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Abstract 
Kromann, P., Pérez, W. G., Taipe, A., Schulte-Geldermann, E., Sharma, B. P., Andrade-Piedra, J. L., and Forbes, G. A. 2012. Use of phosphonate to 
manage foliar potato late blight in developing countries. Plant Dis. 96:1008-1015. 

Twenty phosphonate products found in the agrochemical market in 
Ecuador and Peru were evaluated in bioassays for the control of foliar 
potato late blight, caused by Phytophthora infestans. Eight phospho-
nate products were evaluated in 16 field experiments done in Peru, 
Ecuador, Kenya, and Nepal. A meta-analysis across locations involving 
71 combinations of potato genotype by site and year demonstrated a 
significant relationship between phosphonate application rate and effi-
cacy for controlling late blight on potato foliage. The meta-analysis 
revealed that phosphonate rates of approximately 2.5 g a.i./liter pro-
vided efficacy similar to that of the conventional contact fungicides 

mancozeb and chlorothalonil used at similar rates. At rates higher than 
2.5 g a.i./liter, the efficacy of phosphonate was superior to the contact 
fungicides. Overall, late blight control by phosphonate appeared rela-
tively stable in field experiments across locations. An analysis of field 
experiments and 64 combinations of potato genotype by site and year 
showed no correlation between the susceptibility level of potato geno-
types and efficacy of phosphonates. The cost of both phosphonate 
compounds and contact fungicides varied greatly among the countries 
of the field study; however, in Kenya, control with phosphonate was 
clearly less expensive than with mancozeb. 

 
Potato is an important food and cash crop for many poor people 

and is often considered an important mechanism for poverty al-
leviation and food security in developing countries (34). Based on 
the number of hectares harvested and metric tons produced, potato 
is one of the fastest growing staple food crops in the subtropics and 
tropics (12). 

One factor limiting the potential of increased potato production in 
developing countries is late blight caused by the oomycete pathogen, 
Phytophthora infestans. Late blight occurs on potato worldwide and 
is considered the world’s most costly disease on food crops (17). In 
most parts of the developing world, the most widely grown potato 
genotypes are susceptible to late blight, and fungicides are a 
necessity for crop production. In some areas of Indonesia, farmers 
are known to use up to 30 fungicide sprays to harvest a single crop, 
while 15 or more sprays have been recorded in the Andes (33). 

The fungicides most commonly used for control of late blight in 
the developing world are the low-cost dithiocarbamate-type contact 
fungicides, particularly mancozeb. In a recent visit to the Lake 
Kivu area in Rwanda by one of the authors, mancozeb was the 
most widely used late blight control compound and was the only 
contact fungicide available for both potato and tomato. Mancozeb 
can cause dermatitis and eye problems (7) and is considered haz-
ardous among occupational health researchers (39). Mancozeb was 
reevaluated in the European Union (EU) and has been allowed for 
use under European conditions (4); the U.S. Environmental Protec-
tion Agency (US-EPA) has also determined that mancozeb prod-
ucts are eligible for reregistration in the United States. However, 
there remains considerable concern over the health hazard this 
dithiocarbamate represents (11). In developing countries, exposure 
of farm workers and their families to pesticides is much greater 
than in the EU or the United States. In developing countries, 

protective clothing is not used by the vast majority of farmers, 
pesticide contaminated clothing is brought into the home, and 
pesticides are often stored in or near homes (8,29,31). 

To provide farmers with safer alternatives to late blight manage-
ment, the International Potato Center (CIP) and partners are 
investigating the efficacy of phosphonate fungicides for control of 
potato late blight. Phosphonate is an alternative that appears to be 
appropriate for developing countries, primarily because it repre-
sents a low risk to human health and environment (16). Phospho-
nate fungicides are classified as biopesticides by the US-EPA, and 
the environmental impact quotient (EIQ), a composite hazard indi-
cator developed at Cornell University, rates phosphonates with the 
value 8.7, while mancozeb is rated with 25.7 and chlorothalonil 
with the value 37.4 (20,21). 

Phosphonates are generally applied as salts of phosphorous acid, 
also called phosphites. The aluminum salt of phosphorous acid, 
also known as fosetyl-Al, has been used as a fungicide against 
Oomycetes for decades (6,32,40) in Europe and North America, 
while other salts, particularly potassium-phosphite, have been 
widely used in Australia and Asia for control of Phytophthora dis-
eases in plantation crops. Nonetheless, the full potential of salts of 
phosphorous acid for controlling late blight on potato foliage is 
still not well understood. 

The phosphonate salts are metabolized to phosphorous acid in-
side plants (13). The phosphonate anion (HPO3

2−), also named 
phosphite, is the hydrolysis product of phosphorous acid, also 
called phosphonic acid (H3PO3). Phosphorous acid is exceptionally 
mobile in the phloem of plants, moving both up and down stems 
(6). Phosphonate has been shown to inhibit oxidative phosphoryla-
tion in the metabolism of Oomycetes (14,16,30,35) and block 
essential pathogen enzymes, thereby limiting mycelial growth 
directly (16,35,36). Additionally, research has shown that phospho-
nate has an indirect effect on pathogen infection by stimulating 
plants’ natural defense mechanisms (1,10,16,18,32,35). Recent 
studies have shown the activation of induced resistance and an 
increase in pathogenesis-related proteins in potato after application 
of phosphonates (3,24). 

Control of potato late blight with foliar application of fosetyl-Al, 
ammonium, calcium, potassium, and sodium phosphonates or pH 
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neutralized phosphorous acid has been reported from several stud-
ies (9,19,25,27,38). A previous paper reported successful control of 
tuber blight and foliar late blight with potassium phosphonates, and 
some control with fosetyl-Al (27). A study on potted potato plants 
in Argentina reported successful control of late blight in foliage 
and tubers with potassium and calcium phosphites (25). Likewise, 
authors from Northern Ireland reported successful control in tubers 
following foliar application of phosphonate formulations, but in-
sufficient control in foliage (9). Ambiguous and inconsistent field 
results have led several research groups to propose that the activity 
of phosphonates may be influenced by factors such as host plant 
genotype, environment, and factors related to the formulation ap-
plied and timing of application (9,25,27). 

Currently, there are numerous chemical companies that market 
metal-phosphonate salts as either fertilizers, activators of natural 
resistance, or systemic fungicides. In many countries, agrochemi-
cal companies avoid the cost associated with registering a fungi-
cide by labeling their phosphonate formulations as fertilizer. This 
has resulted in the marketing of countless phosphonate-containing 
plant improvement products for which the fungicidal effect on P. 
infestans in potato tubers or foliage is unclear. 

In this study, a series of experiments was implemented in high-
land tropical areas to evaluate the efficacy of phosphonate products 
commonly found in local agrochemical markets for the control of 
late blight on potato foliage. The efficacy of phosphonates and 
their potential to induce resistance against late blight could be 
linked to genotypic interactions and the susceptibility level of po-
tato genotypes. Thus, potato genotype effects were evaluated as 
well as different application rates and product formulations. We 
report on results of individual experiments with detached leaflets 
and potted potato plants, and also a meta-analysis of field trials 
from Peru, Ecuador, Kenya, and Nepal. The primary hypothesis in 
our study was that phosphonate compounds can control late blight 
on potato foliage as well as conventional contact fungicides 
(principally mancozeb) on a per unit basis. Preliminary economic 
analyses were also done by assessing retail prices and comparing 
prices for spray mixes of phosphonate products with equivalent 
spray mixes of conventional fungicides. 

Materials and Methods 
Preliminary bioassays. Two bioassays were conducted at CIP’s 

headquarters in Lima, Peru in 2006 and a third in Ecuador at CIP’s 
experimental station near Quito in 2007. The bioassays were de-
signed to investigate the efficacy of phosphonate formulations 
found on the Peruvian and Ecuadorian agrochemical markets for 
control of P. infestans in potato foliage. Both detached leaflets and 
potted potato plants were used to select the most promising prod-
ucts for further investigation in field experiments. 

In Peru, seven phosphonate products were compared to man-
cozeb and a water control (Table 1). A detached leaflet assay under 
controlled conditions and a whole plant assay in a screenhouse 
were each repeated three times. For both types of assays, plants of 
potato cultivar Yungay, which has a susceptibility scale value of 7 (1 
highly resistant, 9 susceptible [41]), were grown in 20-cm-diameter 
pots in soil substrate and maintained in a screenhouse with 12-h 
natural daylight and temperatures ranging from 15 to 22°C. The pots 
were placed in a completely randomized block design with five 
replications. All products were applied on the same date (42, 51, and 
56 days after planting in the three repetitions, respectively) to five 
plants per treatment with the respective recommended label rates of 
each product (Table 1). Formulations and the water control were 
applied to plants by spraying till run-off with a lever-operated 
knapsack sprayer with a maximum working pressure of approxi-
mately 44 psi. A P. infestans sporangia suspension adjusted to 5 × 
103 sporangia/ml was prepared from an isolate from the CIP-Lima 
culture collection (PCO76; EC-1 lineage). Inoculum was prepared as 
described previously by Andrade-Piedra et al. (2). 

For the detached leaflet assay, one leaflet per plant was detached 
arbitrarily from the fourth to sixth fully expanded leaves of each 
plant 24 h after product application. Leaflets were inoculated by 
spraying the sporangial suspension onto the adaxial side of leaflets 
with a hand-held atomizer until run-off. Inoculated leaflets were 
placed adaxial side up in the cover of inverted 9-cm-diameter petri 
plates with 1.5% water agar in the base, one leaflet per plate, and 
five leaflets per treatment. Petri plates were sealed with Parafilm 
and incubated at 18°C and 12-h day photoperiod for 6 days. Infec-
tion efficiency (IE) was calculated as the percentage of inoculated 
leaflets with necrotic spots after the 6 days of incubation, and in-
fected leaf area (ILA) was visually estimated as the area (%) on 
infected leaflets with necrotic spots. 

For the whole plant assay, the plants were inoculated by spray-
ing the sporangial suspension (5 × 103 sporangia/ml) onto all of the 
foliage of each plant until run-off with a hand-held atomizer. After 
inoculation, screenhouse conditions conducive to late blight were 
maintained by misting with overhead sprinklers for 15 min every 2 
h during the day. In addition, a plastic cover was placed over the 
plants during the nights to maintain high humidity. The tempera-
ture in the screenhouse ranged from 15 to 20°C. After 6 days, IE 
and ILA were visually estimated. 

In Ecuador, 13 phosphonate products were also compared to 
mancozeb and a water control in a detached leaflet assay (Table 2). 
Potato cultivar Fripapa, which has a susceptibility scale value of 6 
(41), and the CIP-Quito breeding clone C11 (estimated scale value 
of 2) and the CIP breeding clone LBR-47 (CIP 387334.5; esti-
mated scale value of 8), were grown in a screenhouse with natural 
light and temperatures ranging from 8 to 30°C. Five plants were 

Table 1. Infection efficiency and infected leaf area in a detached leaflet bioassay and a whole plant bioassay with the potato cultivar Yungay inoculated with 
Phytophtora infestans, lineage EC-1 in Peru, 2006 (mean ± standard error) 

    Detached leaflets Whole plants 

Treatment 
Brand name  

 
Phosphite salt 

Conc. a.i.a  
(%, wt/vol) 

Rate  
(g a.i./liter) 

Infection 
efficiencyb (%) 

Infected leaf 
area (%) 

Infection 
efficiencyc (%) 

Infected leaf 
area (%) 

CunebForte K 84 2.10 0 ± 0 0 ± 0 17 ± 17 5 ± 5 
Nutralex-K K 84 4.20 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
Greenzit Max-Ald Al - - 11 ± 11 13 ± 3 50 ± 50 10 ± 10 
Fitopron K 70 1.75 11 ± 11 25 ± 5 17 ± 17 25 ± 25 
Trafos Cue K 72 1.75 36 ± 22 19 ± 4 50 ± 50 30 ± 30 
Phuxan K 70 1.75 11 ± 11 50 ± 30 0 ± 0 0 ± 0 
Fitofosfito K 70 1.75 11 ± 11 55 ± 35 25 ± 25 5 ± 5 
Dithane M-45 Mancozeb 80 (wt/wt) 1.60 8 ± 8 20 ± 20 50 ± 50 10 ± 10 
Control Dis. waterf   100 ± 0 84 ± 3 50 ± 50 60 ± 60 

a Concentration of active ingredient as indicated on label. 
b Infection efficiency = number of leaflets infected relative to number of leaflets inoculated. 
c Infection efficiency = number of plants infected relative to number of plants inoculated. 
d The label on Greenzit Max-Al described the product as aluminum phosphite that contains elements of Cu, Mn, N. The concentration of phosphite was not

indicated. 

e Trafos Cu contains elements of Cu. 
f Distilled sterile water. 
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used for each product–genotype combination. The pots were 
placed in a completely randomized block design with five replica-
tions of 45 product–genotype combinations. Phosphonate products 
were applied 45 days after planting. Rates varied among products, 
and between 3.0 and 4.4 g a.i./liter was prepared according to the 
manufacturers’ specifications of each product (Table 2). Mancozeb 
was applied at a rate of 2.4 g a.i./liter. Three arbitrarily selected 
leaflets from different non-terminal leaves were detached from 
each plant 8 days after product application. The leaflets were 
placed adaxial side up in the cover of an inverted 9-cm-diameter 
petri plate with water agar in the base. From a P. infestans isolate 
from the CIP-Quito collection (no. 3793; EC-1 lineage), sporangia 
were produced on leaflets of cultivar Gabriela and a sporangia 
suspension was adjusted to 20 × 103 sporangia/ml using the 
method described previously by Andrade-Piedra et al. (2). Follow-
ing zoospore release, each leaflet was inoculated with a 50-μl drop 
of the suspension by placing it on the midrib of the adaxial side of 
each leaflet. Petri plates containing the inoculated leaflets were 
placed in a growth chamber adjusted to a 14-h day photoperiod and 
18°C. After 4 days of incubation, IE was evaluated visually. After 
6 days of incubation, lesion size (LS, mm2) was measured with 
digital photographs and ImageJ software (National Institutes of 
Health, Bethesda, MD, USA). 

Field experiments. A total of 16 field experiments were done in 
Ecuador, Peru, Kenya, and Nepal at 11 sites, and involved 29 po-
tato genotypes. Ecuador, Peru, and Kenya are countries where CIP 
has experiment stations and good facilities for doing late blight 
research in the field. Nepal is one of CIP’s target countries and a 
principal collaborator concerning research on late blight in Asia. 
Three experiments were done in Ecuador between 2008 and 2010 
involving six potato genotypes. Two of these experiments were 
done on CIP’s experiment station near Quito and one at the Provin-
cial government’s experiment station “Granja Agroecologica” in 
Pillaro, Tungurahua. Eight experiments were carried out in Peru 
between 2007 and 2009, and involved nine genotypes: two were 
carried out in farmers’ fields in Cajamarca in the north; and six 
were carried out in the central part of Peru, four in farmers’ fields 
in Junin and Pasco and two at CIP’s experiment station in 
Huancayo. Four experiments were carried out in Kenya between 
2009 and 2010, and involved 13 genotypes: three experiments were 
done at the University of Nairobi and one at Koibatek in the Rift 
Valley Province. One experiment was carried out in Nepal involv-
ing the cultivar Kufri Jyoti at the National Potato Research Pro-
gramme’s experiment station in Khumaltar. 

Late blight control treatments included one or more phosphonate 
formulations in each experiment (Table 3). The phosphonate treat-

ments were also compared with at least one conventional fungicide 
treatment and a control treatment without fungicide application 
(Table 3). In all experiments in Peru, the phosphonate applications 
were compared to (i) applications of phosphonate applied in al-
ternation with a contact fungicide (Table 3); (ii) a treatment with-
out fungicide; and (iii) fungicide treatments based on local farmer 
choices specific to each location, which generally involved numer-
ous sprays with both conventional systemic and contact fungicides 
exclusively (information on (iii) is not shown in Table 3). In all 
experiments, fungicides were applied with lever-operated knapsack 
sprayers with maximum working pressures of approximately 44 
psi. Fungicides were applied to foliage until run-off, using esti-
mated volumes of 300 to 1,200 liter/ha of water per spray applica-
tion depending on the phenological growth stage of the potato 
crop. Different application rates for the same fungicide product 
were frequently used in the different locations (Table 3). 

Experimental design and agronomic practices. All field ex-
periments were set up with a one- or two-way factorial design with 
the one factor being late blight fungicide treatment, and the other 
potato genotype if the experiment included more than one geno-
type. Experimental units were replicated three or four times. The 
experiment carried out in Ecuador in 2008 used a strip-plot design, 
and the experiments in Ecuador in 2009 and 2010 used split-plot 
designs; and the experiments in Peru and Kenya used strip-plot 
designs. The experiment in Nepal used a randomized complete 
block design. Planting was done prior to the principal rainy period 
at each location to ensure late blight disease pressure from natu-
rally occurring inoculum. Local planting practices were used at 
each location with experimental units consisting of equal-size plots 
(7 to 67 m2) containing from 30 to 200 potato plants per plot. To 
help differentiate experimental units and to reduce inter-plot inocu-
lum interference, a 1- to 2-m strip of land, noncultivated or planted 
with oats (Avena sativa), surrounded each plot. Insect and weed 
control using insecticides and herbicides, as well as fertilization, 
were done according to local integrated crop management recom-
mendations. The experimental fungicide treatments generally 
started at 80% emergence in all experiments, and approximately 30 
days after planting. However, experiments in Peru included one or 
two early sprays with mancozeb applied at weekly intervals, and 
applied to all treatments including control treatments to protect 
emerging plants from early and unevenly distributed inoculum 
sources. Likewise, experiments in Ecuador included one early pro-
tective spray applied about 25 days after planting with dimetho-
morph or cymoxanil to all treatments, including the control treat-
ment. Approximately 10 days after the last of these protective 
sprays was applied, the experimental treatments were initiated in 

Table 2. Infection efficiency and lesion size in three potato genotypes using detached leaves inoculated with Phytophtora infestans, lineage EC-1 in Ecuador, 
2007 (mean ± standard error) 

    Infection efficiencya (%) Lesion size (mm2) 

Treatment 
Brand name 

Phosphite 
salt 

Conc. a.i.b 

(%, wt/vol) 
Rate (g 

a.i./liter) 

Potato genotype Potato genotype 

C11 Fripapa LBR-47 C11 Fripapa LBR-47 

Fosphitall 302 K 70 4.2 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
Glass-K K 58 3.5 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
Glass-Cal Ca 24 3.6 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
Glass-Ca+Mg Ca+Mg 34 3.4 0 ± 0 0 ± 0 0 ± 0 0 ± 0  0 ± 0 0 ± 0 
Agrifos 400 LS K+K2 46 3.2 0 ± 0 0 ± 0 27 ± 13 0 ± 0 0 ± 0 12 ± 6 
Glass-Mg+B Mg+B 63 4.4 0 ± 0 0 ± 0 27 ± 13 0 ± 0 0 ± 0 21 ± 10 
Cooper feed  Cu 65 3.2 0 ± 0 0 ± 0 40 ± 19 0 ± 0 0 ± 0 91 ± 62 
Quinopron K 70 4.2 0 ± 0 0 ± 0 13 ± 8 0 ± 0 0 ± 0 92 ± 81 
Codafol K 50 3.0 0 ± 0 0 ± 0 60 ± 25 0 ± 0 0 ± 0 112 ± 65 
Glass-Mg K+Mg 69 4.1 0 ± 0 0 ± 0 33 ± 0 0 ± 0 0 ± 0 143 ± 72 
Kalex K 70 4.2 0 ± 0 0 ± 0 40 ± 19 0 ± 0 0 ± 0 171 ± 87 
Dithane M-45  Mancozeb 80 (wt/wt) 2.4 0 ± 0 0 ± 0 53 ± 13 0 ± 0 0 ± 0 253 ± 98 
Saeta-Ca Ca 81 (wt/wt) 3.2 0 ± 0 0 ± 0 47 ± 8 0 ± 0 0 ± 0  318 ± 113 
Fitopron K 70 4.2 60 ± 13 33 ± 21 87 ± 13 1,125 ± 331 68 ± 36 1,244 ± 128 
Control Dis. water   100 ± 0 93 ± 7 100 ± 0 1,750 ± 167 1,542 ± 116 2,436 ± 121 

a Infection efficiency = number of leaflets infected relative to number of leaflets inoculated. 
b Concentration of active ingredient as indicated on label. 
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Peru and Ecuador. In all experiments, late blight epidemics were 
caused by natural infection, and potato plants were killed by late 
blight or left to senesce naturally before harvest. 

Disease evaluation and data analysis. Visual estimates of late 
blight severity were recorded as the percentage of blighted foliage 
in each plot, and began approximately 1 month after planting and 
continued thereafter every 7 to 14 days depending on the develop-
ment of each epidemic. Disease assessments continued until the 
non-fungicide-treated control plots planted to the most susceptible 
potato genotypes in an experiment had 100% infection. Disease 
assessment readings were used to calculate the area under the dis-
ease progress curve (AUDPC) using the midpoint rule (5). The 
AUDPC was also transformed into the relative AUDPC 
(RAUDPC) as described by Fry (15). Simple comparisons of the 
mean RAUDPC values for phosphonate, conventional fungicide, 
and control treatments were used to evaluate the efficacy of phos-
phonate products. For plotting purposes, the efficacy of phospho-
nate treatments compared to conventional fungicide treatments was 
further standardized using the following function expressing foliar 
late blight control efficacy (E): 

E = (AUDPCcf – AUDPCp) / AUDPCc 
where: 

AUDPCcf = AUDPC for conventional fungicide treatment, 
AUDPCp = AUDPC for phosphonate treatment, 
AUDPCc = AUDPC for control treatment without fungicide. 

Thus, E > 0 indicated phosphonate control greater than the con-
ventional fungicide treatment, while E < 0 indicated the opposite. 
E was plotted against phosphonate rate and susceptibility levels of 
potato genotypes (estimated using the method of Yuen and Forbes 
[41]), to study the effect of phosphonate rate and host resistance, 
respectively, on efficacy of phosphonates. Statistical analyses were 
done using SAS 9.1 statistical software (SAS Institute Inc., Cary, 
NC). 

Economic analysis. Retail prices of phosphonate products and 
conventional fungicides, which were evaluated in field experi-
ments, were assessed by experienced local potato late blight re-
searchers with extensive knowledge of the national fungicide mar-
kets in each of the four countries in 2011. Application prices were 
also estimated by calculating the price for 200 liters of spray mix 

with 2.5 g a.i./liter for each of the phosphonate products and con-
ventional fungicides evaluated in the field experiments. 

Results 
Preliminary bioassays. In the bioassays in Peru, the treatments 

with CunebForte and Nutralex-K, both containing potassium-phos-
phite, resulted in the lowest IE and ILA, and therefore gave the 
best protection against P. infestans infection in both whole plants 
and detached leaflets (Table 1). In the detached leaflet assay in 
Ecuador, all products but one (Fitopron) resulted in zero IE, and 
gave zero ILA on the two potato genotypes with moderate levels of 

Table 3. Information on sites and late blight control treatments evaluated in 16 field experiments carried out in Ecuador, Peru, Kenya, and Nepala  

   Fungicide treatments   
Experimental sites Locality Altitude m.a.s.l. (brand name) Rate (g a.i./liter) Spraysb

Ecuador      
Pichincha, 2008 CIP-Quito 3,058 Glass-K 3.5 10 and 6 
   Fosphitall 302 4.2  
   Glass-Cal 3.2  
   Cooper Feed 3.6  
   Dithane M-45 2.0  
Pichincha, 2010 CIP-Quito 3,058 Glass-K 0.7c 8-12 
   Glass-Cu (Cu phosphite) 0.8 and 4 
   Balear 500SC (chlorothalonil) 2.5 ml a.i./liter  
Tungurahua, 2009 Pillaro 2,817 Fosphitall 302 0.4, 0.7, 1.4 6-15 
   Glass-Cal 0.4, 0.7, 1.4 and 
   Glass-Cu 0.4, 0.8, 1.6 4-10 
   Dithane M-45 2.0  

Peru      
Cajamarca, 2008 S. Margarita 2,925 CunebForte 2.1 6 and 6 
Cajamarca, 2009 S. Margarita 3,050   7 and 7 
Junín, 2008 Tiambra 3,015 CunebForte alternated with 2.1 7 and 7 
Junín, 2008 Marcavalle 3,680 Bravo 500 (chlorothalonil) 2.5 ml a.i./liter 7 and 7 
Junín, 2009 Huasahuasi 2,800   9 and 9 
Junín, 2009  CIP-Huancayod 3,230   4 and 6 
Pasco, 2009 Oxapampa 1,797   9 and 7 

Kenya      
Nairobi, 2009 Univ. of Nairobi 1,800 Agri-Fos 400  1.26 10 and 6 
Rift Valley, 2010 Koibatek 1,680 Dithane M-45 alternated with 

Ridomil (mefenoxam + mancozeb) 
2.0 

0.1 + 1.6 
10 and 6 

Nairobi, 2010 Univ. of Nairobie 1,800 Agri-Fos 400 1.26  
   Fosphite (K-phosphite) 1.26 7 and 9 
   Dithane M-45 alternated with 

Ridomil (mefenoxam + mancozeb) 
2.0 

0.1 + 1.6 
 

Nepal      
Lalitpur, 2009f NPRP-Khumaltar 1,360 Agri-Fos 400  3.0 7 and 6 
   Uthane M 45 (mancozeb) 2.8  

a Fungicide active ingredients not mentioned are shown in Table 2 or 4. 
b Number of days between sprays and total number of sprays, respectively. Across all sites, all treatments in the same experiment were carried out on the 

same dates. 
c In CIP-Quito 2010, the phosphite rates were increased over the season. In the initial three sprays, 0.4 g K-phos./liter and 0.4 g Cu-phos./liter were used in 

the Glass-K and Glass-Cu treatments, respectively. In the next three sprays, 0.7 g K-phos./liter and 0.8 g Cu-phos./liter were used, respectively. The last 
three sprays used 1.4 g K-phos./liter and 1.6 g Cu-phos./liter, respectively. 

d Two experiments were carried out at CIP-Huancayo in 2009. 
e Two experiments were carried out at the University of Nairobi in 2010. 
f In NPRP-Khumaltar, the phosphite and mancozeb rates were reduced over the season. In the initial three sprays in the phosphonate treatment, 3.5 g K-

phosphite/liter were used. In the next two sprays, 2.8 g a.i./liter were used. In the final spray, 2.3 g a.i./liter were used. In the initial three sprays in the 
mancozeb treatment, 3.3 g a.i./liter were used. In the next two sprays, 2.6 g a.i./liter were used. In the final spray, 2.2 g a.i./liter were used. 
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resistance (Table 2). On the more susceptible genotype, LBR-47, 
four of the products resulted in zero IE and actually stopped infec-
tion: Fosphitall, Glass-K, Glass-Cal, and Glass Ca+Mg. However, 
lower IE and smaller LS occurred for all of the products relative to 
the control treatments (Table 2). 

Field experiments. Phosphonate formulations used in the field 
trials (Table 3) were chosen based on results of the bioassays (Peru 
and Ecuador) and availability in the local agrochemical markets 
(Kenya and Nepal). 

An effect of phosphonate on foliar late blight relative to the con-
trol treatment without fungicide application was seen in all experi-
ments (data not shown). The meta-analysis demonstrated a clear 
effect of application rate on the efficacy of potassium-phosphite 
formulations across field experiments (Fig. 1). The relationship 
between efficacy and rate was generally linear; however, there was 
a slight decline in efficacy with the highest rate, which was over 4 
g a.i./liter (Fig. 1). Despite the decline with the highest rate, a lin-
ear model appeared to be the best-fit to our range of data. The lin-
ear regression line (E = 0.113 × K-phosphite rate – 0.292; R2 = 
0.24) indicated that about 2.5 g a.i./liter is needed for K-phosphite 
to give a level of control equivalent to commonly used conven-
tional contact fungicides, and phosphonate rates above this amount 
tend to give better control than the conventional fungicides. A lin-
ear regression t test determined that the slope of the regression line 
differed significantly from zero (P < 0.001). According to regres-
sion analysis, the efficacy of control increased by 11% for each 
gram of K-phosphite/liter. This is of course within the bounds of 
this analysis and given the assumption of linearity. 

To plot the efficacy parameter, E, against late blight susceptibil-
ity levels of different potato genotypes, E was first corrected for 
the effect of application rate using the linear regression function 
[ECorrected = E/(0.113 × K-phosphite rate) + 0.292] derived in the 
analysis above. Plotting ECorrected against estimated susceptibility 
scale values of potato genotypes revealed no correlation (Fig. 2), 
thus demonstrating a lack of evidence in this study that phospho-
nate efficacy is affected by the level of susceptibility in the potato 
cultivar. 

Economic analysis. The cost of phosphonate fungicides varied 
greatly across countries, as did the cost of conventional fungicides 

and the cost of different phosphonate products within countries 
(Table 4). When we compared prices of conventional fungicides at 
their recommended levels, i.e., spray mixes with 2.5 g a.i./liter with 
the cost of spray mixes with 2.5 g a.i./liter of phosphonate, the 
latter was competitive in some countries but not all. In Ecuador for 
example, only the phosphonate product Fosphitall was competitive 
with the conventional fungicides; the other phosphonate products 
sold in Ecuador were clearly more expensive at effective rates than 
the contact fungicide mancozeb. In Peru, the phosphonate product 
used in the field experiments was competitive, but mainly because 
of the high price of chlorothalonil. In Kenya, phosphonate ap-
peared to be clearly less expensive than either mancozeb or the 
mancozeb and mefenoxam mixture. In 2011, no phosphonate prod-
uct was available in the agrochemical market in Nepal. 

Discussion 
In all countries, the data showed that phosphonates controlled 

late blight on potato foliage, which is in agreement with earlier 
studies (3,9,25,27,38). The meta-analysis across locations indi-
cated that phosphonate is rate responsive and that rates need to be 
about 2.5 g a.i./liter to reach the efficacy of the recommended rates 
of conventional contact fungicides, e.g., mancozeb and chlorotha-
lonil. Phosphonates controlled foliar late blight better than man-
cozeb when phosphonates were applied at higher rates than man-
cozeb (3 to 4.2 g a.i./liter of phosphonate compared to 2 to 2.8 g 
a.i./liter of mancozeb). 

The meta-analysis was planned before some locations were in-
cluded (Kenya and Nepal), and to some extent experimental design 
and implementation was modified for the interests of local part-
ners, e.g., alternation of fungicides in Peru, and use of mefenoxam 
in Kenya. Thus, experiments were not identical, and this could 
have led to unexplained variability in the regression analysis. Like-
wise, standardization of the efficacy parameter E did not correct 
for small differences in the concentrations of locally used fungi-
cides (contact rates ranged from 2 to 2.8 g a.i./liter), nor for the use 
of a systemic compound in Kenya. Furthermore, we compared 
control efficacy based on label indications of phosphonate or 
phosphite concentrations. The exact concentrations of HPO3

2− in 
the commercial formulations could not be verified. Nonetheless, 

Fig. 1. Linear relationship between rate of application and control efficacy of potassium-phosphite on foliar potato late blight (E) in 71 combinations of potato genotype by site-
year-K-phosphite in 15 field experiments done in Ecuador, Peru, Kenya, and Nepal. The line at E = 0.0 indicates control efficacy equal to that of conventional fungicides 
applied at 2 to 2.8 g a.i./liter. 
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the analysis produced a statistically significant relationship be-
tween rate and efficacy of phosphonates that we believe is robust. 
However, the factors mentioned above may have affected the accu-
racy of our analysis, and it would be good to see further research 
on the rates of phosphonate compounds needed for adequate con-
trol of foliar late blight. 

As noted in the results, we chose a linear regression relationship 
for the range of phosphonate application rates we evaluated (0.4 to 
4.2 g a.i./liter) even though there appeared to be a reduced incre-
mental effect above 3.5 g a.i./liter. The linear relationship was as-
sumed because there was only one experiment where rate was above 
this level, and it was therefore impossible to identify any con-
founding factors in that experiment that may have affected efficacy. 

The use of phosphonates as an alternative to many conventional 
fungicides, particularly EBDC compounds, could potentially re-

duce health and environmental risks. Risk reduction can be very 
significant when aggregated over a whole cropping season or sev-
eral seasons, or over large areas. Temporal and/or spatial aggrega-
tion of benefits can be measured with the EIQ (20,21) or other 
similar measures, and these methodologies can provide practical 
tools for ex ante or ex post assessment of the impacts of phospho-
nate use. Applying the EIQ metric to estimate the level of risk re-
duction that can be achieved by substituting mancozeb with the 
same dosage and number of phosphonate sprays over any period of 
time suggests that the environmental impact can be reduced by 
more than 60% (EIQ for mancozeb = 25.7; EIQ for phosphonate = 
8.7) (20,21). 

Application of phosphonate has been associated with inducing 
increased levels of host plant resistance (1,10,16,18,32,35), in 
addition to the direct fungitoxic effects the compounds may have 

Table 4. Phosphonate and conventional fungicides evaluated in field experiments, retail prices, and prices for spray mixes with 2.5 g a.i./liter in 2011 

 
Country 

Fungicide  
active ingredient 

 
Brand name, manufacturer 

Price/liter  
(US dollars) 

Price for 200 liters of spray mix 
with 2.5 g a.i./liter (US dollars) 

Ecuador  K-phosphite Glass-K, Morera 13.08 11.38 
 K-phosphite Fosphitall 302, Quimasoc 7.25 5.18 
 Ca-phosphite Glass-Cal, Morera 13.08 27.59 
 Cu-phosphite Cooper Feed, Arvensis Agro 12.00 9.23 
 Cu-phosphite Glass-Cu, Morera 13.93 14.54 
 Mancozeb Dithane M-45 NT, Dow 6.75/kg 4.22 
 Chlorothalonil Balear 720 SC, Chimac-Agriphar 13.75 9.55 
Peru K-phosphite CunebForte, Drokasa 22.80 13.58 
 Chlorothalonil Bravo 720 SC, Syngenta 26.78 18.60 
Kenya K-phosphite Agri-Fos 400, Agrichem 5.63 6.12 
 K-phosphite Fosphite 53SL, JH Biotech 15.00 14.15 
 Mancozeb Dithane M-45 NT, Dow 15.00/kg 9.38 
 Mefenoxam + mancozeb Ridomil Gold, Syngenta 22.50/kg 11.25a 
Nepal K-phosphite Agri-Fos 400, Agrichem 5.00b 5.43 
 Mancozeb Uthane M 45, United Phosphorus  4.8/kg 3 

a Price for manufacturer’s recommended rate of 2.5 g commercial product/liter (Ridomil Gold: 4% mefenoxam + 64% mancozeb). 
b Price in Australia for Agri-Fos 400, since it was not available on the local agrochemical market in Nepal. 

 

Fig. 2. No relationship between the susceptibility level of potato genotypes and control efficacy of potassium-phosphite on foliar potato late blight (E) in 64 combinations of 
potato genotype by site-year-K-phosphite in 14 field experiments carried out in Ecuador, Peru, and Kenya. Susceptibility scale value 0 = no susceptibility/immune. 
Susceptibility scale value 10 = highly susceptible. E was corrected for effect of application rate of K-phosphite; average rate of K-phosphite was 1.9 g a.i./liter and average 
rate of conventional fungicide was 2.0 g a.i./liter. 
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on pathogens (14,16,30,35,36). Therefore, it is perhaps not surpris-
ing that phosphonate applied to potato has also been found to re-
duce damage done to tubers by oomycete pathogens such as P. 
erythroseptica (19,37) and P. infestans (3,9,19,24–27). However, 
phosphonates have also been found to reduce disease caused by 
other tuber pathogens such as Streptomyces scabies, Fusarium 
solani, and Erwinia carotovora (24–26). These positive secondary 
effects of using phosphonate could increase their competitiveness 
against other late blight fungicides of narrower spectrum or which 
do not translocate to tubers. We are not aware of reports of effects 
of phosphonate on damage done by non-oomycete foliar pathogens 
of potato. 

Although our research analyzed the rate of phosphonate needed 
to control foliar late blight with the same efficacy as commonly 
used contact fungicides, it should be noted that recent studies in the 
highland tropics have demonstrated that late blight is sometimes 
inadequately controlled even with frequent (every 4 to 7 days) 
applications of contact fungicide (23,28). At rates higher than 2.5 g 
a.i./liter, phosphonate might provide better protection than what 
can be achieved with conventional contact fungicides in the high-
land tropics where conditions of high disease pressure can be pre-
sent as early as crop emergence (22). However, further studies at 
these higher rates are needed to see if in fact the rate–response 
function changes, or if there are other adverse effects such as 
phytotoxicity, which has been reported at higher rates (37). 

We were able to find only one previously published study in 
which the efficacy of phosphonates on foliar late blight was evalu-
ated in such a way that we could compare results. Researchers 
from Cornell University used rates from 2.1 to 2.5 kg a.i./ha potas-
sium phosphonates in 238 liters of water in up to eight sprays, 
which generally controlled tuber blight better than chlorothalonil, 
and foliar late blight about as well as the conventional fungicide 
(27). In all of our field experiments, the products were applied with 
hand-pump backpack sprayers until runoff, which results in much 
higher application volumes than used in the study above. We have 
found that on a mature potato crop, spraying until run-off can con-
sume up to 1,000 liters/ha, which at a concentration of 2.5 g 
a.i./liter results in 2.5 kg a.i./ha. Thus, we conclude that the results 
from the Cornell study are generally consistent with our findings. 

Efficacy of phosphonate to control foliar late blight was also 
evaluated in Northern Ireland (9) and in a recent 3-year field study 
in Canada (38). However, in neither case were the phosphonate 
products directly compared with similar amounts of contact fungi-
cide, so interpretation of the results is difficult. 

In each location in our study, at least one formulation of phos-
phonate was economically competitive with either mancozeb or 
chlorothalonil when equal concentrations of active ingredient were 
compared, except in Nepal where no phosphonates are currently 
available (Table 4). In Kenya, phosphonate was clearly the most 
economical disease control option for farmers. Extension workers 
in Kenya should be encouraged to validate our findings with fur-
ther experimentation given the potential economic, health, and 
environmental benefits gained by using available phosphonate 
compounds (16,20,21). Nonetheless, care should be taken when 
relying on the many phosphonate products found in local agro-
chemical markets, which may be of varying quality. Local experi-
mentation is advisable to verify efficacy and to build trust in prod-
ucts and concentrations of active ingredients listed on product 
labels. 

We found some difference in control efficacy among different 
phosphonate formulations. Above all, the efficacy of Cu-phosphites 
was slightly higher than the effect of K- and Ca-phosphites in sus-
ceptible genotypes studied in Ecuador (data not shown). This is 
consistent with the findings of Lobato et al. (26), who reported 
higher antimicrobial effect of Cu-phosphite than of K- and Ca-
phosphites on pathogens causing potato tuber diseases. The im-
proved control effect of Cu-phosphites is most likely a result of the 
fungicidal effect of the Cu++ ion alone. 

Previous work had indicated that phosphonate efficacy may be 
cultivar dependent (9,25,38). We failed to identify a correlation 

between efficacy and the resistance level of potato cultivars across 
locations, but we did have some evidence for cultivar effects within 
the Peru study which may or may not have been associated with 
resistance. The experiments in Peru were not designed to test this 
phenomenon, so we do not present the data here. However, we do 
plan to continue research in this area and commence studies that 
can elucidate how the infection processes of P. infestans on potato 
are slowed down by phosphonates. 

Additional investigation is needed to clarify the possible interac-
tion of phosphonate efficacy with host genotype and the quantita-
tive fungicidal effect of different phosphonate compounds on spe-
cific epidemic parameters. Thus, applied research is warranted to 
optimize the usage of phosphonates on specific host genotypes, 
especially related to rates, timing of applications, effects of envi-
ronmental factors, and additive or synergistic effects with other 
chemical compounds. 
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