAI. A 
compatible interaction was characterized 
by necrotic, irregularly shaped, sporulating 
lesions with the sporulation largely limited 
to the necrotic lesion area (Fig. 1C and D). 
Sporulation was typically evident on both 
the upper and lower surfaces of the in-
fected leaves. The partially resistant culti-
var, ‘Sugar Daddy’, displayed a mix of 
slowly expanding, lightly sporulating and 
nonsporulating lesions and nonexpanding, 
nonsporulating lesions. Two cultivars, 
‘Sugar Madness’ and ‘Supercascade Pink’, 
developed only small, necrotic “flecks” 
that did not expand. 

N. benthamiana plants were susceptible 
to all four of the P. infestans isolates tested 
in the growth chamber (Table 2). Lesions 
typically started as small, well-defined 
circles that quickly coalesced into larger 
lesions; sporulation tended to be more 
apparent on the abaxial side of the leaf 
surface (Fig. 1E and F). Symptom devel-
opment on N. benthamiana usually took 
between 5 and 10 days. 

Field trial. ‘White Madness’ petunias 
and N. benthamiana were susceptible to 
late blight in the field. Symptom develop-
ment on petunias and on N. benthamiana 
occurred within 10 DAI, which was later 
than symptom development on the suscep-
tible potato controls (disease evident at 5 
to 7 DAI) (Fig. 2). Lesions on petunias and 
N. benthamiana sporulated in the field 
(Fig. 3A and B). However, the ‘White 
Madness’ petunias did not support an epi-
demic in the field; new growth foliage that 
developed after the initial inoculation did 
not become infected, and disease severity 
declined over time (Fig. 2). In contrast, 

 

Fig. 2. Change in severity of late blight in the field on a susceptible petunia cultivar (‘White Mad-
ness’), a partially resistant petunia cultivar (‘Sugar Daddy’), a susceptible potato cultivar (‘Atlantic’), 
Nicotiana benthamiana, and N. tabacum. Error bars represent the standard error of the mean disease
severity of three replicate plots of each petunia cultivar and Nicotiana species or five replicate potato 
plants at each date.  
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new growth of N. benthamiana plants de-
veloped secondary infections caused by 
inoculum produced during the epidemic 
(Fig. 2). At the conclusion of the experi-
ment, the average area under the disease 
progress curve (AUDPC) (47) for each 
plant type was 2,359 proportion days (PD) 
for the potatoes, 848 PD for N. bentha-
miana, 99 PD for the ‘White Madness’ 
petunias, 0.01 PD for the ‘Sugar Daddy’ 
petunias, and 0.0 PD for N. tabacum. 
‘Sugar Daddy’ petunias remained essen-
tially symptomless (a few necrotic le-
sions), and N. tabacum was completely 
resistant (no macroscopic symptoms). 

Resistance of petunias to late blight. 
Differential resistance trials. ‘Sugar Mad-
ness’ and ‘Supercascade Pink’ petunias 
were highly resistant to the two isolates 
tested in the initial growth chamber trials 
(Table 2), but displayed differential resis-
tance to the seven additional isolates tested 
(Table 3). ‘Sugar Madness’ petunias were 
highly resistant (developed macroscopic, 
HR lesions) to five of the seven isolates 
(US930468, US970001, MX980085, 
KE980014, and UG980010), but were 
susceptible (sporulating lesions) to two of 
the isolates (MX990005 and EC930750) of 
P. infestans (Table 3). ‘Supercascade Pink’ 
petunias were highly resistant to three of 
the seven isolates (US930468, MX980085, 
and KE980014), but were susceptible to 
three isolates (US970001, MX990005, and 
EC930750) and partially resistant (expand-
ing, nonsporulating lesions) to one isolate 
(UG980010) of P. infestans (Table 3). 

‘White Madness’ and ‘Sugar Daddy’ petunias 
displayed a mix of susceptible and partially 
resistant phenotypes to the seven isolates. 
The results were consistent in both trials. 

Microscopic characterization of resis-
tance responses in petunia. The HR was 
observed microscopically in all types of 
interactions between petunias and P. in-
festans: susceptible, partially resistant, or 
highly resistant. In all cases, the HR was 
not evident until 48 HAI. In the susceptible 
interaction, the HR could be seen in asso-
ciation with some, but not all, hyphae, and 
the pathogen was able to grow extensively 
throughout the leaf tissue (Fig. 4A and B). 
In the partially resistant interaction, each 
infection site was associated with some 
level of the HR; however, hyphae could be 
seen growing beyond the HR in several 
cases (Fig. 4C and D). In the highly resis-
tant interaction, no hyphae were seen 
growing beyond the HR (Fig. 4E and F). 

Plant age and susceptibility. In general, 
as petunias increased in age, their suscep-
tibility to late blight decreased (P < 0.05) 
(Fig. 5). In all three petunia trials, the lin-
ear regression analyses indicated that the 
slopes were significantly (P < 0.001) nega-
tive. In contrast, plant age had no signifi-
cant effect on susceptibility of tomatoes. 
The regression equations (y = a + bx, 
where y = disease severity, a = intercept, b 
= slope, and x = age), R2 values, and sig-
nificance for each petunia trial were as 
follows: trial 1, y = 11.020 +  
–1.254x, R2 = 0.537, and the significance 
of the slope was P < 0.001; trial 2, y = 
30.701 + –2.515x, R2 = 0.433, and the 
significance of the slope was P < 0.001; 
and trial 3, y = 42.270 + –4.604x, R2 = 
0.803, and the significance of the slope 
was P < 0.001. 

Tests for the presence of INF1. The 
presence and expression of the inf1 gene 

 

Fig. 3. Sporulating late blight lesions in the field 
on A, ‘White Madness’ petunias and B, Nico-
tiana benthamiana 16 days after inoculation. 

 

Fig. 4. Hypersensitive response (HR) in three cultivars of petunia 48 hours after inoculation (HAI)
with Phytophthora infestans isolate US940480 (A to D) or US970001 (E and F). In the bright field 
views (A, C, E), the HR is evident by darker blue or brown regions; the same views are shown with
UV light (B, D, F) where the HR cells fluoresce a bright yellow. A and B, Susceptible ‘White Mad-
ness’ petunias with mild HR or no HR of epidermal cells in association with growing hyphae. C and 
D, Example of a hypha growing beyond a group of HR cells in the partially resistant cultivar ‘Sugar
Daddy’. E and F, A single hyphal thread contained by the HR in surrounding epidermal cells in the 
highly resistant cultivar ‘Sugar Madness’. hy = hypha. Bar = 50 µm. 
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and the biological activity of the culture 
filtrate was investigated. The inf1 gene was 
detected via Southern analysis (data not 
shown), and its expression was detected 
via northern analysis in all four P. in-
festans isolates tested (Fig. 6A and B). 
The genomic banding patterns observed 
in the Southern analysis (one major 
BamH1 fragment of 2.3 kb and three Sal1 
fragments of 3.4, 4.2, and ~7.0 kb) were 
similar to those previously described for 
the inf1 gene (28). In addition, the amino 
acid sequences predicted from the inf1 
cDNA sequences from the two North 
American isolates and the one Mexican 
isolate cloned in the current study were 
identical to the sequences determined 
previously for a European isolate (28). 
The culture filtrate of each isolate con-
tained 10-kDa proteins (US940480 data 
not shown) (Fig. 6B) and the culture fil-
trate produced the HR when infiltrated 
into N. tabacum and N. benthamiana 
(Table 4). Thus, all indications of the 
current study are that the inf1 elicitin 
gene, transcript, and protein are present in 
isolates that infect N. benthamiana. 

DISCUSSION 
The results presented here demonstrate 

that calibrachoas, petunias, and N. ben-
thamiana can be infected by P. infestans. 
To our knowledge, this is the first pub-
lished report of calibrachoas as hosts and 
the first growth chamber/field demonstra-
tions that show N. benthamiana and petu-
nias are consistent hosts of P. infestans. In 
addition to serving as hosts in the con-
trolled environment of a growth chamber, 
‘White Madness’ petunias and N. bentha-
miana were also infected under field con-
ditions. However, only the initial inocula-
tion seemed to be successful on petunias, 
while secondary infections occurred on 
the N. benthamiana plants during the 
epidemic. The resistance of the petunias 
to secondary infection may be the result 
of an increase in resistance as the plants 
aged or the development of systemic ac-
quired resistance following the initial 
inoculation. 

Differential resistance to P. infestans in 
petunias was found in two cultivars 
(‘Sugar Madness’ and ‘Supercascade 
Pink’). Each of these cultivars was highly 
resistant and developed HR lesions when 
inoculated with some isolates, but were 
susceptible (developed sporulating lesions) 
when inoculated with other isolates. The 
group of isolates compatible with ‘Sugar 
Madness’ petunias was somewhat distinct 
from the group of isolates compatible with 
‘Supercascade Pink’ petunias. R gene re-
sistance is typified by being differential: 
effective against some isolates and not 
others. Therefore, results presented here 
are consistent with a set of distinct R genes 
in the hosts interacting with pathogen iso-
lates containing different Avr-genes. 

The HR has been associated with resis-
tance in other late blight systems 
(26,48,55). In petunias, the HR was pre-
sent in all three interaction types (compati-
ble, partially resistant, and highly resis-
tant), but was more prominent in the 
highly resistant interaction. The hyphae 
observed growing beyond the HR cells in 
the partially resistant interaction in ‘Sugar 
Daddy’ petunias is consistent with the mix 
of nonsporulating and sporulating lesions 
seen on this cultivar. Our results are con-
sistent with those found in the potato and 
tomato late blight systems in which the HR 
is associated with resistance to P. infestans 
(26,48,55). 

Reports on age-related late blight resis-
tance in potatoes and tomatoes are contra-
dictory but suggest that age might have an 
effect on resistance (4,12,18,38,49,50, 
54,56). Recent occurrences of petunia late 
blight in commercial floriculture produc-
tion have involved very young plants (per-
sonal observations). In the current study, 
plant age had a significant effect on resis-
tance in petunias, with resistance increas-
ing with plant age. This type of resistance 
has been termed age-related resistance 
(ARR) (33). In some systems, ARR has 
been correlated to increased production of 
defense related compounds with increasing 
plant age (17,23,34,37,59) and flowering 
(17,37). In addition, work on Arabidopsis 
suggests that ARR depends on the accumu-
lation of salicylic acid (SA) (33). Interest-
ingly, treatment of the SA analog, aciben-
zolar-S-methyl (ASM), results in complete 
resistance to late blight in petunias (2). 
Perhaps late blight resistance in petunias is 
related to the presence of SA. Further work 
is needed to determine the role of SA in 
petunia resistance to late blight. 

All four isolates tested in the present 
study induced disease on N. benthamiana. 
Furthermore, these isolates possessed and 
expressed the inf1 gene, and the amino 
acid sequence predicted from the cDNA of 
the gene from three isolates matched a 
previously published sequence (28). All 
isolates tested produced 10-kDa proteins in 
culture and the culture filtrate caused the 
HR in N. benthamiana and N. tabacum: 
criteria previously used to ascertain the 
presence of elicitins (27,29,30,42). The 
banding patterns observed in the Southern 
analyses are consistent with those obtained 
by Kamoun et al. (28), who suggested that 
the three bands associated with the Sal1 
reflect the presence of at least two copies 
of the inf1 gene in the genome. Thus, we 
have identified several isolates that pro-
duce INF1, yet still have the ability to 
infect N. benthamiana. Previous work on 
the potato–P. infestans and the N. ta-
bacum–P. parasitica systems has shown 
that the inf1 and the parA1 (gene encoding 
the elicitin parasiticein) genes are down-
regulated during infection (6,28). There-
fore, we can hypothesize that the inf1 gene 
is being downregulated during infection of 

Fig. 5. Effect of plant age on susceptibility of A,
petunias and B, tomatoes to Phytophthora in-
festans. Slopes for petunia trials one, two, and
three were –1.2, –2.5, and –4.6 disease sever-
ity/weeks, respectively. The R2 values for petu-
nia trials one, two, and three were 0.537, 0.433,
and 0.803, respectively. Significance of the
slopes in all three trials was P < 0.001. Error 
bars represent the standard error of the mean 
disease severity 7 days after inoculation of 16
petunias and three trials (n = 48) or four toma-
toes and three trials (n = 12). 

 

Fig. 6. Presence and expression of the inf1 gene 
in isolates of Phytophthora infestans that infect 
Nicotiana benthamiana. A, Northern analysis 
showing expression of the inf1 gene in four 
isolates of P. infestans: lane 1, US940480; lane 
2, US970001; lane 3, US990025; lane 4,
MX980085. B, Silver-stained 10–20% Tris-
Tricine gradient gel (Invitrogen) containing
culture filtrates obtained from isolates grown in 
liquid medium: lane 1, US970001; lane 2,
US990025; lane 3, Precision Protein standard,
unstained, broad range marker (Bio-Rad Labo-
ratories); lane 4, MX980085; lane 5, Mark 12,
unstained, molecular weight standard (Invitro-
gen); lane 6, minimal media control. (The band
for US940480 was present, but very faint and
difficult to reproduce in a figure). 
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N. benthamiana by the isolates tested in 
the current study, an interesting hypothesis 
to test in future studies. 

The results of our research indicate that 
the host range of P. infestans should be 
expanded to include N. benthamiana and 
calibrachoas. The expansion of the host 
range of P. infestans to include N. bentha-
miana is beneficial to experimental host–
pathogen studies involving P. infestans 
because Virus Induced Gene Silencing 
(VIGS) is more readily accomplished with 
N. benthamiana than with tomatoes (for 
example see 44). The continued inclusion 
of petunias and the addition of calibra-
choas as host plants has important practical 
implications when these crops are pro-
duced in proximity to tomatoes. 
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