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SUMMARY

In this study, genotype by environment (G × E) interactions and phenotypic stability of resistance to
Phytophthora infestans, the cause of late blight, were analysed in Peru for 13 potato genotypes, using additive
main effects and multiplicative interaction (AMMI) analysis and Huehn’s non-parametric test. The potato
genotypes were tested in seven experiments over two years in the vicinity of Comas, Peru, an area used by
the International Potato Center to screen for resistance to late blight. Results of the two analyses generally
correlated and indicated that quantitative resistance to P. infestans was stable under field conditions for all the
genotypes tested. The first two principal components (PCA1 and PCA2) of the AMMI analysis explained
54 % of the G × E interaction sum of squares. A biplot of the two principal components demonstrated a
strong year effect in the G × E interaction. By plotting yearly means of the relative area under the disease
progress curve (rAUDPC), genotypes could be assigned to one of three resistance categories, resistant,
moderately resistant or susceptible, but the need for a more readily applicable and truly quantitative scale
for resistance was noted. Based on these studies, standards can be selected for use in screening in the
area where they were tested. After further testing in other locations, a standard set drawn from these
genotypes could be identified and a quantitative scale developed for evaluation of resistance under short
day conditions.

I N T RO D U C T I O N

Late blight, caused by the oomycete Phytophthora infestans is the most destructive disease
of potato, causing serious yield and economic losses worldwide. Many commercial
varieties are susceptible to late blight and must be sprayed regularly with fungicides.
Dependence on fungicides has been exacerbated in many areas due to the appearance
of new strains of P. infestans that are more aggressive than the US-1 clonal lineage that
was predominant in most parts of the world prior to 1980 (Day and Shattock, 1997;
Flier and Turkensteen, 1999; Miller and Johnson, 2000).

Two phenotypic expressions of host plant resistance to P. infestans have been
described. One is associated with major genes or R-genes, which confer near immunity
against certain races of the pathogen (Vanderplank, 1968). This resistance is referred
to as qualitative or race-specific. Solanum demissum (Malcolmson and Black, 1966;
Müller and Black, 1952) and S. stoloniferum (Schick et al., 1958) were used as sources of
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qualitative resistance. While it is relatively easy to work with qualitative resistance in a
breeding programme, such resistance has been unstable because compatible races of
the pathogen are rapidly selected under field conditions. The other type of resistance,
called quantitative or race non-specific, is based on the presence of multiple genes
of relatively small effect that, in theory, render the host partially resistant to all races
of the pathogen (Vanderplank, 1968). Quantitative resistance has been reported in S.
tuberosum (Turkensteen, 1993; Wastie, 1991) and several wild Solanum species (Colon
et al., 1995a). Some American and European varieties (Colon et al., 1995b; James
and Fry, 1983; Turkensteen, 1993) as well as clones derived from population B of the
International Potato Center (CIP) breeding programme (Landeo et al., 2000) were also
reported to possess significant levels of quantitative resistance. This population was
developed to be free of R genes that confer qualitative resistance in an effort to facilitate
selection of quantitative resistance. Quantitative resistance is considered more durable
and for that reason many potato breeding programmes, including that of CIP, focus
on this type of resistance. However, the expression of quantitative resistance can be
affected by environmental conditions (Umaerus and Umaerus, 1994), which brings
into question its stability across different testing or production conditions.

One way to study phenotypic stability in crop performance trials is through the
analysis of genotype by environment (G × E) interactions. G × E effects occur when
two or more genotypes differ significantly in their response to changing environments.
Generally, a G × E interaction can be studied temporally (two or more seasons testing
at a location) or spatially (several locations) or a combination of these (Cotes et al.,
2002). Various statistical models have been used to evaluate the G × E interaction.
The additive main effects and multiplicative interaction (AMMI) analysis is especially
recommended when adaptive responses are to be demonstrated (Annicchiarico, 1997).
The model uses ANOVA to separate the additive variance from the multiplicative
(G × E) variance, and then principal component analysis (PCA) to describe the
G × E effect (Gauch and Zobel, 1988). Another way to measure G × E interaction
is by analysing phenotypic stability with Huehn’s non-parametric test of the variance
or standard deviations of the ranks of genotypes across the environments (Huehn,
1990a).

Standard potato varieties with known levels of resistance to P. infestans were
used throughout the twentieth century to aid in the classification of resistance of
experimental genotypes (see Hansen et al., 2005 for discussion). Standard varieties
have also been used to develop scales of resistance, many of which have values of 1 to
9, either descending and ascending relative to resistance (Darsow, 1989). These scales
represent attempts to quantify resistance in a manner that is relatively independent
of environment. Recently, Jenkins and Jones (2003) classified cultivars for resistance
to P. infestans in the United States and to do so they developed a four-level scale based
on the area under the disease progress curve (AUDPC). Hansen et al. (2005) proposed
an improved scale based on regression analysis whereby researchers can assign scale
values using just one standard variety. The varieties used by both groups mentioned
above are adapted to long day lengths and to date there are no standard varieties
which have been evaluated for short day lengths.
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Identification of appropriate standard cultivars for classifying breeding lines should
meet at least two conditions. The resistance of the materials should be stable across
environments and the standards should represent a wide range of susceptibilities.
The objectives of the present work were to: i) determine the phenotypic stability of 13
potato genotypes adapted to short day lengths, and ii) classify the most stable genotypes
with a range of susceptibilities to be part of a set of quantitative resistance standards
that would facilitate the interpretation of future field evaluations of resistance to P.
infestans in this highland tropical environment. Research needs for a quantitative scale
for resistance as well as for the use of these standards in other highland tropical areas
are discussed.

M AT E R I A L S A N D M E T H O D S

Plant material

Eight potato cultivars [Ccompis (Peru); Chata Blanca (Peru); Cruza 148 (Mexico);
Huayro (Peru); Ingabire (Burundi); Monserrate (Colombia); Pimpernel (Netherlands);
Yungay (Peru)] and five experimental genotypes from CIP’s breeding programme
(386209.10; 387164.4; 387315.27; 387334.5; 387410.7) with different levels of
quantitative resistance were used in the experiments. The CIP genotypes were derived
from the breeding population B where large-effect R-genes had been systematically
eliminated (Landeo et al., 1995). Hereafter, all of these materials are referred to as
potato genotypes.

Inoculum

Plants were exposed to the natural population of P. infestans. The clonal lineage EC-
1 of P. infestans, belonging to ‘new’ pathogen population (sensu Spielman et al., 1991),
is predominant in the Peruvian Andes (Perez et al., 2001) and is assumed to have been
the pathogen infecting plants in all the experiments.

Field experiments

For logistical reasons, each of the seven experiments was paired to a resistance
screening trial of the CIP late blight breeding programme. All experiments were
carried out near the community of Mariscal Castilla (2800 m asl, 11◦42′54′′S latitude)
near Comas, Peru. This is a location of consistently high disease pressure and for
that reason is used by CIP for yearly screening of populations of potato genotypes
segregating for resistance to P. infestans. Five trials were conducted between 1999
and 2000 and two trials between 2000 and 2001 (Table 1). Tubers were planted
into commercial substrate (Jiffystrips R©, Product 300522; Jiffy Products (N.B.) Ltd.
Shippagan, Canada) and grown in the greenhouse for 45 days at the CIP Huancayo
station (3200 m asl) and then transplanted in the field. Trials were transplanted in
the first two weeks of December each year (Table 1). Planting density was 0.9 m
between rows and 0.3 m between plants, except in one experiment in 1999–2000
when intra-plant distance was 0.4 m. Fertilizer application was 90 kg N ha−1, 70 kg
P ha−1 and 120 kg K ha−1 at transplanting and 90 kg N ha−1 at the stem elongation
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Table 1. Characteristics of experiments implemented in two seasons (1999–2000 and 2000–2001) in the vicinity of
Comas, Peru to evaluate stability of resistance to Phytophthora infestans in potato genotypes.

Year and experiment code

1999–2000† 2000–2001†

Experiment information 1A 2A 3A 4A 5A 1B 2B

Experimental design RCB‡ RCB Lattice
12 × 12

Lattice
12 × 12

Lattice
12 × 12

Rect. Lattice
12 × 13

Rect. Lattice
12 × 13

Replications 2 4 4 4 4 6 4
Genotypes tested§ 13 12 13 13 13 8 11
Planting date¶ 15/12/99 7/12/99 14/12/99 14/12/99 14/12/99 15/12/00 15/12/00
Harvest date 28/03/00 7/04/00 17/03/00 17/03/00 17/03/00 16/03/01 16/03/01
Plot size 3 m2 3 m2 69.4 m2 69.4 m2 69.4 m2 97.9 m2 97.9 m2

†Potato is planted in the last quarter of the year and harvested in the first quarter.
‡Randomized complete block design.
§Values for missing genotypes were estimated based on average ranking; see Materials and Methods for details.
¶This refers to date of transplanting of pre-planted tubers.

stage. Insecticides (Metaldehyde, Lamdacyhalothrin and Deltametrine) were applied
to control slugs, potato tuber moths and potato flea beetles when necessary. Plants
were protected against P. infestans with a contact fungicide (Mancozeb 45 %) for the
first 25 days after transplanting, after which they were exposed to natural infection
with no further fungicide applications. The experiments were carried out in a lattice
square or randomized complete block design with 2–6 replications (Table 1).

Evaluation of late blight resistance in the field

The percentage of total leaf area with symptoms of late blight was recorded for
each plot at 7-day intervals, beginning 32 days after transplanting, for a total of 7–9
readings per experiment. The AUDPC was calculated for each plot from the estimates
of foliar infection using the midpoint method (Campbell and Madden, 1990). To help
standardize AUDPC values across years, this metric was converted to the relative
AUDPC (rAUDPC) as described previously (Fry, 1978).

Statistical analysis

Phenotypic stability was evaluated with two statistical procedures: the AMMI
analysis (Gauch and Zobel, 1988) and the non-parametric test of Huehn (1990b).
AMMI analysis considers additive effects for main effects and multiplicative effects
for the genotype-environment interaction term (Ibañez et al., 2001). The Huehn test
is based on the rAUDPC rankings of the genotypes within each trial. In this test, a
genotype is considered stable if it is ranked similarly in different experiments. Smaller
values of Huehn’s variables S1 and S2 indicate stability. In some trials some values
were missing for certain genotypes. Missing values were replaced by the average rank
of the cultivar over the experiments. For trial 2A, estimated missing data were used
for Huayro. For trial 1B, estimated missing data were used for Ccompis, Cruza 148,
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Huayro, Monserrate and genotype CIP 387334.5. For trial 2B, estimated missing data
were used for Chata Blanca and Ingabire (Table 1). All statistical analyses were done
with the program R (R Foundation for Statistical Computing, Vienna).

R E S U LT S

There was a wide range in resistance reactions among the 13 genotypes tested, with
the most resistant having rAUDPC values of less than 0.2 and the most susceptible
with values of between 0.6 and 0.8 (Figure 1). There was also a good distribution of
genotypes between high and low values, with several materials having intermediate
values.

The plot of yearly average rAUDPC values indicated that the cultivars had similar
relative resistance levels in the two years. Most clones had slightly higher rAUDPC
values the first year. Values for Cruza 148 and Yungay were slightly higher in the
second year, but the value for Cruza 148 may have been biased by small sample size
as it was present in only one of the two experiments.
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Figure 1. Comparison of yearly average relative area under the disease progress curve (rAUDPC) values of 13 potato
genotypes evaluated for resistance to Phytophthora infestans in seven field experiments implemented near Comas, Peru,

in 1999–2000 and 2000–2001. The diagonal line represents identical values for the two years.
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Table 2. Additive main effects and multiplicative interactions analysis of variance (AMMI) for resistance to
Phytophthora infestans in a set of potato genotypes tested in seven trials.

d.f. Sum of squares Mean square F† P Explained (%)‡

Environment (ENV) 6 1.57 0.2619 31.40 <0.0001
Genotype (GEN) 12 16.10 1.3419 160.89 <0.0001
ENV:GEN 64 0.90 0.0141 1.69 0.0025
PC 1 17 0.28 0.0165 1.99 0.0124 31.2
PC 2 15 0.20 0.0135 1.63 0.0663 22.5
Error 239 1.99 0.0083

†F tests were done using the error mean square as a denominator.
‡Percentage of G × E interaction explained by components.

The AMMI analysis indicated that the genotype, environment and G × E effects
were highly significant (Table 2), although the variance associated with genotype was
much greater than that associated with the other two effects. In this analysis, PCA 1
and PCA 2 accounted for slightly over 50 % of the variance. Based on the projection
of these two principal components, two groups of trials can be detected (Figure 2).
The first group included all those from 1999–2000, while the second comprised the
two trials in 2000–2001. The second principal component was defined primarily by
the separation of years. Varieties Cruza 148 and Yungay were most closely associated
with the second year trials in this projection, which is consistent with the projection of
yearly average rAUDPC values (Figure 1).

Although, none of the cultivars was considered significantly unstable in the Huehn
test, where the individual values of Z1 and Z2 for all the genotypes were lower than
the χ2 value of 8.35 (Table 3), Yungay was the least stable with an S1 value of 5.71.

D I S C U S S I O N

The selection of superior genotypes with stable resistance and good adaptation to a
wide range of environments is the main goal of potato late blight breeding programmes.
A standard set of genotypes with a range of known and stable responses to late blight
can be a very useful tool in this selection process. It can help to monitor the level
of resistance of the tested plant materials as well as to monitor the disease pressure
in the different environments. In our study, the 13 genotypes represented a broad
span of resistance levels that was generally consistent in seven experiments conducted
over two years. These seven trials were all done in the general location where CIP
screens potato genotypes for resistance to P. infestans. Results obtained from the AMMI
analysis, and the Huehn test, indicated that the 13 genotypes were phenotypically
stable and were ranked similarly in each experiment.

This test identified materials stable in one location, and the results will be
immediately applicable for CIP’s screening work in Peru. The results are also generally
consistent with other recent field trials for resistance to P. infestans in potato that
demonstrated general stability of resistance across locations, both within the United
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Figure 2. Biplot of first and second principal components (PCA1 and PCA2, respectively) from additive main effects
and multiplicative interaction (AMMI) model for seven experiments (and 13 potato genotypes). Experiments are
indicated by arrows (see Table 1 for details). Those experiments and genotypes farthest from the centre contributed
most to the genotype by environment (G × E) interaction. PCA1 and PCA2 together explained 53.7 % of the G × E

interaction.

States (Haynes et al., 1998) and more recently in an international trial (Forbes et al.,
2005).

Although our results for specific genotypes should only be extrapolated to other
locations with caution, we feel that it is safe to assume that most of the genotypes
tested here would be broadly adapted to the highland tropics and would maintain
their relative levels of resistance. Several genotypes have been grown successfully in
Latin America or Africa, or tested in Asia. Cruza 148 is grown widely in Burundi,
Rwanda and parts of the Democratic Republic of Congo where it has maintained
its level of resistance for decades (unpublished data). Monserrate is an established
variety in Colombia and in one study conducted in India by Gopal and Singh (2003)
it was also found to be moderately resistant. Ccompis and Huayo are native potatoes
cultivated in different parts of Peru. Several of the genotypes used in the present study
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Table 3. Mean relative area under the disease progress curve rAUDPC, rankings of the potato genotypes
from lowest to highest, mean of absolute rank differences of a clone (S1), approximate test of significance
of S1 (Z1), common variance of the ranks (S2) and approximate test of significance of S2 (Z2) from

Huhn’s test for stability.

Genotype†
Mean

rAUDPC Rank S1 Z1‡ S2 Z2‡

387164.4 0.10 1 4.00 0.11 10.81 0.32
387334.5 0.17 2 4.67 0.14 14.67 0.01
Cruza 148 0.23 3 4.48 0.03 14.62 0.01
Ingabire 0.28 4 5.05 0.62 17.33 0.35
386209.10 0.32 5 4.67 0.14 17.24 0.33
387315.27 0.50 6 5.24 0.97 18.24 0.57
Monserrate 0.52 7 4.95 0.47 16.95 0.28
387410.7 0.57 8 5.43 1.41 19.81 1.08
Yungay 0.66 9 5.71 2.23 22.62 2.37
Pimpernell 0.68 10 4.10 0.05 12.48 0.07
Huayro 0.71 11 4.00 0.11 11.67 0.17
Ccompis 0.74 12 4.48 0.03 13.81 0.00
Chata Blanca 0.78 13 5.05 0.62 17.81 0.46

†Values for some of 13 potato genotypes were estimated in some locations (see Materials and Methods).
‡Z statistics are stability parameters. The tests for the significance of the sum of Z1 or Z2 are compared
to a χ2 value of 22.36. Individual Z1 or Z2 are compared to a χ2 value of 8.35.

(Monserrate, Pimpernel, Chata Blanca, Cruza 148 and Yungay) were included in a
recent international G × E study, which also confirmed the general stability of their
relative resistance levels across locations (Forbes et al., 2005). As in our study, Chata
Blanca, Huayro and Yungay were found to be susceptible to highly susceptible to late
blight in a study conducted by Gopal and Singh (2003) in a highland sub-tropical
location in India.

In our study, all genotypes of the population B were moderately resistant to resistant.
This is a population that was developed for late blight resistance and this level of
resistance was expected (Landeo et al., 1995). A similar performance was reported
when other genotypes of Population B were tested in the highlands of Uganda (Mulema
et al., 2004).

One cultivar that has not given consistent results in historical and recent studies is
Pimpernel. This old European cultivar has been used as a resistant control in earlier
studies in Europe (Colon et al., 1995b), but was found to be susceptible in our study.
This genotype was also reported to be highly susceptible in experiments conducted in
India (Gopal and Singh, 2003).

Evaluation of all of these materials across a wider geographic area would
reinforce assumptions regarding the stability of resistance. CIP is at this time seeking
collaboration from partners in Asia and Africa to grow this set of genotypes to confirm
the relative resistance levels. Once that is done, a small number of cultivars would be
chosen for use in screening areas with short day length. Co-ordination of common
use of a standard set of varieties is feasible because of the important role CIP plays in
providing germplasm to many national potato programmes. Germplasm is distributed
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with guidelines on its evaluation for agronomic and phyto-sanitary characteristics.
Standard varieties and guidelines for their use would be distributed with germplasm
and could also be made available via on-going collaborative research projects.

In our study, the first two principal components of the AMMI analysis explained
slightly over half of the G × E variation under field conditions and the projection of
locations and genotypes along these components suggested a strong year effect in the
G × E interaction. Initial attempts to include ‘year’ as a variable in the analysis were
abandoned because of lack of precedent for using the AMMI model for nested designs
and because of the small number of trials in the second year.

Since our study did not provide strong evidence for rejection of any of the materials
as potential standards for quantitative resistance, we propose that choosing standards
from among this group should rely on the level of resistance and additional criteria,
which may include agronomic factors that affect multiplication and productivity.
The plot of yearly rAUDPC means is illustrative for selection based on relative
resistance. Any of several genotypes, including Chata Blanca, Ccompis, Huayo and
Yungay, may serve as susceptible controls. However, the somewhat higher value of
Yungay in the second year, may make this choice less clear. Genotypes 3873122,
Monserrate, 387315.27 and 387410.7 are apparently good candidates for moderately
resistant clones. Cruza 148, 395209.10 and Ingabire may be considered resistant,
while 387334.5 and 387164.4 are highly resistant.

Identifying stable genotypes with different levels of resistance represents only part of
what is needed for the standardization of resistance measurement in tropical locations
around the world. Efforts to standardize this process in Europe have also involved
the development of several scales, although only recently has there been an attempt
to develop a generally applicable and truly quantitative scale with a clear procedure
for assigning values (Hansen et al., 2005). No such efforts have been proposed for
evaluation of potatoes in the short day lengths of the tropics where the standard
cultivars of Europe and the US are poorly adapted. Data reported here could be an
important resource for the development of a quantitative resistance scale for short day
conditions.
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